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1 Introduction

In this paper, dedicated to Laurent Veron, we study the so-called Maximum Principle for some quasilinear
elliptic equations with lower order terms having natural (i.e., quadratic) growth with respect to the gradient.
The subject is strongly related to the papers by Laurent Veron and his coauthors [4, 5] and to a previous
paper dedicated to Laurent for his sixtieth birthday (see [6]).
In an elliptic boundary value problem like

{AW)=ﬂﬂ in Q,

(1.1)
u=0 on oQ,

where Q is a bounded open set in RY, A is a second order elliptic operator in divergence form and f(x) > 0
(of course not zero a.e.), the Weak Maximum Principle states that u(x) > 0, and it is zero at most in a zero
measure set; whereas the Strong Maximum Principle states that the set where u(x) = 0 is even “smaller than
a zero measure set” (e.g., empty).

In (1.1) the presence of a lower order term can destroy the Maximum Principle property (see [14] and
the introduction of [12]). Nevertheless, we will prove the Strong Maximum Principle for some quasilinear
elliptic equations with lower order terms having natural (i.e., quadratic) growth with respect to the gradient.
One of the main motivations for the interest in quasilinear elliptic equations with lower order terms having
quadratic growth with respect to the gradient comes from the Calculus of Variations (in the study of integral
functionals). Indeed, consider the following examples:

J(v) = % JA(X, VIV + % Jvz - va,

Q Q Q
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where Q is a bounded open subset of RV, N > 2, and A > 0. Then the Euler-Lagrange equation for J is (at
least formally) the quasilinear elliptic problem

(1.2)

—div(A(x, w)Vu) + 3A"(x, wVul®> + Au = f  inQ,
u=0 on 0Q.

Similar problems (not necessarily Euler—Lagrange equations of some functional) have been studied in the
literature (see, for example, [3, 7, 9, 10]), and existence of solutions has been proved under different assump-
tions on the datum f and on the function A. For example, if A’(x, s) is a bounded function, and f belongs to
L™(Q), with m > %, then there exist (see [9, 10]) solutions in Wé'z(Q) N L*®(Q) (the presence of the lower,
zero-th order term is fundamental in order to prove existence). If one assumes a sign condition on A’ (x, s),
that is,

A'(x,s)sgn(s) > v >0, (1.3)

then one can prove existence of solutions in Wé’z (Q) under the assumption that f only belongs to L1(Q) (see,
for example, [3, 7, 8]).
An example of function A(x, s) satisfying (1.3) is

A(x,s) = a(x) +1sl",

where 0 < @ < a(x) < Band r > 1. In this case, problem (1.2) has been studied in [6], and becomes

—di r 1 r-2 2 _ s
{ div([a(x) + |u] ]Vu)+2u|u| [Vul==f inQ, (1.4)

u=0 on 0Q.

In this paper, we will prove that if f > 0 (and, of course, is not identically zero), then the Strong Maximum
Principle holds for equations similar to (1.2) and (1.4), not necessarily Euler—Lagrange equations of some
functional of the Calculus of Variations, assuming in Section 2 that the sign condition (1.3) does not hold
(and we will consider “regular” data and bounded solutions), or in Section 3 that it holds (assuming L!(Q)
data and unbounded solutions). In the final Section 4, we will prove existence of solutions, and validity of
the Strong Maximum Principle, for a quasilinear elliptic equation with a “control” between the datum f and
the lower order term A(x)u.

2 General Case and Bounded Solutions

In this section we will deal with a problem similar to (1.2), under no sign condition on the lower order,
quadratic gradient term, and under the assumption that f > 0 is sufficiently “regular” in order to have
bounded solutions.
More precisely, let Q be a bounded, open subset of RN, N > 2, and let a(x), b(x) be measurable functions
such that
O<ac<ax)<B (2.1)

and
b)) <, (2.2)

where a, f3, y are positive real numbers. Let also f be a function such that
N
fel™Q), m> 5 (2.3)

In [10], existence of weak bounded solutions for general quasilinear Dirichlet problems with lower order
terms having natural growth with respect to the gradient is proved. Here, in order to simplify our discussion,
we confine ourselves to the simpler, but important case

ue WyQ) : —div(la(x) + ul?]Vu) + Au + b(x)[ulP|Vul? = f, (2.4)
under the assumptions A > 0, p, ¢ > 0, (2.1), (2.2), and (2.3).
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A weak solution u in Wé’z(Q) N L(Q) of (2.4) is a function such that

J[a(x) + |1 Vuve + A J ug + j bOOulP |V = de), (2.5)

Q Q Q Q

for every ¢ € Wé’z(Q) N L>®(Q), and in [10] it is proved the existence of such a solution.
If, in addition, we suppose that f > 0, then u > 0.

Theorem 2.1 (Weak Maximum Principle). If f > 0, then the weak solution u given by [10] is such that u > 0
almost everywhere in Q.

Proof. We rewrite (2.4) as
—div([a(x) + [ul?]Vu) + Au + b(x)*|[ulP|Vul? = y(x), (2.6)

where we have defined y(x) = f(x) + b(x)"|u|?|Vu|?. In the weak formulation of (2.6), we use as test function
g(u), where the real function g(t) is defined as

) 0 ift >0,
g =
1-e4t ift<o0,

with A > 0 to be chosen later. Note that g(u) is an admissible test function, since g(u) belongs to Wé’z(Q) n
L*(Q). Then

j[a(x) + U9 Vulg (u) + A j ug(u) + j b |l Vulg(u) = jy(x)g(u).
Q Q Q Q
Since g(u) = 0, where u > 0, we have that

j [aCo) + 9] Vulg' () + A j ug() + j b ulP |VulPg(u) = j yOg(W),
{u<0} {u<0} {u<0} {u<0}
thatis, if M = |ullr~(q),
j Vul?[ag (u)] + A j ug(u) < j y(0g(u) + j IVul? [~yMPg(w)].
{u<0} {u<0} {u<0} {u<0}

The choice A = # implies ag’(u) + yMPg(u) = 0, so that we have

A [ usw s [ ywew <o,

{u<0} {u<0}
which can be rewritten as
edu _1
A J u oAl <0.
{u<0}

On the other hand, on the set {u < 0}, u[eA* — 1] is positive; this implies that the set {u < 0} must have zero
measure. N

If f > 0 (and not identically zero), then the solution u is not only positive, but the Strong Maximum Principle
holds.

Theorem 2.2 (Strong Maximum Principle). If f > 0 (and not almost everywhere equal to zero), then for every
set w cc Q, there exists my, > 0 such that u(x) > m, almost everywhere in w.

Proof. By the previous result, u > 0, so it is a solution of
—div([a(x) + u?]Vu) + bO)UP |VulP + Au = f.

LetO< ¢ € Wé’z(Q) N L>®°(Q) and let h(t) be the real decreasing function h(t) = e‘#t, where M = |lullr~(q).
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In (2.5) (the weak formulation of (2.4)), we use ¢h(u) as test function to obtain

j[a(x) +u9|VuPH () + J bOOWP VU2 h(w) + j[a(x) + uIhU)VUV + A j uph(u) = qubh(u).
Q

Q Q Q Q

Therefore (since h(t) is decreasing), using (2.1) we have

JIVuIZ[ah’(u)M) . JIVuIZ[yMph(u)]cl) . I[a(x) + w9 h(U)VUV + A I uh(Wp > Ifh(u)qb.
Q

Q Q Q Q
Note that ah’ (u) + yMP h(u) = 0, so that we have
a(x) +u4 1 1 1
JT,,uqubmju > If > wadx
o ¢€- Q0 €« o0 ©° Q0 e«
Observe that
0< P <1,
e a
so that we have that u is a positive, bounded function such that
a(x) +ud 1 1
J-—Mu VuV¢+/lIu Mud)zjf—wd)’ (2.7)
o ex o e« 5 e @
for every ¢p > 0in Wé’Z(Q) N L (Q). Define
a(x) +u4
AX) = — >
e «a

and consider the solution w in Wé’z(Q) N L®°(Q) of the linear Dirichlet problem

IA(X)VWVV +A I wv = J %v forallv e Wé’z(Q). (2.8)
Q Q Q “
Since 0 g
a a(x)+u
%o = ymprl = yMP <B + M1 = Bo,
e «a e a

the weak solution w exists, is bounded (see [13]) and satisfies the Strong Maximum Principle (see [11, 13,
14]), that is, there exists m,, > 0 such that

w(x) > m, almost everywhere in w.

Now we subtract the equation satisfied by w from inequality (2.7) satisfied by u, to have that

JA(X)V(M -w)Ve + A J(u -w)p >0,

Q Q

for every ¢p > 0 in Wé’z(Q) N L*°(Q). The choice ¢ = (u - w)~, and the fact that A(x) > ap > 0, implies that
(u—-w)~ =0, that is, u > w. Then, for every w cc Q, there exists a strictly positive constant m,, such that
u(x) > my, > 0 almost everywhere in w, and the proof is complete. O

Remark 2.3. Note that, even though the equation in (2.4) is nonlinear, the proof of the Strong Maximum
Principle uses the fact that it holds for the linear equation (2.8) satisfied by the function w.

Remark 2.4. Suppose now to have a positive, bounded supersolution of (2.4), that is, a function w > 0 in
Wy (Q) N L®(Q) such that

J[a(x) +wilVwve + J bx)WP|Vw|?*¢ + A J we = Jg(;b,

Q Q Q Q

for every ¢ in Wé’Z(Q) NL*(Q),withg >0in L™(Q), m > %; then the same proof of Theorem 2.2 yields that
w satisfies the Strong Maximum Principle.
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3 Lower Order Terms with Sign Condition
and Unbounded Solutions

In this section we will assume a sign condition on the lower order, quadratic gradient term, and will suppose
that f is a positive function belonging to L1(Q). For k > 0 and ¢ in R, define

Tx(s) = max(-k, min(s, k)).
In [6], the existence of weak solutions for the Dirichlet problem
ue Wy(Q): —div(la(x) + [ul71Vu) + boululP~|Vul? = £, (3.1)

under various assumptions on the datum f with respect to the two positive parameters p and g, was proved.
More precisely, assuming (2.1) and that O < v < b(x) <y, if f belongs to L™(Q), then we have the following:
(@) if m=1,andp > 2q,

: 2N(g+1
(b) orif sy 2 - <m< ¥4 and2g>p=q-1,

(© orif X <m<¥ andg>1,2p>q-1>p,

then there exists a weak solution of (3.1), that is, a function u in Wé’z(Q) such that

b(x)lulP|Vul* € L*(Q),

and
I[a(x) +udlVuve + j b(x)uP|Vul*p = Ifq), (3.2)
Q Q Q

for every ¢ € W(l)’Z(Q) N L®(Q).
As for problem (2.4), if f > 0, then u > 0.

Theorem 3.1 (Weak Maximum Principle). Iff > 0, then the solution u of (3.1) given by [6] is such that u > 0.

Proof. In (3.2), take —T1(u™) as test function. Then

- j[a(x) FuIVUVT () - j bOOuluP-H VUl Ty (u™) = - jle(u-),

Q Q Q
that is,
[1aco + W9 T VT @) + [ beo VU Ti0) < 0,
Q Q
which implies T1(u~) < 0, for every k > 0; then u™ = 0, and so u > 0. O

As in Section 2, the Strong Maximum Principle holds.

Theorem 3.2 (Strong Maximum Principle). If f > O (and not almost everywhere equal to zero), then for every
set w cc Q, there exists my, > 0 such that u(x) > m, almost everywhere in w.

Proof. Since u is positive by the previous result, we have that u is a solution of

J[G(X) +ul]Vuve + J bO)uP|Vul*p = Jffp,
Q Q )

for every ¢ in Wé’z(Q) NL®(Q).Let € > 0, and let, for t > 0,

1
petty = 1- 1y, \
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Let also ¢ > 0 be a function in Wé’z(Q) N L*®(Q), and choose ¢ = p.(u)¢ as test function in the equation
solved by u. We obtain, since p,(t) = —% for 1 < t < 1 + € and zero otherwise,

—% j [aCo) + u?][VulPé + j[a(x) + Ul VUV Ppe(u) + j bOOUP [Vulpe ()b = jfps<u)¢.
{1<u<l+e} Q Q Q

We observe now that the first term is negative, so that we have

j[a(x) +UI VUV s () + j bW VUl pe(u)p = jfpgw)qb > j T2 (F)pe(u)p.

Q Q Q Q

Letting € tend to zero, and observing that p.(t) converges to the characteristic function of the set {0 < t < 1},
we thus have, by Lebesgue’s theorem,

J[G(X) +u?lVuVeyiocust) + J bW |Vul* pxosusty > J T1(NPxio<u<ty-
0 o e

Since VT1(u) = Vuy{o<u<1}, We can rewrite the above inequality as

j[a(x) + To@)IVTL(W)Vep + j bOOT1 (WP IVT1 ()2 > qub,

Q Q Q

where we have defined g = T1(f)x{o<u<1;- Thus, we have proved that w = T1(u) is a bounded and positive
supersolution of the equation

—div([a(x) + wI]Vw) + bGOWP|Vw|? = g.

Thanks to Remark 2.4, w satisfies the Strong Maximum Principle. Therefore, for every w cc Q, there exists a
constant my, > 0 such that w(x) > m, almost everywhere in w. Recalling that w = T (u), we thus have that

u(x) = T1(u(x)) = w(x) > my, >0 almost everywhere in w,

and the proof is complete. O

4 “Controlled” Lower Order Terms

In this section (following [1] and [2]) we will consider a slightly different equation from (2.4) or (3.1). Namely,
we will consider the equation

—div([a(x) + u?]Vu) + b)ululP~Hvul® + A(x)u = f, (4.1)
with a such that (2.1) holds, p, g > 0, b a measurable function such that
0<v<hx) <y, (4.2)
A(x) a function in L1(Q), and f a function such that
0 < f(x) < QA(x), (4.3)
for some Q > 0. Our result is the following.

Theorem 4.1. Under assumptions (2.1), (4.2) and (4.3), there exists a solution u in WS’Z(Q) N L®(Q) of (4.1).
Furthermore, u satisfies the Strong Maximum Principle.

Proof. For every n in IN there exists (see [7]) a solution u, > 0 in Wé’z(Q) of

—div([a(x) + Tn(un)?1Vun) + bO)UL | Vunl? + A(X)uy = f,
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that is, one has

j[a(x) + To(un)T Vg Vb + j OO Vit 2 + jA(x)unqb - j fo,

Q Q Q Q

for every ¢ in WS’Z(Q) N L®°(Q). Choosing ¢ = T1((un — Q)*) (which is admissible since ¢ belongs to
Wy (Q) N L®(Q)), we obtain

[a(x) + To(un) 7| Vitnl? + j OO Vit 2 Ty (un — Q)F) + jA(x)unTl((un —Q = jfn((un ~ Q).

{Q<up<Q+1} Q Q Q

Since the first and the second term are positive, we thus have that

jA(x)unn((un —0Y) < jfn«un -0 <Q j ACOT1((un - Q),

Q Q Q

which can be rewritten as
| 600un - @ Ts(wn - @ <0,

Q

Since (u, — Q)T1((uy — Q)*) > 0 almost everywhere, we have that

jA(x)(un ~QT1((un - Q) =0,

Q

which then implies that 0 < u, < Q almost everywhere; that is, u, belongs to L*°(Q) and |[uxllr~(q) < Q.
We now choose n > Q and define u = uy. Since 0 < u < Q, we have T,(u) = u, so that u is a solution in
W (Q) N L(Q) of

—div([a(x) + u?]Vu) + bxX)uP |Vul? + A(x)u = f.

Since u is positive and bounded, we can repeat the same proof of Theorem 3.2 to prove that u satisfies the
Strong Maximum Principle; that is, for every w cc Q, there exists m, > 0 such that

u(x) > my, almost everywhere in w. O
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