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The equation —Au — AW = |Vul? + ¢f(x): The optimal power
x

BOUMEDIENE ABDELLAOUI AND IRENEO PERAL

Abstract. We will consider the following problem

u
—Au—r—— =|Vul’P +cf, u>0inQ,
|x[2

where Q@ C RY is a domain such that 0 € QN >3,¢c>0and A > 0.
The main objective of this note is to study the precise threshold p4+ = p4 (%)
for which there is no very weak supersolution it p > py(}). The optimality of
p+(A) is also proved by showing the solvability of the Dirichlet problem when
1 < p < p+(A), for ¢ > 0 small enough and f > 0 under some hypotheses that
we will prescribe.

Mathematics Subject Classification (2000): 35D05 (primary); 35J10, 35J60,
46E30 (secondary).

1. Introduction

We consider the linear operator

(&)

cWR2@RY) > w2@®RY), N >3andi > 0.
x|

Lr(-)= —AC) =2
By Hardy inequality £, is continuous and, moreover, is positive if . < Ay =
(#)2. We will restrict ourselves to the interval 0 < A < Ay where the behavior
of £, is quite peculiar. To have an idea of such a behavior we refer to the papers
[11] and [13]. In [11] is proved, among others, the following result.

Let Q be a bounded domain in RN with 0 € Q. Consider the problem
Lyu)=finQ, u=00ndQ, (P)

with f € L"(Q2), 1 <m < 13—_11\:2 and A < Ay N = . Then the weak

solution u belongs to W)™ (), m* = N
8 0 ’ — N—-m"~

N(m—1)(N—2m)
m2

Moreover the result is optimal.
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In particular, for general f € LY(Q), problem (P) has no solution (see also [2]).
Also in [11] is proved that, even if f € L™(Q2) with m > % the solutions are
unbounded. In this sense we see that the behavior of the solution is like the classical
Laplacian case, only if A < A,, n, that is, the summability of the solution depends
explicitly on A.

In [13] is studied the semilinear problem

L) = uP (SP)
and a new critical exponent is obtained. Precisely we can reformulate one of the
main results in [13] as follows:

Let 0 < A < Ay. There exists g (L) such that equation (SP) has a nontrivial

solution in D' (B, (0)) with u?, % e LY(B,(0)) ifand only if p € (1, gt (1)).
X

An explicit expression for g+ (1) is given.
In the two previous results the critical parameters are deeply related to the

values
N-2 N —2\?
A = — + ( 5 )—x, 1.1)

which are the roots of the algebraic equation &> — (N — 2)a + A = 0. Such roots
give the radial solutions, u(r) = c1|x|™*® +c2|x| 7%=, ¢1, ¢z € R, to the equation

u
—Au — 12— =0.
|x|?

In this paper we will consider the quasilinear problem

u

|x|2+cf,xeﬂcRN,Nz3, (1.2)

—Au = |Vul? + A

where €2 is a domain such that 0 € 2. We assume that A, ¢ are positive real numbers
and f is a nonnegative function under some extra hypotheses that we will precise
later. According with the results in [11], the existence of a solution to the equation
(1.2) it is not clear. Therefore, the main problem under consideration in this work
is to get, for A > 0 fixed, the optimal exponent p4 (A) in order to find a solution for
(1.2). Notice that the variational technics are not useful in the quasilinear setting,
then the difficulties are considerably bigger than in the semilinear case.

It is worthy to point out that this type of quasilinear problems appear in several
contexts. For instance the case p = 2, and in the simplest case . = 0, problem
(1.2) is the stationary counterpart of the Kardar-Parisi-Zhang model (see [18]) and
of some flame propagation models (see [7]). Moreover, equation (1.2) can be read
as the Hamilton-Jacobi equation

u

VulP +
[Vul ME

+cf=0
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' See for instance [21] for details

with the viscosity term given by the Laplacian.
and applications of this topic.

The paper is organized as follows. In Section 2 we identify the critical expo-
nent p(A) and prove the nonexistence result for p > p, (A). This nonexistence
result is the strongest possible: we prove nonexistence for very weak solutions in
the sense of the Definition 2.1, i.e. just the class to give sense to distributional solu-
tions. As we will see, for all A > 0, p+(A) < 2, then the classical case p = 2 falls
in the nonexistence interval. We would like to point out that in [2] has been studied
the natural quadratic term related to £, in order to have existence.

In Section 3 we analyze the nonexistence result by proving a blow-up result of
the solutions of approximate problems. Sections 4 and 5 are devoted to the existence
results that, in particular, show the optimality of p*(1). In Section 4 we study the
existence in the case 0 < A < Ay while in Section 5 we study the existence in the
critical case A = A . Finally, in Subsection 5.1 we present some open questions.

2. Nonexistence results: exponent p (1)

The main result in this section is to find a necessary and sufficient condition on p in
a such way that problem (1.2) has not positive supersolution in a very weak sense.
In the whole section, we use the concept of very weak (sub, super) solution which,
roughly speaking, is the more general setting for which the equation has a meaning
in distributional sense.

Definition 2.1. We say thatu € LIIOC(SZ) is a very weak super-solution (sub-solution)
to equation (1.2) if # € Ll (Q), |[VulP € L} () and V¢ € C°(Q) such that
¢ > 0, we have

u

/ (—Ap)udx > (5)/ (Ivul”+k 5 +f>¢dx.
Q Q |x|

If u is a very weak super and subsolution, then we say that u is a very weak solution.

Ifr> ANy = (NT*Z)Z, the non-existence result of positive very weak solution
to problem (1.2) is a consequence of the optimality of Ay as constant in the Hardy
inequality. See for instance [1]. Then, hereafter we will assume 0 < A < Ay.

We begin by the following elementary result which gives a lower estimate of u near
the origin.

Lemma 2.2. Assume thatu > 0in Q, u #0,u € L (Q) and on € Ll (Q). Ifu

loc loc
satisfies —Au — )\# > 0 in the sense of distributions, then there exists a positive

constant C and a small ball BR(0) C 2 such that u(x) > Clx|7%® in Br(0),
where oy is defined in (1.1).

I Asa consequence of the nonexistence results in this paper, the reader could check without
difficulty that the vanishing viscosity method by P. Lax does not produce a solution for the first
order equation.
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Proof. By using the strong maximum principle and comparison result it is not diffi-
cult to obtain that u > 7 in a small ball B,(2). Fixed R > 0, let w € W!2(Bg(0))
be the unique positive solution to problem

w
—Aw —A——= =0 in Bg(0),

Ik w0 @.1)
w=n on dBR(0).

By a direct computation we obtain that w(r) = Cr~* with o, = Y2 —

,/(NT_Z)Z —Xand C = R_ZH . Since u is a super-solution to problem (2.1), then

using the weak comparison principle we conclude that # > w in Bg(0), thus u >
C|x|7¥= in Bg(0) and the result follows. [

We will use the following necessary condition for existence.

Lemma 2.3. Consider the equation

—Aw— ,\% —ginQ, 2.2)

with g € Llloc(Q), g(x) > 0and » < An. If (2.2) has a very weak supersolution

then |x|7% g € Ll () where a(—y is defined by (1.1).

loc

Proof. Assume that w is a very weak supersolution to (2.2) then it is sufficient to
check the conclusion in balls containing the origin, Bg(0). For g, = T,(g) we
solve the problem

Wp

—Aw, — X in Bg(0),

TS 2.3)
w, =0 on d Bg(0).

Using comparison argument as in [13] we obtain: i) {wj, },en in nondecreasing and
ii) w, < w. Consider ¢ the solution to problem

—ap—22 —1 inBRrO).
|x|?

¢=0 on dBR(0).

One can check that ¢ (x) = ¢|x|7*™ in a neighborhood of x = 0. Then by taking
¢ as a test function in problem (2.3) we conclude that

/ wydx =/ gnpdx > Cz/ gnlx|™%dx,
Br(0) Br(0) Br(0)

then the result follows by the monotone convergence theorem . O
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Remark 2.4. It is easy to check that if in problem (1.2) we replace x| 2 by a
weight g € L™(2) with m > %, then there exists 0 < Ag such that for0 < A < g
problem (1.2) has a weak solution for suitable f. The behavior of the problem with
the Hardy singular potential is quite different.

To find the optimal exponent we search a solution in the form u(x) = Alx|~#

of the equation. Hence by a direct computation we obtain that § = i_Tp] and

BrAPTl = BN —p—2) —h.

Since the left hand side is positive, then the right hand side must be positive, but the
second member is positive if and only if

-y < B < o) where a(+) are defined by (1.1).
Since a(~) < B < a(y4) is equivalent to

2—|—O[(+)< <2+O{(_):

_(nN) = =
p-() gy +1 a—y +1

P+,
hence the heuristic guess as optimal exponent seems to be p4(A).
The main result on nonexistence in this direction is the following.

Theorem 2.5. Assume that f > 0. Let p. (L) = ﬁgti

(1.1). If p = p+(A), then equation (1.2) has no positive very weak super-solution.
In the case where f = 0, the unique non negative very weak super-solution is
u=0.

, where a—y is defined in

Proof. We divide the proof into tree steps.
First step: p > py (1)

Assume by contradiction that equation (1.2) has a very weak super-solution u, then
—Au — A# > 0. Then there exists a positive constant C and a small ball B, (0) C

R such that u(x) > C|x|~*© in B,(0). Let ¢ € Cy°(Br(0)), therefore, using
|¢|p/ as a test function in (1.2) and by Holder, Young inequalities we obtain that

P ,
cl)\/ ulol” ;. 5[ \Vé|” dx (2.4)
B B, (0)

0 1xI?

where ¢ is a positive constant that is independent of u and ¢. Using the lower
estimate for u in B, (0) that provides Lemma 2.2, we obtain that

lp1” o
Cz)\, de < |V¢| dx.
B, (0) |X[7T¥ B,(0)

We recall that p > p. (1), hence we obtain that 2 4+ «(—y > p’ and then we reach a

contradiction with the classical Hardy inequality for W(;’p ,(B, (0)). Then the result
follows.
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Second step: p = pr(M) and A < Ay

Again we argue by contradiction. Assume that equation (1.2) has a very weak
super-solution u. As above, by Lemma 2.2 there is a positive constant cg such that

C

Ix |Ol(,)

u(x) > in some ball B, (0) CC Q, (2.5)

without loss of generality we assume that = ¢~!. Using Lemma 2.3 we obtain
that

[VulP+® x|~ O dx < oo and / e dx <oo.  (26)
B (0) B,(0) x|
Let w(x) = |x|7%> (log(l)lc—l))ﬂ where $ is a positive small constant that we will

choose bellow. Since A < Ay, w € W1'2(B,7(0)) and then, in particular, w €
wlp+®) (B),(0)). By a direct computation we obtain that

= L (log <L>>ﬁ_] (N—=2—-20y)+0-p8) (log (L))_l
|x|2+ot(,) x| (=) x|

Notice that [Vw| = |x| 7~ () log(qp) + Bllog(37)# ™), thus

e facve (i) o e (57) )
=i o) 00 () )

Since |x| < e~!, by choosing 8 small enough, we conclude that

I—p+ (1)

w
—Aw — i < B2 |Vw|P+®h(x)
X

where hi(x) = (a(_) log(i)+B(log() ) . which is bounded in the ball

B,(0). Consider u = cju, then

uj _
“Aup — AL > P vy @),
x2 =1

Let co be a fixed constant satisfying (2.5) when n = e~ and take ¢; > 0 such that
c1co > 1. Then for B suitable small we have

1—py () 1
e, P = |kl B2
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Since c¢jco > 1 we obtain that 1 (x) > w(x) for |x| = e~ ! and moreover

u
—Aup — xﬁ > B2h(x)|Vuy [P+ @)
X

Claim. uy > w

We call v = w — uy. By using the regularity of w and by (2.6) we obtain that
v e WP+ (B, (0)), v < 0 on 3B, (0) and

v
/ 2|7+de < 00, [V|P+ P x| 7% dx < oo. 2.7
B, (0) |x|77%) B, (0)

By a direct computation it follows that

—Av— A# < pL MR BZ VWP 2V Ve = a(x) Vo

where the vector field a(x) = —,3% P+ (k)ﬁ € L9(B,(0)) for all ¢ < N. Notice
that with the regularity of the vector field, a, we can not apply the comparison
argument used in [6]. To overcame this lack of regularity we proceed as follows.
Using Kato type inequality (see [19] and the extension in [14]) we get,

v X
—Av+—)»—+2+p+()»)ﬁ% <—2, Vv+> < 0and / Vo |PH|x]| 7% dx < o0,
|x| |x| B, (0)

and since p(i(a) < NT_Z, then by Hardy-Sobolev inequality applied to v4 we obtain
p+ ()
/ — <0 2.8)
B, (0) x| P+ Fec) ) ’
1
Define y = w and consider the weight |x| 2. Then for suitable 8, 2y <

N — 2 and hence |x|~2” is an admissible weight in order to have Caffarelli-Kohn-
Nirenberg inequalities (see [15]). Thus there results that?

U4
|x|2(y+l)

X v
= x| [ =Avs + pr(W) (5. Vop ) —A—> ] <0
x| x|

— div(]x| 7% Vug) — A
(2.9)

2 A detailed study of these equations related to the Caffarelli-Kohn-Nirenberg inequalities can be
seen in [3] and the references therein.
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Moreover, there exits o1 > 2 + «(—), depending only on N and A such that

v
/ *_dx < 0. (2.10)
B,(0) 1X]°!
Indeed,
/ Ut d / V4 1 d
x = X
ot (Dt
B0 X7 B0 FEED e
. 1
p+(0) ™ 7
< / 7v++ dx " / : dx +
“\Us, 0 |x|Prdtee By (@) lep;(gl_%)
2o . 2ta
Denote 8(0—1) — pg_(al — %) Slnce p_'_()\,) = 1+527; N theIl pi}- = 2+a(—)’

the conjugate of p(A), hence there result that 6(o1) = 2 + a))(o1 — 1) —
(1 + a(-y). By a direct computation we get 0(2 + o(—)) = 2(1 + o—)) =
N —2/ANy — X < N, then there exists o1 > 2 + a () such that 8(o1) < N and

P+ (A)-I—Ot(,)

then an(O) |x|_(p/+(gl_ 7+® Ddx < 0o. Thus (2.10) holds.
The idea should be to use ¢, the solution to problem

$___
|x[2v+D - |x[2v+D

=0 on 4B, (0),

—div(|x|>Vg) — A

in B, (0),

as a test function in (2.9). A direct calculation shows that

1 N-=2(y+1 N =2y +D\?
— — where a = — — A,
[xl® n? 2 2

p(x) =
that has not the required regularity to be used directly as a test function in (2.9).
Therefore, we consider the approximating sequence,

1 1
(xl+ 5+

on(x) =

then ¢, € C'(B,(0)), g, = 0 on 3B, (0),
a
(Ix| + Dyat+! x|

- (a(N—1—2y) ICER)) )

lx|(x] 4+ 2yatt (x| 4 1yat2

Vu(x) = and — div(|]x|"% Vg,))
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Notice that

v
f |x| 72" |Vvy||[Venldx < oo and / %dx < 00,
B,(0)) B,(0) |xI7

then choosing ¢, as a test function in (2.9) we obtain that

v
/ v(=div(x| 2 Ve,))dx — 1 / P ax <
By (0)) B,(0) 11

By the definition of w,, we have,

0. @2.11)

V4 @n vy L 2 vy
|x|2(y+l) - |x|a+2(y+l) ne |x|2(y+l)‘

Sincea +2(y +1) - 24+ o as y — 0, then by choosing # small we find y

small such that @ + 2(y + 1) < o1. Hence lelj;(% < % Then by definition of

o1 and using the dominated convergence theorem, we easily prove that

/ Bl LY N f vi—kdx—i/ _*_dxasn — oo
B,y X2 FD B,(0)) x4+ +D n J, o X2+

We deal now with the first term in (2.11),

( a(N —1-=2y)vy a(a+ vy )‘

vy div(lx| " V)| =
‘ " e[ 1427 (x| + Dyt x 2y (]  Dyat2

a(N —1-=2y)vy a(a+ vy
T a2 (x| 4+ Dyl 2y (x| 4 Dyat2

As above it is not difficult to see that
a(N —1-=2y)vy a(a+ vy _ a(N+a—-2y)vy
e 27 (x| et (e et T e

and then by the dominated convergence theorem we obtain

a(N —a—2(y + 1))vy

dx asn — o0.
|x |2(0+y)+a

/ vidiv(|x| 2 Ve )dx —
B,(0)) B,(0)

Hence passing to the limit in (2.11) and taking into account that a(N —a — 2(y +
1)) — A = 0, there result that

v
/ v(—div(|x| 72 V,))dx — )“/ %dx -
By(0)) 5,0 X

— L U7+dx, asn — 00,
n J, oy X247

U4

|2(1+]/)

thus, according with (2.11),
B,(0)) |x

dx <0, hence v+ = 0 and then u; >

w.
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To finish the proof in this case we use the same argument as in the first step.
More precisely for all ¢ € Cgo (Br(0)),0 < r << n we have

Pl ,
01/ il dng V| dx 2.12)
2
B0 |xI B, (0)

where ¢; > 0 is independent of ¢. Using the result of the claim and by the fact that
Py = a(—) + 2 we obtain that,

|| 1)) /
c — | log (| — dx < [V |P+dx
B,(0) |x|P+ x| B, (0)

a contradiction with Hardy inequality in W(; P+ (B, (0)). Hence the result follows.
Third step: p = py(A) and L = Ay

Assume by contradictlon that problem (1.2) has a positive very weak super-solution
u. In this case o) = N=2 and prn) =X +2 , hence by Lemma 2.2 we obtain that
u(x) > clx|~*= and by Lemma 2.3

f |Vu|P+ P x| 7 dx < oo.
B,(0)

We consider ¢ € C3°(B,(0)) such that ¢ > 0 and ¢ = 1 in By, (0), then by the

regularity of u we obtainan(O) |V (pu)|P+*) | x| =@ dx. Since ﬁ g((ll\,v+22)) <N,

we can apply Caffarelli-Kohn-Nirenberg inequalities to obtain that

C / (pu)+ P x|~ *Odx < / |V (pu) |7+ P x| *dx < oco.
By (0) B, (0)

/ up+(k)|x|—“(f>dx < oo for some 11 < 1
By, (0)

Therefore we conclude that u € Da( ) (B,71 (0)), which is defined as the completion
of COO(B,] (0)) with respect to the norm

o125 = / 1P+ x| "9 dx + / V1P O x4 dx.
Doy, n (0) By, (0)

It is not difficult to see that for all ¢ € Da( ) (Bn (0)) we have

|¢|p+(/\)
C —d
’ /Bn.«» e

5/ |¢|P+(A)|x|_0!()dx+/\ |v¢|p+(k)|x|—a(7)dx
Bﬂ] (O) B'?] (0)
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where C; > 0 is independent of ¢, in particular,

/Bnl(o) de < Q. (213)

Using the fact that u(x) > c|x|~%) and since o(—) + p4+(A) + oy p+(A) = N, we
reach a contradiction with (2.13). Hence the nonexistence result follows. [l

Remark 2.6.

1. Notice that p4(A) < 2, forall A € (0, An], hence for p = 2 we easily obtain the

nonexistence result by the first step in Theorem 2.5. Moreover, p4 (L) — NTH if
A — Ay and py(A) — 2if A — 0. As a consequence, we find a discontinuity
with the known results for A = 0. See, for instance, [17].

2.If1 < p < % then problem (1.2) has non very weak positive solution in

R This follows using the results in [6] and [17]. For the reader convenient we
include a proof.

We argue by contradiction. Assume that (1.2) has a positive solution u# with
1 <p< % It is not difficult to see, using the strong maximum principle,
that for any compact set K C €2 there exists a positive constant ¢(K) such that
u>c(K). Letgp € 880(9), then using |¢|P/ as a test function in (1.2) we obtain
that

u

,// |Vu||V¢||¢|P/—‘dxz/ |w|"|¢|"’dx+x/ 6|7 dx.
RN RN R

N Jx]?

Using Young inequalities we conclude that

/ IVo|P dx qu/ 117 dx.
RN RN x|

Since p’ > N, then Cap; ,(K) = 0 for any compact set of RY. Thus, there
exists a sequence {¢,} C CgO(RN) such that ¢ > xx and ||v¢”||LP/(RN) —- 0
asn — oo. Hence by substituting in the last inequality we reach a contradiction.

3. Despite the previous remark, in bounded domains there are no restriction on p
from below. This follows by the fact that the relative g-capacity, ¢ > N, of a
ball with respect to a concentric bigger ball is not zero. See [23], page 106.

3. Blow up result

As a consequence of the non existence result, we obtain the next blow-up behavior
for approximated problems.
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Theorem 3.1. Assume that p > p+(A). Ifu, € W&‘p(Q) is a solution to problem

—Auy = |Vuy|? + ray,(u, +af in,
u, >0 in 2, 3.1
u, =0 on 092,

with f >0, f #0and a,(x) = \xlzﬁ then u,(xg) — o0, Vxy € Q.
To prove Theorem 3.1, we need the following lemma that extends Lemma 5.2
in [6].

Lemma 3.2. Assume that {un} is a sequence of positive functions such that {u,}
is uniformly bounded in W1 P(Q) for some 1 < p < 2 with u, — u weakly in
Wlop(Q) and that u, < u foralln € IN. Assume that —Au, > O in D' () and
if p < 2, that the sequence {Ty(u,)} is umformly bounded in W1 (Q) for k fixed.
Then VTi(uy) — VTi(u) strongly in (L2 (S2))N.

loc

Proof. Notice that the hypothesis on the boundedness of {7y (u,)} in Wl1 2(Q) is
needed just when p < 2. Therefore by hypothesis we conclude that

VTl 2y < IVTk(un)ll 2k for all bounded regular domain K CC €2.
Let ¢ € C3°(£2) be a positive function, then since u, < u we get

/—Aun(Tk(un)tb)dx S/—Aun(Tk(u)¢)dX~

Q Q
Notice that
/—Aun(Tk(un)¢)dx = /d’IVTk(un)lzdx+/Tk(un)V¢>VundX- (3.2)
Q Q Q
On the other hand, as u,, < u,
/—Aun(Tk(u)(b)dx =/(])VunVTk(u)dx+/Tk(u)V¢>Vu,1dx
Q Q

/¢VTk(un)VTk(u)dx—I—/Tk(u)V¢Vundx
< —/¢|VTk(un)|2dx+ /¢IVTk(M)|2dx

+ / T (W)VoVu,dx

Q
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Thus by the above computation and (3.2) there result

% / DIVTi(uy)Pdx < % / OV Ty (u)|*dx + / (Tk () — Tk (un))VViuundx.
Q Q Q

Hence we conclude that

lim sup / ¢(|VTk(u,,)|2 - |VTk(u)|2>dx < 0 for all positive test function ¢.
n—oo o

We set w, = ¢Tr(u,) and w = ¢T(u) where ¢ is a positive test function, then

w, — w weakly in Wlf)’Cz(Q). Notice that w, — w strongly in L120 . (£2). Therefore

using the above computation we get easily that

0 < limsup([[Vwall 2 (o) — IVWll;2 (o) 0.
n— 00 loc loc
Thus using the definition of the weak limit and using the strong convergence of w,

to w in leoc(Q) we get the desired result. ]

Remark 3.3. From an anonymous referee we learnt that the previous lemma is re-
lated to a result by F. Murat in [22]. We thank for the information, add the reference
and, for the convenience of the reader, we maintain the proof.

Lemma 3.4. Let g be a positive function such that g € LP(2) with p > % ands >
0. Assume that w1, wy are positive functions such that wy, wy € WOI’Z(Q) NL>® ()
verifying

—Awp < —le'P +g inS,
14+ s|Vwy|? 3.3)
w; =0 on 092.
and
B
“ 14+ s|Vwy|? ’ 3.4
wr =0 on 092.

then wy > wy in Q.

Proof. Consider w = w; — w», then w € W&’Z(Q) N L%°(2). We will prove that
wT = 0. By (3.3) and (3.4) it follows that
[Vwy [P |Vw,|?

—Aw < — .
14+s|Vwi|? 1+ s|Vwy|P

Now for x, y € RV we define the function p by setting

2|7

p(0) = T(tlx| + (1 = Oly]) where T(1) = ==
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For x = Vw; and y = Vw, we have

[Vwy [P [Vun?

sV ? 1% s[Vunl? p(1) — p(0) = p'(0)

Since

p() = pO)] = [IVwr| = IVwslIT'O)] = [Vwy — Vus||T'0)]

and |T'(1)| = p(lz‘:ﬂp)z < C, we conclude that
p
‘ 1 —||-Vsr$1|1)1|p 1 —il-vsr)vzluﬂp = CIvl.
Hence it follows that
—Aw < C|Vw|,  we Wy (Q)NLOQ).
Using Kato inequality we get
—Aw; < ClVwil,  0<uwi e Wyi(R)NLP(Q).

Therefore, using the maximum principle in Lemma 4.6 of [6] it follows that w = 0
and then we obtain the result. O

Now we are able to prove the blow-up result.

Proof of Theorem 3.1. Without loss of generality, we can assume that f € L% ()
and that A is small enough. Assume the existence of xo € 2 such that u, (x¢p) < C
for all n. Using the extended maximum principle obtained in [12], there exists a
structural positive constant C’ (independent of u,,), such that

C = up(xo) = C/(Q)S(XO)/ (han ()un + |Vun|? + f)8(x)dx, (3.5)

where §(x) = dist(x, 02). Let ¢ € CgO(Q) be a positive function, by using
Ty (u,,)qb as a test function in (3.1), we can prove that T (u,,) is uniformly bounded
in Wb (Q)

loc
For n fixed, we consider v; € WOI’Z(Q) N L°°(£2) the minimal positive solution
to problem,

[V, |P .
li—i-af in ,
1+ LVl (3.6)

v; =0 on 0%2.

—Avj = Aa,(x)v; +
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|x]

Using an iteration argument as in [6], it follows that v; < v;41 and v; < u, for
every n. Define
w, = lim v; < u,.
] >0

Claim. The following statements hold:

a) {Ti(w,)} is bounded in W% ().
b) w, € WP (Q).
c) wn is a supersolution to problem (3.1).

d) w, < wpq.

Assume the claim holds. As above there exists a positive structural constant C’,
such that

C = wy(xo) = C'(Q)S(XO)/ (han ()wp + [Vwy|? + f)8(x) dx.

Since {wy,} is a monotone sequence we conclude that

a,(xw, 1 —= x | in LIOC(Q) and /IVw,,|P8(x) <C.

Thus {w,,} is bounded in WIL’CP (€2), hence using (1) in the claim and Lemma 3.2, we
conclude that

Tx (wy,) — Ty (w) strongly in WIIO’CZ(Q).
Since w, is a supersolution to (3.1), then by letting n — oo we obtain that w
satisfies to

—Aw>|Vw|p+k +cf

|x|?
a contradiction with Theorem 2.5.

Proof of the claim. a) and d) follows directly from equation (3.6) by application
of the corresponding inequality of type (3.5), and the fact that a,, is a nondecreasing
sequence. To prove b) we consider separately two cases: i) p < 2 and ii) p > 2.
For p < 2 we have that

Ti(vj) — Ti(wy) as j — oo, strongly in WIL’CZ(Q). 3.7

To obtain the convergence, we use a nonlinear test function as in [8]. (See too [10]
and [9]). Consider ¢(s) = s, in such a way that ¢/(s) — |$(s)] > L. For
Ve C°(), ¥ > 0, take ¢ (T (vj) — Ti(w,)) ¥ (x) as test function in equation
(3.6). We obtain from the left hand side,
/ Void (Ti (v)) — Te(wa)V(Te(v)) — Ti(wa)) ¥ dx
Q

= /Q IV (Tk (v)) — Ti(wn))*¢" (T () — Tr(wn))¥rdx + o(1).
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|VUj\P

We set H(VUJ) = W

. Then the right hand side could be estimated by,

/Q H(Vvj)p(Ti(vj) — Te(wp) ¥ dx

< S/Q VT (v)) — VTi(wa) I ¢ (Te (v;) — Ti(wn)) ¥ dx + o(1)
where § < 1. Since

f (kan(x)vj —f—af)d)(Tk(vj) — T (wy) ¥ (x)dx — 0 as m — oo,
Q

we conclude the required convergence and in particular the almost everywhere con-
vergence up to a subsequence.
In the case p > 2 the result is directly obtained as follows,

/ |ij|2dx =/(—Avj)vjdx 5/(—Avj)undx
Q Q Q

1 1
2 2
5(/ |ij|2dx) (/ |Vun|2dx> ,
Q Q

then v; — w, weakly in WOI’Z(Q) as j — o0o. By using the last inequality and the
weak lower semi-continuity of the norm there result that

/ |an|2dx < liminf/ |ij|2dx < limsup/ |ij|2dx.
Q o Jo Q

J= j—o00

Moreover, taking into account that —Av; > 0,
/ |ij|2dx=/(—Av,~)v,-dx 5/(—Av,~)wndx

N Y
5(/ |ij|dx) (/ V| dx) ,
Q Q

limsup/ |Vv,-|2dx§/ |Vw,|dx.
Q ' Q

j—o00

hence

Then we conclude the strong convergence in WOI’Z(Q). In particular we have the
almost everywhere convergence of the gradients and therefore to conclude the proof
of b) it is sufficient to observe that

[Vv;|P

C > u,(xg) > C’(Q)S(xo)gf (kan(x)vj + W

+ f) d(x)dx
(3.8)

> C’(Q)S(XO)/(Mn(X)wn + [Vw,|” + f)8(x) dx,
Q
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by Fatou’s lemma. To prove c), we use a nonnegative test function in problem (3.6)
and we pass to the limit by Fatou’s lemma.

4. Existenceresult: 1 < p < p.(A)and A < Ay

We consider o4 and a(—) defined in (1.1). Joint to the critical exponent py(A) =
240

TFac) we define

2+

_(A) =
=) 1+ o

, that verifies p—(A) < pr(A).

We have the following result.

Theorem 4.1. Assume that p_(A) < p < p+(X) where p_(X), p+(X) are given
above. Then problem (1.2) with f = 0 has a very weak solution u > 0 in RV

Proof. We search a solution in the form u(x) = A|x|~#. Hence by a direct compu-
tation we obtain that 8 = i_T’f and

BrAPTl = BN —p—2) —h.

To have A > 0 we need B € (a(—), «(+)) which is equivalent to p_ (1) < p <
p+(A). Notice that u € Ll (Q), # € Ll and since L_l < p_(A) < p,

loc loc N

|VulP € L} . (Compare with Remark 2.6 2.). Hence the result follows. [

loc*

Remark 4.2. The solution w in Theorem 4.1 is in the space Wlt’f (RN) if and only

if p > M¥2 Notice that forall 1 € [0, Ay), 552 € (p_ (M), p+ (V) andif & = Ay

then 22 = p_(3) = pL ().

We deal now with the existence of solutions to Dirichlet problem in bounded do-
main.

240

o) There exists

Theorem 4.3. Assume that 1 < p < py(X) where py(}) =

co such that if c < co and f(x) < #, then problem

u
—Au = |VulP +1r— +c¢ in 2,

vl |x|? i (4.1)
u=2~0 on 082,

has a very weak positive solution u.
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Proof. Assume that for ¢ > 0 and f(x) < ﬁ we are able to find a positive

supersolution w € wbhr(Q) to problem (4.1) such that

wits  eopstp

w2 e LY(Q). 4.2)
|x|?

ds > 0, for which

Consider a, (x) = lezﬁ t1x172, fu = min{f, n} 1 f, then problem

|Vu,|? .
17+cfn in €2,
L+ - Vu,|? (4.3)

u, =0 on 0€2,

—Au, = Aa,(xX)u, +

has a minimal positive solution u, € WOI’Z(Q) N L°°(2). By Lemma 3.4 and using
the comparison principle in [6], we get that u,, < u,1] and u, < w for every n.
Hence u = lim, oo u, < w. Define ¢, = (1 + u,)* — 1, where s is as in (4.2).
Then using ¢, as a test function in (4.3), there result

/de<C1 /IVu IP(1 +u,)’dx < Cy
o (L+u)! =" =77 Jo " T

therefore, in particular
1 2
— [ |VTius|” < G, [Vu|? < Cy.
k Je Q

. 102 . _ .
Let us consider ¢ (s) = s e#*" and consider ¢ (Tyu, — Tru) as a test function in (4.3)
then by the convergence arguments used in [9], we obtain

VTiu, — VTiu as n — oo strongly in W(;’Z(Q).

In particular Vu,, — Vu almost everywhere in €2.
Let Gi(t) =t — Ty (¢), then using ¥, = (1 + G (uy))® — 1, as test function in
(4.3), there result that

lim sup/ [Vu,|Pdx <lim sup/ IVGr(u)I? (1 4+ Gi(uy))*dx =0,
un,>k Q

k— 00 k— 00

uniformly in n. Vitali’s lemma allow us to conclude that
Vu, - Vu, n — oo, strongly in L? ().

Hence u is a very weak solution to problem (4.1).
It is worthy to point out that for the values of p for which a super-solution in

WOI’Z(Q) exists (in particularif I < p < p_(A)), the proof is easier and, moreover,

the solution u € W(} ’2(82). In this last case it suffices to take u,, as test function and
to use Lemma 5.3 in [6].



THE EQUATION —Au — A v |Vul? + c¢f (x): THE OPTIMAL POWER 177

|x|2

To find the required super-solution we will consider two cases:

) p- <p<p+@)

i) 1<p<p_.
Casei): p— < p < p+(A)

s Q2—p)s+p
Consider u the radial solution obtained in Theorem 4.1, then % = c

LY(Q) forall 0 < s < W < 1. Define v(x) to be the unique solution
to problem

—Av=0 1in £,
vV=1u on a2,

Notice that v € C*°(R2) and 0 < ¢ < v < ¢; for some positive constant ¢; and c;.
We setw = t(u — v), t > 0, itis clear that w € Wol’p(Q), w > 0in © and

AW — A2 = (=AU — ) t— = 1| Vul? + A —
x|z |x|2 x|z |x|2
—1
1 14 1\” v
il —varer— (=) v |
(14 &)1 1+ |x|2

where in the last estimate we have used the following elemental inequality,

1\?!
la+blP <1 +e)P alP + (1 + g) |b|”.

. _ 1
Taking 1 = 17, we conclude that

v
l+elx]2 er1(1+e)

w
— AW — A— > |V|? |Vol?.
|x|?

Hence choosing ¢ large enough there exists a positive constant ¢y such that

A v 1 co

L. — Y "
1+¢|x|? .91’—1(1+8)| |_|x|2

Since |x|% f(x) < 1, therefore W € W(;’p (2) is a super-solution to problem (4.1) if
¢ < ¢¢. Hence we conclude.

Caseii): 1 < p < p_
We start by getting a super-solution in a ball, i.e., 2 = Br(0). Without loss of
generality we will assume R = 1.
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Since p < p_, there exists B € (a(-), @(4)), close to a(—), such that p(8 +
< p+2
Define w(x) = A(Jx|# — 1). Thenw € W(}’p(BR(O)) and

A

— AW — A|— =ABN —B—-2)— x| P2+ N

| 2

Since B € ((—), &(+)), then B(N — B —2) — A > 0. Hence choosing AP~ =

W we obtain that

—AwW —AW > |Vwl|? + — P

Namely if co = A, w is a super-solution to (4.1) in B1(0) for all ¢ < cy.
In the case of a general domain €2 that contains the origin we consider a ball
Br(0) such that Q C B R (0). We have the corresponding super-solution in B (0)

found above, for which we perform the same arguments as in the first case. O

5. The case where A = Ay and p < 22

N+

Assume that . = Ay and p < py = 2 and consider the function

X U2 R\
o= ()

where A = (% )_7(10g(|r|))1/2, then w(x) = 0if |[x| = r. It is not difficult to
see that w € Wo 1(B,(0)) forall ¢ < 2 and

A A w 1 w | R _2+AAN
— w — PR — 0 J— JRE—
MR T A U8 Uy 2

. N2 Lo N N _
Since |Vw(x)| = R 2 (log(%))zpc 2 (¥ + %(log(ITRI)) ) and p < ¥,
then for a suitable positive constant c,

R -2
var =epts (e ()
|x] |x]

Hence, up to a positive constant cj, cjw is a super-solution to problem

—Aw = [Vw|? —I—AN| E +cof in Bi(r),
w=0 on 4B, (0).

(5.1

where |x|? f is bounded and ¢ is small.
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To prove the existence of a solution, we consider the approximated problems

Vv, |7 .
— e+ inB,(0),
1+ 1w, |» (52)

Uk :O on 3Br(0),

—Aup = Ayay(X)u, +

where a, (x) = min{n, #} and f,(x) = T,,(f(x)). Itis easy to check that Ay <
A1(an), the principal eigenvalue of the Laplacian with weight a,,. Then by similar
arguments to the used above we prove that there exists a minimal solution u, of
(5.2). Since, in particular, w € W,"'(B,(0)), by Theorem 4.3 in [6] we conclude
that {u,} is increasing in n and that u, < w in B,(0). Hence u,, 1 u pointwise and
u < w. Itis easy to see that u € L9(B,(0)) for all ¢ < 2*.

Consider H(B;(0)), the completion of Cgo (B, (0)) with respect to the norm

D135 o = /
H(B,(0)) B

It is well known that H (B, (0)) is a Hilbert space and W"*(B,(0)) C H(B,(0)) C

W, (B, (0)) for all g < 2.
We could check that w ¢ H(B,(0), however {u,} is bounded in H (B, (0)).
Indeed, take u,, as a test function in (5.2), then

2

|V¢|2dx—AN/ —dx.
©) B, (0) |x]

r

2

2 2 Uy
17 :/ [V, | dx—AN/ dx
n11H (Br(0)) B,(0) n B,(0) |x|2

u
< f |Vu, |Pu,dx +Cof —nzdx
B (0) B, (0) x|

w
< / |Vun|”wdx+co/ —>dx.
B(0) B, (0) ||

Using Holder, Young and the improved Hardy-Sobolev inequalities (see [5] and
[24]) we obtain that

R P R p
/ [Vu,|Pwdx = / |Vu,|? <10g (—)) (log <—>> wdx
B, (0) B, (0) |x] x|
RN 2
< 6/ |Vu,1|2 (log (—)) dx
B,(0) |x]
2
2 R 2-p
+C(6) w2-» <log (—)) dx
B, (0) |x]
2p

) 2 R\\?7
= 8“”"||H(B,.(O)) + C () 5.0) w-r IOg — dx.

|x|
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Si N$2 th 5 (log(£)) 27 d H hoosing & small
ince p < =5~ then fB,(O) w (og(m)) x < oo. Hence choosing § sma
we conclude that ||”"||%1(B,(0)) < C and then u,, — u weakly in H(B,(0)) thus
2 2
el s, 0y = Netnllhr s, 01y
We will prove that u,, — u strongly in H (B, (0)). Hence we have just to prove
that

. 2 _ 2
Jim el g, 00 = 1l s, 0))-

Consider the linear form F,, : H(B,(0) —> R, F,, = —Au, — Anya,(x)u,. By the
regularity of u, we find that F,, € H*(B,(0)), the dual space of H((B,(0))). Since
u, < u and by the fact that —Au,, — Aya,(x)u, > 0, we get

||Mn||%1(3r(())) = / (=Auy — Ayap(X)up) updx = (Fy, uy)
H(Br(0))

< / (= Atty — Ayan(¥)ity) udx = (Fy, u).
H(Br(0))

If {F,,} is uniformly bounded in H*(B,(0)) we are done because then F, — F in
the weak-star topology of H*(B,(0)) and in particular if ¢ € Cgo (B,(0)), we obtain

(Fp. ) — (VuV¢—ANu¢>dx,

B, (0) |x|?

then F = —Au — AN% € H*(B,(0). Thus, by density,
X

(Foou) > (FLu) = [lull3s 0

and as a byproduct the strong convergence and that « is a solution to problem (5.1)

follows easily.

Hence to finish we have just to prove that { F;,} is uniformly bounded in H* (B, (0)).
Consider ¢ € C5°(B,(0)), then

[(Fn, 9)| = ¢(—Aup — Anan(x)u,)dx

B, (0)

s/ |Vun|f’|¢>|dx+co/ \flIldx.
B-(0) B (0)

Using the hypothesis on f we obtain that

/ |fll¢ldx < CCHIPIIH B, ©)-
B, (0)
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|x|2

For the other term, using the fact that {u,} is bounded in H (B, (0)), there results

that
R P R P
/ |Vu,|?|pldx =/ |Vu|? <1Og (—)> (log (—)) |p|dx
B, (0) B, (0) x| x|
14 2 e
) R\\?, Y 2 R\\7
/ [Viuy,| (log <—)> dx / |p|2-r (log (—)) dx

B, (0) x| B, (0) x|

2
2—p

2p 2
2 R 2—p
([ o (1)
B, (0) | x|

Since p < #, then % < 2*. Therefore using the properties H (B, (0)), there

exists a constant C; > 0 such that

IA

IA

2p

2 R 2-p
/ lp|>=7 | log | — dx < C1lloll a8, ©0)-
B, (0) x|

As a conclusion we obtain that
[(Fyn, )| < Cll®llu(B,©))-
Remark 5.1.

1. As above we can consider the case of a general domain €2 that contains the
origin and proving that #(w — v) is a supersolution where w is defined above,
v is a harmonic function such that v = w on the boundary of  and r > 0.
Then the existence result follows using the same computation as in the proof of
Theorem 4.3. Hence we have that problem

u
— 4+ |Vul? +cf inQ
|x|?

u=20 on 9%2,

—Au = AN

has a positive solution u € H (L) if lx |2 f is bounded and c is small.
2. A proper definition of the gradient associated to the operator —A — ﬁl pro-

vides existence of solution, indeed in [2] is studied the example,

u N-2\ u |?
—Au— Ay—s = |Vu+ [ —= PIER

N=2
e 5 "2+ Af @)

inQu=00n0R, Ay = (#)2 and f under some hypotheses of summabil-
ity.
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5.1. Some open problems

The following questions seem to be open problems with some interest.

1. Fixed 1 < p < p4(A) to obtain the optimal class of functions according their
summability, in order to have existence of a very weak solution of Dirichlet
problem with data in a such class.

2. Assume that for A fixed and for f in a determined class we are able to find a very
weak solution, u. What is the regularity of u in terms of the regularity of f?

3. Results on uniqueness or nonuniqueness. We recall that for A = 0 there are some
results on multiplicity of unbounded solutions, for instance in [16] (for a ball)
and in [4], where all the solutions are characterized in any bounded domain.
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