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Abstract

We deal with a boundary value problem on the half-line for planar systems of Dirac type. We first study
the eigenvalue problem in the linear case and define an index for nontrivial solutions. We then give a global
bifurcation result for nonlinear problems.

1 Introduction

In this paper we study a nonlinear Dirac-type system in R? of the form
JZ 4+ P(x)z = 2+ S(x,2)z, x€[l,+0), AER, z=(u,v)€R? (1.1)

where J is the standard symplectic matrix and P(z), S(z, z) are continuous symmetric matrices.

The linear system Jz' + P(x)z = Az is a particular case of the so-called Dirac systems (see [18] for a
complete description of such systems), which arise in a natural way after separation of variables in the
physical Dirac operator (cfr. [7], [18]). In the classical Dirac system the matrix P has the form

—1—aZ/x k/x
P(x) = ’
k/x 1—aZ/x

for some constants a, Z and k, and the system is studied in the interval (0, +00). This leads to a singular
situation from two different points of view. On the one hand, the interval is unbounded; on the other
hand, the matrix P has a singularity at the endpoint z = 0.
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Regular boundary value problems in a bounded interval have been considered in [3], [17] (see also [9]).
In this paper, we will consider only singular systems as (1.1), where the singularity is due to the fact
that the interval is unbounded; we will suppose that P is regular at x = 1. In a forthcoming paper we
will study the case of a singularity also at z = 1.

As far as the functional setting is concerned, we will be interested in solutions z of (1.1) satisfying a
boundary condition of the form v(1) = 0 and belonging to the space H!(1,+c0); in particular, the
solutions are convergent to zero at infinity. This choice is strictly related to the spectral properties of
the linear operator 7z = J2z' 4+ P(x)z and to the possibility to consider self-adjoint extensions of 7 (see
Section 2).

The main difficulty in the study of (1.1) lies in the fact that the interval under consideration is un-
bounded. In case of a bounded interval several techniques can be used to prove the existence of solutions
of boundary value problems associated to a system such as the one in (1.1); indeed, the existence of a
double sequence of eigenvalues of the linear operator 7, together with the knowledge of the oscillatory
properites (in terms of rotation number in the phase-plane) of solutions, has been obtained in [1] using
the rotation number approach and the results in [18]. Finally, the compactness of the interval leads in
a straightforward way to compactness properties of abstract operators associated to (1.1).

When passing to the case of an unbounded interval many problems arise. First of all, no complete
spectral theory is available for 7. Indeed, in most cases an essential spectrum appears (according to
the asymptotic behaviour of P at infinity) and the operator 7 might have no eigenvalues. We point out
that a similar situation characterizes the analogous problem for second order differential operators of
Schrodinger type (see [5], [14]); the main difference is that for an operator like Au = u” + ¢(x)u the
essential spectrum has the form [Q, +00), with @ = lim,_, ; ¢(x), while in our situation the essential
spectrum is (—oo, u~]U [ut, +00), being pu* the eigenvalues of the limit matrix of P(x) when 2 — +oo0.
We also remark that the oscillation theory of systems defined in an unbounded interval is not completely
developed; our first aim is to study in a deep way this question, trying also to relate it to the eigenvalue
problem for the operator 7. To do this, we consider the angular coordinate (-, ) associated to nontrivial
solutions of 7z = Az (which generalizes the well-known angular coordinate for solutions of second order
differential equations [18]) and we show that, under suitable assumptions on P, it has a limit when
x — +4oo. It is interesting to observe that, contrary to the case of second order equations, in case of
planar Dirac-type systems the angular coordinate is not, in general, an increasing function of x. One
useful tool for the study of the asymptotic behaviour of 6 is the classical Levinson theorem. Indeed, this
result provides an asymptotic expansion of the solutions of a first order linear differential system.

By means of the knowledge of the asymptotic behaviour of # we will be able to define an index for
nontrivial solutions of 7z = Az, related to the number of rotations of the solution in the phase-plane.
A careful analysis (based on this index) of the properties of 6 leads then to the characterization of the
eigenvalues of the linear boundary value problem associated to 7. More precisely, in Theorem 3.7 not
only we characterize the existence of eigenvalues in terms of the angular coordinate of the corresponding
solution, but we describe by means of the index the nodal properties of the eigenfunctions. In particular,
according to the properties of 8, we can prove the existence of a finite number or an infinite number of
eigenvalues in the spectral gap (cfr. Theorems 3.12 and 3.13).

In the case of a matrix P of the form
—1+V(x) k/x

P(z) =
k/x 14+ V(x)



we prove e.g. that there exists an infinite sequence of eigenvalues of 7 converging to 1 when V is a strictly
increasing negative potential decaying to zero at infinity as 1/z%, with 0 < o < 1. A similar result (under
more restrictive conditions on «) has been obtained in case V is singular in zero by Schmid-Tretter in
[12]; however, in [12] no information on the nodal properties of the eigenfunctions is provided.

As far as the nonlinear system is concerned, we will use a bifurcation approach, which has been widely
applied in studying parameter dependent boundary value problems for ordinary and partial differential
equations. As already observed, in the present situation we have a lack of compactness; we overcome this
difficulty by applying a suitable abstract bifurcation result, which has been proved by Stuart in [14] in
the context of a-contraction mappings and has been applied to the study of second order equations in the
half-line. In order to guarantee the applicability of this theorem, we need to recover some compactness
from the nonlinear term, requiring the condition

1S(2, 2)l| < alz)n(z), Va=1, z€R?

with limg 400 a(z) = 0.

The application of the abstract theorem by Stuart gives the existence of connected branches of solu-
tions of (1.1) bifurcating from eigenvalues of odd multiplicity of the linear operator 7; moreover, some
global property of the branches is known. Indeed, the continuum bifurcating from a fixed eigenvalue is
unbounded or meets the lines A = u*, where (—oc, u~] U [ut, +00) is the essential spectrum of 7, or
contains another eigenvalue of 7.

In order to exclude the second alternative we develop a continuity and connectivity argument (as we
did in [2]) based on a linearization approach; indeed, we associate to every nontrivial solution (w, i) of
(1.1) the index of (w, ) as solution of the linear equation

JZ' + P(z)z = pz + S(z, w(z))z.

It turns out that along each branch the index is preserved. In a forthcoming paper we will study the
nonlinear eigenvalue problem (1.1) for a fixed value of A; this requires to analyze in a more precise way
the global behaviour of the bifurcating branches, proving that they are bounded in the variable z.

It has to be pointed out that in the literature one can find global bifurcation results and applications to
boundary value problems in unbounded domains (cf., among others, [4],[10], [13], [15], [16] and references
therein) which generalize in various directions those in [11], [14]. Thanks to the fact that we work in
R2, we have been able to develop a precise qualitative analysis of the solutions to the linear problem
associated to (1.1) and, as a consequence, to introduce a topological invariant by elementary methods.
Thus, having at our disposal a well-established linear theory, we can enter the framework of [14] and
state our global bifurcaton result under rather simple assumptions. For first order systems in R?", a
suitable topological invariant (the Maslov index) is available, but more work is needed in order to obtain
a satisfactory knowledge of the linear theory.

In Section 2 we introduce the index of a solution to linear and nonlinear problems on the half-line
[1,400) and prove that it is continuous.

In Section 3 we study the linear eigenvalue associated to the differential operator 7 and, under suit-
able assumptions on P, prove the existence of simple eigenvalues. We also describe the index of the
corresponding eigenfunctions.

In Section 4 we state and prove our global bifurcation result for (1.1).



In what follows, we will denote by M §’2 the set of symmetric 2 x 2 matrices. Moreover, Dy will be
Do = {z = (u,v) € H(1,+00) : v(1) =0}

endowed with the usual norm
12112 = [I2[172 + 12']17-

2 Definition of the index

In this section we will be interested in associating an index, related to the rotation number on the
phase-plane, to nontrivial solutions of the nonlinear equation

JZ 4+ P(x)z = A2+ S(x,2)z, x€[l,+0), AER, z=(u,v)eR%L (2.1)
In what follows, by a solution of (2.1) we mean a function z € ACj,.(1,400) satisfying (2.1) a.e. in

[1,+00).

Let us first consider the linear equation
J2' + P(x)z = Mz, (2.2)

where P : [1,4+00) — M§’2 is continuous.

We denote by P the class of continuous maps P : [1,4+00) — M§’2 such that

pw 0
lim P(z) = = P, (2.3)
r——+00 0 u+

for some p~ < pT, and there exists ¢ > 1 such that
+oo
/ |R(z)|?dx < 400, (2.4)
1

where R(z) = P(x) — Py, for every x > 1, and (2.4) means that every entry of the matrix R belongs to
L%(1,4+00).
In what follows we denote
pi(z)  pr2(x)
P(z) = , Vax>1,

p12(z)  pa(x)
and A = (u—,u") C R.

Remark 2.1 In many important situations the coefficients of the matriz P satisfy conditions of the
form

pi(@) =~ +0(1/2%), pa(a) = pF +0(1/2%), pua(e) = O(1/2°),

for x — +oo. It is immediate to see that in this case condition (2.4) is fulfilled for every a >0, b >0
and ¢ > 0.



As we will see in Section 3, we will be interested in solutions z = (u, v) of (2.2) (or of (2.1)) satisfying

the condition
v(1) =0. (2.5)

It is possible to associate an index to nontrivial solutions of (2.2)-(2.5); to do this, we observe that
assumption (2.3) implies that for every A € A there exists ) > 1 such that

p1(x) < A< pax), Va>zx. (2.6)
To define z univocally, we set
zx = max (sup{z : pi(x) = A},sup{z: pa2(x) = A}), (2.7)

when one of the sets
{z: pi(x)=A}, i=1,2,

is non-empty; otherwise, we set x), = 1. Moreover, we assume that the function A — x is continuous
in A (remark that this condition is trivially satisfied when p; and p; are monotone).

Now, let us observe that (2.2) can be written as

z'' = Byz + Q(x)z, (2.8)
where
0 uh=2A pi2(z)  pa(z) —pt
By = ) Q(ﬂl‘) = ) Vr>1
A= 0 pm—pi(z)  —pie(z)

Note that, if A € A, then there exists an invertible matrix 7T’ such that
Ty 'B\T\ = BY, (2.9)

where
VA 0
BY = , A=t =N -pT) >0
0 VA

Now, let us denote by {e1, e2} the standard basis of R?; the following result gives an asymptotic estimate
for the solutions of (2.8):

Proposition 2.2 For every A € A system (2.2) has two linearly independent solutions zy and zy satis-
fying
21(3) = (Ther + o(1))eVAETDHI 00ty 4o
(2.10)
2a(x) = (Trea + 0(1))eVBE—DH a0 dt 4, 4o

for some functions gx; € L1(1,+00) depending on the matriz Qx (1 =1,2).



PRroOOF. For ¢ € [1,2] it is sufficient to apply Theorem 1.8.1 or 1.8.2 in [6]. To this aim, let us recall
that the quoted Theorems are valid when B) has eigenvalues with distinct real parts and the remainder
term @) satisfies

“+o0
/1 1Q(2)|? dx < +o0. (2.11)

The condition on By is trivially verified, while (2.11) follows from the definition of ¢ and assumption
(2.4).

In the case ¢ > 2 the result is a consequence of the application of Theorem 1.5.2 in [6] to the linear
system obtained from (2.8) by means of the change of variables z = Thw. [ |

Now, we shall study in a more careful way the asymptotic behaviour of z; and z5 for x — 4o00; for every
x > 1 and for i = 1,2, let us define

Bi(x) = (—1)'VA(x — 1) + /j qx,i(t) dt. (2.12)

Let ¢’ be the conjugate exponent of g; for every « > 1 and for ¢ = 1,2 from assumption (2.4) we infer

lgns(@)] < / Qa(t)]dt < / T Q)] (T di <

(2.13)
T T 1/q T 1/4’ ,
<o [leolasc ([ o) ([1a) " <@
1 1 1
for some constant C3 , > 0. From (2.13) and (2.12), observing that 1/¢" < 1, we obtain that
liI_iI_l Bi(x) = —o0, hr—s{l Ba(x) = +00. (2.14)
We are now in position to prove the following:
Lemma 2.3 Assume that A € A and let z = (u,v) be a nontrivial solution of (2.2). Then
li = 1li = 2.1
o) = L vle) =0 (219)
or
1iIJ£1 lu(z)| = lirf |v(x)] = +oo. (2.16)

PROOF. Let z be a nontrivial solution of (2.2); then, there exist real constants ¢; and ¢y such that
z(x) = c1z1(x) + ca22(x), Vo >1

If ¢c; =0, then z = ¢12; and (2.15) follows from (2.10) and (2.14).
In the case when cp # 0 then z satisfies (2.16); indeed, it is sufficient to observe that (2.10) and (2.14)

imply
u(z)] = |e121,1(2) + ca221(x)| ~ |e2220,1(2)] = [e2(VA + 0(1))] (),

for x — 400. An analogous estimate holds for v. [ ]



Now, for every nontrivial solution (u,v,\) of (2.2) let us introduce the polar coordinates (p,6) =
(p(x, N), 0(x, \)) according to
u = pcosf
v = psinf.
Observe that 6 is defined mod. 2; if we fix
0(1,A) =0, VA€A,

according to the boundary condition v(1) = 0, then 6 is uniquely determined and is a continuous function
of x and A\. Moreover, we have
w=0 < 6=0, mod. 7/2; (2.17)

since the equation in (2.2) can be written as

u' = (p2(x) — A)v + pra(z)u

(2.18)
v = (A —p1(x)u — pra(x)v,
it then follows that 6 satisfies the differential equation
0'(z) = (A — p1(x)) cos? O(z) — 2p12(z) cos O(z) sin O(x) + (A — pa(x)) sin? (), (2.19)

for every z > 1.

Using the asymptotic properties of u and v proved before, we are able to show that 6 has limit as
x — +00; indeed, the following result holds true:

Proposition 2.4 For every A\ € A the function 0(-,\) has limit at infinity and we have

. A—pu~
xEI-Poo 0(z,\) = m — arctan 4/ Y (mod ) (2.20)

(mod 7). (2.21)

or

mgrfoof)(x, A) = arctan P

PROOF. The proof follows the same lines of the proof of Proposition 3.1 in [12]. Let z = (u,v) be a
nontrivial solution of (2.2) and let ¢; and c¢o be such that

z(x) = c121(2) + coza(), Va>1

We prove the result in the case co = 0, leading to (2.20); when ¢y # 0 then an analogous argument
shows that (2.21) holds true.
Assume then z = ¢y 21; from (2.10) we infer, as before, that

u(z) = c1e5 @y, ()

v(z) = c1eP @y (),



with uy(x) # 0 for z sufficiently large. Hence for large = we can write (mod. )

lim 6(x,\) = lim arctan v(z) — lim arctan i () _
T—+00 T—+00 u(x) T— 400 ’Uq(l‘)

VA A— U
= m — arctan

= arctan .
= A pt = A

Remark 2.5 Note that the case when (2.20) holds corresponds to the situation in which (2.15) is
fulfilled; similarly, (2.21) occurs when z satisfies (2.16).
From Proposition 2.4 we deduce that for every A € A there exist 3 > ) and k) € Z such that

Eam < 0(x,\) < (kx+ 17, Va>al. (2.22)

We are now in position to define the index associated to a nontrivial solution of (2.2):

Definition 2.6 Assume that P € P and let (z,\) = (u,v,A) be a nontrivial solution to (2.2), (2.5).

We define
i(2,\) = [9(%”} ,

™

where x} is given in (2.22) and [-] means the integer part.

Remark 2.7 For every fized X\ € A, the function 6(-,\) counts the rotations of the solution vector
(u,v) in the phase-plane; in particular, [6(x},\)/n] is the number of rotations of the solution in the
time interval [0, z3}].
From (2.22) we deduce that

i(z, ) < 0(z, ) < (i(z,\) + 1)m, ¥V az>zx3.

Therefore, i(z, A) takes into account the total number of rotations of the solution z in [1,400).
For the study of the continuity properties of the index, we will use the following result:

Lemma 2.8 Assume that for some A € A problem (2.2)-(2.5) has a nontrivial solution z belonging to

H'(1,400). Then [0( )\)}
i(z,\) = % .



PROOF. Let (2,A) = (u,v,\) € H'(1,+00) be a nontrivial solution of (2.2) and assume by contradiction
that
O(xx, A O(x%, A
[(x*’ )] - {(m” )] . (2.23)
7r T

This condition implies that there exists Xy > z such that v(X,) = 0; from (2.19) and (2.6) we deduce
that 6/(X) > 0. Moreover, using the fact that 6’(z) < 0 when 6(x) = 7/2 (mod. =), we infer that
u(zx) # 0, for every x > X; as a consequence we obtain that

0§9(x,A)<g, Va>Xy (mod.m).

From this relation we deduce that (2.21) and (2.16) hold true, contradicting the fact that z € H'(1, +00).
|

Remark 2.9 From the proof of Lemma 2.8 we also deduce that

i = "2 veza,

™

when the assumptions of the same Lemma are satisfied.

Now, let us pass to the study of the nonlinear equation (2.1). We denote by S the set of continuous
functions S : [1,400) x R? — Mé’z satisfying the conditions

1. there exist a € L>(1,+00), 11,m2, M2 : R2 — R, continuous and with 7;(0) = 12(0) = 1712(0) = 0,
and p > 1 for which
|si(x,2)] < a(x)ni(z), Ve>1, zeR? i=1,2,

(2.24)
|s12(z, 2)| < a(z)ma(z), Ya>1, z€cR?%
2. for every compact K C R? there exists Ax > 0 such that
I|S(z,2) — S(z,2))|| < Akl|lz = Z'||, Vx>1, z2 €K. (2.25)

Definition 2.10 Assume that P € P and S € S and let (w, ) be a solution of (2.1),(2.5).

If (w, w) # (0, ), then the index of (w, p) as a solution of (2.1), (2.5) is defined as the index i(w, 1) of
(w, 1) as a solution of
Jz' 4+ P(x)z = pz + S(z,w(x))z,
(2.26)
v(1) = 0.

If (w, ) = (0, ) and the linear problem
(2.27)

has a nontrivial solution z, belonging to H*(1,+00), then the index of (w, 1) as a solution of (2.1),(2.5)
is defined as the index i(z,, 1) of (24, 1) as a solution of (2.27).



In the following result we prove a continuity property of the above defined index.

Proposition 2.11 Let (2*,\*) be a nontrivial solution of (2.1), (2.5) and let z* € H'(1,+00). Then,
there exists € > 0 such that for every nontrivial solution (27, A7) of (2.1)-(2.5) with 2+ € H'(1,+00),
[|2* — 27| < € and |\* — AT| < ¢, we have

iz, ) =d(2%, \%).

Proor. First of all, let us recall that the index of a nontrivial solution (w, ) is defined by means of
the linearized equation

J2' + (P(x) — S(x,w(z))z = pz.
If w e H(1,+00), the matrix P,(z) = P(x) — S(z,w(z)) satisfies assumption (2.3). Moreover, we
observe that assumption (2.24) implies that an hypothesis analogous to (2.4) is fulfilled by P, — Fp.

Let now (2*, \*) be a nontrivial solution of (2.1)-(2.5) with z* € H*(1,4+00) and X € A. Let

+_)\* )\*_ —
eozmin<“4 , 4“). (2.28)

From the continuity of 7; and 7y we deduce that there exists d) > 0 such that

i=1,2.

zeR2 |2l <8y = mi(z) <

lloloo”
Now, from the fact that z* € H'(1,+00) we infer that there exist 6 > 0 and z > 1 such that
zFe H' (1, +o00), ||zt =21 <80 = ||zT(@)|| <6 Vx> 0.
As a consequence, from (2.24) we obtain that 2T € H(1,+c0) and ||z — 2z*|| < & imply
|si(z, 21 (2))| < a(x)ni(2(z) < €0, Vx> 0. (2.29)
Now, given P € P, consider the numbers
It (ut=a%)/20 Dax—(A—p=)/2>

defined according to (2.7), and let

X = max (1‘0,JI)\*+(M+_>\*)/2,x;\*_o\*_uf)/g) .

Let us consider the Cauchy problem

0 (z) = (A — p1(x)) cos? O(z) — 2p1a(z) cos O(z) sin O(z) + (A — pa(x)) sin? O(z)
(2.30)
0(1)=0

and let us study the dependence of the solution 6 from the matrix coefficients pi, pa, p12 and from A.
From an usual continuous dependence argument, we deduce that there exists 6 € (0,1) such that

N AT <8, ||PH(x) — P*(2)]| <6, Yz € [1,X] (2.31)

10



implies
6"(2) = " (2)] < 5.
where 0* and 67 denote the solutions of (2.30) with (P, A\) = (P*, \*) and (P, \) = (PT, \™"), respectively.

Let (2*,\*) and (2%, \") be nontrivial solutions of (2.1)-(2.5) with z*, 2+ € H(1,+o0),
[[2* — 27|] < eand AT — A*| < € < 1, for some € > 0. From the Sobolev embedding H'(1,+00) —
L*>(1,400) we deduce that there exists a constant C' (not depending on z* and z*) such that

||z*(z) — 2t (2)|| < C|]z* = 2T|| < Ce, Va>1. (2.33)
Let us denote by D* the L>®-norm of z*; then, (2.33) implies that
l|zT(z)]| < C+D* Vax>1.

Now, let P*(z) = P(x) — S(z,2*(x)) and P*(z) = P(z) — S(z, 2" (z)); from (2.25), applied to the set
K ={zecR?: [|z]] < C+ D*}, we infer

1P*(z) = PT ()| < |IS(z, 2" () — S(z, 2" (2))|| < Ak [|27(2) — 27 (@) < Ak Ce, (2.34)

Vel X], (2.32)

for every z > 1.

Now, we can conclude the proof of the result. Given ¢ as in Claim 1., let us take ¢ > 0 in Claim 2. such
that € < min(d(,d) and Ax Ce < J; as a consequence, (2.32) holds true and in particular we have

07(X) — 0 (X)| < g (2.35)

Now, it is easy to see that
pi(x) < A" <ps(x)
(2.36)
pi(z) < A* < pj (2),
for every x > X. Indeed, let us prove e.g. the second part of the first inequality in (2.36); from (2.29)
and the definitions of X and ¢y we deduce that

+ ¢ + ¢
N7—€0>/\*+MT

In an analogous way we can show the validity of the other inequalities in (2.36).

p5(x) = p2(x) — sa(x, 2% (x)) > A" + > A\

Conditions (2.36) imply that the numbers zx- and x )+, defined according to (2.7) for the matrices P*
and PT, respectively, satisfy zy- < X and z,+ < X. Hence, Remark 2.9 guarantees that

* +
i(z5, ) = [9 (X)} , (2T AT = [9 (X)] .
™ ™
This implies that
i(2*,\F) = i(zt, A1),
since, from (2.35), we have
0*(X) _ 6%(X)

s s

In a very similar way it is possible to prove the following:

11



Proposition 2.12 Let (0, ) be a nontrivial solution of (2.1)-(2.5) and suppose that (2.27) has a non-
trivial solution belonging to H'(1,+00). Then, there exists € > 0 such that for every nontrivial solution
(T, A1) of (2.1)-(2.5) with 2+ € HY(1,4+00), ||zT|| < € and |\t — u| <€, we have

i(zT, A1) = i(0, ).

3 The eigenvalue problem

In this Section we are dealing with the study of the spectral theory for the linear operator
Tz=J2 + P(x)z, x > 1, (3.1)

where P € P. Some information on the spectrum of 7 follows directly from a standard spectral theory
(see e.g. [18]). Indeed the regularity of P in [1,+00) guarantees that 7 is in the limit circle case in
x = 1. Moreover, Theorem 6.8 in [18] ensures that 7 is in the limit point case at infinity.

Let us consider the operator Ay defined by
D(Ap) = {2z € L?(1,+00) : z € AC(1,+0), 72 € L*(1,+00), v(1) = 0},
Aoz =712z, ¥V z€ D(Ay).
From [18, Th. 5.8] we deduce that A is a self-adjoint realization of 7; moreover, using (2.3), it is easy

to see that
D(Ag) ={z € H'(1,400) : v(1) =0} := Dy.

Hence, Ay is a selfadjoint operator from Dy to L?(1, +0c0).

The following result gives some information on the spectral properties of Ag:

Proposition 3.1 The operator Ay satisfies the following properties:

1. Oess(Ag) = (—oo, =] U [uT, +00).
2. A€ (p,u") is an eigenvalue of Ao if and only if there exists a nontrivial solution z = (u,v) of

JZ' + P(x)z = Az,
(3.2)
v(l)=0

such that z € H'(0, +00).

For the proof of Proposition 3.1, we observe that Statement 1. directly follows from assumption (2.3)
and [18, Th. 16.5-16.6], while Statement 2. is a consequence of the above discussion.
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We also remark that, being 7 in the limit point case at infinity, every eigenvalue of Ag is necessarily
simple.

The aim of this Section is to study the problem of the existence of eigenvalues of Ag in A; it is possible to

give some characterization of the eigenvalues by means of the angular function # associated to solutions
of (3.2) introduced in Section 2. Indeed, we are able to prove the following preliminary results:

Proposition 3.2 A real number A € A is an eigenvalue of Ag if and only if

lim 6(z,\) =7 — arctan (mod 7). (3.3)

T—+00 MJF — A

PROOF. 1. Assume that ) is an eigenvalue of Ag; hence there exists a nontrivial solution z € H'(1, +00)
of (3.2). From Proposition 2.3 we deduce that (2.15) holds true; according to Remark 2.5 this implies
that (2.20) is valid, i.e. (3.3) is fulfilled.

2. Assume now that (3.3) holds true; an argument similar to the previous one proves that (2.15) is
satisfied. Hence

IEIEOO z(z) = 0.
Moreover, (2.10) implies that z goes to zero exponentially; this is sufficient to conclude that z €
H(1,+00), i.e. A is an eigenvalue of Aj. [ |

Now, let A be an eigenvalue of Ay and let z) be an eigenfunction associated to A; in what follows and
in Section 4 we will use the notation

i(A) = i(zx, A),

where i(z), \) is defined in Definition 2.6. By means of Proposition 3.2 we are able to study i()\) as
a function of A. Indeed, for every A, X € A, let N(\, \) denote (assuming A < X') the number of
eigenvalues of Ag in (A, A']; from [18, Th. 16.4] we deduce that

n(AMAN) =2 < NOLN) <n(\ ) +2, (3.4)

where (e N — Bz
n(/\,)\’): lim (Z‘, )_ (.13, )

r— 400 T

From Proposition 3.2 we know that if A is eigenvalue, then there exists k) € N such that

\— -
xEToo 0(xz,\) = kam + m — arctan = 7’”)\.
Hence, if A and X are eigenvalues of Ay (3.4) becomes
k)\/ — k)\ + U)\y)\/ —2 S N()\, )\/) S k)\/ — k‘)\ + O’)\,)\/ + 2, (35)

for some oy € (—1/2,0). By means of (3.5) it is easy to prove the following two results:
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Proposition 3.3 For every k € N there exist at most two different eigenvalues A and X of Ay such
that

Proposition 3.4 Suppose that there exist two eigenvalues A < X' of Ay such that
i\) =i(\) = k",
and denote by A1, s, ... the eigenvalues of Aqg greater than N'. Then, we have

t(A\g) =k*+Ek, Vk>1.
From Proposition 3.3 and Proposition 3.4 we deduce the following;:

Proposition 3.5 Let {\;}rex be the set of eigenvalues of Ag in A, for some K C N. Then, there exist
at most two indeces k1 and ko € K such that

i(Aky) = i(Ak,)

and
i()‘j)#i()‘m)a Vj#m, j,mEK\{kl,/{iz}.

A more useful characterization of the eigenvalues of Ay can be given by studying in a very careful way
the qualitative behaviour of . To this aim, let us consider the Cauchy problem

0'(x) = (A — p1(x)) cos? O(z) — 2p1a(x) cos O(x) sin O(z) + (A — pa(z)) sin? O(x)
(3.6)
0(zy) = a,

where a € [k, (k + 1)7), for some k € N. The differential equation in (3.6) is m-periodic in 6, so the
results we are going to prove are independent of k.

Recall that (2.6) implies that for every z > ) we have

0'(z) >0 if 8(z) =0 (mod =),
(3.7)
0'(x) <0 if 8(x) =7/2 (mod 7).

Let us observe that Proposition 2.4 shows that for every A and for every « the function # has limit at
infinity; moreover, according to Proposition 3.2 we will be interested in those values « such that this
limit is 7 — arctan /(A — p=) /(T — A) (mod. «). From (3.7) it is easy to see that this can occur only
if o € (kr+m/2,km + ).

We can now prove the following result:
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Lemma 3.6 For every A € A and for every k € N, there exists a unique o, € [k, (k + 1)m) such that
the solution (-, \) of (3.6) with o = &}, satisfies

mgglooﬂ(x, A) = (k4 1)m — arctan st

PRrROOF. Let us introduce the sets

t= {ae(kr+7/2,kn+m):

limg 400 O(z,A) = (k + 1)7 + arctan /(A — p=) /(pt — N},

YW= {ae(kr+n/2,kr+m7):
limg, 400 (2, A) = (k + 1)7 — arctan /(A — p=) /(pt — M)},
Y- = {ae(kn+n/2,kn+m7):

limy oo O(z, A) = kr + arctan /(A — p~)/(pt — N}

From the uniqueness of solutions to initial value problems associated to the equation in (3.6) we deduce
that the sets ¥, £° and ¥~ are intervals and

o<é<T, YoeX ,vVsex Vrext.

The result is proved if we are able to show that X° reduces to a single point. To this aim, let aj =inf X+
and o, = sup X~ and notice that o, < 0';'\_.

Claim 1. |of ¢ X+ 0y ¢ B
A A

Indeed, suppose by contradiction that Uj € ¥t and let 9:\”' be the solution of (3.6) with a = 0’;\_; then,
there exists x{ > x) such that

aj\' < Gj(x) <km+m, Vay<zx <x;\r,
07 (z) > kr+m, Va>al.
Let us denote by 03 the solution of the Cauchy problem
0'(z) = (A — p1(x)) cos? O(x) — 2p12(z) cos O(x) sin O(x) + (A — pa(x)) sin? O(x)
O(zy) = kr +m,

for a fixed 3 > x1; let also be 6§ = 0%(z)). From the uniqueness of initial value problems associated
to the equation in (3.6) we deduce that 6} < a;\r; moreover, it is easy to see that

: Wi
xEToo 03 (x) = km + 7 + arctan pE—e
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i.e. 05 € ¥*. This contradicts the fact that Uj is the minimum of 7.

In an analogous way we prove that o, ¢ ¥7; indeed, suppose that o, € ¥~ and let 6, be the solution
of (3.6) with o = o} ; there exists ), > x such that

Oy (x) >krn+m4+7/2, Vay<z<ay,
0y () <km+m+n/2, Vo> .
Let us denote by 85 the solution of the Cauchy problem
0'(x) = (A — p1(x)) cos? O(z) — 2p1a(x) cos (x) sinO(z) + (A — pa(z)) sin? O(x)
O(zy) = kr +m/2,
for some x} > x; let also be 65 = 05 (x,). From the uniqueness of initial value problems associated to

the equation in (3.6) we deduce that ¢} > Uj; moreover, it is easy to see that

: Wi
mgrfoo 03 (z) = km 4 arctan pEa—T

i.e. 03 € X7. This contradicts the fact that o, is the maximum of >+,

Lo
f(z,0) = (A = p1(x)) cos? § — 2p1o(x) cos Osin @ + (X — pa(x)) sin? 6,
for every x >z and 0 € (kw + 7/2, km + ) and define

ET = {(1,9) € [xa,+00) X (km+ /2, kn +7) : %(aj,@) > 0}.

Then, a straighforward computation shows that there exist two functions uy : [z, +00) — R with
ux () <0 for every & > x) and such that

ET = {(mﬁ) € [zx, +00) X (km+ /2, kr +7) : p1a(z) >0, kr + g <0< kw—l—w—i—arctanu,(x)}u

U{(z,0) € [zx, +0) X (kr +7/2,km +7) : p1a(x) <0, kn + 7+ arctanuy (x) < 0 < kr + 7} U

U{(x,0) € [zx,+00) x (kr + /2, km +7) : p12(z) =0}

and
lim w_(x)=0, lim uy(z)=—o0. (3.8)

Tr— 400 Tr—+00

Suppose that U;f > o, . Then, both Uj and o, do not belong neither to ¥+ neither to ¥7; as a

consequence, if 0;\" and 6, are the solutions of (3.6) with a = aj\' and o = o, , respectively, we have

lim 6f(z)= lim 6} (z)=kr+ 7 — arctan

r——+00 Tr——+00 /,ﬁ' — )\ (39)
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Moreover, from the uniqueness of solutions to initial value problems associated to the equation in (3.6)

we deduce that
0y (z) < 0 (z), Vaz>ux,. (3.10)

Now, from (3.9) and (3.8) we deduce that there exists 5 > x) such that
(2,05 () € EY, V>3,
where E1 as in Claim 2. Hence, we have
f(2,05 (2) < f(z,0] (), Va>a3.

By integrating the equation in (3.6) we then obtain

x

03 () = 05 (z) = 03 (23) — 05 (3) + / LF(£,05 (1)) = f(£.05 ()] dt > 05 () — 05 (23) > 0,

z3
for every x > x}. Passing to the limit for + — 400, we reach a contradiction with (3.9).

From Claim 1 and Claim 3 we immediately deduce that the set 9 reduces to a;\r = o, and this proves
the result. m

From Proposition 3.2 and Lemma 3.6 we deduce the validity of the following fundamental result:

Theorem 3.7 A real number X\ € A is an eigenvalue of Ag if and only if
O(zx,A) = a3 (mod 7).

In this case, we have
6‘(1‘/\7 )\):|

™

i) = [

In view of Theorem 3.7, the existence of eigenvalues of Ag is related to the study of the intersection
between the graphs of the functions o* and ¢, where

d(\) =0(zx,\), VAEA.

In order to study the number of intersections of the graphs of these functions, we will use the intermediate
values Theorem; the continuity of ¢ follows directly from the continuity of 8 and x). As far as the
function o is concerned, we can prove the following:

Proposition 3.8 The function o : A — R is continuous.
PrOOF. 1. We first show that for every e > 0 and for every fixed A € A there exists d > 0 such that
AN=XN<d = o} <a)+e (3.11)

To this aim, let us fix € > 0 such that

% < arctan (3.12)

17



and let 6.(-, A) be the solution of

0'(z) = (A — p1(x)) cos? O(z) — 2p1a(x) cos O(z) sin B(z) + (A — pa(z)) sin? O(z)

(3.13)
O(x)) =a) +eeXT.
Since
mEIJIrloo Oc(z,\) = (k + 1)m + arctan e _,u)\ > (k+1D)m+ f’
there exists . > x such that
O(ze, \) = (k+ 1)1 + i (3.14)
Moreover, from the continuity of the map A — z) we infer that there exists 6’ > 0 such that
DN <& = |zx—an|< xf;x* — oy <z (3.15)
Now, let 6.(-, \') be the solution of
0'(z) = (N — p1(z)) cos® O(x) — 2p1a(x) cos O(x) sin O(x) + (N — po(x)) sin? O(z)
(3.16)
O(zy) =a} +ee Xt
and observe that there exists a constant K > 0 (independent from \') such that
|0 (z, )| < K, Va>1. (3.17)

From an elementary continuous dependence argument we deduce that there exists " < §’ such that
A= N| <& = [0z, \) = O(x,\)] < % Yz € [m, 2, (3.18)
and hence, by (3.14),
0. (2, ') > O (0, \) — g = (k+ )7+ g > (k+ ).
As a consequence, using (3.15) and (3.7), we obtain
AN=XN|<d" = O(x,N)>k+1Dnr, Vaz>z,

and then 6. (zy, \') € ¥T. Finally, the continuity of A — z and (3.17) imply that there exists ¢ > 0
such that c

‘)\—)\/| <§ = \96(9c>\1,)\’)—66(x>\,)\’)| §K|.’L‘)\/—CIT}\‘ < 5

(3.19)

Define § = min(6”, ") and let |\ — A| < d; we then have
* / / € * 3
ayr < Oc(xza, A') < Oc(xn, N) + 3= + 26

which proves (3.11).
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2. In a analogous way, by considering initial conditions of the form #(zy) = o — € in (3.13) and (3.16),
it is possible to show that for every € > 0 and for every fixed A € A there exists 6* > 0 such that

AN=N|<d§ = a) >a)—c¢ (3.20)
and this completes the proof of the Proposition. [ |

We are now able to prove the auxiliary result:

Lemma 3.9 Assume that there exist k € N and [5; ,8;7] C (=, u*) such that

b+ 3 <60 < (k+ D+ 2, VA€ b6,
_ ™
007) =k + 2 320

6(61) = (k+1)m+ 2.
Then, the set
L= A€ 57,501 6(\) = kr+a" (M)}

is non empty and contains at most two points. Moreover, every A € Iy, is an eigenvalue of Ay and

iN) =k V€I

PROOF. Let af(A\) = km + a*(\), for every A € A. From the definitions of ¥° and o} we know that
k7r+g <ai(N) <km+m, VAIeA

From this relation and the assumptions on ¢, by an elementary intermediate values argument, it is
immediate to conclude that I is non empty. The fact that every element of I} is an eigenvalue whose
index is k follows directly from Theorem 3.7.

Finally, the fact that I contains at most two points is a consequence of Proposition 3.3. [ ]

By the previous Lemma, we deduce that the existence of eigenvalues is related to the intersections of
the image of the continuous function ¢ with the intervals [km + 7/2, (k + 1)7 + 7/2), with k € N. The
study of such intersections is easy when the behaviour of ¢ at the endpoints of A is known; this requires
more assumptions on the matrix P. Indeed, let us assume that

pix)<p , Ve>1 (3.22)
and .
)\113}+ Ty = 400, (3.23)

where x is defined in (2.7); observe that (3.23) is trivially satisfied when py < p is monotone. Finally,
we denote by P* the set of matrices P € P such that (3.22) and (3.23) are satisfied.
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Let us first study the asymptotic behaviour of ¢ when A — p~; we point out that assumption (3.22)
guarantees that the number z,,-, according to (2.7), is well defined. Hence, letting

AT = max (/ﬂ ;gﬁm(@) ;

o [0,

s

we can define

Then we have ¢(A™) > k~m; moreover, it is straightforward to prove that ¢'(\) > 0 when ¢(\) = 0,
mod. 7, implying that ¢(\) > k™, for every A € A.

The study of ¢ for A — u™* is more delicate; the behaviour of ¢ strongly depends on the behaviour of

O(-, u). In the following results we consider two different situations.

Lemma 3.10 Assume that
lin O(z,u") = +oo. (3.24)

Then, for every k € N there exists u, < pu+ such that

P(A) > km, VA€ (ur,ph).

PROOF. Let us fix k € N; from (3.24) we deduce that there exists X} > 1 such that
0(Xp, p) > k. (3.25)
From (3.23) we infer that there exists pj € A such that
oy > Xk, V> .

Moreover, for every € > 0 there exists ) such that

0(X0 ) — (X i) < e, ¥ A€ (ufl ). (3.26)
By taking € > 0 small enough, from (3.25) and (3.26) we can ensure that

O(Xp, \) > km, VA€ (uf,uh).
Recalling that 6'(x, A\) > 0 when 6(x,\) = 0, mod. 7, we deduce that
P(N) = 0(xx, A) > kmr, VA€ (g, p'),

where ju, = max(uy,, uy)- L

Lemma 3.11 Assume that
lir}rl O(z,ut) =6" € R. (3.27)

Then, there exists ® > 0 such that

p(A) <@, Ve (u,ut).
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PROOF. Observe that from (3.27), by a continuity argument, we can deduce that there exists ® € R
such that
Oz, pt) < ®, Vo>l

Now, we recall that for every & > 1 the function 6(z, -) is strictly increasing (cfr. [18, Cor. 16.2]); hence,
we obtain
O(z,\) <Oz, ut)y <@, Va>1, A<ut.

This is sufficient to conclude. |

We are now in position to state our main results on the existence of eigenvalues of Ap; they are a
consequence of Lemmas 3.9, 3.10 and 3.11.

Theorem 3.12 Assume P € P* and that condition (3.24) holds true. Then, for every k > k™ there
exists at least one eigenvalue A\, € A of Ag such that

i) = k.

Theorem 3.13 Assume P € P* and that condition (3.27) holds true. Then, there exists at most a
finite number of eigenvalues of Ag in A.

Remark 3.14 Conditions (3.24) and (3.27) are, in some sense, assumptions on the oscillatory be-
haviour of the linear equation (2.2)-(2.5) when A = ut. Hence, Theorem 3.12 and Theorem 3.13 show
that the number of eigenvalues of Ag in a left neighbourhood of ut is related to the number of rotations
of solutions of (2.2)-(2.5) for A = p*; when this number of rotation is infinite, an infinite sequence
of eigenvalues accumulating to p* does exist. When the solutions of (2.2)-(2.5) for A = ut have a
finite number of rotations in the phase-plane, then only finitely many eigenvalues of Ag fall in a left
neighbourhood of u™.

The fact that the number of eigenvalues not belonging to the essential spectrum depends on the oscillatory
behaviour of the solutions of the equation for a value of A corresponding to the bottom of the essential
spectrum is well-known in the case of second order differential operator (see e.g. [5, Th. 53-Th. 55]).
Our result extends to the case of first order systems this classical theory.

We also point out that an analogous result on the accumulation of eigenvalues to u~ can be obtained by
replacing (3.22) by pa(x) > pt, for every x > 1.

We conclude this section by studying the applicability of Theorem 3.12 and 3.13 to the case of

-1+ V(x) k/x
P(x) = , (3.28)
k/x 1+ V(x)

where k € N and V € C(1,+00). Dirac operators of this form (which are the classical Dirac operators

when V(z) = ¢/x) have been considered e.g. in [12]; in this paper, the authors study the eigenvalue
problem on (0, +00), which makes the operator 7 singular also at 2 = 0.
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Let us observe that if V' is an increasing negative function, tending to zero at infinity, then the matrix P
given in (3.28) belongs to the class P*. Moreover, the essential spectrum of the operator A, associated
to the matrix P is (—oo, —1]U[1, +00). Now, consider the differential equation (2.19) satisfied by (-, A),
which can be written as

0’ (z,\) =< Qa,p(z)[cosB,sinb], [cos 0, sinb] >,

where @, p(x) denotes the quadratic form associated to the matrix A — P(z). It is easy to see that the

matrix P(x) has the eigenvalues
1
wlx) =V(z)+ ~V x? 4+ k2.

Therefore, we have

Q1,p(z)[cosd,sin ], [cosf,sinf] > 1 —V(x) — l\/ x? + k2.

x
As a consequence, we obtain
1
0 (z,1)>1-V(z) — —vVa2? + k2,
x
which implies

9(1‘71)2/ (1—V(t)—1\/t2+k2> dt, Va>1
1

From this relation, it is easy to prove the following result:

Proposition 3.15 Assume that V € C(1,400) is a strictly increasing negative potential such that

V(z) ~ —, @ +oo,

xa

with o € (0,1]. Then, the selfadjoint extension Ag : Doy — L*(1,+00) of the operator T with P as in
(3.28) has a sequence of eigenvalues in (—1,1) converging to 1.

4 Global bifurcation for nonlinear problems

In this section we are interested in proving a global bifurcation result for (2.1). To do this, we will
use a slight variant of a bifurcation theorem due to Stuart [14] and a continuity-connectivity argument
already introduced by the authors in [2].

Let us first state the abstract bifurcation result we will apply; consider a real Hilbert space B and let
Ag : D(Ag) — B be an unbounded self-adjoint operator in B with

Uess(AO) = (_007/’('_} U [M+7+OO)7

for some pu~ < pT. Let H denote the real Hilbert space obtained from the domain of Ag equipped with
the graph topology and let us consider the nonlinear problem

Aou+ M(u) = Au, (u,\) € HxR, (4.1)
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where M : H x R — B is a continuous and compact map such that
M(u) = of|[ull), u— 0. (4.2)

Let ¥ denote the set of nontrivial solutions of (4.1) in H x R and let ¥’ = X U {(0,)) € H x R :
A is an eigenvalue of Ag}.

Then, we have the following:

Theorem 4.1 Under the previous assumptions, let € (=, u*) be an eigenvalue of Ag of odd multi-
plicity. Moreover, let C,, denote the component of X' containing (0, ).

Then, C,, has one of the following properties:
(1) C,, is unbounded in H x R.
(2) sup{\: (u,\) € C,} > pt orinf{X: (u,\) €C,} <pu".
(3) C,, contains an element (0, u*) € X" with p* # p.

Theorem 4.1 is a straighforward variant of Theorem 1.2 in [14], where the author considers the case of
a linear operator Ag satisfying o.s5(A4g) = [@, +0), for some Q (as it happens for the one-dimensional
Schrodinger operators considered in [14]).

The proof of Theorem 4.1 follows exactly the same lines of the proof of [14, Th. 1.2] and hence it is
omitted.

For the applications, we will be interested in excluding alternative (3) in Theorem 4.1, concluding that
the bifurcating branch is unbounded or meets the essential spectrum of the linear part of the equation.
To do this, we can use, as in [2], a standard continuity and connectivity argument and obtain the
following:

Theorem 4.2 Under the assumptions of Theorem 4.1, suppose that there exists a continuous functional

¢ : Y — N such that
o0, 1) # ¢(0, 1), ¥V pu# ', eigenvalues of Ay. (4.3)
Then, the continuum C,, given in Theorem 4.1 satisfies alternative (1) or (2). Moreover we have

d(u,A) =00, 1), V (u,\) € Cp.

Now, let us go back to (2.1) and suppose that P € P and S € S; this equation fits into the framework
of the abstract bifurcation theorem with Ag as in Section 2, H = Do, B = L?(1,+00) and M being the
Nemitskii operator associated to S, given by

M(u)(z) = S(z,u(x))u(z), Vz>1,

for every u € Dy. Arguing as in [14], standard computations show the validity of the following:
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Proposition 4.3 Assume that S € S and that

lim «a(x) =0, (4.4)

Tr——+00

where « is given in (2.24). Then M : Dy — L*(1,+00) is a continuous compact map and satifies
(4.2).

In view of Proposition 4.3, we can apply Theorem 4.1 to obtain the existence of a continuum bifurcating
from every eigenvalue of Ay (recall that all the eigenvalues of Ag are simple). Moreover, any bifurcating
branch satisfies one of the alternatives (1), (2) or (3).

We shall now exhibit the continuous functional suitable for the application of Theorem 4.2. Indeed, for
every solution (A, z) € A x Dy of (2.1), we define

¢(/\’ Z) = i(Z, )‘)7

where ¢ is the rotation index given in Definition 2.10 in Section 2. The continuity of ¢ directly follows
from Proposition 2.11 and Proposition 2.12.

As far as condition (4.3) is concerned, we observe that in the well-known case of a second order equation
(where ¢ is the number of zeros of the solution) this can be proved by some oscillatory arguments. In
our situation, we have shown in Section 3 that it is not possible to guarantee the validity of (4.3) for
every eigenvalue of Ay (cfr. Proposition 3.5); more precisely, we have proved that this is true for the set
{ Ak ek~ of eigenvalues of Ag, where K* = K \ {k1,ka}.

By applying Theorem 4.2 to these eigenvalues we obtain the following result:

Theorem 4.4 Assume that P € P, S € S and (4.4) hold true. Then, for every k € K* there exists a
continuum Cy, of nontrivial solutions of (2.1)-(2.5) in Dy x R bifurcating from (0, \r) and such that

(1) Cy is unbounded in Dy x R, or
(2) sup{\: (u,\) € Cx} > pt orinf{\: (u,\) € Cr} < p~.

Moreover, we have
i(z,)\) = ’i()\k), v (Z,)\) € Ck.

We observe that when K is infinite, as for instance in the case considered in Proposition 3.15, Theorem
4.4 gives the existence of infinitely many branches of solutions to (2.1)-(2.5). Analogously, only a finite
number of bifurcating branches can be obtained when K is a finite set.

Remark 4.5 As for the continuum Cy, bifurcating from (0,A\,), whose existence is guaranteed by
Theorem 4.1, we can ensure that one of the following alternatives holds true:

(1) Cy, is unbounded in Dy x R.
(2) sup{\: (u,\) € Cy, } > pt orinf{\: (u,\) € Cp,} <™.
(3) Ck, contains (0, Ay, ).

An analogous remark holds for Ch,.
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