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We are interested in the critical behaviour of certain dimensions in the semilinear polyhar-
monic eigenvalue problem

0 (=A)"u = Au+ |ul*tu, u#£0 in B,
D®u|0B =0 for |a| <m — 1.

Here m € N, B C R" is the unit ball, n > 2m, A € R; s = (n+2m)/(n — 2m) is the critical
Sobolev exponent.

Due to the criticality of the exponent s, a nontrivial solution to (1) may exist at most for
A>0,if m=1([9]), and for A > 0, if m € N ([10]).

The case m = 1 has been studied extensively by Brezis and Nirenberg [4] because it serves
as a model problem for other important variational problems with critical growth as the
Yamabe problem or the H-system. They discovered an interesting phenomenon: There exists
a positive radial solution to (1) for every A € (0, A1), if n > 4, and for every A € (A, Ay),
if n = 3. In the latter case problem (1) has no nontrivial radial solution, if A < IA;.
Here A,, denotes the first eigenvalue of (—A)™ in B under homogeneous Dirichlet boundary
conditions (1.b).

Pucci and Serrin [11] raised the question in which way this critical behaviour of certain
dimensions depends on the order 2m of the semilinear polyharmonic eigenvalue problem (1),
if m increases arbitrarily. In order to have a suggestive name for those dimensions we define
according to Pucci and Serrin [11]:

DEFINITION 1: The dimension n is called critical (with respect to the boundary value prob-
lem (1)) iff there is a positive bound A > 0 such that a necessary condition for a nontrivial
radial solution to (1) to exist is

A > A

Pucci and Serrin [11] showed that for any m the dimension n = 2m + 1 is critical and,
moreover, that n = 5,6, 7 are critical in the fourth order problem, m = 2. They conjectured:
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CONJECTURE OF PUCCI AND SERRIN: The critical dimensions for the boundary value
problem (1) are precisely n =2m +1,...,4m — 1.

By the work of Brezis and Nirenberg [BrN] this conjecture is true for m = 1. Combining the
result of Pucci and Serrin [11] with existence theorems of Edmunds, Fortunato, Jannelli [5]
and Noussair, Swanson, Yang Jianfu [8] we see that the conjecture is also true for m = 2.
The author [6] has shown existence of positive solutions. We remark, that in higher order
equations positivity properties are more subtle than in second order equations. We quote
from [6]:

THEOREM 2: Letn > 2m, s = (n+2m)/(n —2m), B C R"™ the unit ball. Let A,, denote
the first Dirichlet eigenvalue of (—A)™ in B.

a) If n > 4m, then for every A € (0, A,,) there exists a positive radial solution uw € C*(B) N
C*+Y(B) to the Dirichlet problem (1). u = u(r) strictly decreases in r = |z| € (0,1).

b) If 2m +1 < n < 4m — 1, then there exists a A = A(n,m) € (0,A,,) such that for every
A € (A, A,,) the Dirichlet problem (1) has a solution u as above.

In particular the critical dimensions are at most n =2m +1,...,4m — 1. Moreover, Bernis
and the author [2], [7] have proven the Pucci-Serrin conjecture for m = 3 and m = 4; for
any m > 5 there are at least five critical dimensions n = 2m+1,...,2m + 5. But in general
the conjecture of Pucci and Serrin is still open.

In Theorem 2 we additionally have positivity of solutions. In order to show that this theorem
is optimal in so far as for n = 2m+1,...,4m—1, A cannot be replaced by 0, we do not need
to show the original Pucci-Serrin conjecture. It suffices to exclude positive radial solutions
for A close to 0.

DEFINITION 3: The dimension n is called weakly critical (with respect to the boundary
value problem (1)) iff there is a positive bound A > 0 such that a necessary condition for a
positive radial solution to (1) to exist is

A > A

THEOREM 4: The weakly critical dimensions for the semilinear polyharmonic eigenvalue
problem (1) are precisely n =2m +1,...,4m — 1.

PROOF: We assume that n € {2m +1,...,4m — 1} and that there exists a positive radial
solution u € C*™(B) to (1). Then from [10] we know that necessarily

(2) A>0.
From the differential equation (1) we immediately conclude
3) (=A)"™u>0in B.

In what follows only radial functions are considered. So we write r = |z|, u = u(r), u/(r) =

ar(r) = 2 () -

|
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1. We introduce the positive weight function w(r) := (1 — 72)™~1. With help of the simple
observations:

([ (—A)"w =0,

d J
(4) (d—) W= =0for j=0,...,m — 2,
r

d m—1
(_%> w‘r:l > 07
\

integration by parts yields, if m is even:

[t =3 [ () - (-ay g
= (—1)’”-1/83 (dii (A<m/2>-1w)) (A™?u) dw = C(n,m) /aB A"y dw,

and if m is odd:

/B w (=AY dy — /B (—A)D2) - ((—A)™ D2 dy
= (=)™ /a i (Am=D/2q) (%AW—W%) dw

d
= C(n,m / (——A(m_l)/Qu) dw.
(n,m) o\

From (4) we see that the constants C(n,m) are strictly positive. Applying the Cauchy-
Schwarz inequality we find

2 C’(n,m)/ (Am/Qu)2 dw, if m is even,
(5) (/ w(—A)mudx> < 9B d 2
B C(n, m)/ (—A(ml)/2u> dw, if m is odd.
B dr

2. The crucial information, which we take from the Dirichlet problem (1), is the following
“Pohozaev-type” identity:

/ (A’”/Qu)2 dw, if m even,
2 5 OB
(6) Qm)\/Bu de = 0 oo 2 .
d—A u| dw, if m odd.
aB \0or

This identity is due to Pohozaev [9] for m = 1 and to Pucci and Serrin [10] for m € N. It
is deduced from the equation (1) by means of the testing functions r «’ and w itself and by
partial integration. Combining (5) and (6) we have:

(1) < /B w(—A)mudm)2 < Cln,m) -\ /B 2 da.
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3. We want to show that the weighted L'-norm [, w(—A)™u dx is equivalent to the L'-norm
Jp(=A)"udr = [5[(=A)™u| dz, cf. also (3). For this purpose we need some additional
property of (—A)™u.

Because we assume the solution to be positive, we have the differential inequality (3). More-
over u is supposed to be radial, with help of [12, Prop. 1] we conclude that u = u(r) strictly
decreases in r € (0,1). This can also be shown by elementary calculus: polar form of (—A),
mean value theorem, counting zeros. Looking again at the differential equation (1) and ob-
serving (2), we see that also ((—A)™u) (r) strictly decreases in r € (0,1). Employing this
monotonicity we may estimate as follows:

0</(—A)muda::/ (—A)mudx+/ (—A)"udx
B 2 <1/2 1/2<]2]<1

< /| A / dz - ((—A)™uly_1)2)

1/2<2|<1

< /|1;|<1/2(—A)mu dzr + 2”/ dz - ((—A)™ul=1/2)

lz|<1/2
m—1
< 2"+ 1)/ (=A)"udr < (2" 4+ 1) (é) / w(—A)"udzx,
j21<1/2 3 lol<1/2

=0 < /B(—A)mudeC(n,m)/ w (—A)"udx.

B

Together with (7) we come up with
8)  I(=A)"ullzy < A C(n,m)|ulz-.

4. Tt remains to estimate the L'-norm of (—A)™u from below by the L?-norm of u itself.
We use a duality argument, which was proposed by Brezis and Nirenberg [4, Theorem 1.2”].
Let ¢ € W2™2(B) N WJ*(B) be a solution of (~A)™p = u. As n < 4m, we have a
continuous embedding W?2™2(B) — C°(B). By means of elliptic estimates [1] we find:

lellco < Cllellweme < ClI(=A)" L2 = [Jul|L2;

|ull3: = /u-udmz/(—A)mgp-udw:/gp-(—A)mudx
B B B
< el - [[(=A)"ullz < Cllullzz - [(=A)™ul|Lr;
lulll: < Cln,m)[[(=2)"ull7,.

Combining this estimate with (8) we finally have

A>
— C(n,m)

as stated. ]

REMARK: It seems that a full proof of the original Pucci-Serrin conjecture, if possible at
all, will be significantly more difficult.

The most general question in this context, whether we have nonexistence of any nontrivial
(not necessarily radial) solution to (1) for A close to 0, is completely open even in the second
order case (m = 1), as far as the author knows.
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