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Definition, existence, stability and uniqueness of the solution
to a semilinear elliptic problem with a strong singularity at u = 0

DANIELA GIACHETTI, PEDRO J. MARTINEZ-APARICIO
AND FRANCOIS MURAT

Abstract. In this paper we consider a semilinear elliptic equation with a strong
singularity at u = 0, namely

—div Ax)Du = F(x,u) inQ

u=0 on 0€2,

where F(x, s) is a Carathéodory function such that
h(x)

0<F(x,s) < —= ae.xeQ, Vs>0
I'(s)

with 4 in some L™ (2) and I a C! ([0, +o0[) function such that I'(0) = 0 and
I'(s) > 0 forevery s > 0.

‘We introduce a notion of solution to this problem in the spirit of the solutions
defined by transposition. This definition allows us to prove the existence and the
stability of this solution, as well as its uniqueness when F'(x, s) is nonincreasing
ins.

Mathematics Subject Classification (2010): 35J25 (primary); 35J61, 35J75
(secondary).

1. Introduction

Position of the problem

In the present paper we deal with a semilinear problem with a strong singularity at
u = 0, which consists in finding a function u which satisfies

u=>0 in
—div Ax)Du = F(x,u) in (1.1)
u=20 on d0€2,
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where €2 is a bounded open set of RN, N > 1, A is a coercive matrix with coeffi-
cients in L°°(2), and

F:(x,5) € Qx[0,+00[— F(x,s) €0, +o0]

is a Carathéodory function which satisfies
h(x)
O0<F(x,s) < —— ae.x €, Vs>0, (1.2)
I'(s)

where h : x € Q = h(x) € [0,4o0[and T : s € [0, +oo[— TI'(s) € [0, +00[
satisfy
h(x) >0ae.xeQ, helL (Q)
N
2i’[“N23,r>1ifN=2,r:lifN:l (1.3)
T e C'([0, +00[), T(0) =0, I(s) > 0 Vs > 0.

with r =

The function F

The basic model for the function F (x, s) is given by

F(x,s):%—i—l(x)a.e.xeﬂ, Vs >0 (1.4)

where y > 0 and where the functions g and [/ are nonnegative. A more general
model for the function F(x, s) (see an even more general model in (2.2) and Re-

mark 2.1 viii) below) is given by
) ()
sY

@ =

<a + sin <
—exp (_%) +g()

ae.xe, Vs>0

F(x,s) = f(x) +1(x)

(1.5)

where y > 0, a > 1, b > 1 and where the functions f, g and [ are nonnegative. In
(a + sin (%)) (b—l—sin (%))
exp (-~ 5)
1
which can be replaced by any singularity m with I satisfying (1.3). Note that
S

this model ,as well as , are just examples of functions

the behaviour of F(x, s) for s = 0 can be very different according to the point x.
Note also that the function F'(x, s) is defined only for s > 0, and that in view
of (1.2) and (1.3), F(x, s) is finite for almost every x € €2 and for every s > 0, but
that F(x, s) can exhibit a singularity when s > 0 tends to 0 and when A(x) > 0.
Let us emphasize the fact that the Carathéodory character of the function F(x, s),
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which can take infinite values when s = 0, means in particular that for almost every
x € 2, the function s — F(x, s) is continuous not only for every s > 0 but also
fors = 0.

Note finally that we do not require F(x, s) to be nonincreasing in s, except
when we deal with uniqueness and comparison results in the Uniqueness Theo-
rem 4.3 and in Section 7 below.

The case of a mild singularity

In the present paper we consider the case of strong singularities, namely the case
where F(x, s) can have any (wild) behavior as s tends to zero, while in our previous
paper [18] we restricted ourselves to the case of mild singularities, namely the case
where

1
0<F(x,s) <h(x) <—y+1> ae.x €2, Vs >0, withO <y <1. (1.6)
s

When the function F satisfies (1.6), our definition of the solution to problem (1.1)
is relatively classical, because it consists in looking for a function u such that

u € Hj (Q)
u(x) >0ae.x € Q

'/ F(x,u)p < +00 ¥ € Hy(Q), ¢ =0 (1.7 mita)
Q

/ ADuDg = / F(x,u)p Vo € Hol(Q)
Q Q
(see [18, Section 3]).

Definition of the solution in the case of a strong singularity

In contrast, the definition of the solution to problem (1.1) that we use in the present
paper is less classical. This definition is in our opinion one of the main originalities
of the present paper.

We refer the reader to Section 3 below where this definition is given in details;
here we emphasize some of its main features.

When the function F satisfies (1.2) and (1.3), we will say (see Definition 3.6
below) that u is a solution to problem (1.1) if

) uel*(Q)NH.(Q

i) u(x)>0 ae.x € Q

iii) Gi(u) € H)(Q) Vk >0

iv)  @Ti(u) € H)(Q) Vk >0, Yo € H} () NL®(Q),

(1.8 strong)
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where G (s) = (s — k)" and Ty (s) = inf(s, k) = s — G (s) for s > 0, and if
Yo € HJ () N L™(R), v >0,
with — div 'A(x)Dv = Y " ¢i(—div &) + f in D'(Q)
iel
where 1 is finite, ¢; € Hy(Q) N L¥(Q), & € (L2 Q)V, fi € LY(Q)

one has

1) / F(x,u)v < +oo (19 Strong)
Q

i) / ‘A(X)DvDGi(u) + Y / i D(@i T (w)) + f FTe(w)
2 iel /S 2

=(—div ’A(x)Dv,Gk(u))H,l(Q)’Hd (@ T {(—div 'A(x)Dv, Ty (u))) g

=/ F(x,u)v Vk > 0,
Q

where ((, )), is the notation for a “formal duality” introduced in (3.3) below.

Note that in this definition every term of (1.9 gong ii) makes sense in view of
(1.8 strong 1i1) and (1.8 ggrong V).

Definition (1.8 strong), (1.9 strong) strongly differs from Definition (1.7 yiq). In-
deed, for instance the assertion u € HOl (£2) of (1.7 miq) is replaced in (1.8 srong)
by u € H! (Q), Gi(u) € Hj(Q) for every k > 0 and ¢Tj(u) € H} () for every
k > 0 and for every ¢ € HO1 (2) N L°°(2). Here the assertion Gy (1) € HO1 (2)
for every k > 0 in particular expresses the boundary condition # = 0 on 92 (see
Remark 3.7 ii)) below.

Actually, the solution u does not in general belong to HO1 (£2), or in other terms
u “does not belong to H'($2) up to the boundary”, when the function F exhibits a
strong singularity at s = 0. It is indeed proved by A. C. Lazer and P. J. McKenna
in [23, Theorem 2] that when f € C*(Q),a > 0, with f(x) > fo>0inQ,ina
domain Q with C?¢ boundary, the solution « to the equation

X .
—Au=—-= 1nQ
uy
u=0 on 02

does not belong to H'(Q) when y > 3, evenif u belongs to CH*(Q) N CYQ) in
this case.

The “space” defined by (1.8 grong) in which we look for a solution to (1.1) in
the case of a strong singularity is therefore fairly different from the space HO1 () in
which we look for a solution to (1.1) in the case of a mild singularity. In particular
this “space” is not a vectorial space.

Another important difference between the two definitions appears as far as the
partial differential equation in (1.1) is concerned. Indeed, if the formulation in
the last line of (1.7 nmilq) is classical, with the use of test functions in HOl (2), the
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equation in (1.1) as formulated in (1.9 gyong) involves test functions which belong
to the vectorial space described in the three first lines of (1.9 syong), that we will
denote by V(2) in the rest of the present paper (see Definition 3.1 below). Actually
this space V() consists in functions v such that — div ‘A(x) Dv can be put in the
usual duality between H~!(Q) and H} () with G (u), and in a “formal duality”
(by means of the notation (( , )), introduced in Definition 3.2 below) with Ty (u):
indeed, when u satisfies (1.8 syong), One writes u as the sum u = Gy (u) + Ty (u),
where Gy (u) € HOI(Q) and where T (1) € HO1 (R2) for every k > 0 and for every
(NS HO1 ()N L (£2); on the other hand — div ‘A(x) Dv, which of course belongs to
H~'(Q) when v € HJ (), will be assumed to be the sum of a function f € L'(<)
and of a finite sum of functions ¢; (—div g;), with ¢; € HO1 (2) N L*°(2) and
—div g; € H'(R), a fact which allows one to correctly define the “formal duality”
({(—div 'A(x)Dv, Ti(u)))q (see (3.3) in Definition 3.2 below).

This is a definition of the solution by transposition in the spirit of those intro-
duced by J.-L. Lions and E. Magenes and by G. Stampacchia. Here again things are
fairly different with respect to the case of a mild singularity.

Main results of the present paper

In the framework of Definition (1.8 sgong), (1.9 strong) (i.e. of Definition 3.6 below)
we are able to prove that there exists at least a solution to problem (1.1) (see the Ex-
istence Theorem 4.1 below). We also prove that this solution is stable with respect
to variations of the right-hand side (see the Stability Theorem 4.2 below). Finally,
if besides (1.2) and (1.3) we assume that the function F'(x, s) is nonincreasing with
respect to s, then this solution is unique (see the Uniqueness Theorem 4.3 below).

In brief Definition 3.6 below provides a framework where problem (1.1) is well
posed in the sense of Hadamard.

Moreover every solution u to problem (1.1) defined in this sense satisfies the
following a priori estimates:

e An a priori estimate of G (u) in HOI(Q) for every k > 0 (see Proposition 5.1
below), which is formally obtained by using G («) as test function in (1.1); this
implies an a priori estimate of u in L2(2) (see Remark 5.2 below).

e An a priori estimate of 9 DT (u) in (L?(R2))" for every ¢ € Hj (Q) N L™(Q)
(see Proposition 5.4 below), which is formally obtained by using 7} (1) and
¢? as test functions in (1.1); this implies an a priori estimate of u in H, ()
(see Remark 5.7 below) and an a priori estimate of ¢ T (u) in HO1 (R2) for every
k > 0 and for every ¢ € Ho1 (2) N L°(R2) (see Remark 5.5 below).

e An a priori estimate of the integral f{”<8} F(x,u)v forevery v € V(2),v >0,
and every § > 0, which depends only on 8 and on v (and also on u through
the products ¢; Du) by a constant which tends to zero when § tends to zero (see
Proposition 5.9 and Remark 5.10 below).
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e An a priori estimate of 8(u) in HO1 (£2) (where the function 8 is defined from the

function I which appears in (1.2) by S(s) = fg JI'(t)dt) (see Proposition 5.13
below), which is formally obtained by using I"(«) as test function in (1.1).

The (mathematically rigorous) proofs of all the above a priori estimates are based
on Definition (1.8 g¢ong), (1.9 sgrong) and on the use of convenient test functions v in

(r9 strong)-

Literature

There is a wide literature dealing with problem (1.1). We will not give here a
complete list of references and we will concentrate on some papers which seem to
us to be the most significant: we also refer the interested reader to the references
quoted there.

The problem (1.1) was initially proposed in 1960 in the pioneering work [17]
of W. Fulks and J. S. Maybe as a model for several physical situations. The problem
was then studied by many authors, among which we quote the papers [1-25].

In most of the those papers the authors look for a strong solution and use sub-
and super-solutions. In particular in [23] A. C. Lazer and P. J. McKenna work
in C2%(Q) and W24(2) and use methods of sub- and super-solutions, proving
that when F(x,s)= f(x)/s” with y >0, feC“(Q) and f(x) > fo >0in a cre

domain €2, then one has ci¢i(x) < u(x) a < c¢2¢1(x) for two constants
0 < c1 < ¢, where ¢ is the first (positive) eigenfunction of —div A(x)D in
HO1 (2); M. G. Crandall, P. H. Rabinowitz and L. Tartar study in [12] the behaviour
of u(x) and |Du(x)| at the boundary. Let us finally note that C. Stuart in [25], as
well as M. G. Crandall, P. H. Rabinowitz and L. Tartar in [12], do not assume that
F(x,s) is nonincreasing in s.

More recently L. Boccardo and L. Orsina studied in [4] the problem in the
framework of weak solutions in the sense of distributions. In that paper, the au-
thors address the problem (1.1) with F(x,s) = f(x)/s¥, where y > 0 and where
f > 0 belongs to L'(R2), or to other Lebesgue spaces, or to the space of Radon
measures, and they prove existence and regularity as well as non existence results.
In this work the strong maximum principle and the nonincreasing character of the
function F(x, s) = f(x)/s? with respect to s play prominent roles. The solution u
to problem (1.1) is indeed required to satisfy u(x) > c(w, u) > 0 in every open set
o withw C 2, and the framework in which the solution is looked for is the Sobolev
space HO1 (2) or HILC(Q). Then L. Boccardo and J. Casado-Diaz proved in [3] the
uniqueness of the solutions obtained by approximation and the stability of the solu-
tion with respect to the G-convergence of a sequence of matrices A®(x) which are
equicoercive and equibounded. The two latest papers attracted our attention on this
type of semilinear singular problems.

For a variational approach to the problem and extensions to the case of a non-
linear principal part, see A. Canino and M. Degiovanni [5], L. M. De Cave [14],
A. Canino, B. Sciunzi and A. Trombetta [6], and J. Casado-Diaz and F. Murat [7].
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In [24], F. Oliva and F. Petitta consider the case where F (x,s) = f (x)g(s) where
f is anonnegative measure and where g is a continuous function which is singular at
u =0; they prove in particular the existence of a solution u € LY(Q)N WIL’CI (€2) which
satisfies the equation in the sense of distributions, and, when g is nonincreasing, the
uniqueness of such a solution by using convenient solutions to the adjoint problem.

Contributions of the present paper

In the present paper (as well as in [18], where the case of mild singularities is
treated), we obtain in particular an a priori estimate of the singular term in the re-
gion where the solution is close to zero. This estimate, which is new, is an essential
tool in our proof. Moreover, in the case of strong singularities, the main difficulty,
with respect to the case of mild singularities, is that only local estimates in the
energy space can be proved for the solutions (see [23]). In order to solve this dif-
ficulty, we prove that the solution u satisfies G (u) € HO1 (2) for every k > 0 and
oDu € (L2())N for every ¢ € HO1 (2) N L°°(R2), two properties of the solution
which had not been noticed before. We also introduce a convenient class of test
functions, namely the class V(€2) defined in Subsection 3.1 below. The class V(2)
and the method of proof that we use seem to be rather flexible and can be adapted
to other situations where other techniques would fail. This is in particular the case
for the existence of solutions when the equation involves a zeroth-order term which
prevents the use of the strong maximum principle (see [21, Section 5]), as well
as for the homogenization of strongly singular problems in perforated domains 2°
obtained from 2 by removing many small holes, when the Dirichlet boundary con-
dition on 02 leads to the appearance of a “strange term” pu in the homogenized
equation (see [20]).

One of the strong points of the present paper is Definition 3.6. This defini-
tion makes problem (1.1) well posed in the sense of Hadamard when the function
F(x, s) is nonincreasing in s, and allows us to perform in a mathematically correct
way all the formal computations that we want to make on problem (1.1), even when
the assumption that the function F(x, s) is nonincreasing in s is not made. Two
other strong points are the fact that we do not assume that the function F(x, s) is
nonincreasing with respect to s, except as far as uniqueness is concerned, and that
we do not use the strong maximum principle (see [21, Section 5] about the latest
point).

A weak point of the present paper is however the fact that Definition 3.6 is
a definition by transposition in the spirit of J.-L. Lions and E. Magenes and of
G. Stampacchia, a feature which makes difficult (if not impossible, except maybe
when p = 2) to extend it to the case of general nonlinear monotone operators.

Note finally that an important (and maybe insufficiently underlined) assump-
tion made in the present paper is the fact that the function F (x, s) is assumed to be
nonnegative. (Note also that to the best of our kowledge this assumption is actu-
ally made in all the literature on this problem.) By the weak maximum principle,
this assumption implies that the solution u is nonnegative, a fact which plays an
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essential role in the present paper as well as in all the literature. Progresses in the
case where the function F(x, s) can change sign have been very recently made by
J. Casado-Diaz and F. Murat in [7].

ACKNOWLEDGEMENTS. The authors would like to thank Gianni Dal Maso and
Luc Tartar for their friendly help, and to thank Lucio Boccardo, Juan Casado-
Diaz and Luigi Orsina who attracted their attention on this type of singular prob-
lems. They also would like to thank their own institutions (Dipartimento di Scienze
di Base e Applicate per I'Ingegneria, Facolta di Ingegneria Civile e Industriale,
Sapienza Universita di Roma, Departamento de Matematica Aplicada y Estadistica,
Universidad Politécnica de Cartagena, and Laboratoire Jacques-Louis Lions, Sor-
bonne Université et CNRS) for providing the support of reciprocal visits which
allowed them to perform the present work.

2. Assumptions and notation

As already said in the Introduction, we study in this paper the following singular
semilinear problem

u>0 in Q
—div A(x)Du = F(x,u) in 2.1
u=~0 on 0€2,

where models of the function F (x, s) are given by (1.4) and by (1.5); another more
general model is given by

+ sin(S b + sin %
F(x,s) = f(x)—(“expif(s(gi)) +g<x)—( Sy( )

ae.x e, Vs >0,

+10x) 22)

where y > 0,a > 1,b > 1, where the function S satisfies
S e Cl(]O, +ool), S'(s)<0Vs>0, S(s)— +ooass—0 2.3)
and where the functions f, g and / are nonnegative and belong to L" (€2) with r

defined in (2.6 i) (see Remark 2.1 viii) below).

In this section, we give the precise assumptions that we make on the data of
problem (2.1).

We assume that € is an open bounded set of R¥, N > 1 (no regularity is
assumed on the boundary 9€2 of €2), that the matrix A is bounded and coercive, i.e.
satisfies

Ax) € (L®QHVN, 0 >0, A(x) >al ae. xeQ (2.4)
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and that the function F : (x,s) € Q x [0, 4+o00[— F(x,s) € [0,40o0] is a
Carathéodory function, i.e. F satisfies

1) Vs € [0, 4o0[, x € 2 — F(x,s) € [0, +00] is measurable 2.5)
ii) forae. x € 2, s € [0, +00[— F(x,s) € [0, +0o0] is continuous '
as well as
1) 3h,h(x)>0ae.xeQ, hel (Q)
N
with r = 2ifNZ3,r>lifN=2,r=1ifN=1
i) A : 5 € [0, +o0[— I'(s) € [0, +o0[ (2.6)
I e CH([0, +00[),[(0) =0,T’(s) >0 Vs >0
h
i) 0 < F(x,s) < ﬂ ae.x € Q,Vs > 0.
I'(s)

Moreover, when we will prove comparison and uniqueness results (Proposition 7.1
and Theorem 4.3), we will assume that F (x, s) is nonincreasing in s, i.e. that

F(x,s) < F(x,t) ae. x € 2, Vs,Vt, 0 <t <s. 2.7
Remark 2.1 (About assumptions (2.5) and (2.6)).

i) If a function I'(s) satisfies (2.6 ii), then I is (strictly) increasing and satisfies
I'(s) > O for every s > 0; note that the function I"' can be either bounded or
unbounded.

Observe also that if a function F(x, s) satisfies (2.6) for 4(x) and I'(s), and
if T'(s) is a function which satisfies (2.6 ii) and T'(s) < I'(s), then F(x, s)
satisfies (2.6) for 2 (x) and T'(s).

ii) The function F(x,s) is a nonnegative Carathéodory function with values in
[0, 400] and not only in [0, 4o0o[. But, in view of condition (2.6 iii), for
almost every x € €2, the function F(x, s) can take the value +00 only when
s = 0 (or, in other terms, F(x,s) is finite for almost every x € €2 when
s > 0).

iii) Note that (2.6 ii) and (2.6 iii) do not prescribe any restriction on the type of
the growth of the function F(x,s) as s tends to zero. Moreover it can be
proved (see [19, Section 3, Proposition 1]) that (2.6) is actually equivalent to
the (apparently weaker) assumption

Vk > 0, 3hg, hp(x) >0ae.x € Q
hy € L"(2) with r as in (2.6 i) such that (2.8)
0<F(x,s) <hy(x)ae.x € Q, Vs > k.
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iv)

vi)

vii)

Note that no growth condition is imposed from below on F(x, s) as s tends
to zero. Indeed it can easily be proved (see also [19, Section 3, Remark 2])
that for two given functions I'{(s) and [';(s) which satisfy (2.6 ii) and
I'1(s) < I'2(s), there exist two sequences s,i and s,Zl which tend to zero such

that1 > --- > 52 > 5 >s3+1 >s,iJrl > --- > 0 and a function F(s) which

satisfies (2.6) with & = 1 such that F(s)) = 1/T(s}), F(s2) = 1/ '2(s?) and
F(s) < 1/T1(s). This function F(s) therefore “oscillates” between 1/T"(s)
and 1/ T (s).

Of course the growth of F(x, s) as s tends to zero can strongly depend on the
point x € .

Note that the growth condition (2.6 iii) is stated for every s > 0, while in (2.5)
F is assumed to be a Carathéodory function for s > 0 and not only for s > 0.
This is due to the fact that an indeterminacy 0/0 appears in A (x)/I"(s) when
h(x) = 0 and s = 0, while the Carathéodory and growth assumptions (2.5 ii)
and (2.6 iii) imply that

F(x,s) =0 Vs>0 ae.in{x € Q:h(x)=0}.

In contrast, when £ is assumed to satisfy #(x) > O for almost every x € €, it
is equivalent to assume (2.6 iii) for every s > 0 or for every s > 0.

Let us observe that the functions F(x, s) given in examples (1.4), (1.5) and
(2.2) satisfy assumption (2.6); indeed for these examples one has

— 1
< < S

0<F(x,s) <h(x) (F(s) + 1>
for some 4 (x) and I'(s) which satisfy (2.6 i) and (2.6 ii); defining the function
I by I'(s) = T'(s)/(1 +T(s)) it is clear that I'(s) satisfies (2.6 ii) and that
F(x, s) satisfies (2.6).
The C! regularity of the function I' which is assumed in (2.6 ii) is used to
define without any technical difficulty the function 8 which appears in Propo-
sition 5.13 below (see (5.56)). The (regularity) result stated in this proposition,
namely B(u) € HOl (£2),1s in turn strongly used in the proofs of the Comparison
Principle of Proposition 7.1 and of the Uniqueness Theorem 4.3.
This C' regularity could appear as a strong restriction on the function I', but it
can actually be proved (see [19, Section 3, proof of Proposition 1]) that, given
a function T such that for some § > 0 and some M > 0

T e C%(0, 4o00), T©)=0, T(s)>0 Vs >0, T'(s)>38, Vs> M,

one can construct a function I" which satisfies (2.6 ii) as well as I'(s) < T'(s)
for every s > 0, and then use Remark 2.1 i) above.

In the same spirit, one could also observe that in order to obtain all the results
of the present paper, it would be sufficient to assume in (2.6 ii) that the function
I" is Lipschitz continuous on [0, M] for every M > 0 (in place of belonging to
C([0, +o0)); the price to pay for that would be a technical difficulty arising
in the composition of an H,'.(Q) function by a Lipschitz continuous function.
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viii) As far as example (2.2) is concerned, note that whena > 1 and b > 1 and when

(@ + sin(S(5))) (b + Sln(}ﬂ)
and
exp(—S(s)) sY

are (strictly) positive and are continuous in [0, 4-00[, and in particular in

s = 0 (this is no more the case when a = 1 or b = 1), and therefore sat-
isfy (2.5). Note also that these functions are easily shown to be oscillatory (in
the sense that they are not nondecreasing) when 1 < a < V2 and b > 1.
Note finally that every function I which satisfies (2.6 ii) can be written as
['(s) = exp(—S(s)) for a function S which satisfies (2.3).

the function S satisfies (2.3), the functions

Remark 2.2 (Sobolev’s embedding). The function # which appears in hypothesis

(2.6 1) is an element of H (). Indeed, when N > 3, the exponent r = 35 is
nothing but the Holder’s conjugate (2*)’ of the Sobolev’s exponent 2*, i.e.
1 1 1 1 1
when N >3, —=1— —, where — = - — —. 2.9
r 2% 2* 2 N
Making an abuse of notation, we will set
2* —any pwith1 < p < +oowhen N =2 (2.10)

2* = 400 when N = 1.

With this abuse of notation, & belongs to L (2) = L(z*),(Q) c H™ Q) for all
N > 1 since 2 is bounded.

This result is indeed a consequence of Sobolev, Trudinger, Moser and Morrey’s
inequalities, which (with the above abuse of notation) assert that

||'U||L2*(Q) =< CS”DU”(LZ(Q))N Yv € Hol (Q) when N > 1, (211)

where Cy is a constant which depends only on N when N > 3, which depends only
on p and Q when N = 2, and which depends only on Q when N = 1, where Q is
a fixed bounded open set such that 2 C Q.

Remark 2.3 (About assumption (2.7)). Assumption (2.7), namely the fact that for
almost every x €  the function s — F(x, s) is nonincreasing in s, is not of the
same nature as assumptions (2.5) and (2.6) on F (x, s).

We will only use assumption (2.7) when proving comparison and uniqueness
results, namely Proposition 7.1 and Theorem 4.3. In contrast, all the others results
of the present paper, and in particular the existence and stability results stated in
Theorems 4.1 and 4.2, as well as the a priori estimates of Section 5, do not use this
assumption.

2.1. Notation

We denote by D(2) the space of the C°°(£2) functions whose support is compact
and included in €2, and by D’ (€2) the space of distributions on £2.
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We denote by M;(Q) the space of nonnegative bounded Radon measures
on 2.
Since €2 is bounded, || Dw|| 2~ is a norm equivalent to | w/| g1 g, on HO1 ().
We set
Il g3y = IDwl 2@y Y € Hi ().

For every s €] — 0o, +00[ and every k > 0 we define as usual

st = max{s, 0}, s~ = max{0, —s}

Tk (s) = max{—k, min{s, k}}, Gi(s) =s — Tx(s).
For every measurable function/ : x € Q — [(x) € [0, +00] we denote
{Il=0}={xeQ:l(x)=0}, {{>0={xeQ:Il(x)>0}.

Finally we denote by ¢ and @ functions which belong to HO1 (2) N L*°(2), while
we denote by ¢ and ¢ functions which belong to D(L).

3. Definition of a solution to problem (2.1)

3.1. The space V() of test functions

In order to introduce the notion of solution to problem (2.1) that we will use in
the present paper, we define in this subsection the following space V(2) of test
functions and a notation.

Definition 3.1 (Definition of the space V(R2)). The space V() is the space of the
functions v which satisfy
v e Hy(Q)NL¥(RQ) (3.1)

and which are such that there exist

a finite set 7,
fori € I, §; € HL(Q) N L¥(Q), & € (L2@)"
ferll@. ©2)
such that — div ‘A(x)Dv = Z(ZJ,( —div §;) + f in D ().
iel
In the definition of V(£2) we use the notation ¢;, &;, and f to help the reader to

identify the functions which enter in the definition of the functions of V(£2). Note
that V(2) is a vector space.

Definition 3.2 (Notation ((, ))o). When v € V(Q2) with

—div‘A@)Dv =Y @i(—div §) + f inD'(Q).

iel
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where I, ¢;, §; and f are as in (3.2), and when y satisfies
y € HL (2 NL®(Q) with gy € Hy () Yo € Hy () NL>(Q)

we use the following notation:

((—div 'A) DY, y))g = Y /Q & D(Giy) + /Q fy. (33)

iel

Remark 3.3. In (3.2), the product ¢;(—div g;) with ¢; € Hj () N L>() and
gi € (Lz(Q))N is, as usual, the distribution on €2 defined as

V¢ € D(Q),
. a oA . U 34
(@i (—=div &), ¢)p(@), D) =(—div g, i) -1 1l = QgiD(§0i¢)

and the equality — div ‘A(x)Dv = ¥, ¢i (—div &) + f holds true in D'(2).

In notation (3.3), the right-hand side is correctly defined since ¢;y € HO1 ()
and since y € L*°(2). In contrast the left-hand side ((—div ‘A(x) Dv, y))gq is just
a notation.

Remark 34. If y € H] () N L™®(Q), then gy € Hy (Q) for every ¢ € Hj () N
L>®(R), so that for every v € V(Q), ((—div 'A(x) Dv, y))q is defined. Let us
prove that actually one has

Vv € V(Q), Yy € HJ () N L®(Q),

(3.5)
(= div "A) Dv, y)) = (= div "AX) DV, ¥) -1 (). il -

Indeed when — div ‘A(x)Dv = Y, ; @i (— div §i)+f, one has for every ¢ € D(RQ2)
(see (3.3) and (3.4)) that

(=div ‘AwDv.#Na =3 [ GDGo)+ [ fo
iel

= ( Z Gi(—divg) + f, o D)

iel

= (—div "A(x)Dv, ¢) (@) D) =/QIA(X)DUD¢

and therefore

> [apwor+ [ o= [ apis veep@. 6o

iel
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For every given function y € HO1 (2) N L (), taking a sequence ¢, € D(Q) such
that

¢n — y in H} () strongly, ¢, — y in L°(£2) weakly-star
and passing to the limit in (3.6) with ¢ = ¢,,, we obtain (3.5).

Remark 3.5 (Examples of functions which belong to V()).
i) If g1, 92 € H} () N L®(Q), then 192 € V(Q). Indeed 192 € Hy () N

L°°(2), and in the sense of distributions, one has

—div 'AW) D(g192) = §1(=div 1) + da(=div &) + f in D'(Q)

with

O1 = @1 € HY ()N LX), ¢ = ¢ € H} () NLP(Q) 3.7)
g1 ="A@)Dpr e (L* ()Y, §2="A(x)Dg; € (L*( Q)"
f=="A(x)Dp2Dg| — "A(x) D1 D2 € L ().

ii) In particular, if ¢ € HO1 () N L°(RQ), then <p2 € V(R), with

—div "A(x) Dg? = $(—div §) + f inD'(Q)

where

$=2¢ € Hy (QNL®Q), §="Alx)Dgp € (L*( Q)"
f =—=2'A(x)DpDy € L' ().

(3.8)

i) If ¢ € HO1 (2) N L°°(R2) and has a compact support which is included in €2,
then ¢ € V(L2) since

—div 'A(x) D¢ = ¢(—div 'A(x)D¢) in D'(RQ) (3.9)
for every ¢ € D(2), with ¢ = 1 in the support of ¢. '

iv) In particular every ¢ € D(2) belongs to V(R2).

3.2. Definition of a solution to problem (2.1)

We now give the definition of a solution to problem (2.1) that we will use in the
present paper.

Definition 3.6 (Definition of a solution to problem (2.1)). Assume that the matrix
A and the function F' satisfy (2.4), (2.5) and (2.6). We say that u is a solution to
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problem (2.1) if u satisfies

) uel* Q) NnH (Q
i) wu(x)>0 ae.x € Q
(3.10)
iii) Gi(u) € Hy(Q) Vk >0
iv) @Ti(u) € HJ(Q) Vk >0, Yo € H} () NL®(Q)
YveV(R), v>0
with —div ‘A(x)Dv = ) " @i(—div &) + f in D'(Q)
iel
where ¢; € HJ () N LX(Q), & € (L2 ()N, f e L'(R)
one has
i) / F(x,u)v < +00 (3.11)
Q
ii) fQ ‘A(x)DvDGr(u) + ) /Q giD(@iTi(w) + /Q [T
iel
=(—diV’A(x)Dv,Gk(u))H_u(Q)’Hd(m—}—((— divA(x)Dv, T (u)))q
:/ F(x,u)v Yk > 0.
Q

Remark 3.7 (About Definition 3.6).

i) Definition 3.6 is a mathematically correct framework which gives a meaning

ii)

iif)

to the solution to problem (2.1); in contrast (2.1) is only formal.

In Definition 3.6, the requirement (3.10) is the “space” (which is not a vecto-
rial space) to which the solution should belong, while the requirement (3.11),
and especially (3.11 ii), expresses the partial differential equation in (2.1) in
terms of (non standard) test functions in the spirit of the solutions defined by
transposition introduced by J.-L. Lions and E. Magenes and by G. Stampac-
chia.

Note that the statement (3.10 iii) formally contains the boundary condition
“u = 0on 0", Indeed Gy (u) € HO1 (2) for every k > 0 formally implies
that “Gr(u) = 0on a2, i.e. “u < k on 9Q2” for every k > 0, which implies
“u = 0 on 0" since u > 0 in 2 by (3.10 ii) (see also the comment after
Proposition 5.13 below).

In Section 5 below we will obtain a priori estimates (and in particular a priori
estimates in the various “spaces” which appear in (3.10)) which hold true for
every solution u to problem (2.1) in the sense of Definition 3.6.
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iv) Note finally that (very) formally, one has
“(—div '"A(x)Dv, Gk(”»H*'(Q),HOl(Q) = / (—div "A(x) Dv) Gk (1)
Q

=/ v (—div A(x) DG (u))”
Q

“((— div "A(x) Dv, Ty ())) =/Q(—div 'A(x) Dv) Ty (u)
=/Qv(—diVA(x)DTk(u))”
so that (3.11 ii) formally means
“/Qv(— div A(x) Du) = /QF(x,u)v Vv e V(Q), v =07,

Since every v can be written as v = v — v~ with v* > 0 and v~ > 0, one
has formally (since we do not know whether v and v~ belong to V(2) when
v belongs to V(R2))

“—divAx)Du = F(x,u)”.

Observe that the above formal computation has no meaning in general, while
(3.11 ii) has a perfectly correct mathematical sense when v € (£2) and when
u satisfies (3.10).

The following Proposition 3.8 asserts that every solution to problem (2.1) in the
sense of Definition 3.6 is a solution to (2.1) in the sense of distributions. Note that
Proposition 3.8 does not say anything about the boundary conditions satisfied by
u (on the latest topics, see Remark 3.7 ii) above and the comment after Proposi-
tion 5.13 below).

Proposition 3.8 (“Usual” properties of a solution). Assume that the matrix A and
the function F satisfy (2.4), (2.5) and (2.6). Then for every solution to problem (2.1)
in the sense of Definition 3.6 one has

u>0ae. inQ, ue H(Q), F(x,u) e L},.(Q) (3.12)
—div A(x) Du = F (x, u) in D'(Q). (3.13)

Proof. Since every ¢ € D(R2) belongs to V(R2) (see Remark 3.5 iv)), assumption
(3.11 1) implies that

/ F(x,u)p <400, VYo €D(Q), ¢=>0 (3.14)
Q

which, together with F'(x, #) > 0, implies that F (x, u) € Ll (Q).

loc
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Therefore (3.12) holds true when u is a solution to problem (2.1) in the sense
of Definition 3.6.

As for (3.13), for every ¢ € D(R2) and ¢ € D(R2) with ¢ = 1 in the support of
¢, one has (see (3.9) with ¢ = ¢ as far as the second term is concerned)

(— div 'A() D, Gi)) -1y i) + ((— div "AC) DY, Te(w)g

=/ ’A(X)D¢DGk(u)+/ 'A(x)D¢ D(¢Ti ()
Q Q
=/ fA(x)Dquu:/ A(x)DuD¢,

Q Q

where we have used the fact that u € HILC(Q) and that ¢ = 1 in the support of ¢.

This implies that when u is a solution to problem (2.1) in the sense of Definition 3.6,
one has

/ A(x)DuD¢=/ F(x,u)p Vo € D(RQ), ¢=>0 (3.15)
Q Q
namely
—div A(x)Du > F(x,u) in D'(Q).
But (3.15) also implies that

/ A(x)DuD¢ = / F(x,u)p VYo D), ¢=<0
Q Q
namely
—div A(x)Du < F(x, u) in D'(Q).
This proves (3.13). O

Remark 3.9 (9 Due (L*(R))" Vg € H)(®) N L™(R)). When u satisfies (3.10),
then one has N
¢Du € (L*(Q))" Vo € Hy (@) N L®(Q). (3.16)

More precisely, when u satisfies (3.10 i) and (3.10 iii), assertion (3.10 iv) is equiv-
alent to (3.16).
Indeed, if y € HILC(Q) and ¢ € HOl (2) N L°°(R2), one has for every k > 0

@Dy = ¢DTi(y) + ¢DG(y) in (D' ()Y
DT (y)) = @DTi(y) + T (y)Dg  in (D' ()Y
and therefore
@Dy — D(¢Ti(y)) = ¢DGi(y) — T (y) D in (D' (2))".

This in particular implies that g Dy — D(¢Ti(y)) € (L*(2))"N when y € HILC(Q),
Gr(y) € Hy(Q) and ¢ € H} () N L®(Q).
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Therefore if y € H! (Q), Gi(y) € H} (Q) and ¢ € Hy () N L>(Q), one has

oDy € (L*(@)" < DTi(y) € (L} @)"

which in view of Lemma A.l below and of the inequality —k¢ < ¢Ty(u) < +ko
implies, since T (y) € L>®(Q2) C L*(Q), that

oDy € (L2 Q)" < ¢Ti(y) € H} ().

Taking y = u proves the equivalence between (3.10 iv) and (3.16) when u satisfies
(3.10 i) and (3.10 iii).

4. Statements of the existence, stability and uniqueness results

In this section we state results of existence, stability and uniqueness of the solution
to problem (2.1) in the sense of Definition 3.6.

Theorem 4.1 (Existence). Assume that the matrix A and the function F satisfy
(24), (2.5) and (2.6). Then there exists at least one solution u to problem (2.1) in
the sense of Definition 3.6.

The proof of the Existence Theorem 4.1 will be done in Subsection 6.2. It relies
on the Stability Theorem 4.2 below and on a priori estimates of |Gy (u)|| 5 L@ for

every k > 0, of [l DTi(u)ll (12~ for every ¢ € HO1 (R2) N L*°(2) and every

k > 0, and of/ F(x, u)v for every § > 0 and every v € V(2), v > 0, which
{u<é}

are satisfied by every solution u to problem (2.1) in the sense of Definition 3.6 (see

Propositions 5.1, 5.4 and 5.9 below).

Theorem 4.2 (Stability). Assume that the matrix A satisfies assumption (2.4). Let
F,, be a sequence of functions and Fu, be a function which all satisfy assumptions
(2.5) and (2.6) for the same h and the same T". Assume moreover that

ae.x € 2, Fy(x,s;) = Foo(X, So0) if Sy = Soo, Sn >0, 500 > 0. “4.1)

Let u,, be any solution to problem (2.1),, in the sense of Definition 3.6, where (2.1),,
is the problem (2.1) with F (x, s) replaced by F,(x, s).

Then there exists a subsequence, still labelled by n, and a function u,, which
is a solution to problem (2.1) in the sense of Definition 3.6, such that

Up—> U IN LZ(Q) strongly, in HIIOC(Q) strongly and a.e. in Q
Gir(uy)— Gr(uso) in HO1 (2) strongly Vk > 0 4.2)
0Tk (up) = 0Tk (Uoo) in HO1 (2) strongly Yk >0, Yp e HO1 (QNL®(Q).

The proof of the Stability Theorem 4.2 will be done in Subsection 6.1.
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Note that assumption (4.1) is in some sense an assumption of uniform
convergence in s for almost every x € € of the functions F,(x, s) to the func-
tion Foo(x, s). This “uniform convergence” is nevertheless non standard since the
function F(x, s) can take the value +o00 for s = 0.

Finally, the following uniqueness result is an immediate consequence of the
Comparison Principle stated and proved in Section 7 below. Note that both the
Uniqueness Theorem 4.3 and the Comparison Principle of Proposition 7.1 are based
on the nonincreasing character of the function F'(x, s) with respect to s.

Theorem 4.3 (Uniqueness). Assume that the matrix A and the function F satisfy
(24), (2.5) and (2.6). Assume moreover that the function F(x, s) is nonincreasing
with respect to s, i.e. satisfies assumption (2.7). Then the solution to problem (2.1)
in the sense of Definition 3.6 is unique.

Remark 4.4 (Well posedness). When assumptions (2.4), (2.5), (2.6) as well as
(2.7) hold true, Theorems 4.1, 4.2 and 4.3 together assert that problem (2.1) is well
posed in the sense of Hadamard in the framework of Definition 3.6.

5. A priori estimates

In this section we state and prove a priori estimates which are satisfied by every
solution to problem (2.1) in the sense of Definition 3.6.

5.1. A priori estimate of G (u) in H(}(SZ)

Proposition 5.1 (A priori estimate of Gy (u) in H L(Q)). Assume that the matrix
A and the function F satisfy (2.4), (2.5) and (2.6). Then for every solution u to
problem (2.1) in the sense of Definition 3.6 one has

Cs 7l @
||Gk(”)||H01(Q) = IDGr (Wl (2@@yn =< o T Vk >0, (5.1)

where Cg is the (generalized) Sobolev’s constant defined in (2.11).

Remark 5.2 (A priori estimate of u in L%(R)). Since € is bounded, using Poin-
caré’s inequality

¥l 2 < CPE@IDYI 2@y Yy € Hy () (5.2)

and writing u = T (u) + G (u), one easily deduces from (5.1) that every solution
u to problem (2.1) in the sense of Definition 3.6 satisfies the following a priori
estimate in L2(2):

1 Cs IhllLr (@
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which, taking k = ko for some ko fixed or minimizing the right-hand side in &,
provides an a priori estimate of ||u/| ;2(q) Which does not depend on k; unfortunately
minimizing in k does not give an explicit constant for a general function I".

Remark 5.3 (Formal proof of Proposition 5.1). Taking formally Gy (u) as test
function in (2.1) one obtains

/ Ax)DGr(u)DGi(u) = / F(x,u)Gy(u) Yk > 0. 5.4)
Q Q

Estimate (5.1) then follows from the growth condition (2.6 iii) and from the facts
that G (u) = 0 in the set {u < k} and that the function I'(s) is nondecreasing, so

" 0<F(x,u)G (u)<@G (u)<@G (u) ae.x € Q
= ) k _F(u) k _F(k) k . s

and finally from the (generalized) Sobolev’s inequality (2.11) and from the coer-
civeness (2.4) of the matrix A.

This formal computation will be made mathematically correct in the proof be-
low.

Proof of Proposition 5.1. Define for every k and n with 0 <k < the function S ,
as
0 if0<s <k

Skn(s) =1s—k ifk<s<n 5.5)
n—k ifn <s.
First step. In this step we will prove that
Sk.n(u) € V(). (5.6)
Observe first that for every n > k we have, since u € Hl%)c (2),

0 < Sjn() < Gr(u) and | DSk ()] = Xyeyen |Dul < [DGi(W)].

k<u<n
By (3.10 iii) and Lemma A.1 of Appendix A below this implies that
Sk.n(u) € HO1 () NL>®(Q). (5.7)

Let us now prove that (5.6) holds true. Let ¢ : s € [0, 4+00[— ¥ (s) € [0, +o00[
be any C! nondecreasing function such that

k
Yr(s) =0 for Ossgi and Y (s) =1 for s > k.

. 1
Since u € H,,

(€2) one has

Dyr(u) = Y. (u)Du = Wé(u)DGg(u) in D'(2)
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from which using (3.10 iii) we deduce that Dy (u) € (L*(2))" . Therefore v (1) €
HY(Q) N L®(), and then, using again (3.10 iii), the inequality

4
0<yn(u) < %Gg(u)
(which results from %Glﬁ (s) > 1whens > %) and Lemma A.1 below, we obtain

Y (u) € Hol (2) N L®(R). (5.8)

On the other hand, in view of (5.7) one has —div ‘A(x) DSy, (u) € H~'(Q), and
one easily proves that

—div "A(x) DSk, (1) = Y () (— div "A(x) DSk ,(u)) in D'(Q) 5.9

which implies (5.6) with ¢ = ¥ (u), § = 'A(x) DSk, (u) and f =0.

Second step. Since Sk ,(u) € V(2) by (5.6) and since Sk ,(u) > 0, we can use
Sk.n(u) as test function in (3.11 ii). We get, using (5.9),

/ "A(X)DSn (W) DG (u) + / TAQxX) DSk, (u) D (Wi () T ()
Q Q
= (—div "AC) DSkn (1), Gk ) 19y g1y +((— iV "A) DS (w), Telw)) e
= / F(x, u) Sk n(u),
Q
where the second term of the left-hand side is zero since

D) T () = Y () DTjc(u) + Tie(u) Dre(u) in D'(2)

and since DSk ,(u) = 0in {u < k}, while DT} (u) = 0 and D, (u) = Oin {u > k}.
This gives

/A(x)DGk(u)DSk,n(u)=/‘ F(x,u)Sk.n(u). (5.10)
Q Q

Third step. Since S ,(s) = 0 for s < k, using the growth condition (2.6 iii) and
the (generalized) Sobolev’s inequality (2.11), one has

/F(X,M)Skn(u) </ M)( Skn(u)</ MSkn(u)
Q ’ = Jo T(u) "=h7% “Jo (k)
LIV
S ——— ISkn @) 12+
T (k) LT @ (5.11)
2l ()
= WCSHDSk,n(”)”(U(Q))N
Vk>0,Vn > k.
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With the coercivity (2.4) of the matrix A, (5.10) and (5.11) imply that

AP
[ DSk @)l 2y < Csmen &

Vk >0,V k. 5.12
< N0 >0,Vn > (5.12)

Therefore Sk ,(u) is bounded in HO1 (2) for k > 0 fixed independently of n when
n > k,and the left-hand side (and therefore the right-hand side) of (5.10) is bounded
independently of n when n > k. Since

Sk.n(m) = Gg(u) in HO1 (2) weakly and a.e. in Q as n — +o0 (5.13)

applying Fatou’s lemma to the right-hand side of (5.10) one deduces that
/ Fx,u)Gy(u) < +o00 Vk=>0. (5.14)
Q

Then, using (5.13) in the left-hand side and Lebesgue’s dominated convergence
theorem in the right-hand side of (5.10), one obtains (5.4).
Estimate (5.1) follows either from (5.12) and (5.13) or from (5.4). [

Note that in the third step of the previous proof, we have proved that the en-
ergy identity (5.4) holds true for every solution u to problem (2.1) in the sense of
Definition 3.6.

5.2. A priori estimate of ¢ DT (u) in (L*(R))N for ¢ € H}(2) N L™ (R)

Proposition 5.4 (A prioriestimate of 9 DTy() in (LA(R))" for g€ Hy (2)NLX(R)).
Assume that the matrix A and the function F satisfy (2.4), (2.5) and (2.6). Then for
every solution u to problem (2.1) in the sense of Definition 3.6 one has

lo DTi@) 17,2 gy i
32k 5 CiIhlTr @y, 5
=< ?”A”(LOO(Q))NXN ||D¢||(L2(Q))N + ?W”wnlﬁo(ﬂ)

Vk >0, Yo € Hy () N L®(Q),

(5.15)

where Cg is the (generalized) Sobolev’s constant defined in (2.11).

Remark 5.5 (A priori estimate of ¢ Ty (u) in H(}(Sl)). From the a priori estimate
(5.15) and using the equality D(¢Ti(u)) = DTy (u) + Ty (1) Dg, one deduces
that every solution u to problem (2.1) in the sense of Definition 3.6 satisfies the
following a priori estimate of ¢ Ty (1) in HO1 ()
2 2
64k% 5 ) i
= <7||A||(LOO(Q))NX1V +2k7 NID@l 2 (gpyv + 2;w”‘/’“mo(sz) (5.16)
Vk >0, Yo € Hy () N LX(Q).
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Remark 5.6 (A priori estimate of ¢ Du in (L*(2))" for ¢ € H} (R) N L™ ()).
Using estimates (5.1) of DG («) and (5.15) of ¢ DTy (u) in (L2())N, as well as

¢Du = ¢DTy(u) + DG (u),
and
|DT;(u)||DGr(u)] =0 ae.in L,

one deduces that every solution u to problem (2.1) in the sense of Definition 3.6
satisfies the following a priori estimate of ¢ Du in (L2 Q)N

lo Dull? 2w = 10 DT@)1? 20y v + ||soDGk<u>||§L2(m)N
_ 322 2117 g
= ”A”(LOO(Q))NxN||D¢||(L2(Q))N + (12 W“ ”LOO(Q)

Vk > 0, Yo e H0 () N L>()

(5.17)

which, taking k = kg for some k¢ fixed or minimizing the right-hand side in &,
provides an a priori estimate of ||¢ Du ||?L2 @)V which does not depend on k; unfor-
tunately minimizing in k does not give an explicit constant for a general function I'.

Remark 5.7 (A priori estimate of u in Hl})c(ﬂ)). For every ¢ € D(2) one has
D(¢u) = ¢ Du + (T (u) + Gy (u)) D¢, which implies that

|D(pu)| < |pDu| + k|D| 4 [IDP| 100 [Gr(W)].

Using the inequality (@ + b + ¢)> < 3(a® + b* + ¢?) and the a priori estimates
(5.17) and (5.1) together with Poincaré’s inequality (5.2), one deduces that every
solution u to problem (2. 1) in the sense of Definition 3.6 satisfies the following a

priori estimate of u in lOC(Q)

2 _ 2
191131 gy = I D@2 g0
242 C3 Ik IIU(Q)
53 2 ”A”(LOO(Q))NXN”D(p”(LZ(Q))N +2 2 F(k)2 ||¢||L00(Q)
(5.18)
|| 17
2 L' (@) 2

Vk >0, V¢ e D(RQ)

which, taking k = kg for some kg fixed or minimizing the right-hand side in &,

provides an a priori estimate of ||¢u||H @) for every fixed ¢ € D(RQ), i.e. an a
priori estimate of ||u || @ which does not depend on k.

loc
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Remark 5.8 (Formal proof of Proposition 5.4). The computation that we will
perform in the present remark is formal. We will make it mathematically correct in
the proof below.

The idea of the proof of Proposition 5.4 is to formally use ¢>Tj (1) as a first
test function in (2.1), where ¢ € HO1 (R2) N L*°(2). We formally get

/A(x)DuDTk(u)go2+2/ A(x)DuD(pgaTk(u)=/ F(x, u)o*Ti(u) (5.19)
Q Q Q

in the second term of which we write Du = DTy (u)+ DGy (u). Using the coercivity
(2.4) of the matrix A we have

a/w%anW
Q

<2 ’/ AX)DTi(u) Dy T (u)| + 2 V AX)DGy(u) Do ¢ Ty (u) (5.20)
Q Q
+/me#nm.
Q
In this inequality we use the estimate
2‘/QA(X)DT/<(M)D§0¢T1<(M) +2'/QA(X)DG1<(M)D¢¢T/<(M)
(5.21)

= 2k||A||(L0°(Q))N><N ||D§0||(L2(Q))N llo DT (u)||(L2(Q))N

+2k| Al (L (Q))NxN | Dg ||(L2(Q))N @l L) DGk ()|l (L2(Q)N -

On the other hand, since 0 < T (1) < k, using formally goz as a second test function
in (2.1), we have

0 5/ F(x, )@ Tic(u) Sk/ F(x,u)¢*
Q Q
=k/ A(x)DuDg? =2k/ A(x)DuDg ¢
Q Q
= 2k/ A(x)DTk(u)Dgogo—i-Zk/ A(X)DGy(u)Dg ¢ (522)
Q Q

< 2kl All (Lo @y <n 1 D@l (2 @yn 19 DT @l (2w

+2k|| Al (L®(Q))NxN I Dell (L2(Q))N lell oo @) I DGk ()l (L2(Q))N -
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Collecting together (5.20), (5.21) and (5.22) we obtain

a / @*I DT ()|
Q

< 4kl All (oo v <N D@l (2~ Il DTic @) [l 120y N (5.23)

+4k||A||(L0°(Q))NxN ||D(/7||(L2(Q))N @l Lo () ”DGk(u)“(L2(Q))N
Vk >0,V e H(Q) NL®(Q).

Using Young’s inequality in the first term of the right-hand side of (5.23) and the

estimate (5.1) of | DGk (u) [l (2(qyv in the second term provides the estimate (5.15)
2

Of ||§0DTk(U) ” (L2(Q))N .

Proof of Proposition 5.4. In this proof k > 0 and ¢ € HO1 () N L°(R) are fixed.

First step. By (3.10 iv) we have Ty (u) € HO1 (2) N L*°(2), which implies, using
Remark 3.5 i), that
O’ Ti(w) = ¢ pTi(w) € V() (5.24)

with

— div 'A(x) D (¢ Tic(u))
= ¢(— div "A(x) D(¢Ti (1)) — 'A(x) D(¢Ti (1)) Dy
+(@Ti(w))(— div "A(x) D) — 'A(x) Do D(¢Ty (1)) in D'(Q).

Since (psz(u) € V() with (psz(u) >(0wecanuse v = <p2Tk (u) as test function
in (3.11 ii). Denoting by j the value of £ which appears in (3.11 ii), we get

/Q "A(xX) D(¢* Ti(u)) DG j (u)
+ /Q "A(x) D (9T (u)) D(9T; (u)) — /Q "A(x)D(pTi(u)) Do T (1)

+ /Q 'A(x) Dp D(9Tr ()T (u)) — /Q ‘A)DpD(9Ti() Tj(w)  (525)
= (= div 'A@ D@’ Tew), G ;) -1 () 1) @)
+({(—div "A@) D@ Tk (w)), Tjw))g

=/ F(x, u)¢*Ti(u) Vj >0,
Q

where we observe that the fourth term of the left-hand side makes sense due to the
fact that p Ty (1) € HOl (2)NL°(L2) by (3.10 iv), which implies that (¢ T ()T (u) €
HO1 () N L°°(R) again by (3.10 iv).

Since u € HILC(Q), we can expand in LlloC (£2) the integrands of the 5 terms of
the left-hand side of (5.25). We obtain 13 terms whose integrands belong to LY(Q)
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since DG (u), 9 DTy (u) and ¢ DT (u) belong to (L2 Q)N. A simple but tedious
computation leads from (5.25) to

/ A(X)DT;(u) DTy (u)p? + / A(x)DG j(u) DTy (u) ¢*
Q Q

+2f AX)DT;j(u)Dy ¢Ti(u) +2/ Ax)DG j(u)Do ¢Ti(u) (5.26)
Q Q

= / F(x,u)¢*Tr(u) Vj>0.
Q
Taking j = k gives, since | DG (u)||DT;(u)| = 0 almost everywhere in €2,
/ A(x) DTy (u) DTi (u)g?
Q

+2 fg A)DTi(u) Dy 9Ti(u) +2 fg AW)DGLu)Dp ¢Te(w)  (527)

= / F(x, u)(psz(u).
Q

This result is nothing but (5.19), which had been formally obtained in Remark 5.8
by taking ¢? T} (1) as test function in (2.1), but the proof that we just performed is
mathematically correct. From (5.27) and the coercivity (2.4) of the matrix A we
deduce that

o / @*| DTy (w))?
Q

=< 2‘/ A(x) DTy (u) Do ¢T (1) +2‘/ AX) DGy (u) Do ¢Ti () (5.28)
Q Q

+ f F(x, u)(psz(u)
Q

which is nothing but (5.20) of the formal proof made in Remark 5.8.

Second step. As far as the first and the second terms of the right-hand side of (5.28)
are concerned, we have, as in (5.21),

2

/QA(X)DTk(”)D(/’ @Ti(u)

+2 '/ AX)DGi(u) Do ¢Ti(u)
Q

< 2Kl All ooy v 1D L 12y 10 DTk @) ] 20520 (529

+2k| Al (L% (Q))NxN | De ||(L2(Q))N @l Lo @) DGk () |l (L2(Q))N -

On the other hand, since for every ¢ € HO1 () N L®(Q), ¢? belongs to V(£2) (see
Remark 3.5 ii)) and since ¢* > 0, using ¢ as test function in (3.11 ii) gives

(— div "AG) DY, Gr()) g1 i @y + ((—div A D@, T ()

= / F(x, u)<p2
Q
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which is easily seen to yield

2/lumDGHwD¢¢+2/1umanﬂw¢
Q Q

(5.30)
= / F(x, u)(pz.
Q
Therefore we have, for the last term of the right-hand side of (5.28),
0 < [ Foodnw <k [ Ferug?
Q Q
Q Q

= 2k||A”(L°0(Q))N><N ||D(/)||(L2(Q))N ||§0DTI<(M)||(L2(Q))N

+2k | All (oo @y D@l (2@ @l L@ 1D Gr ) | 2@y~

which is nothing but (5.22) of the formal proof made in Remark 5.8.
Third step. Collecting together (5.28), (5.29) and (5.31) we have proved that

a / @*| DT (u)|*
Q

< 4kl All oo @pn <N 1 D@l (2N 19 DTk )l (12 (v (5.32)
+4k||A||(L0°(Q))N><N ||D§0||(L2(Q))N @l Lo () ”DGk(u)||(L2(Q))N
Vk >0, Vo e Hy () NLP(Q)

which is nothing but (5.23) of the formal proof made in Remark 5.8.
Using Young’s inequality XY < X LS ﬁY2 in each of the two terms of the
right-hand side of (5.32) gives

a 2
5 ||§0DT]((M) ”(LZ(Q)N

16k*

16k 5 o 5 5
+? ” A” (L{)O(Q))NXN “DQD ”(LZ(Q))N + E ” DGk (I/t) ” (LZ(Q))N ||‘P ”LOO(Q)
in which we use the a priori estimate (5.1) of DGy (u) to obtain
o 2
E ”ngTk (M) ||(L2(Q)N
_Iek? Dol? ctlblirg (5:34)

i.e. the a priori estimate (5.15). This completes the proof of Proposition 5.4. O
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5.3. Control of the integral f F(x, u)v
{u=s}

In this subsection we prove an a priori estimate (see (5.37) below) which is a key
point in the proofs of our results.
For § > 0, we define the function Z; : s € [0, +00[— Zs(s) € [0, +o0[ by

1 if0<s<$§
Zs(s) = —§+2 if5 <5 <28 (5.35)
0 if 26 < s.
Proposition 5.9 (Control of the integral F (x,u)v). Assume that the matrix

{u=é}
A and the function F satisfy (2.4), (2.5) and (2.6). Then for every u solution to
problem (2.1) in the sense of Definition 3.6 and for every v such that

veV(Q),v>0
with — div'A(x)Dv =Y ¢;(=div &) + f in D'(2) (5.36)

iel

where ¢ € H) (@) NL=(Q), & € (L2Q)VY, f € L'(Q)

one has

vVé >0, /F(x,u)Zg(u)v
Q
3 SR N
55(/9 ZgiDQDi—I—f‘>5+/ﬂzs(u)zgiDufpi~

iel iel
Remark 5.10. Since Zs(s) > x,
estimate of the integral [, _;
Note that the right—ha_md side of estimate (5.37) depends only on 4, on v,
through » ;.; & D¢ + £, and also on u, through Zs(u) &; > .o Du @;, which be-
longs to L(€) in view of (3.16).

(5.37)

s<8) (s) forevery s > 0, estimate (5.37) provides an
| F (x, u)v as announced in the title of Subsection 5.3.

iel

Remark 5.11 (Formal proof of Proposition 5.9). Estimate (5.37) can be formally
obtained by using in (2.1) the test function Zs(u)v, where the function Z; is defined
by (5.35) and where v satisfies (5.36). One formally obtains

/F(x,u)Z(;(u)v:/ A(x)DuDuZé(u)v—{—/ A(x)DuDvZs(u)  (5.38)
Q Q Q
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and one observes that, denoting by Y the primitive of the function Zs (see (5.42)
below), one has

/ A(x)DuDuZsu)v <0
Q

/A(x)DuDvZ(g(u) :/ A(x)DYg(M)DU:/ '"A(x)DvDYs(u)
Q Q

Q
= §iD(@iYs(u)) + /Q fYs(u)

iel Y9
=/ <Z§iD¢’i+f) Ya(u)+/ Zs(u) Y &iDug;,
Q \ies Q iel

where one finally uses 0 < Ys(s) < 3§/2 to formally obtain estimate (5.37). These
formal computations will be made mathematically correct in the proof below.

As a consequence of Proposition 5.9 we have the following result.

Proposition 5.12 (F(x, 0) = 0 a.e. in the set {u = 0}). Assume that the matrix A
and the function F satisfy (2.4), (2.5) and (2.6). Then for every u solution to prob-
lem (2.1) in the sense of Definition 3.6 one has

/ Fx,u)v=0 YveV(Q),v=>0 (5.39)
{u=0}

or equivalently
F(x,0) =0a.e. inthe set {x € Q:u(x) =0}. (5.40)
Proof of Proposition 5.12. Observe that
V86 >0, Vv e V(Q), v=0
one has 0 < / o Fx,u)v < /Q Fx,u)Zs(u)v.

{u

(5.41)

We will use (5.37) to estimate the right-hand side of (5.41) and to prove that it tends
to zero as § tends to zero. This will imply (5.39).

When § tends to zero, the first term of the right-hand side of (5.37) clearly tends
to zero. For what concerns the second term of this rigth-hand side, we observe that
the absolute value of its integrand is dominated by ’ Y i1 & Du ¢; |, which belongs
to L1 (), that Zs(u) converges almost everywhere to x,_,, as é tends to zero, and

that, since u € H! (), one has Du = 0 almost everywhere in {u = 0}; Lebesgue’s

loc

dominated convergence theorem then implies that this second term satisfies

/ZS(M)ZgAiD”@%/X[z¢=012§iD”¢i=/0=0 as§ — 0.
Q Q Q

iel iel

We have proved (5.39).
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Let us now prove that (5.39) implies (5.40) (the converse is clear). Since every
¢ € D(2) belongs to V(2) in view of Remark 3.5 iv), the result (5.39) implies that
one has F(x, u(x)) = 0 almost everywhere in the set {x € Q : u(x) = 0}, or in
other terms that F'(x, 0) = 0 almost everywhere in this set, i.e. (5.40). ]

For other comments about the set where the solution u takes the value zero,
see [21, Section 4].

Proof of Proposition 5.9. In addition to the function Zs(s) defined by (5.35), we
define for § > O the functions

s if0<s<$§
52 5 .
Ys(s) = —%+2s—§ if§ <s <26 (5.42)
3
) if26 <s
2
0 if0<s<$§
2
K 5 .
Rs(s) =425 ~5 M0=s=2 (5.43)
3
) if 26 <'s.
2

Observe that Zs, ¥s and R; are Lipschitz continuous and piecewise C! functions
with

! ! 1 / /
Y5(s) = Zs(s), Zs(s) = — 5 Xigs<2) (S)3, Rs(s) = —sZg(s) .
Ys(s) =sZs(s) + Rs(s), 0 <Ys(s) < 55, Vs > 0.

First step. In this first step we will prove that for every § > 0

Ys(u) € HL () N L®(RQ), ¢Ys(u) € H) () Vo € HJ () NLX(Q)  (545)
Zsw)v € V() Yv e V(Q) (5.46)

Rs(u € H} (Q) N L™(RQ). (5.47)

. 1
Since u € H,,

(2) by (3.10 1), one has Ys(u) € HILC(Q) N L% () with
DY;s(u) = Y5(u)Du = Zs(u)Du in D' ()
and for every ¢ € Hj (Q) N L™ (), one has ¢Ys(u) € H (Q) N L>(RQ) with

D(¢Ys(u)) = ¢Zs(u) Du + Ys(u) Dy in D'(2)
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which implies, using (3.16) and Ys(u) € L (), that D(¢Y;5(u)) € (L*(Q))V, and
therefore that pYs(u) € H'(€) N L®(R). Since 0 < @Ys(u) < 38¢/2, and since
NS HO1 (2), Lemma A.1 of Appendix A below completes the proof of (5.45).

On the other hand Zs(u) € HléC(Q) and

1 .
DZsu) = =5 Xtp<u<a Du in D' ().

In view of (3.10 iii) with k = &, this implies that DZs(u) € (LZ(Q))N, and there-
fore that

Zs(w) € HY(Q) N L™(R), (5.48)
which in turn implies that
Zs)p € Hy () NL®(Q) Yo € Hy () NLX(RQ). (5.49)

Consider now v € V(£2) with (5.36). Observe that Zs(u)v € HO1 () N L°(2) and
that

— div "A(x) D(Zs(u)v)
= Zs(u)(— div 'A(x)Dv) — 'A(x) DvDZs(u)

+v(—div 'A(x)DZs(u)) — '"A(x)DZs(u) Dv (5.50)
=" Zs(u) gi(—div &) + Zs(w) f — 'A(x) DvD Zs(u)
iel

+v(—div 'A(x)DZs(u)) — 'A(x)DZs(u)Dv in D' (Q).

This proves that Zs(u)v € V(£2), namely (5.46).
Finally, since u € H! () by (3.10 i), one has

loc
Rs(u) € H..(Q) N L®(Q)

with

u .
<~ Xs<ucasy Dt in D'(Q).

DR;s(u) = Rg(u)Du = i

Therefore (3.10 iii) with k = § implies that DRs(u) € (L%(2))N, which proves
that Rs(u) € HI(Q) N L*°(2). Then using the inequality 0 < Rs(u) < G%(u),

property (3.10 iii) with k = % and Lemma A.1 of Appendix A below completes
the proof of (5.47).

Second step. In this step we fix § > 0, k > 25 and v € V(2), v > 0.
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Since Zs(u)v € V() for every v € V() (see (5.46)) with Zs(u)v > 0, we
can take Zs(u)v as test function in (3.11 ii), obtaining in view of (5.50),

/ "A(x) D(Zs(u)v) DGy (u)
Q

‘1‘2/9 8i D(Zs(u) @i Tie(w)) +/QZ(S(M)f T (u) —/QtA(X)DUDZ(S(M) T (u)
iel
) +/Q 'A(x)DZs(u)D(vTx(u)) — /Q’A(x)DZ(s(u)Dv Ti(u) (5.51)
= (—div lA(x)D(Zg(u)v), Gk(u))H*I(Q)’]-[(}(Q)

+{(—div "A(x) D(Zsw)v), Te(u))) e

= / Fx,u)Zs(u)v.
Q

As far as the first term of the left-hand side of (5.51) is concerned, we have, since
k> 28,

fQ 'A(x)D(Zs(u)v) DG (1) = 0; (5.52)
indeed since u € HILC(Q) by (3.10 i) one has
"A(x) D(Zs(u)v) DGy (1)
= —'A(x)DuDu é Xis<uzs) Xty U + "AX)DvDu Zs () 1,y in D' (),

where each term is zero almost everywhere when k > 2§.
As far as the fourth term of the left-hand side of (5.51) is concerned, we have,
since u € H! () and since k > 28, using (5.44),

loc
DZs(u) Ty (u) = Du Zj(u) Ty (u) = —Du R} (u) = —DRs(u) in D'(R)

which implies, using the fact that Rs(u) € HO1 (2) (see (5.47)) and (5.36), that

—/ "A(x)DvDZs(u) Ty (u) =/ 'A(x)DvDRs(u)
Q Q
= (—div ‘A(x) Dv, Rs)) y-1@).ul @) (5.53)
:Z/g,-D(@-Rs(u))Jrf FRy(w).
Q Q

iel

As far as the fifth term of the left-hand side of (5.51) is concerned, we have, since
u € Hl (Q),

'A(x)DZ;5(u) D(vTi (1))
= '"A(x)DZs(u)Dv Ty (u) + 'A(x)DZs ) DTy (1) v in D' (),
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which implies, using (5.44) and k > 26, that

/ 'A(x)DZs(u)D(vTi (1))

< | (5.54)

:/ "A(x)DZs(u)Dv Ty (u) — —/ "A(x)DuDu v.
Q 8 Jis<u<26)

Collecting together (5.51), (5.52), (5.53) and (5.54), we have proved that when
k> 26

) /Q &0 (61(Zs@ Tk + Rs@) ) + /Q F(Zs)Tic(w) + Ry (w))

iel
1
:/ F(x,u)Zs(u)v + —/ "A(x)DuDu v.
Q 3 Jis<u<2s)
(5.55)
When k > 2§ one has, using (5.44),
Zs(u)Ti(u) + Rs(u) = Zs(w)u + Rs(u) = Ys(u)
§iD(@iYs(u)) = & Dg; Ys(u) + i Du Zs(u)g;
"A(x)DuDuv >0, 0 < Ys(u) <38/2
so that estimate (5.37) follows from (5.55). Proposition 5.9 is proved. O

5.4. Regularity of B8(u) and a priori estimate of §(u) in HOI(SZ)

This a priori estimate is actually first a regularity result, since it asserts that for
every u solution to problem (2.1) in the sense of Definition 3.6, a certain function
B(u) actually belongs to HO1 (€2). This property will be used in the proofs of the
Comparison Principle 7.1 and of the Uniqueness Theorem 4.3.

Define the function 8 : s € [0, +oo[— B(s) € [0, +o00[ by

Bls) = / T, (5.56)
0

where I" is the function which appears in assumption (2.6).

Proposition 5.13 (Regularity of 8(u) and a priori estimate of §(u) in Hol(ﬂ)).
Assume that the matrix A and the function F satisfy (2.4), (2.5) and (2.6). Then for
every u solution to problem (2.1) in the sense of Definition 3.6 one has

Bu) € Hy () (5.57)
with the a priori estimate
al DB 7 2 gy =< Il (5.58)
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Property (5.57) formally implies that S(u) = 0 on d€2. Since B(s) = 0 implies that
s = 0 because of I''(s) > O for every s > 0, this formally implies that u = 0 on
02 (see also Remark 3.7 ii) above).

Remark 5.14 (Formal proof of Proposition 5.13). Estimate (5.58) can be obtain-
ed formally by taking I"(u) as test function in equation (2.1), using the coercivity
(2.4) and the growth condition (2.6 iii), which implies that

O0<Fx,u)l'(u) < Ml”(u) < h(x)
- ’ —I'(w) - '

This formal computation will be made mathematically correct in the proof below.

Proof of Proposition 5.13. Asin (5.5), we define, for every § and k with0 < § < k,
the function

0 ifO0<s<$é
Ssk(s)=3s—98 iféd<s<k (5.59)
k—§6 ifk <s.

As in the first step of the proof of Proposition 5.1, one can prove that the function
" (S5« (1)) belongs to V(2) and that, if ¥ : s € [0, +o0o[— ¥s(s) € [0, 400 is
any C! nondecreasing function such that

3
Ys(s) =0 for0 <s < 2 and ¥5(s) =1 fors > §

then one has V5 (u) € Hy () N L>°(Q) and
—div "A(x) DT (S5 k(1)) = ¥s(u)(—div ‘A(x) DT (S5 (1)) inD'(R). (5.60)

Since I'(Ss.x(#)) € V(2) and since I' (S5 x(#)) > 0, we can use I'(Ss x (1)) as test
function in (3.11 ii). In view of (5.60) we get

/Q’A(X)DF(SS,k(M))DGk(M)+/QIA(X)DF(Ss,k(u))D(I/fs(M)Tk(u))
= (—div ZA(X)DF(SB’]((M)), Gk(”))[.Ifl(Q)’H(}(Q)

+((—div "A(x) DT (5,1 (), Tx(u))) o = _/Q F(x,u) I'(Ss.1(u))
which can be written as

/ 'A(x) DT (S5, (u)) DG (u) + / "A(x) DT (85,1 (1)) Drs (u) Tic(u)
§2 & (5.61)
+/QtA(x)DF(S8,k(M))DTk(u) Vs (u) =/QF(x,u) ['(Ssx(u)).
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Note that the two first integrals of (5.61) are zero, since DI" (S5 k(1)) is zero outside
of the set {§ < u < k}, while DGy (u) is zero outside of the set {u > k} and Drs(u)
is zero outside of the set {u < §}.

Note also that ¥/s(u) = 1 in the set {u > §} while DS; x(u) = 0 outside of
this set, and that DTy (u) = D Ss k(1) in the set {§ < u < k}. Therefore in view of
(5.56) the third term of (5.61) can be written as

/QIA(X)DF(Sa,k(u))DTk(u)lﬁa(M)

:/IA(X)DSS,k(”)DTk(M)F/(SB,k(”))T//B(u)
« (5.62)
=/Q[A(x)DSS,k(U)DSS,k(’/‘)F/(SS,k(u))

>a /Q |DSs 1 () |* T (S5 £ (1) = « /Q | DB(Ss 1 ()]

As for the right-hand side of (5.61), we have, using the growth condition (2.6 iii)
and the fact that I" is nondecreasing,

F(x,)I'(Ss x(u)) < %F(Sa,k(u)) <h(x) ae. x € Q. (5.63)

From (5.61), (5.62) and (5.63) we get
a/ |Df3(S(5,k(u))|2 <lhllprq Y8, Yk, 0 <8 <k. (5.64)
Q

On the other hand, the fact that for every § with 0 < § < k one has

|DB (S5 k()| = 1B"(Ss,k ) X5 2ysy DuI < < sup ﬂ/(S)> |DGs(u)]

0<s<k
0 < B(Ss.k(w)) < B(Gs(u))

together with condition (3.10 iii) and Lemma A.l of Appendix A below imply
that B(Ss.x (1)) € HO1 (2) N L*°(2). Since B(Ss k(1)) is bounded in HO1 () in-
dependently of § and k in view of (5.64), and since B(Ss «(u)) tends almost ev-
erywhere to B(u) as § tends to zero and k tends to infinity, we have proved that
Bu) € HOl (2), i.e. (5.57). Using the weak lower semicontinuity of the norm in
(5.64) then proves (5.58).

Proposition 5.13 is proved. O

(5.65)

6. Proofs of the Stability Theorem 4.2 and of the Existence Theorem 4.1

6.1. Proof of the Stability Theorem 4.2

First step. Since for every n the function F (x, s) satisfies assumptions (2.5) and
(2.6) for the same % and the same I', every solution u, to problem (2.1),, in the sense
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of Definition 3.6 satisfies the a priori estimates (5.1), (5.3), (5.15), (5.16), (5.17),
(5.18) and (5.37).

Therefore u,, is bounded in L2($2) and in HléC(Q), and there exist a subse-
quence, still labelled by 7, and a function u, such that

Up — Uso 1IN L2(Q) weakly, in HILC(Q) weakly and a.e. in
Gr(up) = Gr(ueso) In HO1 (2) weakly Vk >0 (6.1)
T (uy) = T (ux) In HO1 (2) weakly Vk >0, V(peHol (QINL®(Q).

Since u, > 0, the function u satisfies u~, > 0 and therefore (3.10).
Fix now a function v € V(2), v > 0, with

—div'A)Dv =Y, $i(—div ) + f in D'(Q)
where ¢; € H) () N L®(Q), & € (L2(Q))N, f e LY(Q).

Using v as test function in (3.11 ii),,, we obtain

l f ‘A(X)DvDGy(un) + Y /Q & D(i Tr(un)) + /Q FTe(uy)

iel

(=div 'A@) D, Gi(un)) y-1(0), 5l @) +{{= div 'A@) Do, Tiwn)))e - (6:2)

Q
/ Fo,(x,uy)v.
Q

Since the left-hand side of (6.2) is bounded independently of n for every k > 0
fixed in view of the estimates (5.1) and (5.16), we have

/ Fo(x,uy)v <C(v) < +o00 Vn
Q

which gives, using the almost everywhere convergence of u, to uy,, assumption
(4.1) on the functions F;, and Fatou’s lemma,

/ Foo(x, uso)v < C(v) < +00 (6.3)
Q

namely (3.11 i)

Second step. It remains to prove that (3.11 ii)so holds true and that the convergences
in (6.1) are strong.

For § > 0 fixed, we recall the definition (5.35) of the function Zs and we write
the right-hand side of (6.2) as

/ ‘A(x)DvDG(un) + Y / i D (@i Tic(un)) + / fTi(un)
Q iel YR Q

(64)
:/ Fn(xa”n)za(”n)v“‘/ Fo(x,up)( — Zs(uy))v.
Q Q
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Using (6.1), it is easy to pass to the limit in the left-hand side of (6.4), obtaining

/ ‘A(x)DvDGy(un) + ) / i D(@i Tic(un)) + / fTi(un)

Q iel /< &

- f 'A()DVDGy (o) + Y / ¢ D($iTr (o)) + / [Tetuss) (€
Q icl Y9 Q

as n — 4o00.

For the first term of the right-hand side of (6.4) we use the a priori estimate (5.37),
namely

) >0, / Fn(-x, Mn)ZS(un)U
Q
3 . . .
<2 </ Zg,-D(p,- +f‘) 5—1—/ Za(un)zgil)un%
Q Q

iel iel
in which we pass to the limit in n for § > 0 fixed. Since Zs(u,)g; tends strongly
to Zs(uso)g; in (L2(Q))N while Du, ¢; tends weakly to Duoo ¢; in (LZ(2))N (see
(5.17)), we obtain

Vé§>0, limsup/ Fu(x, up)Zs(uy)v

n Q
./
< =
([

Since Zs(uoo) tends to x, . _, almost everywhere in €2 as J tends to zero, and since

) 6.6)
Y &Déi+ f

iel

)5 +/ ZB(uoo)ZgAiDuooéi‘
Q

iel

Uso € HILC(Q) implies that Duy, = 0 almost everywhere in {x € Q : us(x) = 0},
the right-hand side of (6.6) tends to 0 as § tends to zero.
We have proved that the first term of the right-hand side of (6.4) satisfies

limsup/ Fo(x,up)Zs(uy)v — 0 as § — 0. 6.7)
Q

n

Third step. In this step we prove that
/ Foo(x, uso)v = 0. (6.8)
{1100 =0}

In view of assumption (4.1) on the convergence of the functions F,(x, s), of the
continuity of the function Zs, and of the almost everywhere convergence of u, to
U0, one has for every § > 0 fixed

Fo(x, up)Zs(uy)v = Foo(X, Uoo) Zs(Uso)v ae.in 2 asn — +00. (6.9)
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By Fatou’s lemma this implies that

/ Foo(x, uoo)Zs(Uoo)v < liminf/ F,(x,uy)Zs(uy)v V6 > 0. (6.10)
Q n——400 Q

Since Zs(s) tends to x,,_, for every s >0 as 4 tends to zero and since Foo (X, Uoo)V

belongs to L\(Q) by (6.3), the left-hand side of (6.10) tends to /Foo (% U00) X juoo—0y V
Q

as § tends to zero.
Combining the latest result with (6.10) and (6.7) proves (6.8).

Fourth step. In this step we pass to the limit, first as »n tends to infinity for § > 0
fixed, and then as § tends to zero, in the second term of the right-hand side of (6.4),
namely in the term

/ Fo . tn)(1 — Za(un)v.
Q
For that we observe that
0=<1-2Z5(s) < X2y () Vs =0, V6 >0

which combined with the growth condition (2.6 iii) and the fact that the function I'
is nondecreasing gives

h h
0 < Fulr, un)(1 = Zs(un))v < %x(wa,v < %v. 6.11)

Since the right-hand side of (6.11) belongs to L'(£2), and since, for every § > 0
fixed, one has, as in (6.9),

Fo(x,uy)(1 — Zs(uy))v = Foo(x, Uso)(1 — Zs(Uso))v ae.in Q asn — 400

Lebesgue’s dominated convergence theorem implies that for every § > 0 fixed one
has

/ Fo(x, un)(1 — Zs(uy))v —>/ Foo(x, uoo)(1 — Zs(uxo))v asn — +00. (6.12)
Q Q

Since the right-hand side of (6.12) tends to f Foo(x, uso)(1 — x{uoozo))v as § tends
Q

to zero, which is equal to / Foo(x, uso)v in view of (6.8), we have proved that
Q

limf Fo(x,uy)(1 — Zs(u,))v — / Foo(x,us0)v as 6 — 0. (6.13)
nJo Q
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Fifth step. Collecting the results obtained in (6.5), (6.7) and (6.13), we have passed
to the limit in each term of (6.4), first in n for § > 0 fixed, and then in §. This proves
that for every v € V(2), v > 0, one has

/ 'A(X) DuDGy (o) + Y | / D@1 Tic (o)) + / AUSE / Foo(x, o)
Q el /9 Q Q
which is nothing but (3.11 ii)o.

We have thus proved that u, is a solution to problem (2.1)s, in the sense of
Definition 3.6. It only remains to prove that the convergences in (6.1) are strong
(see (4.2)).

To this aim it is sufficient to prove the two following strong convergences

Gr(uy) = Gr(us) in HO1 (2) strongly Vk >0 (6.14)

DTy (uy) — ¢DTi(so) in (L*(2))N strongly 6.15
Vk >0, Vg € Hj () N L®(Q); ©15)
indeed the strong convergence of T (u,) in L%(2) follows from Lebesgue’s dom-
inated convergence theorem and from the almost everywhere convergence of u,
(see (6.1)); since u,, = Tr(un) + Gr(un), this convergence together with (6.14) and
(6.15) implies the strong convergences of u, in L>(R2), of ¢Tj (u,) in HOI(Q), and
of u, in H. (Q).

Sixth step. In this step we prove the strong convergence (6.14).
This strong convergence follows from the energy equality (5.4),, namely

/ Ax)DGr(un) DGy (uy) =/ Fo(x, un)Gr(up) Yk >0, (6.16)
Q Q

a fact that we proved in the third step of the proof of Proposition 5.1 (see the com-
ment at the end of Subsection 5.1).

It is easy to pass to the limit in the right-hand side of (6.16). Indeed the in-
equality

O<F(xu)G(u)<@ G(u)<MG(u)
= 1'p(X, Up) G (Up _F(un)x{u"zk} k\Un =Tk k\Un

and the boundedness of G (u,) in H(} (2) (see (6.1)), and therefore in LZ*(Q),
imply that the sequence F, (x, u,)Gy(u,) is equintegrable in LY(Q) uniformly in
n; since

Fo(x,un)Gr(uy) = Foo(X, Uso)Gr(Us) ae.in Q asn — 400,

Vitali’s theorem implies that for every £ > 0 fixed

/Fn(x,un)Gk(un)e/ Foo(x,uo0)Gr(Use) asn — +00. (6.17)
Q Q
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On the other hand, the energy equality (5.4)« asserts that

/A(x)DGk(uoo)DGk(uoo)z/ Foo (X, t1og)Gi(ttao) Yk > 0. (6.18)
Q Q

Collecting together (6.16), (6.17) and (6.18), we have proved that for every £k > 0
fixed

/ AX)DGr(uy,) DGr(uy) — / Ax)DGi(Uoo) DG (o) as n — 400,
Q Q

which, with the weak convergence in (L2())N of DG (un) to DG (us) (see
(6.1)), implies the strong convergence (6.14).

Seventh step. In this step we prove the strong convergence (6.15).
This strong convergence follows from equation (5.27),,, namely

/ AGO) DTy () DT (tt) 9
Q

= —2/QA(X)DTk(un)D9090Tk(un) —2/QA(X)DGk(un)D¢J eTi(un)  (6.19)

+/ Fo(x, )9 Tic ().
Q

We first pass to the limit in the right-hand side of (6.19) as n tends to +oc0. In view
of (6.1) one has, for the first two terms of this right-hand side,

= /Q AGO)DTi(tn) Do 9Ty () — 2 /Q AG)DGr(tn) D 9T ()

- _2/QA(X)DTI<(MOO)D(P oTi (o) —Z/QA(X)DGk(uoo)Dso ©Ti(uxo)
as n — +oo.

(6.20)

As far as the last integral of the right-hand side of (6.19) is concerned, we recall the
definition (5.35) of the function Zs and we write, for every fixed 6 > 0,

/ Fo(x, )9 Tic ()
Q2 6.21)

= /Q Fo(x, 1) Zs ()9 Tic () + /Q Fo(x, un) (1 — Zs(un)) 9 Tic ().

For the first term of the right-hand side of (6.21), we use the a priori estimate (5.37)
with v = goz; indeed <p2 € V() with (see (3.8))

—div 'A(x)Dg? = ¢(—div §) + f inD'(Q)
where ¢ =2¢, § = '"A(x)Dg, f = —2'A(x)DgDg.
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This yields, since §D¢ + f =0,

0< / Fo s ) Zs tn)0*Ti () < & / Fo s ) Z5 (1)
Q Q

< Zk/ Zs(un)'A(x)DoDu, ¢ (6.22)
Q

=2k/ Zs(un)tA(X)DtﬂDTk(un)w+2k/ Zs(un) "A(x) Dp DGy (un) ¢.
Q Q

We pass to the limit in the right-hand side of (6.22), first for § > O fixed as n tends
to infinity thanks to (6.1), and then as § tends to 0. Since Zs(uno) tends to x,, _,
in L°°(2) weak-star as § tends to zero, and since Duo, = 0 almost everywhere in
{u~ = 0}, we obtain that

lim sup/ F,(x, un)Zg(un)gosz(un) — 0 as§d —> 0. (6.23)
Q

n

For the second term of the right-hand side of (6.21), we repeat the proof that we
performed in the fourth step above to prove (6.13), and we obtain that

lim / Fo(x, un) (1 — Zs(un)) 9 Ty () —> / Foo(X, ttoo) 9 Tic (o)
n Q Q

as § — 0.

(6.24)

On the other hand, equation (5.27), reads as

/ A(X) DTy (o) DTy (t00) 9
Q

~ /Q AG)DTe(tos) Dg 9Te(ttog) — 2 /Q AG)DGi(tts0) Do 9Ty (o) (6:25)

+/ Foo(X, t1o0)9* Ti (it o).
Q

Collecting together (6.19), (6.20), (6.21), (6.23), (6.24) and (6.25), we have proved
that for every k > 0 fixed

/ A()c)DTk(un)DTk(un)gz)2 — / AX)DTr (o) DTy (Uo) (p2 asn — oo
Q Q

which implies, with the weak convergence in (LX) of oDTy(uy)to o DTy (o),
the strong convergence (6.15).
This completes the proof of the Stability Theorem 4.2.
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6.2. Proof of the Existence Theorem 4.1

Consider the problem
u, € Hy (Q)

6.26
/ A(x)Du, Dw = / T, (F(x,u;)w Yw € Hi (Q) (6.26)
Q Q
where T}, is the truncation at height 7.
Since

Tn(F(x,s+)) T (x,8) € Q%] — o0, +o0o[— T, (F(x, s+)) € [0, n]

is a Carathéodory function which is (almost everywhere in 2) bounded by n,

Schauder’s fixed point theorem implies that problem (6.26) has at least a solution.

Moreover, since T, (F(x,s1)) > 0, every solution of (6.26) is nonnegative by the

weak maximum principle, so that u, > 0, and T, (F (x, u,J{)) =T, (F(x,uy)).
Define now the function F, by

F,(x,s) =T,(F(x,s)) ae.x € 2, Vs >0.

For every given n, the function F}, is bounded, and it is easy to see that every u,
solution to (6.26) is a solution to problem (2.1), in the sense of Definition 3.6,
where (2.1),, is the problem (2.1) where the function F' has been replaced by F:
indeed u,, > 0 belongs to HO1 (€2), and therefore satisfies (3.10),, and (3.11 1),; u,
also satisfies (3.11 ii), in view of

({(—div ZA()C)DU, T (up)))o=(—div ZA()C)DU, Tk(”n))f]fl(g),[-]ol(g)

(6.27)
Yv € V(R2)
which follows from (3.5) by taking y = Ty (u,) € HO1 (2) N L™ (Q).

It is clear that the functions F, satisfy (2.5) and (2.6) with the functions & and
I" which appear in the definition of the function F. Moreover it is not difficult (even
if this is a little bit delicate in the case where soo = 0 and where F'(x, 0) = +o0;
in this case one can use the fact that F,(x, s,) = T,,(F (x, s,)) > T,,(F(x, s,)) for
every n > m, pass to the limit in n for m fixed and then to the limit in m) to verify
that the functions F,, satisfy (4.1) with F, given by Foo(x, s) = F(x, s).

The Stability Theorem 4.2 then implies that there exist a subsequence and a
function u, which is a solution to problem (2.1) in the sense of Definition 3.6 such
that the convergences (4.2) hold true.

This proves the Existence Theorem 4.1.

7. Comparison Principle and proof of the Uniqueness Theorem 4.3

In this section we state and prove a Comparison Principle which uses assumption
(2.7), namely the fact that F'(x, s) is nonincreasing with respect to s. Note that we
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never use this assumption in the present paper, except in this Comparison Principle
and in the Uniqueness Theorem 4.3 which is an easy consequence of it.

Proposition 7.1 (Comparison Principle). Assume that the matrix A satisfies
(24). Let F(x, s) and F>(x, s) be two functions satisfying (2.5) and (2.6) (possibly
for different functions h and I"). Assume moreover that

either F|(x,s) or Fa(x, s) is nonincreasing in s, i.e. satisfies (2.7) (7.1)

and that
Fi(x,s) < Fp(x,s) ae.x € 2, Vs >0. (7.2)

Let uy and uy be any solutions in the sense of Definition 3.6 to problems (2.1)1
and (2.1)y, where (2.1)1 and (2.1), are (2.1) with F (x, s) replaced respectively by
Fi(x,s) and F>(x, s). Then one has

ur(x) <ur(x)ae.x € Q. (7.3)

Remark 7.2. The proof of the Comparison Principle of Proposition 7.1 is based
on the use of the test function wz = (Bl(Tk+(u1 — u)))? (see the proof below).
A similar test function has been used by L. Boccardo and J. Casado-Diaz in [3] to
prove the uniqueness of the solution to problem (2.1) obtained by approximation.

Note also that the use of this test function is allowed by the regularity property
(5.57) proved in Proposition 5.13.

Proof of the Uniqueness Theorem 4.3. Applying the Comparison Principle to the
case where Fi(x,s) = Fa(x,s) = F(x,s) with F(x,s) satisfying (2.7) immedi-
ately proves the Uniqueness Theorem 4.3. O

Proof of Proposition 7.1.
First step. Let k > 0 be fixed. Define ¥ by

¥ = Bi(T; (u1 — u2)) (7.4)

where Bj : s € [0, +00[— Bj(s) € [0, +o00[ is the function defined by

N t
Bi(s) 2/ Bi(H)dt Vs =0, ,Bl(t):/ [(rdr Yt >0,
0 0

where I'; is the function for which F) satisfies assumption (2.6).
In this step we will prove that

¥ € HY () N L™(RQ). (7.5)

Since u;1 and u; belong to ngc(Q), one has Tk+(u1 — up) € HILC(Q) N L*®(Q);
since B € C9([0, +00[), the function Y belongs to H! ()N L>®(Q) and one has

loc

DY = Bi(T; (1 — 42)) Xy -yt (D1 — D) in D'(Q). (7.6)
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Since 0 < Tk+(s1 —52) < Tr(sy) for s; > 0 and s, > 0, and since B; is nondecreas-
ing, this implies that

IDY| < B1(Tk(u1))(|Duy| + |Dus)|).

Butin view of (5.57), B1(Tx(u1)) = Tg, ) (B1(u1)) belongs to HO1 (Q)NL*®(2),and
then the property (3.16) for u and u; implies that Dy € (L*())V, and therefore
that v € H'(Q) N L®(Q).

Since B; is nondecreasing one has 0 < ¥ < By (T (u1)). We now claim that
Bi(Ti(u1)) € Hy (Q) (7.7)

which by Lemma A.1 of Appendix A below completes the proof of (7.5).

Let us now prove (7.7). For every 6 with 0 < § < k and for the function Ss
defined by (5.59) one has

0<s<k

IDB1(Ssk (i) = [B1(Ss.k (1)) X5y <ty PU1] < ( sup ,31(S)> |IDGs(u)l

0 < Bi(Ss,k(u1)) = Bi(Gs(u1)).
Then (3.101iii) and Lemma A.1 imply that
Bi(S5.x(u1)) € Hy () N LX(Q). (7.8)

On the other hand, since 8 is nondecreasing, one has also

|DB1(Ss,k i) = 1B1(Ss,k 1)) X5, <y Pt |

(7.9)
< B1(Ti(u1))|Dur| = Tg, 1) (B1(u1))|Duy|.

In view of (5.57), Tg,x)(B1(u1)) belongs to HO1 (2) N L*°(2) and therefore the
right-hand side of (7.9) belongs to L3() by (3.16). Then, for k fixed, B1 (Ss5.x (41)),
which belongs to HO] (2) by (7.8), is bounded in HO1 (€2) independently of § when
0 < 8 < k. Since B (Ss5.x(u1)) tends to By (T (1)) almost everywhere as § tends to
zero, this proves that By (Ty (u)) € HO1 (2), i.e. (7.7), a fact which, as said above,
implies (7.5).

Second step. Since ¥ € V(Q) in view of (7.5) and of Remark 3.5 ii) and since
V2 >0, we can take v = wz as test function in (3.11 ii); and (3.11 ii),. Taking the
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difference of these two equations, we get (see (3.8))
> /Q ¥ A DY D(Gi(ur) — Gi (1))
+2 /Q ‘A() DY DO (Ti (1) — Ty (12)))

5 /Q A DY DY (Te(ur) — Te(u2) (7.10)

= <_le tA(x)lev Gk(ul) - Gk(u2)>Hfl(Q)’Hol(Q)
+((—div "A@) DY, Ti(uy) — Ti(u2)))e

= /Q(Fl(x, uy) — Fa(x, uz)) ‘ﬁz-

Expanding in Llloc(Q) the integrands of the three first lines of (7.10), one realizes

that their sum is nothing but 2v ‘A(x) Dy D(u; — u3), which belongs to LY(Q) in
view of (3.16). Therefore (7.10) is nothing but

2/Qw’A<x)DwD<u1—uz)=/Q(F1<x,u1)—Fz<x,uz)> ¥ (7.11)

which is formally easily obtained by taking 2 as test function in (2.1); and (2.1),
and making the difference.

Third step. Let us now prove that for ¢ given by (7.4) one has
(Fi(x,u1) — Fr(x,u2)) ¥> <0 ae.in Q. (7.12)

Since F1(x, u1) and F>(x, us) belong to Llloc(Q) (see (3.12)) and are therefore finite
almost everywhere in €2, one has

(Fi(x,u1) — F>(x,u2)) > =0 ae. in the set {y> = 0} (7.13)

since there are no indeterminacies of the types (oo — 0o) and oo x 0 in the latest
formula.

In the set {wz > 0}, one has u; > up almost everywhere. If Fi(x,s) is
nonincreasing with respect to s, one has, using first this nonincreasing character
and then assumption (7.2)

Fi(x,u1))—F(x,uy) < Fi(x,ur)—F(x,up) <0 a.. in the set {wz >0} (7.14)
since there is no indeterminacy of the type (0o — 0o) in the latest formula. Together

with (7.13), the result (7.14) implies that in the case where F1(x, s) is nonincreasing
with respect to s, one has (7.12).
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The case where F»(x, §) is nonincreasing with respect to s is similar, using first
assumption (7.2) and then this nonincreasing character.
We have proved (7.12).

Fourth step. Collecting together (7.11) and (7.12) gives
2/ Bi(T," (uy — u2))B1 (T (ur — u2)) "A(x) DT, (uy — u2) D(uy — uz) < 0.
Q

Defining the function M| by

Mi(s) = /OS\/Bl(t)fh(t)dt Vs =0

the latest inequality together with the coercivity (2.4) of the matrix A implies that
DMl(T,j”(ul — up)) = 0in Q. Therefore M1(Tk+(u1 — u3)) is a nonnegative
constant in each connected component w of 2. Since the function M| is (strictly)
increasing, there exists a nonnegative constant C,, such that TkJr (u1—ur) = Cypinw.

Therefore one has B1 (T, (u1 — u2)) = B1(C,) in . Since T (uy — uz) < Ti(uy)
in € and since the function $; is nondecreasing, one has

0 < B1(Co) = Bi(T; (u1 — u2)) < Bi(Tx(uy)) in w.

By the regularity property (5.57), the function S (7 (u1)) belongs to Hol(Q) and
therefore to HO1 (w) for every connected component w of 2. By Lemma A.1 this

implies that 81 (Cy) € HO1 (w), and therefore that C,, =0. This proves that T,:r (up —
uz) = 0 in w for each w, and therefore in 2. Since k > 0, this proves (7.3). L

Appendix A. An useful lemma

In this Appendix we state and prove the following lemma which is used many times
in the present paper.

Lemma A.l. Ify € H'(Q) and if there exist yandy € HO1 (2) such that
Xfyfi ae.in
then y € Hy ().

Remark A.2. Lemma A.l is straightforward when 9€2 is sufficiently smooth so
that the traces of the functions of H'!(Q) are defined. Note that we did not assume
any smoothness of 9€2 in the present paper.

Proof of Lemma A.1. Since 0 <y — y =< y— Y, it is sufficient to consider the case
where y = 0, namely the case where

y e H'(Q) with0 <y <3, where y € Hj ().
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Since y € HO1 (), there exists a sequence ¢,, € D(R), such that
b, — v in Hj ().

The function y, defined by
Yn=¢n — <¢n -y )

belongs to H'!(£2) and has compact support (included in the support of ¢,,). There-
fore
Ya € Hy ()

and
oy —gt=—ntT=y"—-Ft—y=y mnHY(Q) asn— +oc.

This proves that y € HOl (€2). 0
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