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Abstract

The Fucik spectrum for systems of second order ordinary differential equations with
Dirichlet or Neumann boundary values is considered: it is proved that the Fuc¢ik spectrum
consists of global C! surfaces, and that through each eigenvalue of the linear system pass
exactly two of these surfaces. Further qualitative, asymptotic and symmetry properties of
these spectral surfaces are given. Finally, related problems with nonlinearities which cross
asymptotically some eigenvalues, as well as linear-superlinear systems are studied.

Keywords and phrases: systems of ordinary differential equations, Fuéik spectrum for sys-
tems, symmetry properties

1 Introduction

The notion of Fuéik spectrum was introduced for the scalar Laplace problem in [1] and [2]. It is
defined as the set Y.,y € R? of the points (A*, A7) for which there exists a non trivial solution
of the problem

—u" =Atut —X"u™ din (0,1)

Bu=0 in {0;1}

(1.1)

here u™ (x) = max{0, +u(x)} and Bu = 0 represents Dirichlet or Neumann boundary conditions.
The Fuéik spectrum Y. for equation (1.1) is explicitly known and consists of unbounded curves
in R?: more precisely, from every diagonal point (A, \x) € R? (where A,k € N, denote the
eigenvalues of —u” with boundary conditions B) emanate two curves C’;t, with the property
that the corresponding solutions have exactly k — 1 nodal points and are positive resp. negative
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near zero. The two curves may coincide, and in fact they always do for the Neumann problem,
and for k even in the Dirichlet problem.
The corresponding partial differential equation

—Au=Xtut = X"u=  in Q
Bu=0 in 00

(1.2)

where 2 C R” denotes a bounded domain, is more difficult to handle and the corresponding
Fuéik spectrum is only partially known, namely:

- the so-called trivial part of the spectrum, corresponding to positive or negative solutions;

- if Ax is a simple eigenvalue, then the Fuéik spectrum in (/\k,l,)\kﬂ)z C R consists of two
curves (maybe coincident) which pass through the point (Ag, Ax), see [3], [4];

- the first nontrivial curve, passing through the point (A2, A2), see [5].

In [6] the following generalization of the Fuéik spectrum to nonlinear elliptic systems was
introduced:

—Au= Tt —X7v™ in Q
~Av=ptut —pTum  in Q- (1.3)
Bu=Bv=0 on 0f)

It was shown there that, due to intrinsic symmetries of the system, one may assume that two of
the four values AT, \~, u*, 4~ coincide. Thus, setting AT = ™, the Fuéik spectrum of (1.3) can
be defined as: & = {(At, A", u) € R? ; (1.3) has a nontrivial solution }. It was also proved
that near a simple eigenvalue of the system the Fucik spectrum consists of exactly two (maybe
coincident) 2-dimensional surfaces, which can be parametrized as /\IQ()\*, 1~ ). Furthermore, by

a variational characterization, the existence of an unbounded continuum of points in 5 containing
the point (A2, A2, A2) was given.

Finally, it was shown that many of the properties of the scalar Fu¢ik spectrum continue to
hold for its system counterpart (1.5), in particular, the properties related to the solvability of
problems with “jumping nonlinearities” (that is nonlinearities with asymptotically linear, but
different, growths at +o0o and —o0). In short in dependence of the position of these asymptotic
slopes with respect to the Fucik spectrum S one has: if these slopes lie in the regions in R3\ S
which contain points AT = A\~ = = of the diagonal, then one has solvability for every forcing
term; on the other hand, if these slopes lie between two spectral surfaces emanating from the
same eigenvalue (Ag, AgA;) (in the case they are distinct), one obtains existence or nonexistence
of solutions in dependence of the forcing terms.

These properties show the importance of a good knowledge of the shape of the Fucik spec-
trum.

In this paper we consider the Fuc¢ik spectrum for a system of second order ordinary differential
equations: we consider the problem

—u” = XTvt —X"v™  in (0,1)
" =Aut —pTum in (0,1) (1.4)
Bu=Bv=0 in {0;1}
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and we call Fucik spectrum the set
S = {(AT,A7,u7) € R® such that A*, = > 0 and (1.4) has nontrivial solutions} . (1.5)

Throughout the paper we will always denote by 0 < A\ < Ao < A3 < ... < A; < ... the eigenvalues
of — de in H}(0,1), when dealing with the Dirichlet problem, and in H'(0, 1) for the Neumann
problem; moreover {¢x},_; o will be the corresponding eigenfunctions, taken orthogonal and
normalized with ||¢g| ;2 = 1 and ¢; > 0.

We recall here that the linear spectrum of a system coupled like (1.4), namely

= v in (0,1)
—v" = \u in (0,1) (1.6)
Bu=Bv=0 in {0;1}

is composed of the eigenvalues A\ and —\; (k = 1,2, ..), with corresponding eigenfunctions the
pairs (¢, ¢r) and (¢, —¢k ), respectively. As a consequence, the points (Ag, Ag, Ax) belong to by
for k > 1.

When restricting to dimension one, the techniques for ordinary differential equations become
available, and this will allow to obtain a much more detailed description of S than was possible
for (1.3). In particular, the techniques which we use here are inspired from [7], where the
interest was the Fucik spectrum for a fourth order problem in dimension one with so-called
Navier boundary conditions. Indeed, we remark that this equation is a special case of system
(1.4) which is obtained by setting ut = u~

The results presented here will be in different directions. First (in section 3) we will derive
some qualitative properties of the nontrivial solutions of (1.4):

Theorem 1.1. If AT, A", u7) € S and (u,v) is a corresponding nontrivial solution of problem
(1.4), then u and v have only simple zeros, of the same number, and of the same sign both in a
neighborhood of 0 and of 1.

The main result of the paper will be to obtain a good description of the Fucik spectrum
S first, through the implicit function theorem, we will obtain a local description of Sin a
neighborhood of one of its points (see lemma 4.1), and then, as a consequence, also a global
description (see proposition 4.4).

Finally, by joining the global description with the results in theorem 1.1 and with the know-
ledge of the linear spectrum (1.6) and of the scalar Fu¢ik spectrum X.,;, we will be able to
establish

Theorem 1.2. Through any point (Ag, Ak, \i) € R3, with k > 2, pass two C' surfaces in S

e the two surfaces corresponding to k > 2 are always coincident with Neumann boundary
conditions, and they are coincident if and only if k is even with Dirichlet boundary con-
ditions;

o if the two surfaces corresponding to k > 2 do not coincide, then their intersection contains
an unbounded curve which passes through (g, Ak, Ak);
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o the surfaces corresponding to different values of k are disjoint;

e cach of the surfaces is characterized by the number of (simple) interior zeros (in fact, k—1)
of the corresponding nontrivial solutions and by their sign in a neighborhood of zero; they
will therefore be denoted by Z;‘ and ¥, ;

e these surfaces may be represented expressing the variable X\ in terms of the other two, and
they are monotone decreasing in the two variables and unbounded in the three directions;

e all points in ) belong to one of these surfaces (except for those corresponding to solutions
which do not change sign, see relation (2.8)).

e in the Neumann case, if A*, A", u~) € fl,f with k > 2, then
VAT > M/4 and AT >\ /4
in the Dirichlet case: if (AT, A7, u7) € f]z (resp. i;) with k > 2, then

AT > /\[k/g] and AT > )\[(kJrl)/Q]

resp.
VATuT > )‘[(k+1)/2] and AT > )\[k/Q}
(here [-] is the integer part of its argument).

In section 4.3, we also present a result about the symmetries of the non trivial solutions:

Proposition 1.3. The nontrivial solutions corresponding to points in if with k odd are sym-
metric, in the sense that (u,v)(x) = (u,v)(1 — x).

Moreover, for Neumann boundary conditions, one has that if j > 0 and k=1 (MOD 2/+1),
then (u,v) are (1/2)7 periodic in [0,1].

Finally, in section 5, we will analyze some properties of the set (R)3\ f], motivated by the
fact that this set is related to the solvability of nonlinear problems with jumping nonlinearities
(see there for more details). Indeed, proposition 5.3 presents regions where we may guarantee
solvability, as given in theorem 5.4.

We remark that also problems with nonlinearities which are asymptotically linear at —oo
and superlinear at 400 may be treated by exploiting the properties of the Fucik spectrum, as
done for the scalar equation in [8] and in [9]: what is important for these applications is the
knowledge of the asymptotic behavior of the curves in X,.,;; in particular, the key point in order
to have the possibility to obtain existence results for such a nonlinearity, is the presence of a
“gap at infinity” between the surfaces in b corresponding to consecutive eigenvalues; the results
in proposition 5.5 will guarantee the existence of such gaps, at least for Neumann boundary
conditions.
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A result for the first of these gaps was already obtained in [10], that is, existence of solution
when the slopes at —oo are positive and satisfy \/A=pu~ < A2/4. We are confident that the
better insight on ¥ obtained here will prove useful to improve this result.

To conclude this introduction, we remark that, although the results obtained here are much
more detailed than for the multidimensional case [6], we cannot obtain an explicit description
of 3 as is possible for the scalar problem in dimension one. This is due to the fact that the
interaction of the two functions u and v gives rise to more complicated phenomena: just to give
an idea, observe that the nontrivial solutions of the scalar Fu¢ik problem in dimension one can
be built by suitably gluing bumps of the form sin(vA+z) and —sin(vA~z); on the other hand,
for the system, there appear intervals where u and v have opposite sign, and there the solutions
have a component of the form of the hyperbolic functions sinh and cosh.

2 Some useful results about the Fuc¢ik spectrum

For the scalar problem in dimension one, it is known that the Fuc¢ik spectrum X,.,; may be
explicitly calculated: for Dirichlet boundary conditions it is composed by the curves

s s
YE=%: + =1, i>1 2.1
21 21 \//\T \/)\T ( )
im (i—1)m _ (i—1)m iT
o + =1, X, _;: + =1, 1>1; 2.2
2i—1 \/)\T \/)\i 2i—1 \/)\T \/)\T ( )
for Neumann boundary conditions it is given by the curves
XAt =0, Z7: A =0, (2.3)
—1 —1
EE U=Dm  G=Dr_y 5y (2.4)

N N N
where the curve Ez (resp. X, ) corresponds to nontrivial solutions having k — 1 internal zeros
and starting positive (resp. negative); observe that Ef passes through the point (Ag, Ag) (recall
that A\, = (k7)? in the Dirichlet case and A\x = ((k — 1)7)? in the Neumann case). Observe also
that the asymptotes of these curves are located, for the Dirichlet case, at the values

AT =N for 22_1'—1 , 295, E;_z'—t-l , (25)

)\+ = )\Z fOT' 2;;71 5 EQ’L") 22_i+1 ’

and for the Neumann case at

AT = A and AT = A for 3. (2.7)
4 4
These simple computations may be found in [1], for Dirichlet boundary conditions, and in
[8], for the periodic case, which is very similar to the Neumann case.
We also refer to [2], where the most important properties of the (scalar) Fucik spectrum are
presented for what concerns its application to the solvability of related nonlinear equations.
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A survey of all these results was given in [11].

Since we are going to use several results from [6], we devote the last part of this section to
briefly summarize them.

First, we remark that in (1.4) (and hence in i) we are considering only nonnegative coeffi-
cients, and identical coefficients for ©™ and v™; the reasons for this choice are widely discussed
in [6] and rely on the observation that, even if we use four parameters, the “interesting” points
of the spectrum have coefficients which are all of the same sign and which, through a suitable
rescaling, may be transformed into an equivalent point of this form (i.e. lying in ﬁ])

Furthermore, for points in 3, the following lemma was proved:
Lemma 2.1. Let (AT, A", u7) € S and (u,v) be a corresponding nontrivial solution, then:

e both u and v change sign or none of the two;
e if none of the two changes sign then A\ = X\; or /A~ u~— = A\i;

e if both change sign, then X™ > X1 and /A~ p~ > Ai.

This lemma implies that S s composed of a trivial part
S = {(Aﬂx,/f) €R® such that: A* = \j or /A~ p— = /\1} : (2.8)

corresponding to solutions which do not change sign, and a nontrivial part St (to which we
may concentrate our attention) which we define as

St = {(AT,A7,u7) €R® such that:
A%, 1~ > 0 and (1.4) has nontrivial solutions which (both) change sign} . (2.9)

Finally, we remark that f)m has several symmetries, in particular we have

Lemma 2.2. If A", A7, u") € f]nt with corresponding nontrivial solutions (u,v), then

1. ATu—, A7) e St with corresponding nontrivial solutions (v,u);
A, AT/ ’;—:, AT/ 2_) € f]m , with corresponding nontrivial solutions (—u, —,/ 2—:11)

For what concerns the relationship between ¥.,; and 3 we recall

Lemma 2.3. If (AT, A7) € Xyeq with corresponding nontrivial solution u, then (AT, A7, A7) € )
with corresponding nontrivial solutions (u,u).
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3 Some properties of the nontrivial solutions

In this section we will obtain some preliminary lemmas about the non trivial solutions of a
system like (1.4); by joining these results, we obtain theorem 1.1.

Lemma 3.1. Weak solutions of problem (1.4) are in fact classical solutions.
Proof. Weak solutions of problem (1.4) are by definition in H*(2), then the right hand side in

the equations is in H' too; so one gets, by a boot strap argument, that the solutions are in
H3(); this, in dimension one, gives solutions in C?(£2), and so they are classical solutions. [

Lemma 3.2. Let ¢,d € L>*(0,1) with ¢,d > 0 a.e. and (u,v) be a nontrivial solution of the
boundary value problem (BVP for short)

—u" = c¢(z)v in (0,1)
—" =d(z)u  in (0,1) . (3.1)

Then for no point z* € [0, 1] may hold:

w(z®) >0, u'(2*) >0, v(z*) <0, V(%) <0, (3.2)
nor  wu(x*) >0, (2*) <0, v(z*) <0, v (z*) >0, (3.3)
nor  w(x*) <0, d (%) <0, v(z*) >0, v (z*) >0, (3.4)
nor  wu(z*) <0, u'(z*) >0, v(z*) >0, V(") <0 (3.5)

Moreover:
e forz €0,1],

(Ai) if u(Z) =0 (or v(Z) =0) then u'(Z)v'(Z) > 0,
(Aii) if v/ () = 0 (orv'(Z) =0) then u(Z)v(z) > 0;

o forxzy,x9 €0,1], z1 < o,

(Bi) if u'(x1) = u/(x2) = 0 and u/(x) # 0 for x € (x1,x2) then u(x1)u(xe) < 0,
(Bii) if u(x1) = u(z2) =0 and u(x) # 0 for x € (x1,x2) then u'(x1)u'(z2) <0,
and the same holds for v.
Proof. For the system (3.1), uniqueness of solution for the corresponding initial value problem

(IVP for short) holds and then we immediately see that a nontrivial solution may have u(z*) =
v(x*) =u/(z*) = v'(2*) = 0 in no point z* € [0, 1].
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By integrating the equations in (3.1) we get, for z, xzo € [0, 1],

) = ) +uleo)a —x0) -~ [ ey [ E ()0(E)dEs (3.6)
o) = ot + e —an) - [ae [ d@utente, 3.7
W) = )~ [ eleniends. (33)
Vi) = v - [ deuie)ds. (3.9

We first prove (3.2) with strict inequalities: suppose the inequalities hold strictly in z* < 1
and let ©1 > z* be the first point (if any) where one of the two functions has zero derivative;
observe that u and v maintain their sign in (z*, 1] and then by (3.8) /(z1) > 0 and by (3.9)
v'(x1) < 0: this implies that v and v may never satisfy the boundary condition at 1.

By the same argument one sees that if (3.3) holds with strict inequalities in 2* > 0 then u
and v may never satisfy the boundary condition at 0.

Then observe that if u(xz*) = 0, then in a right neighborhood of x* it assumes the sign of u’
in the same neighborhood; if v/(z*) = 0, then in a right neighborhood of z* it assumes, by (3.8),
the opposite sign of v in the same neighborhood, and so on; then one may relax all inequalities
in (3.2) since even if only one of the four is strict then in a right neighborhood all become strict;
the same considerations for left neighborhoods of z* allow to do the same with (3.3).

Finally, equations (3.4) and (3.5) follow by linearity (or by exchanging the role of u and v).

The proof of (3.2) and (3.4) in 1 and of (3.3) and (3.5) in 0 is superfluous by virtue of the
boundary conditions: as an example, observe that in the Dirichlet case (3.2) is equivalent to
(3.5) in 0 and 1.

Now, (Ai) and (Aii) follow by combining the four relations; we just give an example of this
(all the functions in the following will be evaluated in Z): let v = 0; if v < 0 use (3.2) and (3.3)
and obtain that v’ = 0 gives contradiction for any v/, while v’ > 0 gives v" > 0 by (3.2) and
u’ < 0 gives v’ < 0 by (3.3); for v > 0 the same is obtained by using (3.4) and (3.5).

To prove (Bi) observe that, by (Aii), v(z1) # 0 # v(z2) and, by (3.8),

0= (o) =~ [ P @(en)de (3.10)

1

implying that v changes sign in (z1,2); if it changes sign once then v(x1)v(z2) < 0 and then,
by (Aii), u(xi)u(ze) < 0 as claimed. Now observe that u may have no more than one zero in
(x1,22) since otherwise there would exist also a point z € (21, x2) with «/(Z) = 0; then we just
need to show that it may not happen that v changes sign more then once in (x1,x2) while u
does not change sign: actually in this case, since uv > 0 in z; and z9 by (Aii), there would
exist an interval [z3,z4] C (x1,22) such that uv < 0 in (z3,24) and v(z3) = v(z4) = 0; but
this contradicts (Aii) since then there would exist also a point Z € (z3,z4) with ¢'(Z) = 0 and
u(z)v(z) < 0.

Finally, (Bii) is trivial since by (Ai) the zeros of u are simple and in the given hypotheses u
has the same sign in a right neighborhood of x; and in a left neighborhood of 5. O
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Proposition 3.3. If A", A", u") € S and (u,v) is a corresponding nontrivial solution of prob-
lem (1.4), then the same conclusions of the above lemma hold for (u,v); in particular u and v
have only simple zeros and the same sign both in a neighborhood of 0 and of 1.

Proof. The non trivial solution satisfies problem (3.1) with ¢(x) = A x>0y (%) + A7 X {u<0} (2)
and d(z) = A X{u>0} () + 11~ X{u<o}(2). (Here and in the following x a(z) is the characteristic
function of the set A, and then satisfies the hypotheses of Lemma 3.2).

In particular, (Ai) in lemma 3.2 implies that the zeros are always simple, while (Ai) and
(Aii) imply that uwv > 0 both in a neighborhood of 0 and of 1. O

The results in the previous lemmas allow to obtain the following important result:

Proposition 3.4. If (AT, \",u") € Soe and (u,v) is a corresponding nontrivial solution of
problem (1.4), then u and v have the same number of (simple) zeros.

Proof. Let z1 be the first stationary point of u: for Neumann boundary conditions this is 0,
while for Dirichlet boundary conditions we may see that there is no zero of w or v in (0, x1]:
actually u and v’ maintain their sign in (0,21), by (Ai) in lemma 3.2 »/(0)v'(0) > 0, and then if
v had a zero T € (0, x;] we would have «/(Z)v'(Z) < 0 contradicting (Ai) in lemma 3.2.

Now let o be the second stationary point of u: by (Bi) in lemma 3.2 u(z1)u(z2) < 0 and
then w has exactly one zero z, € (x1,z2): we claim that v has a unique zero in [z, z2] too:
actually it may not have an even number of zeros since by (Aii) in lemma 3.2 v(x1)v(zs) < 0,
and if it had three or more, then it would also have two stationary points and for at least one
of them vu < 0, contradicting (Aii) in lemma 3.2. The same argument may be applied to
the following intervals between stationary points and, finally, we have no zero between the last
stationary point of v and 1 by the same argument used above.

Then, we conclude that the zeros of u and v are exactly one for each interval between two
stationary points of u, and so we proved the claim. ]

Remark 3.5. We observe that the results in this section may be described in terms of the phase
plane: actually, the equations from (3.2) to (3.5) simply say that u and v may never lie in
opposite (closed) quadrants of the phase plane.

With this interpretation, it is simple to deduce intuitively the properties in lemma 3.2 and
also proposition 3.4.

4 Construction of int

In this section, we will build the non trivial part of the Fucik spectrum f]m; in order to do this,
we will first construct a related set in R*. We consider the initial value problem

—u" = Tt — Ao
(IV P) —v" =Mt -y , with AT, A7, 0" >0.

(u,v,u,0")(0) = (uo, vo, uf, vj)
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Then we define, for Dirichlet boundary conditions, the sets

- AT, A7, 17, 8) € (RT)3 xR : the solution (u,v) of IVP with

»E = (4.1)
(uo, vo, up, vy) = (0,0,%1,s) satisfies u(l) =v(1) =0
and for Neumann boundary conditions
S (AT, A7, 17, 8) € (RT)2 xR : the solution (u,v) of IVP with (4.2)
(w0, vo, ), vh) = (£1,5,0,0) satisfies w/(1) = /(1) =0 '
Then we will denote by
SE={OH A, p) e (RT)? : I seR such that (A, A7, u7,s) e SF 1, (4.3)

and so & = ST US™. N
In particular, we only need to study one of the two components (say ¥7), since the other
one may be found by exploiting the symmetry 2 in lemma 2.2.

4.1 Local study of ¥*

In the following lemma we will use the implicit function theorem to describe Yt ina neighbor-
hood of one of its points.

Lemma 4.1. Given (A*, A", i",5) € S+ such that the corresponding nontrivial solutions (i, )
change sign (both), then X7 is locally of the form (AT(A~, u™ ), A", u~,s(A~, u™)), where (for a
suitable € > 0)

(As) « AV —e X +e)x (i —e, i +e) — R? (4.4)
is a C' function of A\~ and p~; moreover
oAt [l
a)\i_(A s W ) = fol(ﬂ—i-;)Q n (5—&-)2 < 0, (45)
- A
aui_(A s W ) = fol (ﬂ+§2 n (5-&-)2 <0. (46)

Finally, the related nontrivial solutions have all the same number of (simple) zeros (hence
both change sign) and the both have same sign in a neighborhood of 0 and of 1.

Proof. We will give the proof for Dirichlet boundary conditions.

We will denote by (u,v) [AT, A7, ™, s] (z) the solution of the IVP
—u = Xtot — Ao~ in (0,1)
=t prae i (0.1) (4.7)
(u,v,u',0")(0) = (0,0,1, s)
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and we will apply the implicit function theorem to the system
(u,0) [AT, A7, 07, 8] (1) = (0,0), (4.8)

that is, we want to solve locally the set of its zeros with respect to the variables A=, ™.

We remark that (u,v) [AT, A7, u~, s] (z) is a C! function of the five variables (A\*, A=, u~,s) €
N and = € [0,1], where N is a suitable neighborhood of the point (AT, A~,i~,3); actually
the derivatives may be calculated through the differential equation, where the nonlinearities
Aot — A0~ and ATut — p~u~ are C! functions of the variables AT, i~

Denote by (@,v) = (u,v) [5\+, AT A, E}; since the zeros of u and v are simple by lemma 3.2,
we may restrict the neighborhood NN such that this property is maintained for all the functions
(u,v) AN, A7, 1, 8] with (AT, A7, 4, s) € N and such that the internal zeros do not disappear
and the sign in a neighborhood of 0 and of the last zero does not change. We remark also that
since @ and v change sign then this property too is maintained in N.

Now let c¢(x) = A X501 + A X{o<o} and d(z) = A x(as0p + A X{a<oy: then (4, 0) also
satisfies the IVP

1]
S.

—u" = c(x) (0,1)
—0" = d(z)u in (0,1) - (4.9)
(a,v,d',v")(0) = (0,0,1,5)

Then let (us,vs)(z) = %(u,v) AT, A7, 7, 5] (@): differentiating (4.9) with respect to s we
get (the dependence on s is just in the initial condition):

—ul = c(z)vg in  (0,1)

—v =d(x)us in (0,1) ; (4.10)

/

(u37 Usy Ug, 'U;)(O) = (07 07 07 ]-)
note here that by using equations (3.6) and (3.7) one obtains that vs(x) > 0 and us(xz) < 0 for
z € (0,1].

Now, multiplying the first equation in (4.10) by o, the second by @ and summing we have
[ —ulv —vlu = [ e(x)vs0 + d(z)ust; integrating by parts two times we obtain

1 1
/ —us0" — vgtl” + [—ult — vt 4 ust + v = / c(x)vst + d(z)ust . (4.11)
0 0
Since (u,v) is solution of the BVP too, it satisfies
u(0) =0(0) =u(l)=0(1) =0 (4.12)
and so in equation (4.11) only the following term survives:

(us® + v,@) (1) = 0. (4.13)
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In the same way, let (uy+,vy+)(2), (uy-,v\-)(x) and (u,-,v,-)(x) be defined like (us, us)(x)
above: differentiating (4.9) with respect to AT, A\~ and u~ respectively, we get (the dependence
on AT, A7 and p~ is in the coefficients ¢(z) and d(z)):

—ul = c(x)oys + 07" in (0,1)
—vyy = d(z)uys +at in (0,1) (4.14)

(Unt, vx+, u/)d— ) Uﬁ\+)(0) = (0,0,0,0)

—u\_ = c(x)vy- — 0~ in (0,1)

—v\_ = d(z)uy+ in (0,1) , (4.15)

—uZ, = c(w)v,- in (0,1)
—UZ, = d()u,- — U~ in (0,1) ; (4.16)

(uuf,vuf,uL_,vL_)(O) = (0,0,0,0)

then, proceeding as for (4.13), we get

1 1
Une U+ vy il = at)? )2 )
(urs ' + vye@)(1) /0<>+/0<>>o, (4.17)
1
(uy 0 + vy @)(1) = /0 ()2 >0, (4.18)
1
(uuﬁl—l—vﬂﬂ’)(l):/o (@) >0. (4.19)

We deduce by the above computations that the vector (us(1),vs(1)) is not zero, and by (4.13)
it is orthogonal to (v'(1),a/(1)), while (uy+(1),v5+(1)) is not orthogonal to it; then

dor | D D) £0, (4.20)

us(1)  ws(1)

which is indeed the condition we need to apply the implicit function theorem to system (4.8),
that is to obtain the claimed function (A*,s) (A™, u™).

Now we may also obtain the derivatives g:\\—f(j\*, g~ ) and g/)—f(;\*, g~ ): by differentiating
(4.8) we get
d(u,v) (s, A1) d(u,v)
=0 4.21
[c%aﬁ)] [au,u) ool =% “2)
that is
us(1)  ux+ (1) (A7) (A aT) ux-(1) (1)
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that is (by equations (4.13), (4.17), (4.18) and (4.19))

PO ) )
0 1 at+ 2+ T2 O B,u+ )
[ Jo G+ () ] ) PO, E)

=i

= | K Ra?]

(4.24)
and then we get equations (4.5) and (4.6).

The same results may be obtained for Neumann boundary conditions by applying the implicit
function theorem to the system

(u',0") AT, A7, 07, 8] (1) = (0,0), (4.25)
where now (u, v) is the solution of the IVP with (u,v,u’,v")(0) = (1, s,0,0) O

We remark that the hypothesis that the nontrivial solutions change sign was used to guar-
antee the condition (4.20): in fact, the implicit function theorem (at least in this form) may not
be applied to ;.

4.2 Global study of ©*

Now, we want to exploit the local information obtained in lemma 4.1, in order to obtain a
qualitative description of the set ©T; to do this we will need the following lemma and its
corollary 4.3:

Lemma 4.2. Given {(\5, A7, s0)} © SF with (N A wn) — (AL NG, 1) € R3, there
exists a subsequence s, — so € R such that (A, Ay, g, S0) € >t

Moreover, if the sequence (un,v,) of the corresponding nontrivial solutions is composed by
functions all with the same number of (simple) zeros, then the functions (ug,vg) corresponding
to the point (A\J, A s Hg , S0) have this number of (simple) zeros too.

Proof. Consider the Dirichlet boundary conditions. As seen in lemma 3.1, the functions u,,, v, €
H?(0,1) € cH1/2([0,1)).
_ Un Un
Let (Un, Vn) = (”UnHHQ’ Tonl 172
[H%(0,1)]2 and strongly in [C*([0,1])]*.

The variational equation for (Uy, V) is [y Usd' + Vi)' = [J NV = Ao Vir)o + (WU —
pnp U ) for all ¢, € HY; taking the limit gives

): then, up to a subsequence, (Uy,, V,,) — (Up, V) weakly in

1 1
/ UL + Vi = / MSViE = MV )+ OSUS — pgUs ) for all g, € HY,  (4.26)
0 0
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that is (Up, Vo) is a solution of (1.4) with coefficients (AJ, Ay, 1o )-
Since the solutions are strong too by lemma 3.1, we have

1 1
/0 (~U — U2 = / [TV = AV — OVt =g Vi )] (4.27)

where the right hand side goes to zero and so U,, — Uy and (by the same argument) V,, —

Vo strongly in H?; this implies that |[Upl|g2 = [|[Vollg2 = 1 and so (Up, Vo) is a non trivial
solution, that is (AJ, Ay, g %) € &t (observe that U;(0),V5(0) > 0 by lemma 3.2 and the
C! convergence).

Moreover, since s, = v}, (0) = %, its limit exists (by the C! convergence) and it is indeed

Zégg;, so we proved the first part of the lemma.
0

To conclude, observe that (U (x), Vi, (2)) = (un(z), v,(z)) UL, (0) and U,,(0) is (up to a sub-
sequence) bounded away from zero; this implies that if the sequence (uy,vy) is composed by
functions all with the same number of simple zeros then the same is true for (U,,V,,) and, by
the C! convergence, also for (Up, Vo).

For Neumann boundary conditions, the proof goes in the same way, by proving that (up to

a subsequence) s, = v,(0) = g:%g)) — gg%g)) and that (Ad, Ag, g » Xg((g))) et O

Corollary 4.3. The set S+ is closed.

Proof. Actually, the previous lemma implies that if a sequence {(\}, A, 1)} C S+ is such that
A5 A0 i) = (AS Mg o) € B3, then (A, Ag, 41y ) € BT O

Now, a first qualitative description of the set s+ may be given:

Proposition 4.4. Let C' be a connected component of S+ such that the corresponding nontrivial
solutions change sign; then there exists a connected open set A C{(A\7,pu~): A7, u~ > 0} such
that C' is of the form C = {(AT(A7, 0w ), A", 0, s(A",u7)): (A", u") € A} and the following
assertions hold:

1. (AT, 8): A — R? is a C' function of \=,u~ and for any (A=, u~) € A

Nt
D) < o, (4.28)
Ot
o (A ,u7) < 0. (4.29)
2. There exist a real p > 0 and a non increasing function D : (p, +o0) — R such that for
any A\~ >0,
< 0 for X\= <p
Am{()\‘,u‘) o eR+}: - ~ - - (4.30)
{Gw) s w= > DO} for X >
in the case A\~ > p we have
lim AT\, p7) =400, (4.31)

pn~—D(A7)
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and

lim AT\, u7)=E\") (4.32)
P —too

defines a non increasing function E : (p, +00) — RT.

Finally, the same holds if we exchange the role of the variables A\~ and u~.
3. The corresponding nontrivial solutions of (1.4) have all the same number of (simple) zeros.

4. 30 (Ao, py) € A such that XY\, uy) = Ay = py, and then \; = p; = A\ for some
k> 2.

Proof. ;From lemma 4.1 we deduce that C' may be expressed as a function of A7, u~ defined on
a open connected set and we obtain the point 3 and equations (4.28) and (4.29); moreover, by
point 3 and lemma 2.1 we deduce that A=, u~ and AT (A™, u~) are all strictly positive.
J AT, 07 = Ay € R then for some
so € R the point (A, Ay, g, 50) € C and then (A\;, ) would be an interior point of A by
lemma 4.1. .

Once fixed A= > 0, the variable ;= has to take values in an open subset of (0,+00), but

the function A (A, ™) has to be positive and decreasing in p~; this and the above remark

Now remark that, by lemma 4.2, if lim(k‘,u‘)H(AE,MJ

imply that this open set has to be a halfline, that the limit of AT(\y, ) at 4+oo exists and is

nonnegative while the limit at the initial point D(A~) of the halfline must be +oo, proving the
first part of point 2.

The fact that one may exchange the role of the variables A~ and ™ follows by the symmetries
of the Fucik spectrum and this implies that the function D is non increasing (otherwise the
sections in direction A~ would not be halflines). Finally E is non increasing by (4.28).

To prove point 4, consider the halfline {(A™, 7)) : A~ = pu~ > 0} (observe that by point 2
it may not have empty intersection with A): since the function A* is C'(A), by equations (4.28)
and (4.29) we have that it is decreasing along this halfline and so we may deduce as above that
it has a nonnegative limit for A = 4~ — 400 and an asymptote where the halfline enters A;
this implies that there exists a (unique) point & where AT (&, &) = &, proving point 4 (in fact in
this case problem (1.4) reduces to (1.6) and then £ € o(—A)\ {\1}). O

Proposition 4.4 allows us to characterize all the connected components of v actually, the
complete knowledge of the linear spectrum (1.6) and property 4 in Proposition 4.4 imply the
following:

Proposition 4.5. There exists a one to one relation between the eigenvalues {)‘k}kzz of the

Laplacian and those connected components of s (respectively of i‘) which correspond to non-
trivial sign changing solutions.

Proof. For any eigenvalue )\, there exists a unique value s (namely s = 1) such that the point
Q\k, Ay Ak, S) € ks and, by lemma 4.1, through this point passes one connected component of
YT conversely, by point 4 in proposition 4.4, we have that any connected component in X7
passes through a point of the form (Mg, Ak, Ag, s) for some k > 2, s € R.

These facts give the one to one relation. O
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Definition 4.6. In view of proposition 4.5, we will use the notation f];: (resp. i;) for the
component corresponding to N\, and E;: (resp. ¥, ) for its projection in {()\Jr, A, u7) € R3}.

Moreover, we will denote by Aki, D,f, Efct and pf, what was denoted by A, D, E and p for
E;, and by f,;t the corresponding function X (A7, ) (see in proposition 4.4).

Looking at the set f, proposition 4.5 implies the following

Corollary 4.7. Trough any point (ANks Ajy Ag) € S with k > 2 pass exactly two surfaces in int,
namely Z§ and X, , which may or may not coincide.

In particular, as happens for the eigenfunction corresponding to Ak, the nontrivial solutions
corresponding to a point in f],it have always k — 1 (simple) interior zeros.

Moreover, any point in im belongs to one of these surfaces.

Now we may also complete the result of lemma 2.3 about the relationship between the Fuéik
spectrum for the system considered above and the Fucik spectrum for the scalar case Y40 we
may assert

Proposition 4.8. There exists a bijection between Ys.q; and the subset of S with A~ = wo
in particular, if u is a nontrivial solution of the scalar problem (1.1) corresponding to a point
(AT, A7) € Bgear, then the couple (u,u) is a nontrivial solution of problem (1.4) corresponding
to the point (AT, A7, A7) € ¥ and viceversa.

Proof. For AT = A\; or A~ = u~ = )\q the claim is trivial since we know explicitly the form of
it.

In lemma 2.3 it was already proved that to each point in ¥4, corresponds a point in S with
the claimed relation.

In fact, this relation is a bijection: actually, also for the scalar problem we may identify each
curve in the Fucik spectrum by the number of nodes and the sign near zero of the corresponding
nontrivial solutions, and hence each surface iz (resp. ENDI;) contains the corresponding curve of
Yscal; Moreover, each surface i; (resp. ilz) contains a unique curve with A= = p~ (since we
saw indeed that we can express the surface as a function of these two variables) so that there
are no points in S with A\~ = 1~ other than those related to 3g.q;. O

We remark that in lemma 2.3 we only could say that Y., is contained in the subset of )
with A= = p7; here, for the one dimensional problem, we can say that the converse is true:
that is, whenever A~ = u~ in S then the corresponding nontrivial solution is composed by a
pair of functions which are also nontrivial solutions of the scalar Fué¢ik problem with coefficients
(AT, 7).

This immersion of Y., in S gives us even more information about the structure of S by
combining its knowledge with the symmetries in lemma 2.2 and the monotonicity result in point
1 of proposition 4.4, we obtain

Proposition 4.9. In the Dirichlet case, (here [-]| denotes the integer part of a real)

AT, A, u7) € i; with k>2 = \A"u~ > Ay and AT > N(k+1)/2)5  (4.33)
()\+, AT, uT) E i; withk>2 = /A pu= > A[(k+1)/2} and A\t > )\[k/Q] . (4.34)



E. Massa and B. Ruf 17

In the Neumann case,

A AT, 07) € SF withk > 2 = /A~ p= > M\/4 and AT > A /4. (4.35)

In terms of the functions D, E defined in proposition 4.4, (4.35) implies that )\—D,f(/\_) >
Ar/4 and E,:f()\_) > \/4 for all A~ > pf; analogous relations come from (4.33) and (4.34).

Proof. First observe that the inequalities in the claim are exactly those which hold for the
corresponding curves in Y., (see in section 2), and hence the lemma is trivially true if we
restrict at the points with A~ = pu™.

The inequalities for AT hold since flzt is decreasing in both variables and then it may not
assume a value lower than those assumed for A= = u~.

The inequalities for \/A~pu~ are obtained by the symmetry 2 in lemma 2.2: actually if

(AT A, ) € /X\lf then (x/)\—u—, PRV TP Ry ;\L> € if, and then by the previously proven

inequalities for AT we obtain the analogous ones for \/A~u~, observing that the value for f]g

passes to i,; and viceversa, since the considered symmetry changes the sign of the nontrivial
solutions. 0

4.3 Relationship between the curves f]f and symmetries of the nontrivial
solutions

In this section we will prove two propositions dealing with the possible intersections between
the surfaces if, and we will also obtain (in proposition 4.12) the result about the symmetries
of the nontrivial solutions stated in proposition 1.3.

Propositions 4.10 and 4.11, joined with the results of the previous section, will complete the
proof of theorem 1.2.

Proposition 4.10. If h > k > 2, then (ﬁz U i,;) N (ﬁ; U i,:) =10.
Moreover (f],‘: U f),;) NSy = 0.

Proof. Let the function A*(A~, ™) describe & (or fl,;) then AT (Ag, Ar) = A\x and since it is
strictly decreasing in both variables we get )\+/£)\k;+1, A1) < A < Appr; thenin A~ = p= = A
the surfaces Z‘f are lower than the surfaces Eki_H.

Then, it is enough to prove that (f];r U i;) N (igﬂ U f],;ﬂ
any k > 2.

By contradiction, suppose (AT, A7, u7) € (i; U fl,;) N <§Z+1 U fl,;_H), then we have the
corresponding nontrivial solutions (ug,v) and (ugy1, vk+1), where the second ones change sign
once more than the first ones and so in one of the two endpoints (suppose in 0) the sign is the
same and we may choose a rescalament such that ux(0) = ug11(0) and uy,(0) = uj_,(0).

Then let y = u — ugy1 and z = v — vE11: we have y(0) = 3'(0) = 0 and

) = () to imply the claim for

=y = —(ur —wpr1)” = ATl — o) = AT (o — o)
= M X4 (2) + A7 X0 (@) + o1 (@) X0+ - (2) + co2(2) X0+ (2)] 2
-2 = —(vg — Uk+1)” = /\+(u2— - u;:+1) - ,UJ_(U]: - u];.l) (4.36)

= [)\+Xu++(x) + 1 Xu—(2) + cur (@) Xutr— (@) + Cu2($)Xu7+($>] Y
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where
Xu +1,%2 (IL') = X{iluk>0, j:zuk+1>0} (x) ’ (437)
Ml + g
cu(z) = b (), (4.38)
Up + Up g
“Mul - puy
cuz(r) = MLk () (4.39)
—Up . — Uy

and analogous definitions for x, 4, +,, Cy1 and cy2.
Since the functions in square brackets in (4.36) are L*°(0,1) and positive a.e, by lemma 3.2
we get y = z = 0, a contradiction since in a neighborhood of 1 the signs of u; and w1 are
different and then y # 0.
To conclude, observe that the same argument works also with ig: and f)t in place of ifﬂ

and if O

Proposition 4.11. In the case of Neumann boundary conditions ig = ilz for all k > 2.
In the case of Dirichlet boundary conditions

. f]]i' = f]]: for all even k > 2,

o SF £ 5 forall odd k > 3.

The proof of this proposition is relatively simple except for the Neumann case with odd
k: to obtain this result we will need some symmetry properties of the nontrivial solutions: in
particular, the proof of proposition 4.11 will be given together with that of the following

Proposition 4.12. The nontrivial solutions corresponding to points in ﬁf with k odd are sym-

metric, that s,
(u,v)(x) = (u,v)(1 — ). (4.40)

Moreover, for Neumann boundary conditions, one has that if 7 >0 and k =1 (MOD 27+1),
then

(u,v)(z) = (u,v)((1/2) — z) for z € [0, (1/2)] (4.41)
and then u,v are (1/2)7 periodic in [0,1].

Proof of the propositions 4.11 and 4.12. Let (AT, A", u~) € f]: and (us, v«) be a corresponding

nontrivial solution (then (At A7, u™,s) € iﬁ where s = Z; ((?)g for Dirichlet boundary conditions
and s = Z*Eg% for Neumann boundary conditions); then define the new functions (U(z),V(x)) =

(us(1 = x), v (1 — 2)).
If k£ is even, the nontrivial solutions which start positive end negative and viceversa, then
(U(x),V(z)) both start negative, have k — 1 internal zeros and satisfy the Fuéik problem with

coefficients (AT, A7, ™) too, that is (AT, A7, u~,s) € i,; where s = —Z%EB (resp. s = —Z*(&;

for the Neumann case) which implies (AT, A7, u™) € f],; too.
This gives Z,j C X, for the case k even; the inverse inclusion follows in the same way.
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If k is odd, we have that the nontrivial solutions which start positive end positive and those

which start negative end negative. By equation (4.5) 3 8A+ — (A, Ap) = ffo j:jﬁ 53 for Dirichlet
0

boundary conditions this ratio is different if we consider qbk starting positive or starting negative,
since it has a different number of positive and negative congruent bumps this implies that E+
and Ek are different in a neighborhood of (Ag, Ak, A\x) and then Ek * E;.

Now we prove the first symmetry claimed in proposition 4.12. We consider initially positive
solutions (the argument is the same for initially negative solutions): in this case also (U(x), V (x))
start positive, have k — 1 internal zeros as u., v, and are nontrivial solutions corresponding to
(AT, A7, 7). This implies that in fact (U, V) = (u«,vs) (that is, they are symmetric), since
otherwise they would give rise to another branch of ff“, which is excluded by propositions 4.4
and 4.5.

Now we restrict to the case of Neumann boundary conditions: we just proved that, for k
odd, u4, v4 are symmetric and so

ul,(1/2) = vL(1/2) =0, us(1) = ux(0) and v, (1) = v4(0) ; (4.42)

moreover, both have (k — 1)/2 zeros in (0,1/2).
Then we define the functions

(@,7): [0,2] —» R?: & — (1 (), 02 () for z € [0.1] : (4.43)
(ux(x — 1),v4(x — 1)) for z € (1,2]

wi = (u,v1): [0,1] = R? : 2 — (a(z +1/2),0(z + 1/2)). (4.44)

By (4.42), w; is another nontrivial solution of the Fuéik problem; now we have two possibilities
(remember that @(1/2)0(1/2) < 0 is excluded by lemma 3.2 since @'(1/2) = 0):

(a) if (k—1)/2 = 1(MOD 2), then the number of zeros in (0,1/2) is odd and then @(1/2) < 0,
0(1/2) < 0; this implies that wi(x) is a non trivial solution starting negative and so
(AT AT, 07) € X

(b) if (k—1)/2 = 0(MOD 2), then the number of zeros in (0, 1/2) is even and then (1/2) > 0,
0(1/2) > 0; then consider the new functions (U(zx),V(x)) = (a(3/2 — x),9(3/2 — x))
with = € [0,1]: they start positive, have £ — 1 internal zeros and are nontrivial solutions
corresponding to (AT, A7, 17) as us, vy; then as before they must be the same and so we
prove that (us,v,)(1/2 —x) = (us, vi)(x) for x € [0,1/2].

This now implies
ul (1/4) = v,(1/4) =0, u«(1/2) = u+(0) and v4(1/2) = v4(0) (4.45)

and both have (k — 1)/4 zeros in (0,1/4), which corresponds to what we had in equation
(4.42), and so allows us to repeat the argument with the function

wo = (ug,v9) : [0,1/2] = R? : z — (a(z + 1/4), 0(z + 1/4)). (4.46)
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The procedure continues by splitting the interval, until we get i* for which (k—1)/2"" = 1(MOD
2) and so we fall into case (a), implying that (AT, A7, u™) € f),; and so iz C f),;

However, for j < i*, we have (k — 1)/2/ = 0(MOD 2) (or, which is the same, k = 1(MOD
27+1)) then we fall into case (b) and so we prove (u,v)(x) = (u,v)((1/2)) —z) for z € [0, (1/2)7].

Finally, observe that the relations (u,v)(x) = (u,v)((1/2)’~! — z) for = € [0,(1/2)7~!] and
(u,v)(z) = (u,v)((1/2)? — ) for x € [0,(1/2)’] imply (just put (1/2)7 — z in place of x in the
first one) that (u,v)(z) = (u,v)((1/2)/ + z) for x € [0,(1/2)’] and then the functions are (by
induction over 5) also (1/2)" ~!-periodic (which is a minimal period since u.((1/2)" ) < 0). O

Proof of theorem 1.2 and proposition 1.3. Theorem 1.2 follows by joining propositions 4.4, 4.5,
corollary 4.7 and propositions 4.9, 4.10 and 4.11.

Proposition 1.3 comes from proposition 4.12. ]

Remark 4.13. Observe that for the scalar case it is always true that the nontrivial solutions
have a periodicity and some sort of symmetry, since after a positive and a negative bump they
start to repeat.

For the system, we are able to assert a periodicity, by exploiting the above symmetries, only
for Neumann boundary conditions and for k of the form given in proposition 4.12.

To conclude this section, we exhibit a curve in (Ez N X, ), whose existence is a consequence
of the symmetries of X:

Proposition 4.14. (f);: N f],;) contains an unbounded curve which passes through (Mg, Ak, Ak);
moreover, this is the unique point in (E/,;Ir N, ) with A\~ = p~.

Proof. The last claim is a trivial consequence of proposition 4.8.

First observe that by joining the two symmetries in lemma 2.2, we obtain that if (AT, A\™, ™) €
¥ with corresponding nontrivial solutions (u,v), and AT = y/A~pu~, then (AT,A\",u7) € &

with corresponding nontrivial solutions (— 2—:21, —u), and then it belongs to i,;

Now, arguing as for point 4 in proposition 4.4, one gets that for any assigned ratio & > 0,
there exists a unique (AT, A\, u7) € £ such that 2—: =¢&and AT = /A .

By continuity, this provides a curve in (i: N i‘,;) parameterized by &, passing through
(ks Ak, Ag) for € = 1. O]

Remark 4.15. In the scalar case with Dirichlet boundary conditions, it is known that the
branches of ¥ passing trough a point (A, \x) with k odd intersect only in (Mg, \k). For the
system, we were not able to prove an analogous result; that 1is, i;‘ N f],; (with k odd) may
contain other points than (A, Ak, A\x) and those given in proposition 4.14.
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5 Systems with “eigenvalue intersecting nonlinearities”

In this section we study the solvability of systems with so-called “jumping nonlinearities”, i.e.
nonlinearities which asymptotically intersect some of the eigenvalue of the linear system. We
consider

—u" = g1(z,v) + ha(z) in (0,1)
—v" = ga(x,u) + ho(x) in (0,1) (5.1)
Bu=Bv=0 in {0;1}

where we assume hy 2 € L%(0,1), and g12 € C°([0,1] x R) with

lim ,
s—+o0 S t—=+o0 t

91(1', 5) — )\:t’ lim g2($7t) — Mi )\—&— :N+7 (52)
where the limits are uniform with respect to « € [0,1]. As mentioned in the introduction, the
solvability properties of (5.1) depend on the location of A*, A\~ and p~ with respect to the
Fucik system. In particular, we need to analyze some properties of the complement of the Fucik
spectrum 3 in (RT)3.

Throughout this section, when considering the complement of a set, it will be intended with
respect to (R*)3.

Also, we will denote by D = {(AT,A\7,u7) € (RT)?: AT =\~ = i~} the diagonal in (RT)?
and, in order to simplify the statement of the claims, we will consider the functions f,;t, D,f and
E'ki (see in definition 4.6) to be defined in all (R*)? (resp. RY), assigning the value +oo where
they are not naturally defined; we also define, for uniformity of notation,

0 for /xy > M\

+o00  otherwise.

(R s RU{+o0}:  fi(@y) =X fi(z,y) =

First, we determine the connected components of 5:¢ which contain a segment of D: for this we
define
Ry = U {(9 : O is a connected component of ¢ and OND # (Z)} ,

Ry = U {(9 : O is a connected component of $¢and OND = @} .

We start this study with the following two lemmas:
Lemma 5.1. For k > 2, (f);:)c (resp. (f],;)c) has exactly two connected components.

Proof. All the points (AT, A7, u7) such that AT > f;()\*,u*) are in the same connected com-
ponent, since A;: is connected by definition.

Also, the points such that AT < f,j()\_,,u_) are in the same connected component, by the
shape of A;: and the behavior of f,: at its boundary.

Finally, consider a path starting from a point P with AT > f,(A7,7) and reaching a
point Q with AT < f,j()\*,/f): since the path is a compact set, we have that \™ is bounded,
say AT < d along this path. Since f,j is continuous one has for all points in the path with
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(A", pu7) € A that AT > fF (A7, ™), but since the limit of f;" at the boundary of A} is +o0,
for (A7, u7) to exit from AZ one would get AT > d somewhere, which is impossible; so @ may
not be connected to P and then the connected components are exactly two.

The same proof works for (ilz)c O

Lemma 5.2. For k > 2, (f]; U i;)c has exactly two connected components when f],‘: = f),: and
at least four when Z: X,

Proof. The case iz = i,; is trivial by lemma 5.1.

When f]z' % i;, that is for Dirichlet boundary conditions and k& odd, we know that when
A~ = p~ we have the same structure as X,.4; in particular, there exist points above f),i’ and
below i,: as well as points in (i,‘: U i;)c which lie above i; or below i,‘:, moreover, it is a
consequence of the above lemma 5.1 that the points which are above one of the surfaces and those
below the same surface may not be in the same connected component, so we get at least four
components (there may be more than four, depending on the structure of the set Zz nx,). O

We now state the main result concerning the structure of Se

Proposition 5.3.

For Neumann boundary conditions,
Ri=%° and Ry=10.
For Dirichlet boundary conditions, both Ry and Rs are not empty; in fact,

Ry = {(m,y, z) € (]R+ max{fk,fk} )<m<min{f§+1,f,€;1}(y,z) forsomekrzl}
U{(z,y,2) € RT)*: 0 <:C<mln{f1 ST w2} (5.3)

while

Rgz{(x,y,) € (RT)? :mln{fk,fk} )<:U<max{f;,fk_}(y,z)forsomekz1}.

Proof. By prop081t10n 4.10 and lemma 5.2, the connected components which are delimited by
the surfaces E U E on one side and E Y Z 41 on the other (or, by 5 and 22 = E for
k=1), contam the non void segment of the dlagonal D with AT =X~ = pu~ € (Mg, \gr1); then
these components are in Rj.

In the Neumann case these regions cover the whole of Se by lemma 5.2. In the Dirichlet
case we have in addition the set {(z,y,2) € (RT)*: 0 <z <min{f;", f{ } (y,2)} which covers
the segment of the diagonal D with AT = A\~ = p~ € [0,)\1) and hence lies in Ry; all the
other connected components are in Ry since the above regions already cover all the points in

DN O
We now consider the nonlinear system (5.1), where g1, g2 € C°([0,1] x R) satisfy (5.2).

Theorem 5.4. Suppose that (AT, A7, u~) € Ry, where AT, A\~ and p~ are given by (5.2). Then
system (5.1) has solution for any forcing term (hy, ha) € (L?(0,1))2.
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Proof. The proof is the same as in [6] (Theorem 4.5) and it is similar to the proof in [1] for the
scalar case. See also the Corollary 4.6 in [6] for a more general result.

In short, the idea of the proof is to find a solution of (5.1) as a zero of a suitable map
S : [L?)? — [L*?. This is obtained by use of the Leray-Schauder degree, after having proved
an a priori estimate for the possible solutions; this allows to relate via homotopy the degree of
S to the degree of another map associated to the Fuéik problem with coefficients (AT, A\~ u™).
Then, since this last degree is 1 whenever (A", A\™, u~) belongs to a connected component like
those in Ry, the claimed solution is obtained (see also Lemma 4.2 and Corollary 4.3 in [6], which
extend to the case of systems a known property of the scalar Fuc¢ik spectrum). O

5.1 A remark about “linear-superlinear” systems

In this section we investigate what can be said about the shape “at infinity” of the sets $ and
Y ¢. The motivation for this analysis is again system (5.1), but in the case in which one or more
of the limits in (5.2) are infinite, in particular, when at least one of the two nonlinearities is
asymptotically linear on one side and superlinear on the other side.

In order to clarify the kind of properties we want to investigate, we resume here briefly what
is known for the scalar problems: consider the scalar analogue of system (5.1)

—u" = g(z,u) + h(z) in (0,1)
Bu =20 in {0;1}

(5.4)

with limg 40 @ = A\*, and let now AT = 4o0: it is known that the solvability of (5.4) is
related to the existence of “gaps at infinity” between the curves of ...

In brief, in [8] and [9], an existence result with arbitrary h € L? was obtained in the situation
where A\~ admits a neighborhood N (A7) such that, for a suitable T, the set {x > T, y € N(A\7)}
is contained in the same connected component of ¥¢_, and this component contains a segment
of the diagonal {\™ = A7} (that is, components like those in R; of the previous section). Also,
if instead of N(A7) one has just a half-neighborhood of A~, one still obtains existence results
under an additional nonresonance condition.

On the other hand, in [11] it was shown that the existence of a solution with arbitrary h € L?
never holds for the case in which the set {x >, y € N(A7)} is contained in a component of
¥¢ ., which does not contain a segment of the diagonal (the analogues of the regions in Ry of
the previous section).

By looking at the shape of 4.4 (see section 2), one may observe that the first situation is typical
of the Neumann boundary conditions, while the second one is typical of the Dirichlet case.

Going back to the system, we observe that its structure gives rise to more possibilities:
actually (see also in [10]), one may have the superlinearity in both equations or in just one of
the two; since in this paper we are always considering the same coefficient for u™ and v™, the
case of superlinearity in both equations will be analyzed through the case of finite (A, u~) and
At = +o0, while the case of superlinearity in only one equation will be the case of finite (AT, A7)
and pu~ = +o0.
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Motivated by the above results, we define the following “neighborhoods of halflines”

Sg()\_,/j,_)[)\—i_] = {(a:,y,z)eR?’:a:Z)\+, ‘y—A_ISe’S,‘Z—/L_‘S&“}, (55)
SEATAT] = {(@y2) €RP iz >p7, Jy— AT <e |z - AT <e}, (5.6)

and we will investigate the following sets (i = 1, 2):

AP = {(A,p)e@®)2: AT >0,e>0: ST, u )M C R} (5.7)
A7 = {AT A e®N)?: Fum >0, e>0: SZAT A C R}, (5.8)
Bf = {(A\,p)e®)?: AT >0: SEA,u)A\T] C R} (5.9)
B = {(A",A)e@®N)?: 3um >0: ST AT C R} (5.10)

In short, the set Bf will contain those points (A™, x~) for which problem (5.1) is solvable
for AT large enough, the set A7 will contain those for which problem (5.1) with AT = +o0 could
still be solvable, in analogy with the scalar case; the sets Bf and A} will be the analogues for
the case where we fix (AT, A7) and we consider p~ large or infinity; finally, the sets with index
2 will contain points for which the situation is analogous to that in which the scalar case is not
solvable for arbitrary forcing term.

The topological result of this section is the following
Proposition 5.5. For Neumann boundary conditions,

e the sets AY and A% are open and dense in (RT)?,

o A =A5=DBj=DB;=1,

e Bf = B = (R"\ {12
For Dirichlet boundary conditions

o AT U A% and A% U A3 are open and dense in (RT)?,

e BfUBS=BjUB; =R\ {M})

o A3 and B3 are both not empty.

Proof. Let us consider first the Neumann case.

It is trivial that A3, A3, B and B3 are empty since for Neumann boundary conditions Ry
is empty.

Now, given (A7, u~) € (R)2, for any k > 2,

(1) if (A", u7) € A{ then for AT > fif (A7, ™) there exists £ > 0 such that Sf()\_,u_)[;\:]
does not intersect iz

(2) if (A 7,pu7) & é;, then there exists £ > 0 such that for arbitrary A, SZ(AT, u‘)[j\:] does
not intersect Z,j,

(3) if (A=, ™) € OA], then for arbitrary AT, Sé”(/\*,,u*)[)\NJF] does not intersect i:, but for
any € > 0 no A\t exists such that ST(A~, u7)[AT] does not intersect i;,
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and analogous results hold for the intersections with /Z\J;

However, cases (1) and (3) may hold only for a finite number of k by proposition 4.9: this
implies that one may choose a At which does not depend on k, that is, (A\™, ") € BY.

Also, if case (3) never happens then (A\~, u~) € A7, while if it happens for some k, then for
any 0 > 0 small enough (A~ —J, 4~ — 9) € A7: this indeed implies that A7 is dense; finally, it
is easy to see by its definition that it is an open set.

For A% and B? one proceeds in the same way, by comparing \™ with E,;t()\_) and again
using proposition 4.9.

For the Dirichlet case, we argue in the same way to obtain that A7 U A5 and A} U A3 are
open and dense and BY U BY = Bf U B3 = (RT\ {\})2.

Finally, it is simple (by the knowledge of Y., and the continuity of the surfaces in i) to
see that if \™ = p~ # Ay, then (\™, ™) € A3 C B3. O

6 Some interesting problems

We conclude the paper with some unanswered questions which we believe could be of some
interest.

e Asymptotic behavior of the surfaces i,f in proposition 4.9 some bounds are given, but no
exact value (except for the case A~ = p~, in which case the problem reduces to the scalar
one).

Is it possible to say more about these asymptotic values? In particular, it is known (see
equation (2.5)) that in the scalar Dirichlet case the asymptotes of X3;_;, ¥g; and X3;
coincide: does the same happen for the surfaces in 57

Observe also that in proposition 5.5, we obtained that in the Neumann case there indeed
exist gaps at infinity between the surfaces of ¥, but we could not say exactly where these

gaps are located, and also we could not guarantee that a gap exists between an arbitrary
pair of consecutive surfaces ¥y, Xg11.

We believe that some results in these directions could be achieved by the analysis of the
behavior of the nontrivial solutions when one of the parameters goes to +oco, as was done
in [7] for the scalar fourth order problem.

e Do the nontrivial solutions have more symmetries than those proved in proposition 1.37
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