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NODAL SOLUTIONS
TO SUPERLINEAR BIHARMONIC EQUATIONS
VIA DECOMPOSITION IN DUAL CONES

ToBias WETH

ABSTRACT. We present an abstract approach to locate multiple solutions of
some superlinear variational problems in a Hilbert space H. The approach
has many points in common with existing methods, but we add a new tool
by using a decomposition technique related to dual cones in H which goes
back to Moreau. As an application we deduce new existence results for
sign changing solutions for some superlinear biharmonic boundary value
problems.

1. Introduction

In this paper we are concerned with locating critical points of a functional
defined on a real Hilbert space in the presence of invariant cones. The abstract
approach we present provides a framework for proving new existence results for
nodal (i.e. sign changing) solutions of superlinear biharmonic equations. We
recall that, for a C'-functional ® defined on a Hilbert space H, it is well known
that the invariance properties of the vector field A := Id — V®: H — H are
closely related to the number and location of critical points of ®. In many
applications the Hilbert space H has a partial order induced by a closed cone K,
and A leaves the cone K or more general order intervals invariant. Depending on
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further assumptions, different methods like the classical sub- and supersolution
technique, topological fixed point theory or variational methods have been used
in order to locate critical points of ® (which are precisely the fixed points of A).
For the first two methods we refer the reader to the survey papers by Amann
[1] and Dancer [13]. The variational methods are particularly important in the
cases where no a priori bounds on the set of critical points of ® are available and
thus a global fixed point index for A cannot be defined. The combined use of
variational tools and i nvariance information goes back to the pioneering papers
[23], [18], [8], [9]. More recently, a number of different techniques were developed
to locate critical points inside and outside of invariant sets for A, see e.g. [2]-[4],
[14]-[17], [11], [10], [24], [26], [7].

In the present paper we generalize some results obtained recently in [3]. We
assume that the functional ® is of class C1!', and the vector field A leaves
a nonempty closed cone K C H and its reflection —K = {—u : u € K} invariant.
Actually we need slightly stronger invariance conditions, see Section 2 below.
Under additional superlinearity conditions on A, we then obtain existence of
three nontrivial critical points wy,us,us of ®, where u; € K, us € —K and
uz € H\ (KU —=K). Assuming in addition that ® is even, we obtain infinitely
many critical points located in H \ (K U —K). Similar results in special cases or
under different assumptions can be found in [3], [24], [26], [2]. In the proof of our
results we generalize the approach of [3], and we simplify some of the arguments.
To pass from the Sobolev space H!(RY) considered in [3] to an arbitrary Hilbert
space H, we implement ideas related to the decomposition method in dual cones.
This method goes back to Moreau [28], and it was rediscovered and elaborated by
Gazzola and Grunau [19] in the context of variational problems for polyharmonic
operators (see also Miersemann [27]). Its main advantage is the fact that it
provides an abstract substitute for the decomposition v = u* + v~ of functions
u € HY(Q) (where ut = max{u,0} and 4~ = min{u,0}). In particular, this is
useful for variational problems in subspaces of H?(f2) where the decomposition
u=u" +u~ is not available.

In the second part of the paper we consider an application of this type. More
precisely, we study the nonlinear biharmonic equation

(1.1) A*u = f(z,u), x€Q,
subject either to Navier boundary conditions
(1.2) u=Au=0 on dQ

or to Dirichlet boundary conditions

(1.3) u= % =0 on 0.
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Here f is a superlinear, subcritical nonlinearity which is nondecreasing in
and such that f(0) = 0. We obtain new existence and multiplicity results for
sign changing solutions of (1.1), (1.2) and (1.1), (1.3). However, while for the
boundary conditions (1.2) we get results on every smooth bounded domain, this
is not the case for (1.3). In fact, our results strongly depend on the assumption
that the Green function of the biharmonic operator A2 on € corresponding to
the boundary conditions (1.2), (1.3), respectively, is positive. While for (1.2)
this is true on an arbitrary domain, it fails to be true for (1.3) even on simple
bounded domains (see [22] for a survey on this type of problems). Nevertheless,
by a classical result of Boggio [6], it is true in the case where Q = B is a ball
in RY. Other examples for domains where the Green function corresponding to
(1.3) is positive are planar domains close to a disk [21], [29] and, for a certain
range of parameters, the limagon [12]. On these domains we obtain existence of
sign changing solutions of (1.1), (1.3). In case of the ball @ = B in R¥, we do
not need to assume that f is a radial function in z.

Finally, we also prove that, if f € CY(R) and f’(u) > f(u)/u > 0 for all
u # 0, then every sign changing solution of (1.1), (1.2) has Morse index greater
than or equal to two with respect to the corresponding energy functional ®.
The same is true for problem (1.1), (1.3) for domains with a positive Green
function. This complements a well known result for the second order case, see [5].
Again the proof relies on the decomposition in dual cones. We remark that, in
some situations, the decomposition can also be used to bound the energy of sign
changing solutions from below, see [20, Lemma 4].

The paper is organized as follows. In Section 2 we develop the abstract vari-
ational framework, and we prove two results on the existence and location of
multiple critical points, see Theorems 2.6 and 2.7. In Section 3 we are concerned
with the biharmonic equation (1.1), and we prove our main results on the ex-
istence, multiplicity and the signs of solutions, see Theorems 3.5 and 3.9. We
close this section with the above-mentioned estimate for the Morse index of sign
changing solutions. In the appendix we give a short proof of a topological fact
used in the proof of Theorem 2.6.

Acknowledgements. The author would like to thank Filippo Gazzola and
Hans-Christoph Grunau for fruitful discussions. Moreover he would like to thank
Thomas Bartsch and Zhaoli Liu for introducing him to this type of methods.

2. The abstract framework

Let H be a real Hilbert space with scalar product (-, ) and norm || - ||. For
a subset D of H we write int(D) resp. D resp. dD for the interior, the closure
and the boundary of D, respectively. Moreover, for ¢ > 0 we denote by B(D)
the open e-neighbourhood of D, i.e. B.(D) := {u € H : dist(u,D) < e}. If
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D = {u} consists of a single point, we write B.(u) for the e-neighbourhood of w.
We consider the fixed point problem

(2.1) Alu)=u, u€H,

where A: H — H is a nonlinear operator satisfying the following assumptions.

(A1) A:H — H is compact and Lipschitz continuous, and A(0) = 0.
(Ay) A = VU for some functional ¥ € CH*(H,R), and there are constants
Co,q* >0,p>1,n>2and g, € (0,1) such that

(2.2) (A(u),u) >n¥(u) — Co foru e H,
(2:3) [(A(w), v)| < (gellull + ¢*[lull) o] for u,v € H.

We assume that (A;) and (As) are in force from now on. Then solutions of (2.1)
are precisely the critical points of the C''!-functional

1
O:H—R, &)= 5||u|\2 — U (u).
Moreover, we have:

LEMMA 2.1. ® satisfies the Palais—Smale condition.

PROOF. Let (u,) be a Palais-Smale sequence for @, i.e. C' := sup,, ¢y | (uy)|
< oo and V®(u,) — 0 as n — oco. Then

nC +o()[un| = n®(un) = (VO(un), un)

-2
= T un 2 + (A(un), n) = () >

-2

[ |* = Co

by (2.2), so that (u,) is bounded. Since A is compact, we may pass to a sub-
sequence satisfying A(uy,) — uo € H. But since u,, — A(u,) = V®(u,) — 0 as
n — 0o, we conclude that u, — ug. O

Our aim is to locate critical points of ® by applying dynamical systems argu-
ments to the negative gradient flow of ®. Since A is locally Lipschitz continuous,
this flow ¢ : G — H is well defined by

{ o p(t,u) = ~V(p(t,0)) = Alplt,w) - o(t,u),
QD(O,U) =u,

where G = {(t,u) : v € H, 0 <t < T(u)} and T(u) € (0,00] is the maximal
existence time for the trajectory ¢ — (¢, u). In the following, we will write
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instead of ¢(¢, - ). Note that for 0 < s < ¢ < T'(u) we have the estimate
I -l < [ 1verwlar

1/2
< F—s( / ||v<1><w<u>>2d7)
N (e my Ty

From this we conclude that, if for some u € H the energy ® is bounded from
below on the trajectory {¢f(u) : ¢t € [0,T(u))}, then T(u) = co. In this case the

w-limit set
N U ¢w

0<t<o0 t<s<00

of u is a nonempty compact subset of H consisting of critical points of ®, as
follows in a standard way from Lemma 2.1. A subset D of H is called positively
invariant (under ) if

¢'(u) € D for every u € D and every t € [0,T(u)).
For a positively invariant set D we define the domain of absorption by
A(D) :={u € H : p'(u) € D for some t € [0,T(u))}.

We note that, if D C H is open, then A(D) is also an open subset of H. We
also define

Ao:={ue€ H:T(u) =00, ¢'(u) — 0ast— oc}.
LEMMA 2.2. Ay C H is an open neighbourhood of zero.

PROOF. Put g = ((1 — ¢4)/2¢*)"/ P~V Then, for all u € B,,(0) we have
by (2.3)

1 1
/ 9 (tu) dt = / (Atu), ) dt < / (@ulltul] + ¢ eul?)llu] de
0 0

I &
< [ e+ fo=yar= P 4 gl
Syt

P+ qrab ) =

so that
1 1 L+ 1

o) = gl - %) > (5 - )l 2 0

Moreover,

(2.4) d(u) > (1 s 1)&% =:fy for u € 9B,,(0).
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Since ®(0) = 0 and ® is continuous in 0, there is r € (0, cap) such that
P(u) < fy forue B.(0) C H.

Now if u € B,(0), then ®(¢'(u)) < By for every t € [0,T(u)), so that ¢'(u) €
Ba, (0) for all t € [0,7(u)) by (2.4). Hence ®(p’(u)) > 0 for all t € [0,T(u)),
which implies that T'(u) = oco. Moreover, w(u) C By, (0) is a nonempty compact
set consisting of critical points of ®. However, if v € B,,(0) is a critical point of
®, then

g« +1
2
Since ¢g. < 1, we conclude v = 0. Thus w(u) = {0} for every u € B,(0), which

[v][* = (A(v), v) < lvl* (g + ¢"[0lIP~") < [ol]*(gx + ¢" ™) = o]l

implies that B,.(0) C Ag. From this we deduce that 4, is an open neighbourhood
of 0, as claimed. O

In the following, we look for nontrivial critical points of ® on the closed
set 0Ag. Obviously this set is positively invariant for the flow ¢, and inf,c 4, ®(u)
> 0. In fact one can prove strict positivity here, but we do not need this.
Consequently, we have T'(u) = oo for every u € Ap, and w(u) is a nontrivial
compact subset of Ay consisting of (nontrivial) critical points of ®.

To obtain more information on the location of some critical points, we inves-
tigate further invariance properties of the flow . For this we consider a fixed
closed cone in K in H. So K = K is convex, R* - K C K and KN (—=K) = 0. The
dual cone K* of I is then defined by

K*:={ueH: (u,v) <0 forall veK}.

Let P: H — K be the projection on X which is uniquely determined by the
property
|l — Pul|| = min |ju — v||.
ve

Moreover, we put P* = Id —P: H — H. Then, as observed in [28], [19], we have

(2.5) PueK* and (Pu,P*u)=0 forallueH.

We need the following crucial invariance assumption for the vector field A.
(A3) (A(u),v) < (A(P*u),v) for w € H and v € K*.
Note that (As) in particular implies that A(K) C K. Indeed, for u € K we have
by (2.5) and (Aj)
IP*(A@)|I* = (A(w), P*(A(u)))
< (A(P*u), P*(A(u))) = (A(0), P*(A(u))) = 0.

For us the following invariance properties are of interest.
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LEMMA 2.3.

(a) For a > 0 sufficiently small, the set Bo(K) is positively invariant for

the flow p. Moreover, every critical point of ® in Bs(K) belongs to K.
(b) K is positively invariant for .

PrROOF. (a) Let u € H. Then, by (2.5), (A2) and (As3),

IP*(A)I* = (A(w), P*(A(w))) < (A(P*u), P*(A(u)))
< (g IPull + g* [P ul?) [P (Au))],

so that

IP*(A)| < 1P ull(g« + ¢ [P ulP~).
Hence, if 0 < [|[P*u| < ag := ((1 — ¢.)/2¢*)Y @D then |P*(A(u))| < |P*ul|.
Consequently, for o < ag, we have A(0B,(K)) C int(B,(K)), and every fixed
point u € B, (K) of A satisfies ||P*(A(u))|| = ||[P*(u)| = 0, hence it belongs
to KC.

We now show that, for a < g, B, (K) is positively invariant. Assume, by
contradiction, that there is ug € B, (K) such that ¢ (ug) € 9B, (K) for some
to € (0,7 (ug)), and that ¢ is the smallest positive time where the trajectory ¢t —
' (ug) meets OB, (K). Since B, (K) is open and convex, by Mazur’s separation
theorem there exists a continuous linear functional : H — R and 8 € R such
that £(" (ug)) = 8 and £(u) > 3 for u € B,(K). It follows that

0

5| U (o)) = L=V (" (u0))) = L(A(¢" (o)) = B> 0.

t=to
Hence there exists ¢ > 0 such that £(p!(ug)) < B for t € (to — &,tp). Thus,
©'(up) € Bo(K) for t € (to — €,1p). This contradicts our choice of ¢y and proves
that B, (K) is positively invariant under ¢.

(b) This follows from (a), since K = [, Ba(K). O

PROPOSITION 2.4. Suppose that there is ug € K\ {0} such that ®(ug) < 0.
Then ® has a critical point in K. Hence there is a nontrivial solution u € K

of (2.1).

PROOF. Since ®(ugp) < 0, ug is not contained in Ag. Therefore, by Lem-
ma 2.2, there is s € (0,1) such that sug € 049 N K. By Lemma 2.3(b) the
w-limit set w(sug) is contained in d.Ag N K, and it is nonempty. Since any
element of w(sug) is a critical point of ®, the assertion follows. O

Next we are concerned with multiple critical points of ®. For this we also
consider the cone —K and its dual cone

(—K)*={u € H : (u,v) >0 for all v € K}.
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We let Q: H — —K be the projection on —X which is uniquely determined by
the relation

lu — Quf| = min [|u—v].
veE-K

Moreover, we put Q* = Id — Q: H — H. Again we find that, for all u € H,
Q*ue (—=K)* and (Qu,Q"u)=0.

We make the following additional assumption:

(Ag) (A(u),v) < (A(Q*u),v) for u € H and v € (—K)*.
We remark that, if A: H — H is an odd vector field, then (A4) follows from (Ag).

Applying Lemma 2.3(a) to the cone —K, we find that, for @ > 0 sufficiently
small, B, (—K) is also a positively invariant set for the flow ¢. We now fix o > 0
such that the statement of Lemma 2.3(a) holds for B, (K) and B,(—K), and we
put

Ay = A(Bo(K)) N0Ay, A_ := A(Ba(—K)) N dAy.

Then we have the following.
LEMMA 2.5. The sets A and A_ are disjoint relatively open subsets of 0.Ag.

PROOF. Since B, (£K) are open subsets of H, A(Bq(£K)) are also open in
H. Hence Ay are relatively open in 0.Ag. Now suppose by contradiction that
AL NA_ # 0, and let w € AL N A_. Since u € dAg, we have T'(u) = oo and
w(u) # 0. Since u € A(B4(K)) NA(By(—K)), we have w(u) C B, (K) N By (—K)
and therefore w(u) C K N (=K) = {0} by Lemma 2.3(a), since w(u) consists of
critical points of ®. Hence ¢!'(u) — 0 as t — oo, but this contradicts the fact
that u € 0Ay. The lemma is proved. O

THEOREM 2.6. Suppose that the assumptions (A1)—(Ay) are satisfied. Sup-
pose furthermore that there exists a continuous path h:[0,1] — H with h(0) € K,
h(1l) € =K, and ®(h(t)) <0 for allt € [0,1]. Then ® has at least three critical
points uy, us, uz, where uy € KC, ug € —K and uz € H\ (KU —-K).

PROOF. The existence of u; and us follows from Proposition 2.4 applied to
K and —K. To get uz, we note that Ay N A([0,1]) = @ by assumption. We put
Q :=1[0,1]%, and we let B C Q be defined by

B ={(s1,52) € Q: s1h(s2) € Ap}.

Then B C @ is a relatively open set such that ({0} x[0,1]) € Band ({1} %[0, 1])N
B = (). Hence there is a connected component I' of the relative boundary 9B of
B in @ such that TN ([0,1] x {0}) # 0 and TN ([0,1] x {1}) # 0. This topological
fact has been proved in [26, Lemma 3.1], and we give a different short proof
in the appendix of this paper. Put I’y = {s1h(sz2) : (s1,s2) € I'}. Then Ty is
a connected subset of A, and I'o N+ # 0. By Corollary 2.5, the sets I'oN A+
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are disjoint relatively open nonempty subsets of I'g, so that, by connectivity,
there must be u € Ty \ (Ay UA_). Now the trajectory {¢'(u) : t > 0} is
contained in the closed set Ay \ (A+ U A_), and so is the w-limit set w(u).
In particular, w(u) N (KU —K) = @, so any point us € w(u) has the asserted
property. O

THEOREM 2.7. Suppose that the assumptions (A1)—(Ag) are satisfied, and

that A(—u) = —A(u) and V(—u) = U(u) holds for all w € H. Suppose also that
there is a subspace V C H of dimension n such that
limsup @(u) < 0.
weV, ||u||—oo
Then ® has at least n — 1 pairs u of nontrivial critical points located in H \

(KU —K).

PRrROOF. We first note that, by the oddness of A, assumption (A4) is also
satisfied. For a closed and symmetric subset D of H we denote by (D) the
usual Krasnoselski genus of D. For a definition and basic properties of -, see
[30, pp. 94]. Since, by assumption, ® is an even functional, 9.4y is a closed and
symmetric subset of H, and A_ = —A,. We wish to estimate the number of
critical points of ® in the symmetric set

£:=0A0\ (AL UAL).

Note that & C H is closed by Lemma 2.5, and it is positively invariant for the
flow . For a real number ¢, we consider the closed and symmetric subsets

E={uecl:Pu)<c}, K.:={uef:®(u)=c VP(u) =0}
We note that K. is compact by Lemma 2.1. We consider the nondecreasing
sequence of values

e :=inf{ce R:~(&°) >k}, keN

If ¢ < o0, then ¢ is a critical value of ®. In fact, we will prove the following
stronger statement.
(2.6)

If ¢, = cpy1 = -+ = cpq < 00 for some k, I, then y(K.) > 1+ 1 for ¢ := ¢y.

In particular, K, is an infinite set if [ > 1. To show (2.6), we let ¢ > 0 be

such that v(U) = v(K.), where U = B.(K_.). Since ® satisfies the Palais-Smale
condition, there is § > 0 such that for

M ={ue&\ B, (K. : ®(u) €[c—06c+}
we have

(2.7) ri= inf [Ve(u)]| > 0.
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Now let 0 < &; < min{§,7e/4}, and let u € £ \ [U U %] C M. Then we
claim:

(2.8) ot (u) € £ for some t € (0,T(u)).

Indeed, (2.7) immediately implies that the trajectory ¢ — ¢'(u) cannot stay in
M for all times ¢t € [0,7(u)). On the other hand, if, for some ¢t > 0, {¢*(u) :
0<s<t}CMand ¢'(u) € OM, then either ®(¢p'(u)) =c—0 < c—d; or
©'(u) € OB, 2(K,). In the latter case, we conclude

Ju- gl < [ O¢"(w)
1

= [ 19 )P ds < 2w - @t )
0

IA

€
2 Os ‘ds

IN

and hence
(¢! (w) < w) = T < c—du.

Thus (2.8) follows. Now, for u € £\ U, let t*(u) be the smallest ¢ € [0, T(u))
such that ¢!(u) € £97%. Then the function t*: £791 \ U — [0,00) is even and
lower semicontinuous, since £~ is closed. In fact, t* is also upper semicontin-
uous. To see this, let u € £791 \ U. We may assume that ®(u) > ¢ — &y, since
otherwise t* = 0 in a neighbourhood of u. Then ®(¢! () (u)) = ¢ — 1, and the
estimate from above shows that ¢! () (u) € M, hence ¢! () (u) is not a critical
point of ® by (2.7). Consequently, if p > 0 is given, then ®(¢! (WP (u)) < c—dy,
and thus ®(¢! (W+P(v)) < ¢ — §; for v sufficiently close to u. We conclude that
t*(v) < t*(u) + p for v sufficiently close to u, which shows upper semicontinuity.
Having thus proved that ¢* is a continuous function, we find that the map

G:EFMNU — 70 9(u) = o' W (u)

is odd and continuous. By definition of ¢ = ¢;, = cx4; and properties of the genus
we conclude that

k—1275(E7%) 2y (EFMN\U) 2 () —1(U) 2 k+1—(Ke),
and (2.6) follows. Next we prove that
(2.9) Cp—1 < 00.
Indeed, by assumption we can choose R > 0 such that
O(u) <0 forue V,|ul| > R.

This implies that W := VNAg is an open bounded and symmetric neighbourhood
of 0 in V. Since the dimension of V' is n, the boundary dyW C 0Ag of W in
V satisfies y(OyW) = n. Let C = Oy W \ (A4 U A_), which is a compact
symmetric set, and let N C H be an open symmetric neighbourhood of C' such
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that v(N) = ~(C). Then the set N = 8y W \ N is closed and symmetric, and it
is contained in A, U.A_. Since A, and A_ are disjoint relatively open subsets
of & Ay by Lemma 2.5, we can define an odd and continuous map h: N — R\ {0}
by h(u) =1 for u € Ay and h(u) = —1 for u € A_. We thus conclude that

~

v(N) < 1. Now from the subadditivity of the genus we infer
Y(C) =7(N) > ~v(0vW) — W(N) >n—1.

Since C C €NV, we conclude that ¢,—1 < sup ®(V) < oo, as claimed.
Since the assertion is a direct consequence of (2.6) and (2.9), the proof is com-
plete. O

REMARK 2.8. Theorem 2.7 can be seen as an abstract version of the multi-
plicity result in [3]. In [3], a relative genus was introduced and used in the proof.
We believe that the proof given here is somewhat more direct since it only uses
the classical Krasnoselski genus.

3. Application to superlinear biharmonic boundary value problems

We are interested in nontrivial solutions of the biharmonic equation

(3.1) A*u= f(z,u), x€Q

on a smooth bounded domain @ C R subject either to Navier boundary con-
ditions

(3.2) u=Au=0 on 0

or to Dirichlet boundary conditions

Ou
(3.3) u=oo = 0 on 09.

Here 0/0v denotes the exterior normal derivative at the boundary. For the
nonlinearity f we require the following assumptions:

(f1) f:Q@xR — Ris a Carathéodory function, and f(z,0) = 0 for a.e. z € .
(fz) There are constants ¢* > 0, ¢, € (0,A1), and 0 < p < 8/(N —4) for
N >4, resp. p > 0 for N <4, such that

[f(z,t) — f(x,9)] < g« + g (Jt|]P + |s|P)]|t — | for ae. xzeQ, teR.
(f3) There is R > 0 and 7 > 2 such that
0 <nF(z,t) < f(z,t)t for a.e. z€Q, |t| >R,

(f4) f is nondecreasing in ¢t € R for a.e. z € Q.
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Here F(z,t) := fot f(x,8)ds, and \; denotes the first eigenvalue of A% on
relative to the boundary conditions (3.2), (3.3), respectively.

REMARK 3.1. A simple example for (f;)—(fs) is given by nonlinearities of the
form f(x,t) = E?Zl a;(x)|t[Pit with nonnegative weight functions a; € L*>(Q)
which are positive on a set of positive measure in 2. Here we require that
0<p;<8/(N—4)for N>4andp;, >0for N<4,i=1,...,k.

3.1. Navier boundary conditions. In this section we deal with the bound-
ary value problem (3.1), (3.2). Under assumptions (f;)—(f4), we can cast this
problem in the abstract framework of Section 2. We consider the Hilbert space
H := H?(2) N H}(Q), endowed with the scalar product

(3.4) (u,v) = / Aulv, u,ve H
Q

and the corresponding norm || - ||. Then we have compact Sobolev embeddings
H — L*(RY) for1<s <2,

Here 2, denotes the critical Sobolev exponent for the biharmonic operator, i.e.
2, =2N/(N —4) for N >4 and 2, = oo for N =1,...,4. Using (f3), (f3) and
these Sobolev embeddings, it is easy to see that the functional

U:H—-R, Yu) = /QF(x,u(x)) dx.

is of class C™!, and that A = V¥: H — H is uniquely determined by
(A(u),v) = /Qf(x,u(x))v(w) dx  for all u,v € H.
Fixed points of A are precisely the critical points of the C''!-functional
B(u) = gl ~ ¥(w),

and these are precisely the weak solutions of (3.1), (3.2). Since it is standard
to deduce the abstract conditions (A1) and (Ag) from assumptions (f1)—(f3), we
omit the details at this point. Instead we recall another consequence of (f3). For
some constant ¢y > 0 and some bounded positive function c: 2 — R, we have

(3.5) F(z,u) > c(z)|u|"—cy forz e, ueR,
see e.g. [30, p. 111]. From (3.5) we deduce the following property of ®.

LEMMA 3.2. IfS C H\{0} is a compact subset and S := {tu:u € S, t > 0},
then

lim P(u) = -0
u€S, [Jul|—oo
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PROOF. Let (uy,), C S be a sequence with ||u, || — oo, and let v, € S,t, >0
be such that u, = t,v,. By compactness of S, we may pass to a subsequence
such that v, — v € S. Since n < p+1 < 2, by (f2), (f3) and (3.5), the
compactness of the Sobolev embedding H — L"() and the boundedness of the
function ¢ imply that

/ c(x) vy |" dz — / c(x)|v|"dx >0 asn — oo.
Q Q

Moreover, t,, — o0, since |u,| — oo as n — co. From (3.5) we thus infer

_ Nual® lunll?® "
P (uy) = F(x,up)de < ()| un|" dz + 0|9
2 Q 2 Q
2 |[vn]? -
—gn (2 lonl” / (@) |on]? dz + = 7c0|
2 Q
=t (0(1) - / e(x)|v]? dw).
Q
Hence ®(u,) — —o00 as n — 00, as claimed. O

Next we consider the closed cone K :={u € H:u >0 a.e. on Q}. For this
choice we also consider the dual cones K£*, (—K)* and the projections P, P*, Q,
Q* as defined in Section 2, and we want to verify the invariance conditions (Ajz)
and (A4). We recall the crucial fact that, on any smooth bounded domain §2, the
Navier boundary conditions (3.2) allow a strong maximum principle to hold for
the biharmonic operator A2 on Q. More precisely, for any nonnegative function
h € L>(Q), h # 0, the unique solution v € H of the problem A2?v = h subject
to (3.2) is a C3(Q)-function which satisfies
v
B
This follows by applying twice the maximum principle for the harmonic operator

(3.6) v>0 inQ and <0 on 99.

—A and once the Hopf boundary lemma. The following lemma collects useful
consequences of this fact.

LEMMA 3.3.
(a) K* C =K,
(a’) if u € K*\ {0}, then u <0 a.e. in Q,
(b) (=K)" C K,
(c) P(u) >u*, P*(u) <u,
(d) Qu) <u™, Q" (u) = u™.

For the case of Dirichlet boundary conditions on the unit ball B, part (a)
has already been noted in [19, Lemma 2].

Proor or LEMMA 3.3. Since u = Pu+P*u = Qu+ Q*u with Pu > 0 and
Qu < 0, properties (a)—(d) are readily seen to be equivalent. Property (a) can
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be proved precisely as [19, Lemma 2]. We now prove the stronger statement (a’).
Let u € K* \ {0}. Since the space C := {w € C*(Q) : w = 0 on 9N} is dense in
H = H*(Q)NH(Q), there is ug € C such that (u,ug) > 0. Consider an arbitrary
function h € L*(Q), h > 0, h # 0, and let v € H be the unique solution of the
problem A2y = h subject to the boundary conditions (3.2). Then v € C3(Q)
and v > 0 in Q, dv/dv < 0 on N by (3.6). Hence there exists ¢ = e(h, ug) such
that v 4 eup € K. Consequently,

0> (u,v—i—suo):/

uhdaz+5(u,u0)>/uhd:)§.
Q

Q

We conclude that [, uh < 0 for all h € L>°(Q) with h > 0 h # 0, and this
implies that u(z) < 0 a.e. on . O

COROLLARY 3.4. If (f4) holds, then (A(u),v) < (A(P*u),v) and (A(u), w) <
(A(Q*u),w) foru e H, v e K* andw € (—K)*. Thus the assumptions (Az) and
(A4) from Section 2 are satisfied.

PrOOF. Let u € H, v € K*, w € (—K)*. By Lemma 3.3(a), (b) we have
v <0 and w > 0. Moreover, by Lemma 3.3(c), (d) and (fy) we have

)
f@, [P*(W)(2)) < fz,u™(x)) 0 < fz,u'(2) < f(z,[Q"(uw)](x))

for x € Q, and therefore
(A(u),v) = /Q Fa,upoda < /Q Fa,u™ v da
< [ faPrw)eds = (AP w).0).
(A(u),w) = /Q f wywdz < /Q f e, ut )y da
< [ fe @ w)wde = (A@ (W) v).

as claimed. O
Now we can state our main result.

THEOREM 3.5. Suppose that (f1)—(f4) are satisfied. Then problem (3.1), (3.2)
has at least three nontrivial solutions uy, us, us, where uy is positive, us s
negative and us changes sign. If in addition f(x,—t) = —f(x,t) holds for all x €
Q, t € R, then problem (3.1), (3.2) has infinitely many sign changing solutions.

Proor. By Corollary 3.4 and the preceding discussion, we know that the
abstract conditions (A;)—(A4) are satisfied. We apply Theorem 2.6. For this we
let uw € K, v € =K be two linearly independent functions, and define hy: [0, 1] —
H\ {0} for s > 0 by hs(t) = s(tv + (1 — t)u). Then hs(0) € K, hs(1) € =K
for all s. Moreover, if s is sufficiently large, then ®(hs(t)) < 0 for all ¢ € [0,1]
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by Lemma 3.2. Hence all assumptions of Theorem 2.6 are satisfied, and thus
we obtain the existence of nontrivial critical points u; € K, us € —K and
uz € H\ (KU—K) of ®. Hence uy, ug, ug are nontrivial solutions of (3.1), (3.2).
Applying the strong maximum principle stated in (3.6), we conclude that wu; is
positive and us is negative, whereas us changes sign.

Now we suppose that, in addition, f(z,—t) = —f(z,t) for all z € , t € R.
Then A(—u) = —A(u) and ¥(—u) = ¥(u) for all u € H. We fix n € N and an
arbitrary n-dimensional subspace V' C H. Then

lim  ®(u) = —o0
u€eV, ||u||—oo
by Lemma 3.2. Hence all assumptions of Theorem 2.6 are satisfied, and this
Theorem yields n — 1 pairs of critical points of ® located in H \ (K U —K).
These critical points are sign changing solutions of (3.1), (3.2). Since n € N was
arbitrary, the assertion follows. O

We close this section with a result concerning the Morse index of sign chang-
ing solutions when ® is a C2-functional and the nonlinearity satisfies a strict
monotonicity assumption.

PROPOSITION 3.6. Suppose that, in addition to (f1)—(f1), the nonlinearity
f € CY(R) satisfies f'(t) > f(t)/t > 0 fort € R\ {0}. Then every sign changing
solution of (3.1), (3.2) has Morse index greater than or equal to two with respect
to .

REMARK 3.7. The assumption f'(t) > f(¢)/t > 0 for t € R\ {0} is satisfied
for the class of nonlinearities given in Remark 3.1.

PROOF OF PROPOSITION 3.6. Since f € C*(R) satisfies (f2), it is easy to
see that ® € C*(H,R) and

& (u) (v, w) = / (AvAw — f'(u)vw)dz for v,w € H.
Q

Let u be a sign changing solution of (3.1), (3.2), and let u; = Pu, us = P*u.

First we note that

(3.7) & (u)(u,u) = /

Q

(0 = Fuydo = [ (Fwu - F)ds <0

Q

by assumption. Next, let QT = {# € Q : u(x) > 0}. By Lemma 3.3(a’), (c) we
have ujus < 0 a.e. on ©Q and ujus < 0 a.e. on Q. Therefore

f(w)

o+ U

urug dr < 0

(3.8) /Q #uu@ dx <
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by assumption. Now for a, 5 € R we have

(3.9) @"(u)(aui + Bug, auy + fug)
= & (u)(u, a?uy + FPus) — (o — B)?®" (u)(uy, uz),

where

(3.10) <I>”(u)(u1,u2):/QAulAugdm—/Qf’(u)ulugdxz—/f'(u)ulugdx

Q

by the orthogonality of uq, us and

(3.11) O (u) (u, *uy + [*ug)

= / AuA(o?uy + [Puy) dx — / f(wu(c®uy + Bug) dx
Q Q

— [ setn + Pus)do - [ fuutatur + us) do
Q Q

— /Q [f(u) - f’(u)} [(aur + Buz)? + (a — B)*uus] dz

u

< [ - rw]e-srussas

u
Combining (3.8)—(3.11), we get

(3.12) @ (u)(cuy + Bug, aur + Buz) < (a — B)? %ulm dr <0 if a# 8.
Q

Now from (3.7) and (3.12) it follows that ®” is negative definite on the two-

dimensional subspace spanned by u; and us. Hence the Morse index of u with

respect to ® is at least two. O

3.2. Dirichlet boundary conditions. In this section we briefly discuss
the boundary value problem (3.1), (3.3). So now we consider the Hilbert space
H := HE(2), which we also endow with the scalar product given by (3.4). We can
define @, ¥ and A in a completely analogous way as in the last section, relative
to the new underlying space H = HZ(Q2). Then we get the precise analogue of
Lemma 3.2 for compact subsets S C H \ {0}. Considering again the closed cone
K of nonnegative functions in H, we need a result similar to Lemma 3.3. For
this we restrict our attention to domains ) such that the Dirichlet boundary
conditions (3.3) allow a maximum principle to hold for the biharmonic operator
A? on Q. In other words, we require that the Green function of the biharmonic
operator A? corresponding to the boundary conditions (3.3) is positive. By
a similar argument as in the last section, we obtain the following (cf. also [19,
Lemma 2]).
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LEMMA 3.8. Suppose that Q C RV is such that the Green function of A®
corresponding to the boundary conditions (3.3) is positive. Then we have:

(a) K* C =K,
(") if ue K*\ {0}, then u <0 a.e. in 9,
(b) (=K)" C K,
(c) P(u) > ut, P*(u) <u~,
(@) Qu) < u™, Q°(u) > u.

PROOF. As in the proof of Lemma 3.3, it suffices to show (a’). Let u €
K* \ {0}. Since the space C°(f2) of test functions is dense in H = HZ(Q),
there is ug € C§°(€2) such that (u,up) > 0. Consider an arbitrary function
he L>*(Q),h >0,h #£0, and let v € H be the unique solution of the problem
A%y = h subject to the boundary conditions (3.3). Then v is continuous and
positive in Q (since the Green function is positive). Hence there exists ¢ =
g(h, ug) such that v + eug € K. Consequently,

0> (um—l—euo):/

uhdm+5(u,u0)>/uhdm
Q

Q

We conclude that [, uh < 0 for all b € L>(Q) with h > 0, h # 0, and this
implies that u(x) < 0 a.e. on . O

As already remarked in the introduction, the additional assumption on the
Green function in Lemma 3.8 does not hold for any domain 2. However, it is
true if © is a ball in RY. In fact, in this case, the Green function is known
explicitly, and it is positive, see [6, p. 126]. In two dimensions, this is also true
for perturbations of a disk, see [21], [29], and it is true for the limagon in a certain
parameter range, see [12]. Now we can proceed as in the last section to obtain
the following result. We omit the details.

THEOREM 3.9. Suppose that Q C RY is a domain such that the Green func-
tion of the biharmonic operator A% corresponding to the boundary conditions
(3.3) is positive, and suppose that the nonlinearity f satisfies (f1)—(f4). Then
problem (3.1), (3.3) has at least three nontrivial solutions uy, ua, us, where uy is
positive, uy is negative and us changes sign. If in addition f(x,—t) = —f(x,t)
holds for all x € Q, t € R, then problem (3.1), (3.3) has infinitely many sign
changing solutions.

By precisely the same argument as in the proof of Proposition 3.6, we also
get the following.

PROPOSITION 3.10. Suppose that @ C RN is a domain such that the Green
function of the biharmonic operator A? corresponding to the boundary conditions
(3.3) is positive. Suppose furthermore that, in addition to (f1)—(f4), the nonlin-
earity f € CH(R) satisfies f'(t) > f(t)/t > 0 fort € R\ {0}. Then every sign
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changing solution of (3.1), (3.3) has Morse index greater than or equal to two
with respect to ®.

4. Appendix

Here we give a short proof (using the Leray Schauder continuation principle)
of a topological lemma due to Liu (see [25] and [26, Lemma 3.1]).

LEMMA 4.1. Let Q := [0,1)? be the unit square, and let B C Q be a relatively
open set such that ({0} x [0,1]) € B and ({1} x [0,1]) " B = (. Then there
is a connected component I' of the relative boundary OB of B in @Q such that

I'n([0,1] x {0}) # 0 and T' N ([0,1] x {1}) # 0.
ProoF. Consider the continuous map g: ) — R defined by
—dist(x,0B) for x € B,

9:Q =R, g(x)= { dist(z,0B) forx € Q\ B,

and for each A € [0,1] let gx:[0,1] — R be the continuous function defined by
ga(s) = g(s, A). By assumption we have g)(0) < 0 < gx(1) for all X € [0, 1], and
this implies

deg(gx,[0,1],0) = 1.
where deg denotes the usual Leray-Schauder degree, see e.g. [31]. Now the Leray—
Schauder continuation principle (see [31, Theorem 14.C] implies that there exists
a connected set I' C [0, 1] x [0, 1] such that

gr(s) =0 forall (s,\) €T,
FO(0,1) x {0}) £0, Tn(0,1] x {1}) £0.

Since gx(s) = g(s, A) = 0 if and only if (s, \) € 9B, the assertion follows. O
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