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ABSTRACT. In this paper we study a singular elliptic problem whose model is

{—Au \‘qur{\f + f(z), in Q;

u=20, on 09Q;

where 6 € (0,1) and f € L™(Q2), with m > % We do not assume any sign
condition on the lower order term, nor assume the datum f has a constant
sign.

We carefully define the meaning of solution to this problem giving sense to
the gradient term where u = 0, and prove the existence of such a solution. We
also discuss related questions as the existence of solutions when the datum f
is less regular or the boundedness of the solutions when the datum f € L™(Q)
with m > 2.

1. INTRODUCTION

The systematic study of second order equations having a gradient term with
natural growth was initiated by Boccardo, Murat and Puel in the 80’s of last century
(see [11], [12] and [13]). This gradient term also depends on the solution, for instance
it can be written as g(u)|Vu|?, but always in a continuous way. Recently existence
of solutions of problems whose model is

“Au = TP + f(z), in Q;
[u]? ) )
u=0, on 09;

(1.1)

where > 0 and Q is a bounded open set in RY, has attracted the attention of
several authors (see for example [2], [4], [5], [6], [7], [8], [16], [3], [1]; other related
problems are studied in [10] and [17].) The problem presents a lower order term
which is singular in the u-variable and has a natural (quadratic) growth in the Vu-
variable. The interest in studying this kind of problems relies, first of all, on the
fact that the equation looks like a simplified version of the formal Euler’s equation
for a functional of the type

ITu] = / ]| Va2 / fu
Q Q
with o € (0,1).

Another motivation occurs by considering equations of the type
ue — A(lu" ") = [Vul? + f
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with m > 1, which represents a model of gas flow in porous media. If we consider
steady states solutions and we perform a change of unknown |u|™ !u = v, we get
an equation with singular behaviour in v, with quadratic growth in the Vv-variable.

The papers we quoted before deal with different situations depending on the
exponent 6 of the singularity, on the sign and size of the lower order term. Existence
and nonexistence of solutions in H}(Q) or H} (), depending on the regularity
of the datum f(z) (which can induce bounded or unbounded solutions) and other
related questions are considered. Anyway, all the previous known results are strictly
confined to the case of nonnegative data f(x), since they are mainly based on the
strong maximum principle. In other words, the sign of the datum guarantees that
the possible solutions do not cross the singularity; this is due to the fact that u =0
is, in a certain sense, a subsolution to the problem.

Dealing with data that do not have constant sign adds then some new extra
difficulties to the study of this kind of equations. First of all, since the method of
sub/supersolutions does not apply in this case, we need both to obtain new a priori
estimates and to perform a deeper analysis near the singularity uw = 0 to study the
singular quotient ‘lvuTgIZ .

Moreover, a very basic remark on the meaning of the solution is in order. Re-
ferring again to the model problem (1.1) and to the case f > 0, we observe that
the definition of solution is completely clear if » > 0 in €. In our situation, where
f can change its sign, the solution u can vanishes inside 2. This fact is not only
a possibility, it really occurs as shown in Proposition 4.2 below. If we look for
H{ (92)-solutions, an indeterminate quotient appears since, by Stampacchia’s the-
orem, |Vu| = 0 on the set {u = 0}. Therefore, we have to carefully define the
meaning of solution and it is done in Definition 2.1 and Lemma 2.2 below. There,
we introduce a suitable notion of solution that ensures us that u € H(Q) and

i e 1Y),

In the present paper, we present a complete account on the existence of finite
energy solutions for problems modelled by (1.1) with general, possibly changing-
sign, data f € L™(Q2), m > % and 6 € (0,1). We will obtain a priori estimates by
means of a generalized Cole-Hopf change of unknown. Recall that, if a lower order
term appears in the form g(u)|Vu|?, test functions involving terms like exp(y(u)),
where v(s) is a primitive function of g(s), are often used in order to get a priori
estimates (see [14], [19] and [18]). Observe that, if § € (0,1), then the function
g(s) = ﬁ is an L'-function near the singularity s = 0 so that exp(y(s)) is well-
defined. Obviously, this fact does not occur if § > 1.

Nevertheless, we point out that our restriction on # is not technical: indeed, even
if =1 and f > 0, solutions do not belong, in general, to H}(£2) anymore, nor the
gradient term to L'(Q), as shown in [3]. In other words, if the singularity is too
strong (e.g. ﬁ, with 6 > 1), then there is no room for a solution of finite energy
to satisfy the boundary condition and the solution must loose its regularity.

The paper is organized as follows. Section 2 is devoted to the hypotheses and
the statements of the results. Section 3 deals with the proof of the main theorem.
Section 4 contains further results on boundedness of solutions in the case f €
L™(Q), m > & and on stability with respect to the lower order term; it also

2
provides examples and possible extensions.
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2. HYPOTHESES AND STATEMENTS OF RESULTS

Let us state our main assumptions. Let { be an open bounded set in R (N > 3).
We will deal with the following problem

{—div(a(m,u,Vu)) =b(z,u, Vu) + f(z), in Q;

(2.2)
u=0, on 09.

The function
a(z,s,6): Ax Rx RY 5 RY
satisfies the Carathéodory conditions (i.e. a(z,,-) is continuous for a.e. = € 2 and
a(-, s, &) is measurable for any s € R, ¢ € RYV) and there exist some constants a > 0
and v > 0 such that

(23) a(x, 536) : g > O[|f|2,
(2.4) la(z, s, )| < vIE],
(2'5) (a(%saf)_a($>3»77))'(§—77)>0;

for all £&,n € R, with £ # 7, for all s € R and for almost all = € .
The function
b(x,s,&): A x R\{0} xRY - R
also satisfies the Carathéodory conditions and there exists a nonnegative continuous
function g : R\{0} — [0, +0o0) such that

(2.6) [b(z, s,€)| < g(s)I€]*;
for all £ € RV, for all s € R\{0} and for almost all z € . Moreover,
(2.7) lim ¢(s) =0

|s]—o0

and there exist constants A,sp > 0 and 6§ € (0,1) such that g(s) = \5% for all

ls| < sg.

REMARK 2.1. We explicitly observe that, without loss of generality, we can choose g
to be nonincreasing in [0, 400[ and to be nondecreasing in |—co, 0]. Indeed, changing
the value of s if necessary, it is not difficult to define a continuous g : R\{0} — R
satisfying the same hypotheses of ¢ and moreover

e G(s) > g(s) for all s € R.
e § is nonincreasing in [0, +o0o[ and nondecreasing in | — 0o, 0].

As far as the datum f is concerned, it satisfies

(28) f@) e L@, m=7,

while no sign condition is assumed (cfr. with [4], [8], [16] and references therein).
Let us point out that, under the general assumption (2.7), the summability
requested to f is optimal as showed in [18]. In Section 4 we will show how this
assumption can be relaxed depending on the behaviour of the lower order term.
We remark that, as we look for solutions u € H}(f2), the equation in (2.2)
involves an indeterminate quotient on {u = 0}, since [b(z,u, Vu)|x{ju<so} <
A
Jul®
clarify this situation, we define

|Vu|? and |Vu| = 0 on the set {u = 0}, by Stampacchia’s Theorem. To
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Definition 2.2. If u and |u|*~% belong to HL(R), we define
[Vul> 4
ul — (2-9)

[Vul?
ul?

SV (Jult=2) 2.

Observe that, by definition, always belongs to L'(£2). Moreover, as a

consequence of Stampacchia’s Theorem, we obtain
——— =0 ae. in{u=0}.
As a consequence of (2.6), we may extend b(z, s,&) to s =0 (only when s = u and
¢ = Vu) and define
(2.9) b(x,u,Vu) =0 a.e. in {u=0}.
Hence, b(z,u, Vu) € L(1).

REMARK 2.3. We would like to explicitly stress that solutions satisfying [{u =
0}| > 0 can actually occur. For instance consider the function defined in Bs(0), the

ball of radius 2 of RY, by

e T , if o] <15
w(z) =
0, if 1< 2] <2.

An easy computation (using that § < 1) shows that there exists f € C°°(By(0))
such that w solves

w]

~Aw=0E 4T in By(0);
w=0, on 0B3(0).

Definition 2.4. A weak solution to problem (2.2) is a function u € H}(Q) satis-
fying |u|*=2 € HL(Q) (so that b(z,u,Vu) € L*(Q)) and
/ a(z,u, Vu) - Vo =
Q

for any v € H(Q) N L>(Q).

b(z,u, Vu)v + [ fu,
Q Q

In order to check that a function u € HE () is actually solution to problem (2.2),
we will have to see |ul'=% € HZ(Q). To this aim the following simple claim will
be applied. Although its proof is similar to that of Lemma 2.1 in [17], we sketch
it for the sake of completeness. Here and below we will use the following auxiliary
functions: for any s € R we consider the standard truncation function defined by
Tk (s) = max(—k, min(s, k)), while we denote G (s) = s — Tx(s).

Lemma 2.5. Let u € H(Q). If g(u)|Vul|? is integrable on {u # 0}, then
[uf' =% € H (%)

Moreover, b(z,u, Vu) is integrable on Q, and

/b(x,u,Vu) :/ b(x,u, Vu) .
Q {u#0}
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Proof. Observe that

2
1
/ % < (u)|Vu|2 <C,
{0<ul<so} ( + |UD {0<|u|<so}

for all n € N. In other words

LR o) () <e

1—-2 1—-¢
for all n € N. Hence, (% + T50(|u|)) - (l) * is bounded in H{ () and, up

n

to subsequences, there exists v € H{ (£2) such that
1 1-3 1\1-%
(ptTuluh) "= () "=
weakly in HE (). Obviously, passing to a subsequence if necessary, we get

o) = Tim (47, <|u<zc>\>)1_g - (3)1_g = (T (lu(=))' ™% ae. in

T S n 50 n o o o ’
_e

so that (TSO(|u|))1 2 € H}(Q). In particular, since 0 < 6 < 1, using the chain rule

for Sobolev spaces we have

VT () = ¥ (T () F) 7 = 525 (T )

a.e. on ().

Note that, on account of Stampacchia’s theorem, the two functions which appear at
the right-hand side and at the left-hand side are both a.e. zero on the set {u = 0}
and so we get

V(n, () F = 220 Vel o o

2 (T (ul))?

_0
Therefore, denoting k = s(l) 2, we have just seen that Tk(\u|1_g) € HYQ).
Moreover,

_e V]u
VTk(‘ull 2) = (]_ > | ||9|X{u|<s‘o}’ a.e. on §).

Since G (]s|'~ ) defines a Lipschitz continuous function, it follows from u €
HL(Q) that Gy (Jul'~%) € H(Q) and

_e V|u
VGk(|u|1 2) = <1 ) » |6|X{|u>50}, a.e. on §2.

Therefore, [u'~% = Ty (Ju|'~%) + Gx(Ju]'~2) € H{(Q) and

2
_02 0\° |Vul?

2
[Vl is well-defined and belongs to L!(2). As a consequence,

Hence, the term
|ul?

g(u)|Vul? is well-defined in {u = 0}, where g(u)|Vu|? = 0 a.e., and g(u)|Vu|? €
LY(Q). Thus, by assumption (2.6), recalling (2.9), we deduce the second assertion
of our Lemma. O
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Our main result is the following

Theorem 2.1. There ezist a weak solution u € Hg () to problem (2.2)

3. PROOF OF THEOREM 2.1

3.1. Approximating Problems. We shall take approximating problems without
singularities. To this end, we will consider truncating continuous functions b, of b.
Since b is not assumed to be an even function with respect to s, our truncation will
not be standard. So, for any n € N, we define the following bounded sequence of
functions

(3.10)  bu(x,5,8) = {

Bto(e, 5. + 1500z, 5 e), ifs=1, [t <1y
b(z,s,€), if |s] > 5
for any £ € RY, and a.e. 2 € RY. Moreover, let f,, := T}, (f) and consider
—div(a(x, un, Vug)) = by (2, tn, V) + fo(x), in Q;
(3.11)
up =0, on ON.

A bounded weak solution to problem (3.11) does exist as proved in [18]. That is
there exists u, € Hg () N L>() such that

(3.12) / a(x, Up, V) - Vo = / by (2, Up, Vun)v + / fav,
Q Q Q
for any v € H(Q) N L>=(9Q).
For n > 1/sg, we define the following auxiliary functions:

An?, if|s|< L

g(s), otherwise,

(3.13) gn(s) == {

1 [ s
(3.14) Yn(8) = */ gn(0)do, and U, (s) = / e (@) g
0 0

«

Observe that v, (s) is Lipschitz continuous, while ¥,,(s) is locally Lipschitz contin-
uous and it satisfies

(3.15) |@,(s)] > |s|, forallseR.
Moreover, thanks to (2.6),
(3.16) [bn (2, 5,€)| < gn(s)IE]

Of course, there is some connection among all these functions, which we want to
highlight. Let

1 S S
~v(s) = —/ g(o)do, and ¥(s) :/ e @lgq
@ Jo 0
so that it also holds
(3.17) [T(s)| > |s|, forallseR.
Observe that

(3.18) 0 < vn(s)sign (s) < (s)sign(s), foralls€ R andallneN,
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and that we alSO ha\/e
’y ’Y’I’L Oénl ¢ - 0 ’

A
for all s € R. It follows from lim 7L =0 that
n—oo anl=%1—0

Ol < MGl < 0 elm@l v geR,
(3.19)

[Wn(s)| < [U(s)| < Cn|¥n(s)], VseR,
where C, satisfies lim,,_,~, C,, = 1. On the other hand, since g vanishes at infinity,
by L'Hopital’s rule we have

[v(s)]
e
im —— =0,
|s]—o0 |\I/(S)|
so that for any € > 0 there exists a constant C' such that

VOl <e|W(s)|+C, VseR.

(3.20)

Thanks to (3.19), we deduce that, given € > 0, there is an only constant C' satisfying
(3.21) e < e|W,(s)|+C, VneN,seR;

we will use this kind of bound in what follows.

Let us specify some useful notation we will use from now on. If not differently
stated, the symbol C' will indicate a positive constant, only dependent on the data,
whose value may change line by line. Moreover, the symbol w(e), w(n) will denote
any quantity that vanishes as the argument goes to its natural limit (that is e — 0,
n — 00).

3.2. Estimate on both V¥, (u,) and u, in H}(Q). We take el )W, (u,) as
test in (3.12) to obtain, using (3.16) and the fact that both v, (u,) and ¥, (uy,)
have the same sign as u,,

/gn(un)em(“"”|\I/n(un)|\Vun|2+a/62‘%(“")||Vun|2
Q Q

< / (1) O [, (11, [Vt 2 + / L, ()]
Q Q
that is,
(3.22) o / V0, )2 < / | Fleln @)@ )
Q Q

Using first (3.21) and then Young’s inequality, we get
(3.23) / [l |, ()] < e / ()2 + C / 11 11
Q Q Q
< 25/ 11 () + c/ £l
Q Q

Now, by Holder’s inequality, the summability of f and Sobolev’s inequality, we
obtain (choosing a suitable ¢)

N(N=2)/N g
2 [ 1f110n(un) P < 220l [ PPV 2) <5 [ VeGP,
Q Q Q
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which, by (3.23), implies

‘f|e|7n(un)‘
Q

W) < 5 [ 98P +C [ 11,
2 Jao Q
Going back to (3.22) we deduce
(3.24) / VU, ()2 < C, forallneN,
Q

and

(3.25) / |f|€|’Yn(un)|
Q

U, (up)| <C, foralmneN.
Moreover, Young’s inequality implies
[t < 1 gt o 1 f g,
Q 2 Ja 2 Jo
which, due to (3.21), becomes
(3.26) / |flelm @l < ¢ forallm e N.
Q

On the other hand, notice that, by (3.21) again,

2N

(3.27) the sequence /() is bounded in L¥-2 ().

Thus, since
\Vun|2 < 62\vn(un)||vun|2 = |V\Iln(un)\2,
we also have

[unllgi@) < C, foralln €N.

Therefore, up to subsequences, there exists u € Hg(Q) such that u,, — u weakly
in H}(Q), u, — u strongly in L*(Q) and a.e. on .

3.3. Estimate of b, (z,u,, Vu,) in L'(Q2). Here we want to prove an L'-bound
for the lower order term b, (x, u,, Vu,). We take (el — 1)sign (u,) as test
function in (3.12) and we use (2.3) to get

/gn(un)em("”)||Vun\2

Q

S/|bn(sc,un,Vun)KeI’yn(un)l_1)+/ |f|(e|’yn(un)|_1)
@ Q

< [ antunVua P =1+ [ e <),

that implies, using (3.16) and (3.26

)
323 [ [, Vun)| < [ gl Tuf? < [ (71l < c
Q Q Q
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3.4. Near the singularity. Here we want to prove that, for any € > 0

(3.29) lim sup/ |bn (2, tn, Vun )| = 0.
{lun|<e}

e—=0 4
To this end, consider the function

(elml — 1) signu,, if |u,| <e;
v = €|’Yn(€)| — ]_7 if Up > €

1 —elm=al, it u, < —¢;
and observe that, by (3.19),
0] < max{el @ _ 1 P2l _ 1} < max{el©l _ 1 -l _ 13

that is |v| < w(e) uniformly in n. Choosing v as test function in (3.12) and applying
(2.3), we obtain

/ e'V"(“")‘gn(un)WunF
{lun|<e}

1

< 7/ gn(un)el'y"(“")‘a(x,un,Vun) -Vu,
@ J{|un|<e}

< / b (s t0m, V)| 0] + / A1l
Q Q

Hence, by (3.16),

(3.30) / b (2, Uy, Vi, )| g/ el (w)lg (u, )|V |?
{lun|<e} {Jun|<c}

<@ [ ol V)l + [ 11].

Since the terms in brackets are uniformly bounded, by the previous step, it yields
(3.29).

3.5. Far from the singularity. Here we want to prove

k—oo n

(3.31) lim sup/ [bn (2, un, Vup)| = 0.
{lun|>k}

‘We consider
(el'yn(Gk(u"))‘ — 1) Sign Un

as test function in (3.12); applying (2.3) and (2.6) we obtain

/ gn(Gk(un))elvn(Gk(un))\|vun|2
{lun|>k}
s/ b (2, 14, Vet )| (€17 (G )] _ 1) +/ Il @l _ 1)
{l“n|>k} {l“n|>k}
= / Gn (g ) el (Gl |7y, |2 — / [bn (2, tns V)|
{lun|>k}

{‘un|>k}

+/ ||l (@Dl _ 1)
{lun|>k)
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As we said in Remark 2.1, we may assume that g is nondecreasing on | — oo, 0]
and nonincreasing on [0, +ool. It follows from the inequality g(u,) < g(Gk(u,)) on
{Jun| > k} that we may cancel two terms, and so

(3.32) / br (2, U, V)| < / /] (elvn(Gk(un))\ —-1).
{lun|>k} {lun|>k}
Having in mind (3.25), we set C' = sup,, [, |f||¥n(up)lel @) Then, due to
(3.15),
/ |6, (2, Up,, Vug)| < / /] elm (un)l
{lun|>k} {lun|>k}

1
< —
= min{[ W (R)], [Wn (=R} Sfjun k)
which gives (3.31).

|f| |qln(un)|e"\/n(u")| S

¢
k b

3.6. Strong convergence of truncations. Here we want to prove that, for each
k>0, VT (u,) strongly converges to VTj(u) in LP(Q;RY).
First we take e7(“) (T} (u,) — Th(u))" as test function in (3.12), to get

l/ a(z, U, Viig) - Vg g (un )™ %) (Ty (uy) — Ti(w))™
Q

(0%

+/ e a(z, up, Vig) - V(T (un) — T(u))
Q

S/gn(un)\VunIQ(f””(“”)(Tk(un)—Tk(U))++/ | Flem ) (T (un) = Ti(u))
Q Q

that is, using (2.3) and simplifying,
(3.33) / V) (2, Vig) - V(i () — Tie(u)) ™
Q

< /Q | flem ) (T (un) — Ti(u))

The right hand side of the previous inequality goes to zero as n diverges since
f € L7 (9), the sequence () is bounded in L%(Q), by (3.27), and T (uy)
converges to Ty (u) strongly in L™ (€2), due to the pointwise convergence. So that
we can write

/ ) (2, U, Vi) - V(T (un) — Ti(w))+
{lun| <k}

<w(n)+ / V) (2, 1y, V) - VT (u)
{un>k}

Now observe that
7 () (2, 1wy, Vg )| < vel |V, | = vV, (u,)]

it implies, thanks to the estimate on ¥, (u,,),

/ e"Yn(un)a(x, U Vun) . VT[C(U) = w(n)
{un>k}
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Therefore, gathering together the previous estimates we have
(3.34) / e ) a2, un, Vug) - V(T (un) — Ti(w)t < w(n).
{lun|<k}

On the other hand, since |a(z, u,, VT (u))| < v|VTk(u)| € L*(Q), the sequence
67"(“")X{|un‘§k} is uniformly bounded in L*°(Q) and Ty (u,) — Tk(u) weakly in
H (), it follows that

(3.35) / V) (2, , Vi (1)) - V(T (un) — Ti(w) T = w(n).
{lun|<k}

Now we can subtract (3.34) and (3.35) to obtain

/ W) (a2, VT (Un)) =, g, V(1)) (Th () =T (u)* < w(n).
{lun|<k}
Recall that, by (3.18), we have that |y, (s)| < max{y(k), —y(—k)} for all s € [—k, K]

and consequently {‘i|n<fk} em(s) > min{e*W(k), e”’(fk)} > 0. Applying this fact and

the monotonicity condition (2.5), we deduce

/{I |<k}(a(x7un,VTk(un)) —a(@, un, V(W) - V(Ti(un) — Ti(u))t < w(n).

Hence, we get
/Q(a(w, T (un), VTi(un)) — a(, Te(un), VTi(w))) - V(Ti(un) — Ti(u))

<o)+ [ ok VTiw) - Vi) = w(n).
{u">k}
the last equality is due to Lebesgue’s Theorem and the following inequalities

0< [ alwk V@) Vhwsy [ VP,
{un>k7} {un>k7}

To the deal with the negative part, we may follow a similar argument, using now
—e~ () (T (uy,) — Ti(u))™ as test function in (3.12). Adding both, the positive
and the negative part, we obtain that

(3.36) /Q(a(szk(Un),VTk(un)) — a(z, Ti(un), VTi(w))) - V(Tk (un) — Ti(u))

tends to 0 as n goes to co. A result by Browder (see [15] or [13]), implies that

VT (un) = VTg(u), strongly in L2(Q;RY).
A diagonal argument now supplies us the pointwise convergence of the gradients
(3.37) Vun(z) = Vu(z), a.e. in Q.
Three important consequences of this fact are
(3.38) a(x, up(x), Vuy(x)) = a(z,u(x), Vu(z)), a.e. inQ,
(3.39) b (2, un (), Vun(x)) = bz, u(z), Vu(z)), ae. in {u# 0},

(3.40) Gn (Un (7)) |V, (2)]? — g(u(z))|Vu(@)?, ae. in {u##0}.
It follows from this last convergence, (3.28) and Fatou’s Lemma, that

g(u(2))|Vu(@)]* € L' ({u # 0}),
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from where, thanks to Lemma 2.5, we obtain |u|'~% € HL(Q), b(z,u, Vu) € L'(Q)
and

(3.41) /{u;éo} b(x,u, Vu) = /Qb(x, u, Vu) .

3.7. Equi—integrability of b, (x, u,, Vu,). Consider a measurable set E C Q and
0 > 0. Applying (3.29) and (3.31), given 0 > 0, we may find ¢,k > 0 satisfying

l\')\%

/ |60 (T, Uy V)| +/ |br (2, U, Vug)| <
{lun|<5} {lun‘>k}

Thus, it yields

1)
/ b (@, V)| < O+ / b (&, V)|
E 2 En{e<|un|<k}

+/ 9(un)|Vu,|* < sup g(s /\VTk un)|,
En{e<|un|<k}

s<| 1<k
and, when |F| is small enough, the last term becomes less than % since VT (up)

converges strongly in L2(Q;RY). Therefore, the sequence b, (, u,, Vu,) is equi-
integrable.

<

[NJ ST
w\oq

3.8. Passage to the limit. In order to prove that u is a weak solution to (2.2),
we fix v € H3 () N L*°(2) and consider it as test function in (3.12). Then

(3.42) /Qa(m,un, Vuy,) - Vo = /

Q

bn(m,un,Vun)v—l—/fnv.
Q

It is easy to pass to the limit in the last term, but two facts are needed to handle
the other terms. On the one hand,

a(x, Up, Vu,) — a(z,u, Vu)

weakly in L2(€2; RY). This is due to our estimate of u,, in Hg (), (2.4) and (3.38).
So that we may pass to the limit in the second order term.
On the other hand, the previous step and (3.39) imply

b (0, Uy V) — b(x,u, V), strongly in L' ({u # 0}).

This fact has as consequence that we may pass to the limit in the gradient term:;
indeed, given § > 0 and using (3.29), we may find € > 0 satisfying

lolloo / b (&, 1, V)| < 6/2.,
{lun|<e}

for all n € N. Then, it follows from Fatou’s Lemma that

lolleo / bz, u, V)| < 6/2.
{lu|<e}n{u#0}

Hence, applying the previous estimates,

)/ bn(x,un,Vun)v‘ + ’/ b(x,u, Vu)v| < 0,
{lun|<e} {lul<e}n{u#0}
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from where it yields

‘/ bn(x,un,Vun)v—/ b(;v,qu)v‘
Q {u#0}

< ‘/ by (z, U, Vup v —/ b(x,u, Vu)v| + 9.
{lun|>e} {lulze}

Since v € L*(Q) and the sequence b, (,Un, Vin)X{ju, >} IS equi-integrable, to
see that the absolute value of the right hand side tends to 0, we only have to check
the pointwise convergence. We split

bn($7 U, vun)X{|un\Zs} = bn(.’b, Un, vun)X{|un|Zs}ﬁ{|u\>s}
+ b (2, Un s VU)X jun |2e3n{lul<e} T 0n (T Un, VUR) X jun [>e10{|ul=2} >

the first term converges pointwise to b(x,u, Vu)x{ju>c} (observe that is equal to
b(x, u, Vu)X{ju/>e} by (2.6) and Stampacchia’s Theorem), while the second one
tends to 0. Regarding the third one we have

1bn (2, U, Vun) X (un | 2e3n{ul=c} | < Gn(Un) VU] *X{juj=e} = 9(0)|VUl*X (juj=c}

that vanishes by Stampacchia’s Theorem. Thus, we deduce that

lim by (2, U, Vg )v = / b(x,u, Vu)v,

700 J{lun|>e} {lu|=¢e}

and, therefore,

lim sup ‘/ b (2, U, Vg v —/ b(x,u,Vu)v‘ <9.
Q {u#0}

n—oo

Since § > 0 is arbitrary and having (3.41) in mind, we obtain

lim bn(m,umvun)u:/

n—oo [q {uz0}

b(x,u,Vu)v:/b(x,u,Vu)U.
Q

Passing to the limit in (3.42), we have proved that u is a solution to problem
(2.2).

4. FURTHER REMARKS, EXTENSIONS AND EXAMPLES

4.1. Remarks on the estimates satisfied by u. We explicitly point out that
the solution we have found satisfies many of the estimates proved to u,, in the proof
of Theorem 2.1. For instance, it is easy to see that

(4.43) /Q bz, u, V)| < /Q |l

holds. Indeed, observe that in (3.28) we have proved

/|bn(:c,un,Vun)|§/ | el (un)]
@ Q
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for all n € N. Taking into account that u, and Vu, pointwise converge to u and
Vu, respectively, we apply in the left hand side Fatou’s Lemma to obtain

/ b, u, V)| = / b, u, V)|
Q {u#0}

< lim |bn (2, Up, Vup)| < Um [ by (2, U, Vug)| .

n—00 {uz0} n—oo [o

On the other hand, it follows from (3.27), Holder’s inequality and the pointwise
convergence that el (@)l — eVl strongly in LN/ (N=2)(Q). Thus, it follows from

f € LN/2(Q) that
/|f|elv(U)l ~ lim / | flele el
Q n— o0 Q

Other inequalities that also hold true are

(4.44) /{u|<6}|b(:r,u,Vu) gw(g)[/ﬁ|b(x,u,vu)|+/ﬂ|f|]
(4.45) /{ o B v < [ e,

{lul=k}
letting n go to infinity in (3.30) and (3.32), respectively. There are other type of
estimates that can be adapted, namely, those which appear in the proof of the
strong convergence of truncations. For instance, it follows from (3.33) that

(4.46) /Q Wz, u, V) - V(T () — T(w))*
< A | F1e7 ) Ty (u) — Ti(w))*

holds for every w € Hg ().

4.2. Bounded solutions. Throughout this paper, we have assumed that f belongs
to LV/2(Q); if the datum has a greater summability, the boundedness of the solution
is guaranteed.

Proposition 4.1. Assume that f € L™(Q), with m > X. Then there exists a

2
bounded weak solution to problem (2.2).
To prove it, consider again the function given by Gi(s) = s — T(s) and take
e"Yn(un)le (\Ijn(un))

as test function in (3.12). Since this function lives far from the singularity, we may
now follow the proof of Theorem 3.1 in [18] and deduce that ||¥,,(uy,)||eo is bounded
by a constant that only depends on the function g and the parameters m, || f||m,
N, and |Q]. Hence, ¥(u) € L>®(2) and, by (3.17), u € L>®(Q).

4.3. Stability with respect to the lower order term. In this subsection we
provide a stability result with respect to perturbations of the lower order term.
The result is important by his own; moreover, in the next subsection we show, as a
consequence of this result, that there always exist solutions with no constant sign.
Let
by(w,5,6),b(z,5,&) : @ x R\{0} x RY = R
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be Carathéodory functions satisfying
;I_I)I(l) by(z,s,&) = bz, s,§)

for all ¢ € RY, for all s € R\{0} and for almost all z € Q. Moreover, for fixed
p > 0, there exist nonnegative functions g,,g : R\{0} — [0, +00) such that

(4.47) [bo(, 5,6 < gp(s)IEI%,  [b(x,5,)] < g(s)I€[*;
for all ¢ € RV, for all s € R\{0} and for almost all z € 2; and there exist constants
Ay, A >0, 50 >0and 6,,0 € (0,1) such that g,(s) = ‘:Tgp and g(s) = # for all
|s| < so. We assume that, as p — 0, §, — 6 and A, — A.

These hypotheses imply that v,(s) — ~(s) and ¥,(s) — ¥(s) uniformly on
[—50, So], where 7, and ¥, are the auxiliary functions associated with each g,. We
also assume that

(1) go(s) = g(s) local uniformly on (—oo, —so] U [sg, +00) as p goes to co.
7o ()]
e

The last condition seems to be a little cumbersome. A simple case where it is
certainly satisfied is when g,(s) = g(s) for |s| large enough. We have essentially
applied in this way in the proof of Theorem 2.1, and so will be used in the example
of the following subsection.

Due to our assumptions, we can derive that, for every € > 0 there exists C > 0,
not depending on p, satisfying

(4.48) el < W (s)+C, forall scR.

=0, uniformly with respect to p.

Finally, consider f € L™(Q) with m > % and u, as the solution to problem

{—div(a(x,up,Vup)) =b,(x,up, Vu,) + f(z), in Q;

4.49
( ) u, =0, on 082,

given in Theorem 2.1.

Theorem 4.1. There exists u € H}(Q) such that (up to subsequences)
u, —u, weakly in Hy(Q),
Up > u, a.e inf),
Vu, =+ Vu, a.e. infl,

and u is a weak solution of problem

—div(a(x,u, Vu)) = b(z,u, Vu) + f(z), in Q;
u=20, on 09,

Moreover, b,(z,u,, Vu,) strongly converges to b(z,u, Vu) in L*(Q).

Sketch of the Proof. The proof of this result is based on a careful adaptation of the
same steps in the proof of Theorem 2.1. The key point is that, thanks to (4.48), the
estimate on ¥, (u,,) in the proof of Theorem 2.1 does depend on «, ||, ||f||L%(Q)
and Sy, but it does not depend on p.

Now a remark concerning the test functions used in the proof is in order. It is not

clear that, in each step, we may take the corresponding test function. The reason
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lies in the singularity at O of functions g, that does not hold in the approximating
functions g,. To overcome this difficulty, we can apply the estimates deduced in
Subsection 4.1.

So that, by arguing as in the proof of Theorem 2.1 we easily obtain the bound
in H}(Q) for u, and so, up to subsequences, a weak limit v € H} () is found.
Moreover, we also obtain, as in (3.25) and (3.26), that

/Q\f|e|7f1(“f))||\11p(up)| <C

/ |f|eletll < ¢,
Q

C being a positive constant not depending on p. From this last fact and (4.43), we
derive the estimate of b,(x,u,, Vu,) in L'(2). It follows from the estimate (4.44)
that, for € > 0,

/ by(x,up, Vu,) < w(e).
{lupl<e}

The lower order term can be studied far from the singularity by using (4.45) and

so, for k > 0, we get
C
/ bﬂ(x7upavup) < 7.0
{u,| >k} k

where C' is a positive constant non depending on p. We can also apply estimates
like (4.46) to prove the strong convergence of Tj(u,) to T (u) and, by a diagonal
argument, deduce that Vu, tends to Vu pointwise. The only actual difference relies
in proving the equi-integrability of the lower order term where we use again the
local uniform convergence of g, to prove that

sup g,(5) [ VTk(u,) < o wlE)
e<s<k E

This way we get the equi—integrability of the lower order term and this allow us to
pass to the limit in the weak formulation for u, and to conclude the proof. O

4.4. Example of a sign-changing solution. It is worth to give an example of a
solution which changes his sign. For the sake of simplicity we take as a model the
problem

(4.50) {—AU=9WNVm2+me in Q;

u=20, on 0N,

with a nonnegative g satisfying the same assumptions as in (2.6) and f € L*(Q).
The proof is based on the maximum principle together with the stability result
given in Theorem 4.1.

Proposition 4.2. There exist g and f such that the solution of problem (4.50) has
no constant sign.

Proof. Let us fix a g satisfying our assumptions and such that ¢g(s) = 0 for |s| > s1
for some s; > sg. Consider v € CZ(f) such that v changes his sign. Then, by the
maximum principle, the function

fi=—-Av
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changes his sign. Now consider u as the solution, given by Theorem 2.1, of problem
(4.50). Since g is nonnegative, it follows that u turns out to satisfy

—Au>f, ue HHQ),

in D'(2). So that by comparison, u > v. In particular there exists a set E C Q of
positive measure such that v > 0 on E. Now, suppose by contradiction that v > 0
on  and, for any fixed p, consider the family of problems

{Aup = pg(u,)|Vu,|2 + f(z), in Q;

(4.51)
u, =0, on 0.

Reasoning as before we deduce that, for any p, v, > v on €. In particular we can
assume u, > 0 on {2 since, if this is not the case, the proof is concluded with f and
pg(s) as data.

Therefore, applying Theorem 4.1 we can deduce that

pg(uy)|Vu,> =0, in L),
as p goes to zero, and, since the solution to the limit problem is unique, we get
0<u,—v ae. on )

which is a contradiction since v changes his sign.
d

4.5. Weakening the hypotheses on g. Throughout this paper we have assumed
that g(s) — 0 as |s| = 4+o00. However, this hypothesis can be changed by being g
bounded, if || f|| /2 is small enough. We remark that we only apply that g(s) — 0
to obtain (3.21) and it is just used (in an essential way) to deduce an estimate of
U, (uy,) in HY (D).

Proposition 4.3. Assume, instead of (2.7), that there exists M > 0 satisfying

lim sup|sc 9(8) < M and, besides (2.8), that ||f|nj2 < 3767, Sn denoting the
N

Sobolev constant. Then there exists a weak solution to problem (2.2).

Proof. Consider the same approximating problems (3.11). To check the estimate of
W, (u,) in HY(Q), first observe that condition lim SUP|s| 00 9(8) < M implies that
there exists a constant C' > 0 such that

e < MW, (s)|+C, VneN, seR;

to see it, just recall the argument used to derive (3.21).
Taking el ()W, (u,) as test function in (3.12) and dropping nonnegative terms
we also obtain

(4.52) o /Q V0, (u)? < /Q Pl @, ()],

Then we reason as follows. Holder’s and Sobolev’s inequalities imply

M / I () < M3 L2 /Q VT, ()
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Thus, (4.52) becomes
2 2
a/gwwnwnn SM/Q|f\|wn<un>| +C/Q|f\|‘11n(un)|

< MS% | fllne /Q VG () 4+ C /Q 10 ()|

and it yields
(= MSZ|f]l/2) / VU (u,)? < C / I ()]

It easily follows the estimate of W,,(u,) in Hg ().
Next we may follow the same proof that the one of Theorem 2.1. O

4.6. Taking less regular data. In this subsection, we will assume extra hypothe-
ses on g that allow us to consider less regular data. In the following result, we will
assume

- There exists

(4.53) lim g(s)|s].
|s|—o00

- There exist constants A > 0 and M > 0 satisfying

()|
(4.54) lim & =M

|s|—o0 ‘SP‘

REMARK 4.4. Condition (4.54) seems a little bit strange, since it is not a direct
assumption on g. Let us see what is the behaviour of g to satisfy this condition.
(1) Conditions (4.53) and (4.54) imply that lims . g(s)|s| = a.
(2) If g(s) = ﬁ for all s > sg, then (4.53) and (4.54) hold, since
constant.
(3) One could think that condition (4.54) holds for every function g satisfying

lim| o0 9(5)[s] = A. As the function given by g(s) = IATOI[ + IS\Tlg\sl (for s

RO
[s]M

large enough) shows, it is not true.

(4) The limit occurring in (4.54) vanishes, when it exists, for every function g
such that lim; o g(s)]s| < a.

(5) In some cases function g satisfies condition (4.54) for all A (and so M = 0).
Obviously, this is the case when g is summable at infinity. An instance of a
non summable function satisfying condition (4.54) for all A is the function
given by g(s) = m, for s large enough.

Proposition 4.5. Assume, instead of (2.7), that (4.53) and (4.54) hold and, in-

. /
stead of (2.8), that f € L™(QY), with m = (22(;‘:11)> = % Then there

exists a weak solution to problem (2.2).

Proof. In this case, we have to change (3.20) by
Iyn (s)]
s T /() A/ (A+1)
e e~ A
and so (3.21) becomes

(4.55) Ol < O, (s) VD L ¢ for all s € R.
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This inequality is used to estimate / felm@lg, (u,) as follows. By Holder’s
Q

inequality, we obtain
/Q|f|e'%<“">‘\wn<un>\ <C /Q |11 @ (1) [PAHD/OHD 4 ¢ /Q 11 @ ()]

< Ol T () [V 4 0 / I ()]

Since 2;‘%11 < 2, we may apply Young’s inequality to get

ClLf W (1) 2 4 C(e)|| 2O,
Then, taking el ()W, (u,) as test function in (3.12), we deduce

SATDIOHD < 1w, (un)

a / VG (1) < €| W ()3 + C@IFIZAD 4+ C / I ()]
Q Q

from where estimates on both ¥, (u,) and u, in H}(Q) are obtained. Moreover,
the sequence el )l is bounded in L2"A+D/2(Q), due to (4.55). Next we may
follow the same proof that the one of Theorem 2.1. O

ZN(A+1) goes to N/2 as \ goes to +oo, while it converges to 22

Observe that m N+2
as A goes to 0 that correspond to the case of an integrable g. Thus, the previous
Proposition along with Theorem 2.1 and the following result show that there is

continuity with respect to the summability of the datum.

Proposition 4.6. Assume, instead of (2.7), that g € L*(R) and, instead of (2.8),
that f € L™(8), with m = (2*) = J\%—_iN_Q Then there exists a weak solution to
problem (2.2).

We may easily obtain estimates on both W,, (u,,) and u,, in H}(), having in mind
that we now have el (%)l < C for all s € R and this implies, taking el7»(“)IW,, (u,,)
as test function in (3.12), that

2
o / VT, ()2 < C /Q|f\|wn<un>|.

The proof now follows the same steps that the one of Theorem 2.1.

Let us finally remark that, in this case in which g € L*(R), we may want to take
less regular data up to m = 1 by readapting the arguments in [19]. This is certainly
possible, but this would bring us out of our framework of finite energy solutions.

4.7. Lower order terms satisfying a sign condition. In this last subsection,
we deal with a lower order term having the sign condition. Our aim is to show
how the behavior of these type of lower order terms allow us to choose an even less
regular datum f.

For the sake of simplicity, we will consider the model problem

(4.56) —div(a(z,u, Vu)) + g(u)|Vul?> = f(z), in Q;
. u = 0 B On aQ ,
where g satisfies

(4.57) As|'=% < g(s)s < Als|* for all s € R.
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For a more general lower order term, we would change this condition by
NsP01€)? < —b(x, 5,&)s < Als|' 0|2 for all s € R.

Proposition 4.7. Assume that (4.57) holds. If f € L™(Q), with m = (%)/, then
there exists a weak solution to problem (4.56).

Proof. For fixed n we define the continuous functions
9(s), if [s] > 1
(4.58) gn(s) == ¢ ng(1/n)s, ifo<s<i,
—ng(—1/n)s, if — 1 <s<0;

note that these functions satisfy the same sign condition of g, namely, g,(s)s > 0.
We consider the approximating problems

{—div(a(x,un,Vun)) + g (un) V|2 = T (f(2)), in Q;

4.59
( ) U, =0, on 0N.

By [18] (or, alternatively, by applying Theorem 2.1 and Proposition 4.1), we may
find a bounded weak solution u,, to problem (4.59).

To obtain an estimate on w,, in H}(Q2), we first take Ty (u,) as test function.
Dropping nonnegative terms, we get

/ ‘VTl Un |2 / Tl Un / |f|
Hence,
(4.60) / [V, |* < / If]-
{|un|§1}

Now we take (e+ |un|)9% as test function. Disregarding nonnegative terms,
it yields
Tk Un, Tk Up,
[ et P g ) (T < [ 171G+ T
Q Q

Letting € and k go to 0, we obtain

[l 1902 < [ 1fllual”

from here, using (4.57) and the definition of g,,, we deduce

(161 [ vl < [
{lunl>1} A e
Putting together (4.60) and (4.61), it yields

/ V|2 < c/ Fllunl? + €,
Q Q

from where, using first the Holder inequality and then the Sobolev one, an estimate
of u,, in H () can be obtained.

From now on, the proof runs as that of Theorem 2.1 with a suitable simplification.
In order to reproduce the Steps 3.3, 3.4, 3.5 and 3.6 in the proof of Theorem 2.1,
we argue as follows. Consider the following auxiliary function:

n(s) = 1/:9”(0) o

«
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and observe that 7, (s) > 0 for all s € R.

(1) We take % as test function and then let k tend to 0 to prove the
L'-estimate on the lower order term.
(2) We consider

(1 — e*“/n(“n)) signu,, if —e<u,<e;
v=R1—e ), if  w, >e;
e~ (=) 1, if  w, <—c¢

as test function to control the singularity on the set {|u,| < e}.
(3) We choose T1 (G (uy)) (with G(s) = s — Ti(s) as before) as test function
to handle the set where u,, is large. This way we obtain

/ 9 (1) [Vt ? < / I
{lun|>k+1} {lun|>k}

(4) We consider e?(%“n) (T}, (uy,) — Ti(u)) T and —e= () (T (u,,) — T (u)) ™ as
test functions to check the strong convergence of VT} (u,) in L2(Q;RY).

This is enough to prove that the limit u is a weak solution to (4.56). O
Let us observe that m = (%)’ converges to 1 as 6 goes to 0. That is, in the
limit, we recover the classical nonsingular result of [9].
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