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1 Introduction

In this paper, we consider the nonlinear problem

(=A)"u = a(x)v? in Q
(_A)ﬂlv = b(x) ud in Q (L
(%)]“:(a%)]vzo oniIR0<j<m-—1,

where Q2 is the unit ball, namely, @ = B = {x € R” : |x| < 1} whenn > 3, and B or
some perturbations of B for the case n = 2 (see [7] for details of this perturbation), a% is the
normal derivative, p, ¢ > 0, pg > 1, and a, b are nonnegative bounded functions. Let us
remark that the restriction on the domains is due to the fact that we will use that the Green
function of the corresponding linear problem is positive.

For the particular case m = 1, many authors have worked on the existence of different
types of solutions, see for example [10,12,14,15]. In all these papers, the exponents

2(p+1) 20+ 1)
a=""""" and B="T"—~
pg —1 pg —1

play an important role.

On the other hand, in recent years, the weighted Lebesgue spaces LZ (2), where d is the
distance to the boundary of €2, have played an important role in the study of several questions
in the theory of nonlinear elliptic problems (see for example [1,4,16-18]).

A priori bounds for nonnegative weak solutions of (1.1) with m = 1 in a C? bounded
domain 2 were obtained by P. Souplet in [17]. He proved that if max{«, §} > n — 1, then

lull Lo (), lIvliLe@) < C, (1.2)

where the constant C depends only on p, ¢, a, b and 2. Moreover, he proved that the result is
sharp in the sense that if max{«, 8} < n — 1, then there exist nonnegative bounded functions
a and b for which nonnegative unbounded solutions of (1.1) exist.

Our goal is to obtain similar results for nonnegative weak solutions of (1.1) for
general m. With this purpose, we will use the following generalization of the exponents
o and g,

2m(p +1) 2m(g + 1)
a="-"" and B="7"""0,
pg —1 pq —1

Let us mention that these exponents have appeared in different works (see for example
[8,13,19]) where the authors studied existence of positive solutions of (1.1) in 2 = R”".

An important part of the arguments used in [17] are some weighted a priori estimates for
the associated linear problem

—Au=f inQ
u=0 onodQ.

Then, in order to generalize the results of [17] for the case m > 2, we will need to extend
the weighted estimates to higher order linear problems. Nontrivial technical modifications
are needed to prove those estimates. Moreover, since we need to use positivity of the Green
function, we have to restrict the domain €2 as mentioned previously. Indeed, for m > 2 and
general regions, the Green function is not necessarily positive.
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On the existence of bounded solutions for a nonlinear elliptic system

2 Weighted a priori estimates for the linear problem

We will denote by d(x) the distance from x to the boundary of 2 and we will work with the
Banach space Lgm (£2) where the norm is given by

1/p
= Pdmd
g, @0 = [ 1t @™ e
Q

for 1 < p < ooand [lullL, (@) = lullLe)-
In our arguments, we will use some results given in [6] for the linear problem
(=A)"u=f inQ
0

j
(—) u=0 ondQQ0<j<m-—1.
ov

(2.1)

We recall those results in the following lemma.

Definition 2.1 Let f € L;m (§2). A weak solution of (2.1) is a function u € L () such that

/u(—A)'"</>=/f<p
Q

Q
forall ¢ € sz(§) with (a%)j ¢=00ndRQ,0<j<m-—1.

We can see that the weak solution of this problem exists and is unique, in analogous way
as in Lemma 1 in [1]. Furthermore, by using the density of L%(Q) in Ltli,,, (£2), the solution is
given by the representation formula

u(x) = / G(x. y) F(3) dy
Q

where G, (x, y) is the Green function of (—A)™.

By a weak solution (u, v) of (1.1), we understand a weak solution defined as in (2.1)
assuming that v” and u9 belong to L}jm ().

In what follows the letter C will denote a generic constant, not necessarily the same at
each occurrence, whose dependence are made explicit when necessary.

Lemma 2.2 Letu € C*(Q) and f € C(Q) satisfy (2.1).
e [f2m > n, then there exists C > 0 such that for all 0 € [0, 1]

lud ™™ ooy < CILF A"~ 11 ).

o Letl < p<gq <o0. If% -1 min{%’", 1}, then taking a € (% - é, min{%’”, 1}] there
exists C > 0 such that for al70 e [0, 1]
e d ™" Ly < CILf d™ " Lo,
Proof See Proposition 4.2 in [6]. O

Let us remark that these results, and consequently our proposition below, are valid in
more general domains than those considered here. Indeed, the hypotheses used are that €2 is
a bounded domain with C"*+* boundary for n = 2 and C>"+2 boundary for n > 3.

Then, we have the following a priori estimates for solutions of problem (2.1).
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Proposition 2.3 Let 1 < p < g < oo. Let f € Lgm () and let u be a weak solution of
(2.1).
We have

(1) ifn < m, thenu € L*(2) and there exists C > 0 such that

lullz = ClIf I, @)

2) if% - é < n+m, then u € Lgm(Q) and there exists C > 0 such that

lullze, @ = CIfle, @)
Proof From Lemma 2.2, we have that, for 2m > n and 6 € [0, 1],
lud ™" ey < C I A" L1 g (2.2)
Then taking & = 1 and using that —m +n < 0 and d(x) < diam(£2), we obtain
lullzoy < Clud ™oy < CILfd" 1o

and so (1) is proved.
On the other hand, using again Lemma 2.2, we have that, if there exists o €

11 2
(5 — - min{L, 7’"}] and 6 € [0, 1] such that

—m+0na="2
q
[m—(l—@)not:’; (2:3)

we obtain

<
”u”LZm @ = C ”f”L{;m (Q)
for L — L < min{1, 22}.
Poq n
Solving system (2.3) we obtain

1 1\m 1 1 1\!
a=(2+-—=)= and 0=(-+1)(2-=+-) .
g p)n q P q

2m —n 1_1 2m
2 < = <

=7 q n+m’
Since 1 < p, we have 6 € [0, 1]. On the other hand, from the deflnmon of «, it is easy
to see that the condition % — % < « is equivalent to % — % < nzfm, which is one of our
hypothesis.
2m

Finally, we have to see that « < min{l, M} Since p < ¢, we have o < =t Therefore,

it only remains to consider the case 2::1 > 1. Buta < 1isequivalent to ==—

so the proposition is proved under this restriction.
Suppose now that 1_1 - % In this case, for 2m > n, using again the first part of
Lemma 2.2, for all € [0, 1], we have

We are going to show that « and 6 satisfy the required conditions i

2mn 1 1
< - —-,an
» q,ad

_ —(1—
lud ™ 1) < ClIF d™ 711 q)-
Moreover, if < nﬂ + & it follows that
a n

d7m+n

”u”LZm(Q) < |lu ||L°°(Q)~
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On the existence of bounded solutions for a nonlinear elliptic system

Analogously, if 1 — % + % <,

—(1—
1fd" =gy < ClLENpr, o

Therefore, if we can choose satisfying 1 — 2 + . << & 4 & we have
n np ng n

q <C
”uHLém(Q) = ”f”LSm Q)

: 1 1 2m—n s :
but, such a exists because > S T and the proposition is proved. O
Remark 2.4 The condition in (2) is almost optimal, i.e. if 1_ 19 nz_,_—mm, then the a priori

. . P !
estimate does not hold in general. We postpone the proof of this oﬁjservatlon to the end of the
paper because we will use the same technique as in the proof of our second main theorem.

In the proof of the following proposition, we will denote with A ,,, the first eigenvalue
of the operator (—A)™ and with ¢; ,, > 0, a corresponding eigenfunction normalized by
fQ ¢1.m = 1. We will use that there exist two positive constants ¢; and ¢ such that, in €2,

c1d" < p1m < c2d", (24)
see [5].

Proposition 2.5 If u is a weak solution of (2.1) with f € Ltlim () and f > 0, then there
exists C > 0 such that

(1) Ifn<mand1 <k < oo,

||u||L§m Q) <C ||”||L(llm(g)_

() Ifn>mand1 <k < 32

”M”Llfzm ) <C ”””me Q).

Proof By the definition of weak solution, we have that

||f||L‘ljm Z/fdmdxfc/f¢1,mdx
Q Q

=C /u(_A)m¢1,in dx:c}‘l,m/”d)l,m dx
Q Q

<C /|u|dmdx <C ”u”Ll,m'
Q

Then, (1) follows directly from (1) in the previous proposition and (2) follows taking
p = 1 in (2) of the same proposition. O

3 Main results

We consider problem (1.1) and define the exponents

2m(p + 1) 2m(g + 1)
¢o=———" and f= ———.
rq —1 rq —1

Then, the natural extension of the results in [17] is given by the following
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Theorem 3.1 If
max(a, B) >n—m, (3.1
then, any nonnegative weak solution of (1.1) satisfies
llull ooy, llvllLe@) < C (3.2)
where C is a positive constant which depends only on a, b, p, q, m and 2.

We also prove, in the following theorem, that condition (3.1) is almost optimal. We cannot
say optimal because we do not know what happens in the case max(«, ) = n — m.

Theorem 3.2 If
max(a, B) <n—m, 3.3)

then, there exist nonnegative bounded functions a and b, such that (1.1) have some nonneg-
ative weak solution (u, v), with u and v unbounded functions.

Remark 3.1 The analogues of Theorems 3.1 and 3.2 are also true for the problem

(—A)’”'u =a(x)u? inQ

9 J
(—)u:O on IR0<j<m-—1.
av
In this case, the conditions 3.1 and 3.3 are replaced by p < " and p > 2 respec-

tively. For the case m = 1, this exponent appears first in [2].

Once we have the results of the previous section, the proofs follow the lines of the case
m =1 proved in [17]. A key point in the arguments given in that paper are the estimates

/u¢1,m, /v¢1,m <C. (3.4)

Q Q

A straightforward extension of the arguments given in [18], to prove these estimates in the
case m = 1, is not possible. Indeed, the proof given in that paper is based on Lemma 3.2
of [3], which uses the maximum principle in subsets of £2. An analogous maximum principle
is not valid in the case m > 2. We give first a different proof of an analogous lemma using
pointwise estimates for the Green function G, of problem (2.1) given later and conclude the
proof of (3.4) using that new result.

Recall that we have taken €2 such that the Green function is positive there, i.e. we assume
that @ = B = {x € R" : |x| < 1} whenn > 3, and Q2 = B or some perturbations of B for
the case n = 2 (see [7] for details of this perturbation). We have: for 2m < n,

d md m
Gm(x,y)ZC|x—y|2m7” min[l, M]’ (35)
lx — y["
for 2m = n,
Gm(x,y) = C log (1+M) > C log (2+ ) )min [1, ML
lx — y|" lx —yl Ix — y|2m
(3.6)
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and for 2m > n,

n/2 n/2
d(x)"~d(y) ] _ 3.7)

Gn(x,y) = Cd(x)"~"*d(y)"~"* min [1, P
X =y

The proofs of these estimates can be found in [7] for the case of m = n = 2 and in [11]
for the rest of the cases.

Lemma 3.3 Assumeh >0,h € L ém (2) and v a weak solution of

(=AN)"v=h inQ

Y\’ 3.8
(—) v=0 on ANO0<j<m-—1. (3.8)
av
Then there exists C > 0, depending only on 2 and m, such that for all x € Q
) o /hd’". (3.9)
dm(x)

Q

Proof By the representation formula

v(x) = / Gon(x. ) h(y) dy
Q

it is enough to prove that

Gm(x,y) = Cdx)" d(y)".

dx)"d(y)"

‘x_y|2m > 1. Then, lt fOHOWS

Consider, for example, the case 2m < n and suppose that
from (3.5) that

Gu(x,y) = Clx — y"™ > d(x)""2d(y)"™"* > Cd(x)"d(y)"

where in the last step, we have used that €2 is bounded. On the other hand, if the minimum
on the right-hand side of (3.5) is attained in 4" do)"

oy We have

Gm(x,y) = Clx = y[7"dx)"d(y)" = Cd(x)"d(y)".

The proofs for the cases 2m = n and 2m > n are analogous, using now (3.6) and (3.7),
respectively. o

Proof of (3.4) For (u, v) nonnegative weak solution of (1.1), taking f = av?, it fol-
lows from (2.4) and Lemma 3.3 that u > C ([, avPi m) 1, mand, for f = bud, v >
C (fQ buqu],m) &1.m- Then

P
P > ptl bud
avPgr, =C “¢Lm ul oy m
Q Q Q
p qp
p+1 q+1
= faofn ) ( [oetit) ([ avrorn
Q Q Q
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And by the same way

Jone o) o)

Since pg > 1, if we show that there exists a constant C > 0 such that

/a¢p+l > C and / bl 't > (3.10)
Q Q
we have
/aqu&l,m <C and /buq¢1,m <C. (3.11)
Q Q

Taking ¢1 , as a test function in the problem (1.1), we have that (3.4) follows from (3.11).
To prove (3.10), let e > 0,

1 1
/a¢p+ > / a¢lpj’; > €p+1 / a
Q

{P1.m>€} {P1.m>€}

{#1,m <€}

> ert! /a —llallco [{@1.m < €}
Q
and taking € small enough, we have (3.10). O
Proof of Theorem 3.1
Step 1: Initialization.

From (2.4) and (3.4) it follows immediately that

el =/ud'” <cC /u¢1,m <c

Q Q
and
_ m
ol = [va"<c [vor <c.
Q Q

and therefore, forn < m,

llull ooy, llvllLoe@) < C

is an immediate consequence of (1) in Proposition2.3.
On the other hand, if n > m, it follows from Proposition 2.5 that

el s, + 0l < CK) (3.12)

for1 < k < 2
n—m
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On the existence of bounded solutions for a nonlinear elliptic system

Without loss of generality, we may assume thatg > pand 8 > n —m (thecase g < p
is reduced to this case by interchanging u and v).

Then (p—1)(g+1) <pg—1< % and follow that (p — 1) < nzl"m,i.e. p< Zfﬁ
So, there exists some k such that
n+m
k>p and k> — €, (3.13)
n—m
with € to be chosen below, for which (3.12) holds.
Step 2: Bootstrap on the first equation of (1.1).
Let k; € (k, oo] such that
1 2
_ P _m (3.14)
kq k n+m
Then, using Proposition 2.3, we have
—_A)" 14 — P
IIMIILZ% <C|(=4) MHL%{’ <Clv IIL%p =C IIvIILf]m, (3.15)
which is finite because 1 < k < %
Observe that, if k > g;;r(:’_)‘_’i? , we can take k; > % satisfying (3.14).
Step 3: Bootstrap on the second equation of (1.1).
Assume
and let k» € (k1, oo] be such that
1 2
.2 _ (3.17)

kry " ki n4+m

From Proposition 2.3, we have

ol < CI=2)Y"vll, ke < Cllu?l by = C ),
di’ll dm dln

am

, which is finite by step 2.
Step 4: Conclusion.

We can choose p € (0, 1) such that (3.12) is true with k/p (see Remark below) with k
satisfying (3.13) and k < Soriing.
Iterating the procedure, we can reach, after a finite number of steps, some value

k > %ﬁ;”iﬁ? Then, it follows from the comment at the end of step 2 that there exists

ky > tdma > 0P gich that J|ul| ;, < C.

_ dnl -
Taking now ki = ki, we can take ko = oo in step 3 to conclude that [[v|| @) < C.
Analogously, by step 2, we obtain ||ul| @) < C. O

Remark 3.4 Fulfilment of the bootstrap conditions. We can see that conditions (3.14), (3.16),
(3.17) and min{ky, kp} > % for p € (0, 1), to be chosen below, are equivalent to

2 | 1
T <—<min[£,f] (3.18)
k q
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and
2 1
a_" _ P (3.19)
kq n+m ko k
Observe now that if
L nrmpg (3.20)
2m(g + 1)

we have A > 0. Therefore, (3.18) can be solved for k; € [1, +00) and with % arbitrarily
closed to A whenever

p—p 2m
<

k n+m @3-21)

and
2 1

Pt
But, (3.21) holds if p satisfies

n—m

n+mp<p<1, (3.23)
and such a p exists because p < Zf—ﬁ

On the other hand, since 8 = qull) > n —m, we have 1 > 20=m) _ 2m_ ppen
rq q n+m n+m

since k < Z;Z , we can choose € such that (3.22) holds.

Let us now see that condition (3.19) can be fulfilled. Indeed, it is enough to see that all
our parameters can be chosen such that

2
a4_m P (3.24)
ki n4+m k

Taking % in (3.18) closed enough to A, we have that (3.24) is equivalent to
p>1-—n, (3.25)

where 1 := -2 (¢ 4+ 1)k — (pq — 1).

n+m

I _ P _ 2m q _ 2m qp _ 2mq _ 2m
Indeed, if T .1s clqsed to A = T o then i w18 closed to s e T
Now, p < 11is equivalent to

n+m
k> 5 (3.26)

but, since B > n — m, it is possible to take ¢ small enough in (3.13) such that (3.26) is
satisfied.
Finally, we can take p € (0, 1) closed enough to one such that que (3.23) and (3.25) hold.

4 Existence of singular solutions
In order to prove Theorem 3.2, we follow the ideas of [17]. First, we will construct a function

feL ém (£2) such that the corresponding weak solution of the linear problem (2.1) is not
bounded.
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Recall that our domain €2 is a ball when n > 3 and smooth perturbations of a ball in the
case n = 2. In any case, given xg € €2, there exist 7 > 0 and a revolution cone X; with
vertex xo such that ¥ := X1 N By, (xg) C Q. Now, for 0 < o < n — m, we define

Fx) =[x — x| 7@ s,

where xy denotes the characteristic function of X. Then, it is easy to see that f € L[llm ().
Let u > 0 be the solution of (2.1) with f as right-hand side. Then, we have

u(x) = / G, 3) |y — %0~ 1z (3) dy.
Q

Using this representation formula together with the estimates of the Green function (3.5),
(3.6) and (3.7), it is not difficult to see that, for x € Q,

u(x) = C |x — xo| ™ xz (x). (4.1)

Proof of Theorem 3.2 Recall that o = % and = %, and we are assuming
0 <a, B <n—m.We define

¢ (x) = |x — xo| 7@ y5(x) and Y (x) =[x — x0|” P x5 (x).

Let u and v be nonnegative and such that

(—A)"u = ¢ in Q

(A" =y in Q

3\’ j

(a)u:(a%)vzo ondQ 0<j<m-1

Then, it follows from (4.1) that u ¢ L°°(2), v ¢ L°°(2),

v()? > (Clx = x0l P xz ()" = Clx — x| 7@ x5 (x) = C p(x)
and

u(x)? > (Clx — x0l ™ “xs(0))? = Clx —xo| 7P y5(x) = Cy(x).

Therefore, defining a = ¢ /v? and b = /u?, we have that a and b are nonnegative bounded
functions and (u, v) solves

(=AN)"u =a(x)v? and (—A)"v =b(x)ul.
O

We end the paper by proving the observation given in Remark 2.4 concerning the
optimality of condition (2) in Proposition 2.3.

Proposition 4.1 Assumel < p < g < ocoand %—é > nZ_mm. Then, there exists f € LS,,, ()

such that u ¢ Lzm (R2), where u is the weak solution of (2.1).

Proof Let 0 < a < n — m and we define, as above, f(x) = |x — x| @+ x5 (x). Then
we have

”f”Zﬁ © = / |x —x0|_(0‘+2’")l’ d(x)™dx < / |x _XO|—(a+2m)[7+m dx,
dm
z ¥

. n+m p
and then, since p < 250, f € Lyn (S2).
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But, for x € X, there exists a positive constant C such that d(x) > C|x — xg|, and there-
fore, it follows from (4.1) that for g > 2% 4 ¢ Lgm (2). To conclude the proof, we observe

o
: 1 1 2m n+m n+m
that, since » T > nom» Wecan choose o € (0, n — m) such that T <A< o ]
Finally, let us mention that, to our knowledge, it is not known what happens in general in
the limit case % - % = nZ_mm. In the case p > m + 1, we have proved in [9] that

”””ij Q) <C ”f”LSm (Q)-

Acknowledgments The authors thank the referees for their careful reading of the paper and for the helpful
comments.
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