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Abstract. We provide an alternative approach, based on the Leray—Schauder fixed
point index in cones, to a fixed point theorem for operator systems due to Precup. Our
focus is on the case of operators whose components are entirely of compressive type.
The abstract technique is applied to a system of second-order differential equations
providing a coexistence positive solution by means of an eigenvalue type criterion.
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1. INTRODUCTION

In this paper, we are concerned with the so-called vector version of the Krasnosel’skii
fized point theorem or Precup fized point theorem, that is, an existence result for
systems of operator equations of the form

{1'1 = Tl(l'l, fEQ),

x9 = To(z1, 22),

which imposes compression-expansion conditions on each component of the system.
One of the main features of this result due to Precup (see [7, 8]) is that all the
components of the obtained fixed point are non-trivial, i.e., it is a coezistence fixed
point. In fact, each component of the fixed point (x1,z2) is localized independently
in norm between two positive constants in the following way: r1 < ||z1|| < Ry and
re < ||z2]| < Ra.

Our approach relies on the fixed point index for compact maps in cones, and it is
intended to complement the original version due to Precup. It continues the strategy
initiated in [10] but combined with the idea introduced in [2], from which we derive
a refinement in the compressive case. The key ingredient is the choice of an appropriate
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retraction when extending the operator T', ensuring the absence of new fixed points
under this less restrictive situation and thus yielding a well-defined index for the
computations, as explained below. Note that the calculation of the fixed point index
of the corresponding operator T' = (T, T3) provides useful information for deriving
multiplicity criteria, as shown in the three-solutions theorem by Amann [1] and its
recent generalizations (see [11] and the references therein).

As an application we study the existence of positive solutions to a system of
second-order ODEs subject to Robin type boundary conditions. Our criterion, which
is inspired by the previous works of Webb, Infante and Lan [12-14], involves the
asymptotic behavior of the nonlinearities at 0 and infinity in relation to the principal
eigenvalue of the corresponding linear Hammerstein type operator associated to the
differential problem. To the best of our knowledge, it is the first time that the vector
approach is combined with this sharp technique based on eigenvalue type conditions,
yielding solutions which are non-trivial in each of their components. Furthermore, the
reasoning for establishing this existence result cannot be applied under the assump-
tions in [10], but is valid under the weaker conditions presented here, as detailed in
Remark 3.3 below.

The paper is structured as follows. In Section 2 we review the vectorial versions
of the Krasnosel’skii fixed point theorem, we recall some basic properties of the
Leray—Schauder fixed point index in cones and compute it in the compression case
under both order relation conditions and homotopy conditions. Section 3 addresses the
application to the existence of solutions with positive components for the second-order
problem previously described.

2. ON PRECUP FIXED POINT THEOREM IN CONES

2.1. PRELIMINARIES ON KRASNOSEL’SKII TYPE FIXED POINT THEOREMS
IN CARTESIAN PRODUCTS

A closed convex subset K of a normed linear space X is said to be a cone if Au € K
for every w € K and for all A > 0, and K N (—K) = {0}. A cone K induces a partial
order in X given by x =X y if and only if y — 2z € K. In addition, we will use the
notation z < y in case that y —x € K \ {0}.

Let us recall now the fixed point theorem for operator systems (or operators defined
in the Cartesian product of cones) proposed by Precup [8], which we denominate
a Krasnosel’skit type fixed point theorem in cones since the compression-expansion
conditions in the line of Krasnosel’skil [4-6] are imposed in a component-wise manner.
In the sequel, consider two cones K; and K5 of the normed linear spaces X and Y,
and so K := K| x Ko is a cone of X x Y. For r, R € R?, r = (r1,72), R = (R1, R2),
with 0 < r; < R; (i = 1,2), we denote

KT,R = {l‘ = (.131,@‘2) EK:m < ”xl'l <R, 1= 172} = (Kl)Tth X (KQ)T27R2
and

Ko p:={z=(z1,22) € K: r; <|lzi|| < R, i = 1,2} = (K1)py -, X (K2)ry,Ro-
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The result due to Precup is the following.
Theorem 2.1. Let r, R € R?, r = (r1,r3), R= (R, Ra), with 0 <r; < R; (i =1,2).

Assume that T = (T1,Ts) : K r — K is a compact map and for each i € {1,2} there
exists h; € K; \ {0} such that one of the following conditions is satisfied in K, g:

(a) Tyx 4+ pwh; # x; if ||zl =7 and >0, and Tix # Ax; if [|z:]] = Ry and XA > 1,
(b) Tix # A, if ||zi]| =7 and A > 1, and Tix + ph; # z; if ||| = R; and p > 0.

Then T has at least a fived point T = (T1,%2) € K with r; < ||Z;|| < R; (i = 1,2).

Remark 2.2. Conditions (a) and (b) can be respectively replaced by the following
stronger assumptions:

(a*) Tix £ x; if ||| = r; and Tyx o a; if ||z;]| = Ry,
(b*) Tix o x; if ||o;|| = r; and Tix £ x; if ||a;]| = R;.

Theorem 2.1 with conditions (a) and (b) replaced by (a*) and (b*) is the main result
of the paper by Precup [7]. It can be seen as a particular case of those later obtained
by the same author in [8].

The proof of Theorem 2.1 presented in [7] is based on Schauder fixed point theorem
in case that condition (a) holds for both ¢ = 1 and ¢ = 2. Then the remaining cases are
reduced to the solved one by means of a trick which transforms operators satisfying (b)
into operators fulfilling (a). A different approach, based on the fixed point index in
cones, has been proposed in [10]. As already explained in [10], the computation of the
index has interest itself and provides more information than merely the existence of
a fixed point (for instance, in order to extend the result to more general contexts or
to derive multiplicity criteria). Note that the result presented in [10] requires slightly
stronger conditions on the operator when computing the fixed point index. It can be
summarized as follows.

Theorem 2.3. Letr,R € 1&2, r=(ry,ry), R=(Ry,Rs), with0<r; < R; (i =1,2).

Assume that T = (T1,Tz) : K r — K is a compact map and for each i € {1,2} there
exists hy € K; \ {0} such that one of the following conditions is satisfied in K, p:

(a") Tyx + phy # z; if x| =7 and p >0, and Tix # A, if ||z;]| = Ry and A > 1,
(b") Tix # A if ||xi]| = i and A > 1, and Tyw + ph; # x; if ||z:]| = Ri and u > 0.

Then

ixe (T, Kr p) = (—1)*
where k € {0,1,2} denotes the number of indexes for which condition (b") holds. In
particular, T has at least a fived point T = (T1,T2) € K with r; < ||Z;]] < R; (i =1,2).

Remark 2.4. Observe that conditions (af)—(bf) are more stringent than conditions
(a)—(b) together with the fact that T is fixed point free on the boundary of K, g.
Indeed, (af)—(b") imply that

Tix # x; if ||| =r; or if ||ay]| = R, i=1,2,
which, in turn, ensures that T = (T3, T») has no fixed points on Ok K, r. The reverse
implication is clearly false.
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In view of the previous remark, we wonder if it is possible to compute the fixed
point index of the operator T over the set K, p under the assumptions (a)—(b)
(or (a*)—(b*)) instead of (af)—(bf). This is the main goal of the remaining part of the
present section. We success in some particular (but meaningful) cases, as shown below.

2.2. PRELIMINARIES ON THE FIXED POINT INDEX IN CONES

For the convenience of the reader, let us recall some concepts and properties related
to the fixed point index in cones. If U is a relatively open bounded subset of a cone
K of a normed space X and N : U — K is a compact map without fixed points on
the boundary of U (denoted by dx U), the fized point index of N on U with respect
to the cone K, ix(N,U), is well-defined. For additional details, we refer to [1, 3, 4].

Proposition 2.5. Let K be a cone of a normed space, U C K be a bounded relatively
open set and N : U = K be a compact map such that N has no fized points on
the boundary of U. Then the fixed point index of N on the set U with respect to K,
ik (N,U), has the following properties:

1. (Additivity) Let U be the disjoint union of two open sets Uy and Usz. If 0 ¢
(I = N)(U\ (U1 UU2)), then

iK(N, U) = iK(N7 Ul) + iK(N, UQ)
2. (Existence) If ix (N,U) # 0, then there exists x € U such that Nz = .
3. (Homotopy invariance) If H : U x [0,1] — K is a compact homotopy and 0 &
(I —H)(0x U x[0,1]), then

4. (Normalization) If N is a constant map with Nx = T for every x € U, then

1, ifzel,
Z'K(N’U):{o ZiiU

The following computations of the fixed point index will be also useful in our
reasoning. Their proofs can be found, for instance, in [4, Lemmas 2.3.1 and 2.3.2].

Proposition 2.6. Let K be a cone, U C K be a bounded relatively open set such that
0€U and N : U — K be a compact map without fixed points on Ok U.

(i) If Nz # Xz for allx € Oxg U and all X\ > 1, then ig(N,U) = 1.
(ii) If there exists h € K \ {0} such that Nx + ph # x for all z € Ox U and all p > 0,
then ix (N,U) = 0.
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In case of operators defined in the Cartesian product of normed spaces, the following
computation of the fixed point index is useful. Its proof can be found in [9, 10].

Proposition 2.7. Let U x V be a bounded relatively open subset of the cone K =
K1 x K5 in the normed spaces product X = X1 X Xa, such that 0 € U. Assume that
N = (N1,N2) : U XV — K is a compact mapping and there exists h € Ky \ {0}
satisfying the following conditions:

(i) N1z # Axq for all z, € O, U, z2 € V oand all X > 1,
(ii) Nox + ph # xo for all xy € U, x9 € O,V and all p > 0.

If N has no fized points on O (U X V), then ixg(N,U x V) = 0.

2.3. PRECUP FIXED POINT THEOREM WITH ORDER TYPE CONDITIONS

In this subsection, we focus on the computation of the fixed point index under
compression type assumptions given by the order relation provided by the cone. More
specifically, we will prove the following result.

Theorem 2.8. Let r,R € R?, r = (r1,712), R = (Ry, R2), with0 <r; < R; (i =1,2).

Assume that T = (T1,Ty) : K, r — K is a compact map and for each i € {1,2}
the following condition is satisfied in K, g:
(a%) Tiw A x; if @] = rs and Tiw o x; if ||z = R;.
If T has no fized points on the boundary of K, r, then ix (T, K, g) = 1.

To do so, adapting the reasoning in [10], we need to extend the definition of T' to
a larger set, namely,

Kpg:={zr = (21,72) € K : ||z;|| < R; for i = 1,2}.

Such extension is based on the fact that FT, R is a retract of K . A retraction can be
defined as follows: p(x) = (p1(x1), p2(x2)), with

Cw+ (= [wl)h

pi(x:) =l + (ri — )bl
Ti, if r; <||z;l| < Ry,

if ||£U1|| <715

(2.1)

where h; € K;, with [|h;|| = 1, is fixed. Using this retraction p, a map 7" under the
assumptions of Theorem 2.8 can be extended to the set K in the following way:

N:(Nl,NQ)ZFR—)K, NZ:TOp. (22)

The proof of Theorem 2.8 is finally based on the computation of the fixed point index
of the map N on different open sets. In order to ensure that the index is well-defined, it
is necessary that the corresponding operator N have no fixed points on the boundaries
of these open sets. This is the case when T satisfies condition (a*) and has not fixed
points on 0k K, g, as shown by the following result.
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Lemma 2.9. Let T = (T4, 1) : K, p — K be a compact map such that for each
i € {1,2} the following condition is satisfied in K, r:

Til‘ 74 ZT; Zf ||J}ZH =T;.
If T has no fized point on the boundary of K, r, then its extension N defined as (2.2)

has also no fived point x = (x1,72) € Kg such that ||z;|| = r; or ||x;|]| = R; for
ie{1,2}.

Proof. Let us suppose that N has a fixed point (v1,2) € Kpg such that
||xﬂ € {r1,R1}. Since N = T in K, g and T has no fixed points on the boundary
of K, g, it follows that ||| < ro. Then

(x1,22) = N(21,22) = (T1(21, p2(2)), T2 (1, p2(22))) -

In particular, o = Ta(x1, p2(x2)) and, moreover, by the definition of ps, we have
x2 < pa2(x2). Indeed, pa(z2) — x2 € Ko \ {0} since

T2 T?(TQ — ||.’E2||)
T2) — T2 = —1) a2+
pa(m) = o2 <||$2+(7“2—||$2||)h2| ) 2 log + (ra = 2ol

where the first addend belongs to Ks because

h23

22 + (r2 = lz2[Dhell < |22l + (r2 = lz2[D)1h2ll = 2

and the second one belongs to K \ {0} as a consequence of hy € K5 \ {0}.
In conclusion, Ts(x1, pa(22)) < p2(x2) and ||p2(z2)|| = r2, a contradiction with the
assumption. O

Now we are in a position to demonstrate Theorem 2.8, whose proof relies on the
properties of the fixed point index. The proposed computation of the index follows
previous ideas employed in [10], but we include them here again for the convenience of
the reader.

Proof of Theorem 2.8. First, note that (a*) implies that for each i € {1,2} the follow-
ing condition is satisfied in K g:

As a consequence, we have that for every h; € K; \ {0},

Nix + ph; # x; if ||| = r; and p > 0,

. (2.4)
and Nz # Aa; if ||z;]| = R; and A > 1.

This follows by contradiction. Indeed, suppose that there exist h; € K; \ {0}, & >0,
and z € K g with ||Z;|| = 7; such that N;Z+ ih; = Z;. Then Z; — N;z = jih; € K;\ {0}.
Hence, N;Z < Z;, contradicting (2.3). Likewise, if there exist A > 1 and z € K i with
|Z:|| = R; such that N;z = \#;, then

N;x —x; = (/\ — l)fz € K; \ {O},

so that N;Z > Z;, again contradicting (2.3).
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Moreover, notice that Lemma 2.9 guarantees that the fixed point index of the map
N is well-defined on the open sets K,, Kr, (K1)r, X (K2)r, and (K1)r, X (K2)r,-
Hence, by Proposition 2.6 we have

ik(N,Kg)=1 and ig(N,K,)=0.
In addition, Proposition 2.7 ensures that
ik (N, (K1)r, X (K2)r,) =0=1ig(N,(K1)r, X (K2)p,).
Applying the additivity property of the index twice,
ik (N, (K1)r . my X (K2)r,) =ix(N,(K1)r, X (K2)r,) —ixg(N,K,)=0
and

iK(N, Ky r) =ix(N,Kg) —ix(N,(K1)r, r, X (K2)r,)
- iK(Nv (Kl)n X (K2)R2) =1

In conclusion, ik (T, K, r) = 1, since N = T on the set K, p. O

Corollary 2.10. Let r,R € R2, r :ﬁ"l,’l”g), R = (R1,Rs), with 0 < r; < R;
(i = 1,2). Assume that T = (11,T») : Krr — K is a compact map and for each
i € {1,2} condition (a*) is satisfied in K, . Then T has at least one fived point

mn K,«,R.

Proof. Either T has a fixed point on the boundary of K, g (and the proof is finished)
or, if not, Theorem 2.8 is applicable and ensures that ix (7, K, g) = 1 # 0. Then the
conclusion is deduced from the existence property of the index. O

Remark 2.11. Theorem 2.8 remains valid (under the same proof!) for operators
defined in more general domains of the form (Q; \ (K1),,) x (2 \ (K2),), with

and € open sets such that (K;),, C €, i = 1,2. In that case, condition (a*) should
be replaced by the following:

(A*) Tix A x; if ||z;|| = r; and Tix 3 x; if x; € Ok, $;.

It is worth noting that such a fixed point theorem seems difficult to be proven by
means of the techniques previously employed in the papers by Precup [7, 8].

2.4. PRECUP FIXED POINT THEOREM
WITH HOMOTOPY TYPE CONDITIONS

Now, we are concerned with cone-compression conditions given by means of homotopy
type assumptions. Our aim is to provide a computation of the fixed point index in the
line of Theorem 2.8, but with assumption (a) instead of (a*). Then, an analogous of
Lemma 2.9 needs to be proven and the definition of an adequate retraction becomes
crucial at this step.

To do so, we reinforce the assumptions on the cone. Let us assume that the norm
preserves the order relation < over the cone K (i.e., if z,y € K with < y, then

] < lylD)-
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Example 2.12.

(i) In R2, the usual Euclidean norm preserves the order relation < given by the cone
K ={(z1,72) € R?: 21y >0, x5 > 0}.

(ii) In C([0,1]), the standard sup-norm ||-||, does not preserve the order relation <
given by the cone of non-negative continuous functions

P={zeC(0,1]) : z(t) > 0 for all t € [0,1]}.

Indeed, the functions y(t) = 1 and z(¢) = ¢ for all ¢ € [0, 1] satisty that =,y € P
with y — 2 € P\ {0}, but ||[y|lec = ||Z]lec = 1.
(iii) The sup-norm preserves the order relation < given by the following sub-cone of P:

K = {z € P : z is nonincreasing}.

Indeed, if 0 < z < y, then there exists h € K \ {0} such that y — 2 = h.
By definition of the cone K, ||uloc = u(0) for every u € K and so

[9lloe = y(0) = 2(0) + A(0) > 2(0) = [|z[|oo,
since h # 0.
We will need the following technical result.

Lemma 2.13. Let K be a cone in a normed linear space such that the norm preserves
the order relation < over K, h € K \ {0} and r > 0. Then, for each fixred x € K,
there exists t, € [0,+00) satisfying that ||z + t, h|| = r. Furthermore, the map

p=t: K, —[0,400), z+—t(z)=1t, (2.5)
is well-defined and continuous.

Proof. Given = € K,, let us begin by showing the existence of t,. Consider the
continuous function ¢ : [0,00) — R defined as ¢(t) = ||z +th|. If z € K,, then
@(0) = ||z]| < r and lim;—, 1 o P(t) = 400, so Bolzano’s theorem ensures the existence
of t; > 0 such that ¢(t,) = r. In case x € 9K, choose t, = 0.

Let us establish now the uniqueness of t,. Suppose that there exist t! and 2,
with 1 < ¢2, such that

e+ h=r= e+ 2h].
Then (x +t2h) — (x +tLh) = (2 —t1)h € K \ {0}, that is, x + tL h < 2 + 2 h. Since
the norm preserves the order relation < over K, we have Hx +tL hH < Hx +t2 h||,
a contradiction. Hence, the map t is well-defined.

Finally, let us prove that the map ¢ is sequentially continuous. Let
{xp}nen C K, be a convergent sequence to & € K, and let us see that the sequence
{t(xn) = tz, }nen is convergent to ¢(%) = t;. Since ||z, + t,, h|| = r for each n € N
and {z, }nen is convergent (so bounded), it follows that the sequence of real numbers
{2, }nen is also bounded. Hence, it admits a convergent subsequence. Let {t., }ren

be a convergent subsequence of {t,, }nen with limit {. By the continuity of the norm,

r= lim
k— 400

T+t B| = [+ 0]
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and thus the uniqueness ensures that £ = t;. Therefore, every convergent subsequence of
{ts, }nen has limit ¢z, which implies that the whole sequence {¢., },en converges to t;.
O

Remark 2.14. Note that the assumption that the norm preserves the order relation <
given by the cone can be replaced by the following: h € K \ {0} satisfies that

x,y € K such that y —x = A h for some A > 0 imply ||z| < ||y|.
Example 2.15. Consider the normed space
X ={zeC(0,1]) : z(0) = z(1) = 0}
endowed with the usual sup-norm and the cone
K={zeX: :z(t)>0foraltel01]}.

Then any function h € X such that h(t) > 0 for all ¢ € (0, 1) satisfies the condition of
the previous remark.

As a consequence of the previous lemma, when the norm || - ||; preserves the order

relation <; over K;, the map p; : (K;)r, = (K;)r, g, defined as

Al(xi) _ T; + tza (Ii)hi, lf x; € (Ei)n, (26)
T, if x; € (Ki)ri,R,;a

with h; € K; \ {0} fixed, i = 1,2, is a retraction.

Lemma 2.16. Let Ky and Ko be two cones in the normed spaces X andY , respectively,
such that the corresponding norms preserve the associated order relations <; over

Ki,i=1,2. Let T = (T1,T3) : K, r — K be a compact map satisfying that for each
i € {1,2} there exists h; € K; \ {0} such that the following condition holds in K, g:

x; £ Tix+ phy if ||zl =7 and p > 0.

If T has no fized point on the boundary of K, r, then its extension N defined as
N = Top, with p(x) = (p1(x1), p2(x2)) given by (2.6), has also no fired point
x = (x1,22) € K such that ||z;|| = r; or ||z;|| = R; fori e {1,2}.

Proof. Let us suppose that N has a fixed point (v1,2) € Kpg such that
||xﬂ € {r1,R1}. Since N = T in K, g and T has no fixed points on the boundary
of K, g, it follows that ||| < ro. Then

(z1,22) = N(z1,22) = (T1 (21, p2(72)), To (71, p2(72))) -

In particular, xo = Ta(x1,p2(x2)) and, by the definition of po, we have
p2(x2) = xa + t(x2)ha. Therefore,

ﬁg(ﬂ?g) — t(.%‘g)hQ = T2(371,/32(372))7

which is a contradiction since ||p2(z2)|| = 2 and t(z3) > 0. O
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Now, repeating exactly the same fixed point index computations such as in the
proof of Theorem 2.8 (which we omit here), it is possible to deduce the following fixed
point theorem.

Theorem 2.17. Let r,R € R?, r = (r1,12), R = (R1,R2), with 0 < r;, < R;
(i = 1,2). Assume that K; and Ky are cones such that the corresponding norms
preserve the order relations over K1 and Ks, respectively, and T = (T1,T»)
FhR — K is a compact map such that for each i € {1,2} there exists
h; € K; \ {0} satisfying the following condition in K, gr:

(a) Tox 4+ pwh; # x; if ||zl =7 and >0, and Tix # Ax; if ||z:]] = Ry and X > 1.

If T has no fized points on the boundary of K, r, then ix(T, K, r) =1. In particular,
T has at least one fized point in K, g.

2.5. MULTIPLICITY RESULT

The computation of the fixed point index is useful in order to obtain multiplicity
results. In particular, it is possible to establish a three-solution criterion in the line of
Amann [1]. For simplicity, we state the result with compression conditions of order
type. Clearly, analogous conclusions can be derived under homotopy type conditions.

Theorem 2.18. Let rW) RU) ¢ R?, rl) = (rgj),réj)), RU) = (jo),jo)), with
0< rlw < jo) (i=1,2, j =1,2,3). Assume that the sets FT(_,»)7R(_,») are such that

Kr(1>,R(1) U Kr(2>,R<2) C Kr(g)yR(g) and KT(U,RU) N Kr(2>,R(2) = 0.

Moreover, assume that T = (T1,T3) : KT<3)7R(3> — K is a compact map and for each
i € {1,2} and each j € {1,2,3} the following condition is satisfied in Fr(j)7R(j) :

(a%) Tyx Az if ||zil| = 77 and Tyx o @ if |ail| = RY.

In addition, assume that T is fized point free on the boundaries of FT(U,RU)
and Kr(2)7R(2). Then T has at least three distinct fized points ', 2 and T3 such that

e Kr(1>,R(1)7 e Kr(2)7R(2) and T2 € Fr(s),R(a) \ (F,,‘(l)’R(l) Ufr(fz)’R(z)) .
Proof. As a consequence of Theorem 2.8, it follows that
ix (T, KT(U,R(U) =ix(T, Kr(2>,R(2>) =1.
Then the existence property of the fixed point index ensures that 7" has fixed points
e K, roy and = K. pe. Since K,a) gpa) N K, pe = 0, they are two
distinct fixed points.

Now, if T has a fixed point, 23, on the boundary of FT(3>7R(3>, then

K,0) poy UK, ge C K. ge
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implies that z° is different from z' and z°®. Otherwise, if T is fixed point free on the
boundary of K,) ge), Theorem 2.8 gives ix (T, KT(3>,R<3)) = 1. By the additivity
property of the index,

ix (T, K, ro \ (K0 po UK, po)) =ik (T, K. re) —ix(T, K0 po)
—ix (T, Ky po) = —1,

which provides the third fixed point by means of the existence property of the index. [
Remark 2.19. Observe that, if in Theorem 2.18 one requires

K, poy UK 2 g C Ko ge

(instead of Fr(l),R(l) U Fr(z)’R(z) - KT(3>$R<3)) and that T has not fixed points on
Ok Kr(3>,R<3)7 then the conclusion holds for 3 € K,,(s)’R(z) \ (FT(I),R(I) UF,,‘@)_’R(Z)).
3. APPLICATION TO SYSTEMS OF BOUNDARY VALUE PROBLEMS

Consider the following system of second-order differential equations subject to mixed
boundary conditions

xl/(t)+f1(taz(t)7y(t)) =0, t [ al]a
y'(0) + faolt 2(t), y (1)) =0, t€0,1], (3.1)
2'(0) = z(1) =0 =¢/(0) = y(1),

)
where f1, f2: [0,1] x RZ — Ry (Ry := [0, +00)) are continuous functions satisfying
that

(H) for each M; > 0 there exists C; > 0 such that

fi(t,z1,2) < C; for all z; € [0, M;], z; € [0,400) (j # 1)
and t€[0,1] (i=1,2).

It is well-known that problem (3.1) can be rewritten as an equivalent system of
integral equations of the form

zm://ﬁ@aﬁmwmw:nuwm,
Lo t €10,1]. (3.2)

ywz//h@ﬂwmmwm:ﬂumm,
t 0

Let us consider the normed space of continuous functions X = C([0, 1]) endowed with
the usual sup-norm ||-||  and the cones

Ky =Ky ={ue X :u(t)>0forall t € [0,1] and u is nonincreasing on [0,1]}.
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It is easy to check that the operator T := (17, T»), defined as in (3.2), maps the cone
K := K; x K> into itself and it is completely continuous. Simple calculations allow
the operator T' to be expressed in terms of the corresponding Green’s function in the
following equivalent form:

Ti(ﬂs,y)(t):/G(t,S)fi(s,fv(S),y(S))ds, tel01] (i=1,2),
0

where the kernel G represents the Green’s function of the second-order problem with
Robin boundary conditions, which is given by

Gl ) 1—¢t if0<s<t<l,
78: .
1-s if0<t<s<l1,

see for instance [14].
In each integral of (3.2), fix ¢ € [0,1] and consider the integration region

{(s,r)€ER?:t<r<1,0<s<r}
By changing the order of integration, we integrate first with respect to r for each
fixed s, which gives

1

j/fk(S,xl(s),xz(S))dsdr:/ /1 Fuls,21(s), 22(s)) dr ds.
t 0

0 max(s,t)

Equivalently,

dr = G(t,s).
max(s,t)

Now, we will provide eigenvalue criteria for the existence of positive (non-trivial in
both components) solutions of the system (3.1) following the ideas developed in [14].
To do so, we need to consider the compact linear Hammerstein integral operator

Lu(t) = / Gt s)u(s)ds, te[0,1], (3.3)
0

and its corresponding eigenvalues, that is, the values A such that A\u = Lu. Let us
denote by A; the largest possible real eigenvalue of L and by p1 = 1/A1, the smallest
positive characteristic value.

Remark 3.1. In the case of our linear operator L, finding an eigenvalue A of L is
equivalent to finding a non-trivial solution of

v +pu=0, u'(0)=u(l)=0,
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with g = 1/A. This linear differential problem only has nonzero solutions for g > 0.
In such case, solutions of the second-order differential equation are of the form:

u(t) = Acos (y/pt) + Bsin (y/ut), A,BeR.
Hence, the boundary condition u/(0) = u(1) = 0 gives B = 0 and pu = (7/2 + k),
k € NU{0}. Therefore, 3 = 72 /4 and the associated eigenfunction is h(t) = cos (t/2).

Our existence result involves the value p; associated to the linear operator L and
the asymptotic behavior of the nonlinearities at 0 and +oo expressed in terms of the
following limits:

(F)o = lim DBBTLT2) gy gy filbTnEe)

z;—0t X; T;—r+00 x;

Theorem 3.2. Assume that for each i € {1,2} the following condition is satisfied:

w1 < (fi)o <400 and 0 < (fi)oo < p1, uniformly fort,x; (j #i).
Then the system (3.1) has at least one positive solution (non-trivial in both components).

Proof. For a fixed i € {1,2}, let € > 0 be such that (f;)o > w1 + . Then there exists
d; > 0 such that the following condition holds for each x; € (0, §;],

fi(t,z1,22) > (11 + &) x; uniformly for ¢ € [0,1], z; (j # ). (3.4)
Fix r; € (0,0;) and let us prove that
5 £ T+ 0 [illoo = 12, 25 € K (j £14) and > 0, (3.5)

where h is the eigenfunction of L with ||h|lcc = 1 associated to the eigenvalue A;.
Let us suppose the contrary, that is, there exist € K with ||a;||cc = 7; and p >0
satisfying that x; = T;x + pwh. Then

2i(t) > ph(t) and Lai(t) > pLh(t) = Lont), teo,1].

M1
Now, applying (3.4), we have
1
(6)= [ Glt.5)fuls,1(5)22(5)) ds + wh(®) > (s + ) Li(t) + ()
0

I
M1

Y

(i + ) Lo h(t) + uh(t) > 2uh(t), te (0,1,
Repeating the reasoning, for each n € N we obtain that ||2;||cc > npl|hllee = 1y,
a contradiction.

On the other hand, let € > 0 (¢ < p1) be such that (fi)eo < g1 — €. Then there
exists M; > r; such that for each x; > M; we have

filt,x1,x2) < (1 —e)x; for all ¢, (5 #1).
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By condition (H), there exists C; > 0 such that

filt,z1,22) < C; + (1 — €)a; for all z1,z9 € [0,+00) and ¢ € [0, 1]. (3.6)

-1
Since 1/p; is the spectral radius of L, there exists < I— L) , so we define

H1—€

-1
() ()
H1 —€ H1—€

Let us see that for each R; > R we have

Tiw # Ax; for all ||zil|oe = Riy x; € (Kj)p, r, (j#4) and XA > 1. (3.7)
Reasoning by contradiction, we deduce from (3.6) that
1
0

xi(t) < Ay (t) = Tz (t) = /G(t,s)fi(s,xl(s),xg(s)) ds
< (1 —e) Loy (t) + Cy,  t€]0,1],

which implies

( ! I—L)m@)g % teo,1].
M1 —€

By [12, Lemma 4.1], we obtain

zi(t) < (Mlgl— L)l (H10i6> , telo,1],

and thus ||z;]« < R) < R;, a contradiction.
Therefore, T satisfies conditions (3.5) and (3.7). Consequently, Theorem 2.17
ensures the existence of a fixed point of T', that is, a positive solution to the system (3.1).
O

Remark 3.3. Note that the proof of condition (3.5) does not remain valid for the case
g = 0. Thus, even though T satisfies condition (a), it is unclear whether it satisfies (af),
so the existence result cannot be derived in a similar way from Theorem 2.3.

Finally, we illustrate the existence criterion with a concrete example.

Example 3.4. The following system of second-order differential equations with mixed
boundary conditions

" (t) + y;t;_—i T+ x(i) arctan(x(t)) =0, t¢€[0,1],
"t —— + =Y t 1
y()+6x(t+1+3 6[07 ]ﬂ

2'(0) = z(1) = 0 =y'(0) = y(1),
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has at least one positive solution which is non-trivial in both components. Observe
that the functions f1 and f,, defined as

t+1 t 1
filt,x,y) = ﬁ +zarctan(z) and fao(t,z,y) = ) + §\/§’

satisfy that

71-2

(f1)o+ =400, (f1)400 = g < =m uniformly for ¢,y
and

(f2)o+ = +00, (f2)10o =0 uniformly for ¢, z.
Therefore, Theorem 3.2 gives the conclusion.
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