R Py, 6,/‘

%,

Journal of Nonlinear and Convex Analysis 5 ka Pﬂb"Shel'S
Volume 7, Number 3, 2006, 355-365 \-",” w-ﬂ') ISSN 1880-5221 ONLINE JOURNAL

Yok,
SENY

QUASILINEAR ELLIPTIC EQUATIONS WITH NATURAL
GROWTH TERMS: THE REGULARIZING EFFECT OF THE
LOWER ORDER TERMS

LUCIO BOCCARDO

ABSTRACT. This work contains a survey of some results on regularizing proper-
ties of the lower order terms in nonlinear Dirichlet and a contribution on the same
subjet (not previously published), presented in my lecture at “Recent Advances
in Partial Differential Equations”, Messina, December 2005.

“Noi navigammo dentro lo Stretto, gemendo:
da una parte c’era Scilla
e dall’altra la divina Cariddi”

1. A SURVEY ON THE REGULARIZING EFFECT OF THE LOWER ORDER TERMS.

We begin with a quick survey of some results on regularizing properties of the
lower order terms in nonlinear Dirichlet problems in €2, bounded, open subset of
RN, with N > 2.

1.1. Semilinear equations. The solution u of the simple semilinear boundary
value problem in L2(Q)

(1.1)

where f € L™(Q), m > 2 and r > 1, belongs to L™ (§2). Thus the summability of
the solutions increases as the power of the lower order term increases: for r very
large w is “almost bounded”. Furthermore, we repeat here a result of [15], written
in the following model case. Consider the Dirichlet problems

—Au+ |u[""lu = f(x) in Q,
u =0 on 02,

ur € Wo(Q) 1 —Auy + Ju | tu, = f(z) € L2(Q).

As r — +o00, the sequence {u,} converges in VVO1 2((2) to a bounded function u,
solution of the bilateral problem with operator —A and datum f on the convex set

K={veW,*Q):|v|<1 in Q}.

In L', the study of semilinear elliptic problems was initiated by H. Brezis and
W. Strauss ([21], see also [3], [30]).

Then, in [13], is proved (for general elliptic operators with nonlinear principal
part) that if f € LY(Q), then the solution u of (1.1) belongs to L"(f)) and Vu
belongs to L1(Q), ¢ < 73:1. Remark that r%r—’"l < 2 and r%l — 2 (as r — +00) and
that also the summability of Vu depends (increasing) on r and, in [23], is proved

that if f € L™(2), 1 —i—% <m < %, then the solution u of (1.1) have finite energy.
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We recall the results of [7] in the following simple framework

{—Au + h(u) = f(z) in Q,

(1.2) u =0 on 0f2,

where 0 < f € LY(Q) and h(s) : [0,0) — RT is a continuous, increasing real
function such that (vertical asymptote)

lim A(s) = 4o0.

S—0
There exists a bounded, weak solution u of of the above boundary value problem.
Moreover |u| < o, and the measure of the set {z : u(x) = o} is zero.

The common point of the above existence results is: more growth in the lower
order term gives more summability (until boundedness) of the solutions, even if the
right hand side only belongs to L(£2). Other contributions to the study of elliptic
equations with vertical asymptotes in the nonlinear term can be found in [24], [26].

The case where the right hand side is a measure turns out different than one might
expect. It was observed by Ph. Bénilan and H. Brezis (see [2]) that, if N > 3,

—Au+|ul""lu=p in Q,
u =0 on 0,

has no solution when r > % and p = 0, (with a € Q) and has a solution for any

measure p, if r < %

In [7] it is proved also a nonexistence theorem for the problem (1.2) if f = J,.

1.2. Quasilinear equations. Simple examples of functionals defined by multiple
integrals in the Calculus of Variations as

I(v) = ;/a(a:,v)]VvF - /f(x)v(x), v e W),
Q Q

with 0 < a < a(z,s) < 8, |a.(z,s)| < v, give models of Dirichlet problems with
lower order terms with natural growth (that is, lower order terms with quadratic
dependence with respect to the gradient) since

W').0) = [atevave+ ; [dwwivato- [ ro,
! Vo € Wy 2(Q) mQLOO(Q). ’

Moreover the differential operator I'(v) is not pseudomonotone in the sense of H.
Brezis ([18]), since the lower order term maps W01’2(Q) only to L'(£2) and not to the
dual of WO1 (). For existence of weak solutions of Dirichlet problems (1.3) with
lower order terms with quadratic dependence with respect to the gradient, also not
variational as (1.3), see [17] (bounded solutions), [6] (unbounded solutions) and the
references therein.

Consider the boundary value problem

{—div(a(az,u)VU) + g(z,u)|Vul* = f(z) inQ,

(1.3) u=20 on 0,
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under the assumptions: there exist a € R*, d(z) € L'(Q) and 3(s), v(s) continuous
and increasing real functions such that

(1.4) f e L*Q),

(1.5) 0<a<a(z,s) <pB(s),
(1.6) lg(z, s)| < d(x)v(s)
and

(1.7) g(z,8)s > 0.

An example is given by the FKuler-Lagrange equation of the functional

5 [armiver - [ ro
Q

Q

The assumption (1.7), introduced in [19] for semilinear problems (that is, the lower
order term does not depend on the gradient) and in [16] for quasilinear problems, is
the key point in the study of the existence of unbounded solutions in VVO1 2(Q) (see
116], [4], [5], [6], [28)).

The theorem proved in [10] shows that the existence of finite energy weak solutions
of (1.3) can be proved only with the weaker assumption f € L!(Q), thanks to the
presence of the order term with quadratic dependence with respect to the gradient
and (1.7). This result is somewhat surprising because it is not true in the linear
case!

In [12] is studied the boundary value problem

—Au+u|lVul? =p in Q,
u=20 on 01},

There exists a solution u in I/VO1 2 () for the previous problem if and only the measure
1 does not charge the sets of capacity zero in 2. Moreover if we consider a sequence
{un} of solutions with L>°(2) data p, converging to a nonzero measure which is
singular with respect to the capacity (such as, for example, a Dirac mass), then wu,,
converges to zero as n tends to infinity. This nonexistence result is closely related
to the work of H. Brezis and L. Nirenberg (see [20]), where (as a particular case of
more general results) it is proved that if p is a bounded L*°(€2) function, and w is
a smooth solution in 2\ K, with K a closed set of zero capacity, then u is smooth
in the whole of 2; that is to say, u cannot be singular on sets of zero capacity.

Other results concerning the regularizing effect of lower order terms can be found
in [26] (bounded solutions) and in [27] (extra summability of solutions).

Once more, the case where the right hand side is a general measure is different
than the case where the right hand side is a summable function (or a measure abso-
lutely continuous with repect to the capacity) since there may even be nonexistence
of solutions instead of a regularizing effect (see [12], [7]).

2. NEW RESULTS

2.1. Degenerate coercivity: existence and nonexistence. In the papers [9)],
[8], [1] [25] existence and regularity results for the following elliptic problem (with
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degenerate coercivity) are studied:

{—div(M(a:,u)Vu) =f inQ,

(21) u =0 on 01,

where M (z,s) : @ x R — R is a Caratheodory function (that is, measurable with
respect to x for every s € R, and continuous with respect to s for almost every
x € Q) satisfying the following condition:

«
2.2 —— < M(z,s) < 3,

for some real number 6 such that

(2.3) 0<6<1,

for almost every z € €2, for every s € R, where a and ( are positive constants. The
datum f belongs to L™ (), for some m > 1.

The main difficulty in dealing with problem (2.1) is the fact that, because of
assumption (2.2), the differential operator A(v) = —div(a(z,v)Vv), even if it is
well defined between W(}’2(Q) and its dual W~12(Q), is not coercive on Wol’z(Q),
since when v is large, 1/(1 + |v|)? goes to zero.

In [1] also a nonexistence theorem is proved. Here we repeat his statement in a
particular case.

Consider the example u) of the problem

—div (V“A> —)AeRt nQ,
(1 + [ua])?

uy =0 on 0f).

)

(2.4)

Defining (u) is positive
1— (1 +uy)t
Z\ =
v—1

)

one has that z) is a solution of

—Azy =X in Q,
zy=0 on 0f2.

Since the Laplacian is linear, then z) = X z1, where 27 is the unique solution of the
problem
—Az; =1 in Q,
{ z1=0 on 0f).

Since z; is radially symmetric, it can be explicitly calculated, and one has

1
alp) = 5=, (p=lal
so that z)(p) = Az1(p) = ﬁ(l — p?). By definition, zy < ﬁ, so that one can
recover an “actual” solution u) starting from z, if and only if the maximum of z)
is strictly smaller than ﬁ Since

s ap) =2 (0) = 57,
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this can be done if and only if A <5 . Define \* = 2N . For A = \* one has

2 (p) = Vllu—p?),

which implies
1
ux+(p) = 2 L.
prt

Note that uy- is not in L>°(2), and that it belongs to Wol’Q(Q) if and only if y > {42,
Moreover, a rather “bizarre” fact happens: the regularity of uy« increases as 'y
increases, and this is contradiction with the properties of the solutions in the case
v <1

Observe also that if we consider as solutions of (2.4) the solutions given starting
from z) also in the case A > \*, one has

(1—A(7_1)(1—2))1‘1V—1 if py<p<l
uA(p): ON 1Y > P < P>
+00, if 0<p<px\
where
oy = AMy—1)—2N
A Ay —1)

so that u) is equal to +00 on a set of positive Lebesgue measure.

Hence the degenerate coercivity of the differential operator gives solutions even
less regular (or no solutions at all) than solutions of Dirichlet problems with singular
right hand side.

2.2. Degenerate coercivity: the regularizing effect of the lower order
terms depending on the gradient. In this section, we present a theorem (ob-
tained in collaboration with Tommaso Leonori and Francesco Petitta) concerning
existence of weak solutions for the Dirichlet problem

(2.5) u € WOI’Q(Q) o —div(a(z,u, Vu)) + g(z,u, Vu) = f(z).

Here A(v) =—div(a(z, v, Vv)) is a differential operator from WOI’Q(Q) into W~12(0Q)
and g(z,v,Vv) is a nonlinearity with natural growth and which satisfies a sign
condition.

More in details we assume that a(x,s,&) : Q@ x R x RY — RY and g(z,s,¢) :
QxR xRN — R are Caratheodory functions. Moreover we assume that there exist
d(z) € LY(Q), o, B, 7y, o, u > 0, and b(s), continuous and increasing real function,
such that for almost every = € Q and for all s € R, £ € RY

(2:6) a(w,5,6) € 2 s P
(2.7) la(z,5,6)| < B
and (see [10])
0 S g(x7 S’ 5)8’
(2.8) plél? < lg(z, 5,6l Vls| >0,

l9(z,5,8)] < b(|s|)d(x)lg]*.



360 L. BOCCARDO

Finally, on the datum, we assume
(2.9) feLy(Q).
It is possible to prove the following existence theorem:

Theorem 2.1. Under the assumptions (2.6), (2.7), (2.8), (2.9), there ewists at
least one solution of (2.5) in the following weak sense

u € W&’Q(Q), g(z,u, Vu) € L'(Q) :
(2.10) [ateuvuve+ [ g vio= [ o
Q

Q Q
Yo € Wy () N L2(Q).

Sketch of the proof. Consider the sequence of approximate equations
(2.11) Uy, € Wol’Q(Q) : —div a(z, Ty (up), Vuy) + g(x, upn, Vuy) = fn,

where f, is a sequence of smooth functions which converges strongly to f in L*(Q)
and such that [ full < | f]| y Ti(v), k € R, is the usual truncation in Wy(Q)

LY(Q
defined by
—k if s<—k,
T(s) =1 s if —k<s<k,
k if s>k
b T (s)
kL — —
!
!
—k | N
[ k s
|
A

and Gi(s) = s — Ti(s).

Since g(z,s,€)s > 0, there exists at least one solution w, ( [16], [4]) and u,
belongs to L>(£2) ([29]).

We will follow the approach of [10] and we will use some techniques of [11], [16],
[4]

In (2.11), the use of the test function Ty (u,) yields for any k£ > 0

a/%VTk(un)—i—/g(:c,un,Vun)Tk(un) < /fnTk(un)
Q Q Q

which implies, for k£ > o,

(6]
T [V B e [ 9P <
Q {lun|>k}
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and so

2
[ 190l < Call
Q

Therefore there exist u € VVO1 2(€) and a subsequence (still denoted by uy,) such

that u, — u weakly in VVO1 2(Q), and almost everywhere.
So we know that for any fixed k € RT

Ti(un) — Tk(u) weakly in WOM(Q).

We shall use in (2.11) @[Tk (un) — Ti(u)] as test function, with p(s) = (eMsl —
1)sgn(s) The use of the test function ¢(u,) is one of the main tools in the existence
proof of [16], [17].

Since @[Tk (u,) — Tr(u)] converges to zero weakly in W(}’Q(Q) and *-weakly in
L*>°(Q) we have

(212) [ faelTin) = Teta)) = o
Q

Thus we get

(2:13) (Al @lTk(un) = TuC@) + [ g, V) lTi) = Te(u)) = 0.
Q

The main step of the proof is that (2.13) implies

(2.14) Th(un) — Ti(u)  strongly in W, *().
The strong convergence (2.14) yields
(2.15) Vu, — Vu in measure.

Now we do not use the classical method (see [16], [4], [10]) of using the Vitali
Theorem, in order to prove that g(z,u,, Vu,) converges in L*(2). We follow an
other Measure Theory approach due to F. Cavalletti ([22]).
Fix € > 0. Let kg € RT such that [ |fu(z)| < € (uniformly with respect to
{lunl>ko}
n); let ny € N such that, for n > ny,

/ |g($a Tko (un)’ VTko (un)) - g(xa Tko (’LL), VTko (u))’ <€
Q

Moreover, for § > 0, the use of 5 (uy,), where

0 if 0<s<k
s—k
if k<s<k+3d,
Ysr(s) =4 o B
1 if s>k+96

Vop(—8) = —Ysk(s)
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as test function in (2.11) yields

/g(xaunavun)¢6,k(un) < /fnd}é,k(un)
Q

Q

which implies, as § — 0,

R OO I

{lun|2k} {lun|2k}
and, for k > o
wo [ Vw1l
{lun|2o} {lun|z0}

Set gn, = g(z, up, Vuy,) and go = g(z,u, Vu). Then, for n > ni, we have

[ 19620, V) = g0, 0
Q

- / 19 — g0l + / o] + / 90l

{lgn—go|<e} {lgn—g0|>€} {lgn—go|>¢}

<l + / gl + / lgul + / 90
{lgn—go|>e}N{|un|<ko} {lun|>ko} {lgn—go|>€}

<ol + / 19, Ty (t0n), VT ()] + / ful + / %0l
{lgn—go|>€} {lun|>ko} {lgn—go|>€}

< 6|Q| + / ‘g($7Tk0(Un); VTko(un)) - g(xaTko (u)7 VTko(u))|
Q

o [ ety [l [l

{lgn—go|>€} {lun|>ko} {lgn—go|>€}
<+t / 19, Ty (1), Vg ()] + € + / 190l
{lgn—go|>€} {lgn—go|>€}

Since g, converges to go in measure, meas{x € Q : |g, — go| > €} — 0. Moreover g
and g(z, Ty, (u), VI, (v)) belong to L1 (£2): the absolute continuity of the Lebesgue

integral yields
[ oG i@, VI @) =0, tm [ g =0
{lgn—gol>€} {lgn—gol>€}

Thus we have

(2.16) 9(x, Up, Vuyp) — g(z,u, Vu)  strongly in L'(Q).
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Again fix € > 0 and let kg € R" such that [ |f,(z)| < € (uniformly with
{lun|>ko}
respect to n); let ng € N such that, for n > no

/ (VT (un) — VT (w)|? < e
Q

Using that Vu € L?(Q) and the absolute continuity of the Lebesgue integral, then
(k> ko, k>o0,n>ny,n>ns)

/]Vun—Vu|2 < Z/WTk(un)—VTk(u)|2+4/]VGk(un)|2+4/|VGk(u)|2

Q Q Q Q
< 2e+45 4 4e
I
which proves that
(2.17) up — u  strongly in Wol’2(Q).
This convergence result and (2.7) imply
(2.18) a(z, Ty (upn), V) — a(z,u, Vu)  strongly in L2(Q).

Use now ¢ as test function in (2.11)

/ o, T (), Vi) Vb + / (@t Vi) = / Iy
Q Q Q

and recall (2.18), (2.16). Then it is possible to pass to the limit in and we obtain
that w is a solution of (2.5) in the sense of (2.10). O

Now we present two examples concerning the problem (2.5).

Example 2.2. Consider the boundary value problem

Vu
—div <> + arctg(u)|Vul? = f(z) >0 in Q,
(T + Jul)
u=0 on 0f),
Since u > 0, the change z = log(1 + u) leads to

—Az +arctg(e” — 1)e*|Vz|? = f(z) in Q,
u =0 on 012,

Existence and properties of z can be deduced by the results of [6].

Example 2.3. Consider the boundary value problem

—div <(Vu> + arctg(u)|Vul? = f(z) >0 in Q,

1+ [ul)?
u=0 on 0,
Since u > 0, the change w = [1 — (1 + u)~!] leads to
w Vw|? .
(2.19) —Aw + arctg(l — w) d—w)i f(z) in Q,

u=20 on Of).
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