arXiv:1811.06118v1 [math.CA] 14 Nov 2018

Existence and multiplicity results for some generalized
Hammerstein equations with a parameter *

Lucia Lopez-Somoza'fand Feliz Minhés?3
! Instituto de Mateméticas, Facultade de Mateméticas,
Universidade de Santiago de Compostela, 15782 Santiago de Compostela,
Galicia, Spain.
lucia.lopez.somoza@usc.es
2 Departamento de Matemaética, Escola de Ciéncias e Tecnologia,

3 Centro de Investigagao em Matemética e Aplicagoes (CIMA),
Instituto de Investigacao e Formacao Avancada,
Universidade de Evora, Evora, Portugal.
fminhos@uevora.pt

Keywords: Hammerstein equations, nonlinear boundary value problems, parameter de-
pendence, degree theory, fixed points in cones. MSC: 34B08, 34B10, 34B15, 34B18, 34B27.

Abstract

This paper considers the existence and multiplicity of fixed points for the integral op-
erator

T
Tu(t):/\/o k(t,s) f(s,u(s),u'(s),...,ul™(s)) ds, tel0,T]=1I,

where A > 0 is a positive parameter, k : I x I — R is a kernel function such that k €
W™ (I x I), m is a positive integer with m > 1, and f : I x R™Tt — [0, 4+o0[ is a
L!'-Carathéodory function.

The existence of solutions for these Hammerstein equations is obtained by fixed point
index theory on new type of cones. Therefore some assumptions must hold only for, at
least, one of the derivatives of the kernel or, even, for the kernel, on a subset of the domain.
Assuming some asymptotic conditions on the nonlinearity f, we get sufficient conditions
for multiplicity of solutions.

Two examples will illustrate the potentialities of the main results, namely the fact that
the kernel function and/or some derivatives may only be positive on some subintervals,
which can degenerate to a point. Moreover, an application of our method to general
Lidstone problems improves the existent results on the literature in this field.
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1 Introduction

In this work we will study the existence and multiplicity of fixed points of the integral operator

T
Tu(t) = )\/0 k(t, 5) F(s,u(s), ' (5), ..., ul™ (s))ds, te0,T]=1, (1)

where A > 0 is a positive parameter, k£ : I x I — R is a kernel function such that k& €
W™ (I x I), m is a positive integer with m > 1, and f : I x R™" — [0, +o0[ is a L'-
Carathéodory function.

The solvability of these type of integral equations, known as Hammerstein equations (see
[13]), has been considered by many authors. In fact they have become a generalization of
differential equations and boundary value problems and a main field for applications of methods
and techniques of nonlinear analysis, as it can be seen, for instance, in [38,12,[I5HI822].

In [5], the authors consider a third order three-point boundary value problem, whose solu-
tions are the fixed points of the integral operator

1
Tu(t) = A /0 G(t,s) f(s,uls),u/(s),u"(s)) ds, te€0,1],

where G(t,s) is an explicit Green’s function, verifying some adequate properties such that
G(t,s) and %—?(t, s) are bounded and non-negative in the square [0, 1] x [0,1], but %2—t26(t, s)
could change sign, being non-negative in a subset of the square.

In [9], it is studied a generalized Hammerstein equation

1
u(t) :/0 k(t,s) g(s) f(s,u(s),u’(s),...,u(m)(s)) ds, (2)

with & : [0,1]> — R a kernel function where, in short, k € W™! ([0, 1]2), m > 1 is integer,
g :[0,1] — [0,00) in almost everywhere t € [0, 1] non-negative, and f : [0, 1] X Rmfl — [0,00)
is a L>°—Carathéodory function. Moreover, the kernel k(t, s) and its derivatives %(t, s), for
i=1,...,m, are bounded and non-negative on the square [0, 1] x [0, 1].

Our work generalize the existing results in the literature introducing a new type of cone,

ueC™(I,R): u(i)(t) >0,t€ [mg,ng, i€ J;
K =

ter[gﬁy‘] () 2 & HU(J)H[CJ',dj}’] enf’
where the non-negativeness of the functions may happen only on a subinterval, possibly de-
generate, that is reduced to a point, and, as J; C J, J; # &, the second property can hold,
locally, only for a restrict number of derivatives, including the function itself. In this way, it
is not required, as it was usual, that k(¢,s) and %(t, s) have constant sign on the square.
Another important novelty is given by (Hy4), where the bounds must hold only for, at least,
one of the derivatives of the kernel or, even, for the kernel, on a subset of the domain. Assum-

ing some asymptotic conditions on the nonlinearity f and applying index theory, we obtain



sufficient conditions for multiplicity of solutions, more precisely, for the existence of two or
more solutions.

Moreover, the application in last section contains new sufficient conditions for the solvability
of 2n-th order Lidstone problems. In fact, our method allows that the nonlinearities may
depend on derivatives of even and odd order, which is new in the literature on this type of
problems, as it can be seen, for instance, in [6[19,2528]. In this way, our results fill some gaps
and improve the study of Lidstone and complementary Lidstone problems.

The paper is organized in the following way: Section 2 contains the main assumptions,
the definition of the new cone and some properties on the integral operator. In section 3,
the existence results are obtained with several asymptotic assumptions on f of the sublin-
ear or superlinear type, near 0 or 4+o00. Section 4 presents existence and multiplicity results
applying fixed point index theory. Section 5 has two examples to illustrate our main results
and, moreover, to emphasize the importance that (H4) holds only for some derivatives and
that the subsets could be reduced to a point. Last section contains an application to 2n-th
order Lidstone problems, which allows the dependence of the nonlineariry on odd and even
derivatives.

2 Hypothesis and auxiliary results

Let’s consider E = C™ (I, R) equipped with the norm
lull = max{ |||, i € T},

where [|v]|o0c = sup|v(t)| and J ={0,1,...,m}. It is very well-known that (E, ||-||) is a Banach
I

te
space.

Throughout the paper we will make the following assumptions:

(H1) The kernel function k: I x I — R is such that k € W™!(I x I), with m > 1. Moreover,

for i =0,...,m—1, it holds that for every € > 0 and every fixed 7 € I, there exists some
0 > 0 such that |t — 7| < 0 implies that
o'k o'k

W(t,s)— W(T,S) < ¢ forae sel.

Finally, for the m-th derivative of the kernel, it holds that for every ¢ > 0 and every
fixed 7 € I, there exist a set Z,. € I with measure equal to zero and some § > 0 such
that |t — 7| < J implies that

oMk "k

W(t’ s) — W(T, s)| <e, Vse I\ Z; such that s < min{t,7} or s > max{t,7}.

(Hs) For each i € Jy C J, Jy # &, there exists a subinterval [m;, n;] such that
o'k
ot

It is possible that the interval is degenerated, that is, m; = n,.

(t,s) >0 for all t € [mj,n;], s €l



(H3) For i € J, there are positive functions h; € L'(I) such that

%(ES)‘ < hi(s) fort eI and a.e. s € I.

(Hy) For each j € Ji C Jy, Ji # @, there exist subintervals [a;,b;] and [c;j,d;], positive
functions ¢;: I — [0,00) and constants &; € (0, 1) such that
Ik

%(t, s)| < ¢;(s) fort € [c;,d;] and a.e. s €1,

and ik
j
w(t,s) > & ¢pj(s) fort € aj,b] and a.e. s € 1.

Moreover, ¢; € L'(I) satisfies
bj
/ ¢j(s) ds > 0.
a;
(Hs) There exists ig € Jy such that either [¢;,,d;,] = I or [m4,,n;] = I and, moreover,
{0717"'7i0} C Jo.

(Hg) The nonlinearity f: I x R™1 — [0, 00) satisfies L!-Carathéodory conditions, that is,

— f(-yxo,...,xy) is measurable for each (xg,...,x,,) fixed.
— f(t,-,---,-) is continuous for a.e. t € I.
— For each r > 0 there exists o, € L'(I) such that

flt,xg, ... xm) < @r(t), Y(xo,...,zm) € (—r,r)™ ae tel

(H7) Functions h; defined in (H3) and ¢, defined in (Hg) are such that h; ¢, € L'(I) for every
1€ Jand r > 0.

We will look for fixed points of operator 7 on a suitable cone on the Banach space E. We
recall that a cone K is a closed and convex subset of E satisfying the two following properties:

e If x € K, then Az € K for all A > 0.
e KN(—K)={0}.
Now, taking into account the properties satisfied by the kernel k, we define

we C(IL,R) : u(t) >0, t € [mi,nil, i € Jo;

K = ' -
in u@D(t) > & [uD|. g1, j
tEI[I;]l»I},j}u ( ) = SJ ”u H[cj,dj]a jed;
where | |
HU(J) . = max u(])(t)‘ )
[ej.d;] telcj,dj]
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Lemma 1. Hypothesis (Hs) warrants that K is a cone in E.

Proof. We need to verify that K satisfies the two properties which characterize cones in a
Banach space. First of all, from the definition of K, it is trivial to check that if x € K, then
Ax € K for all A > 0.

Now, to prove that K N (—K) = {0}, we will distinguish between two different cases:

(I) There exists ig € Jy such that [m;,, n;,| = I.
Suppose that u, —u € K. Then u()(t) > 0 and —u()(t) > 0 for all t € I, which implies
that u() =0 on I. If iy > 1, u(©~Y is constant on I.
Now, we have that u(@=D(t) > 0 and —ul0=V(t) > 0 for all t € [¢;,_1,di,_1], that
is w0~ = 0 on [Cip—1,diy—1]. Then, since w1 is constant on I, we deduce that
wlo=1 =0 on I.
Using the same argument repeatedly we conclude that «w =0 on I. In this way, we have
proved that K N (—K) = {0}.

(IT) There exists iy € Jy such that [¢;,, d;,] = 1.
Suppose again that u, —u € K. Then, from the fact that

min u(io)(t) > & Hu(iO)HI and min (—u“‘”(t)) > & Hu(iO)HI,
t€aig big] t€aig big]

it is deduced that ||u(")||; = 0, which implies that u(®) = 0 on I. Now, following the
same arguments than in Case (I), we deduce the result.

O

In next section, considering some additional properties on the function f, we will ensure the
existence of fixed points of operator 7. However, before doing that, we obtain some previous
technical results.

Lemma 2. If (Hy) — (H7) hold, then T: K — K is a completely continuous operator.

Proof. We divide the proof into several steps.

Step 1. T is well defined in K.
Let u € K. The proof that Tu € C"™(I,R) follow standard techniques and so we omit it.
We will prove that Tu € K.

It is obvious that, for i € Jo, (Tu)®(t) > 0 for all t € [m;, n;].

Moreover, for j € J; and t € [cj,d;], we have that

Ik

575 (19)] F(s.us),..,u™(s)) ds

' T
(Tw0 )| < )\/0

T
< )\/0 (bj(s)f(s,u(s),...,u(m)(s))ds,
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and, taking the supremum for ¢ € [¢;, d;], we deduce that

Tu)) <A ! () F(s,u(s),...,ul™(s)) ds.
T = [0 e i)

On the other hand, for ¢ € [a;, b;], we have

T oik

(T =x | G5

t,8) f(s,u(s),...,u™(s)) ds

2 by /0 é’] qﬁj(s) f(s,u(s), . ,u(m) (3)) ds Z 6_7 H(TU)(J) [Cj’dj}
and we deduce that

min (Tu)D(t) 2 & |[(Tw)?

t€[a;,b;]

[c;,d;]
for j € Ji.

Therefore, we can conclude that Tu € K.

Step 2. 7 is continuous in C"(I,R).

This part also follows standard techniques.

Step 3. T is a compact operator.

Let’s consider

B={u€E; |ul <r}.

First, we will prove that 7'(B) is uniformly bounded in C™(I).
We find the following bounds for u € B and i € J:

A T%(t, ) f(s,u(s),...,ul™(s)) ds
g Ot

= sup
©o tel

T T
§)\/0 hi(s)f(s,u(s),...,u(m)(s))dsg)\/o hi(s) pr(s) ds:= M,

o

with M; > 0. Therefore,

|Tul| < max{M;: i€ J}, VYuéeB.

Now, we will prove that 7 (B) is equicontinuous in C™(I). Let ty € I be fixed. Then, for
every € > 0, take § > 0 given in (H;) and for i = 0,...,m—1, it holds that |t; —t3| < § implies
that

8Z

T~ ] < [ G0 - St

SA/
0

f(s,u(s),... ,u(m)(s)) ds

0k 0k
a7 1o8) = Gyt 9)

T
or(s) ds < 6)\/ or(s) ds,
0
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and, since ¢, € L'(I), it is clear that there exists a positive constant x; such that
(Tu)D(t1) — (Tu)D(ta)| < w1 e

for all u € B.
On the other hand, for the m-th derivative, for every € > 0, take § > 0 given in (H;) and
|t1 — ta] <, t1 < tg, implies that

oMk
(Tu)™ (t1) = (Tu)™ (t2) </\/ 9 t1, $) = 5 (12:5) Fls,u(s), ..., u™(s)) ds
"k o™k
< —_—
_)\/0 otm (th ) otm (t273) 907“(3) ds
t1 amk, 8mk‘
_AA 9¢m (tl7 ) W<t278) QOT’(S) ds
A tl W(tl’ ) gtm (t2’ ) QDT(S) ds
Tlomk o™k
A to otm g (t18) — W(t%s) or(s) ds.

From (Hy), it is clear that first and third integrals in last term of previous expression can be
arbitrarily small when [ty — 2| < . Moreover, ‘%(tl, ) = %(7&2, )| er(-) € Lt1,t2] and
so there exists some ¢ > 0 such that

ok ok
M, e - g

(t2,8)| pr(s) ds<e

t1

when ’tl — tg‘ <.
Therefore it is clear that, for [t; — t2| < min{d,d’}, 1 < to, there exists a positive constant
k9 such that

[(Tw) ™ () = (Tw)™ (t2)] < ae

for all u € B.
Analogously, when |t; — ta] < §, t1 > to, there exists some some positive constant x3 such
that
(T () = (Tw) ™) (22)] < e

for all v € B.

We have proved the pointwise equicontinuity on I. Moreover, since [ is compact, pointwise
equicontinuity is equivalent to uniform equicontinuity.

This way, we conclude that 7 (B) is equicontinuous in C™(I).

As a consequence, by Ascoli-Arzela Theorem, we can affirm that 7 (B) is relatively compact
in C™(I) and so T is a completely continuous operator. O



3 Main results

We introduce now the following notation

. T b;
A= / hZ(S) dS, Az = / §Z (252(8) ds
0 a;
and define
A= (m+1) max{A": i€ J} and A:=max{&A;: i€ i}

On the other hand, we denote

t
fo:= liminf min ft, o,y m)
[Zo)yeees|Tm | =0 tET |3:0| 4+t |33m|

and

t ..
f:= limsup max Ft 20, Tm) .
@0l,veslom| oo (€1 |To| + -+ [Tm]

We will give now our existence result.

Theorem 3. Assume that hypotheses (Hy) — (Hz) hold. If A f < A fo, then for all

1 1
Ae|—,——
Afo' Afoe
operator T has a fixed point in the cone K, which is not a trivial solution.

Proof. Let A € (ALf(ﬂ /—\%) and choose ¢ € (0, fy) such that

S S S
A(fo—e) = 7 A(f*+e)

Taking into account the definition of fy;, we know that there exists ; > 0 such that when
[[ul| < b1,

Ftult), . u™ @) > (fo—e) (Ju®l +-+ ™ @), Veer.

Let
Q5 ={u € K; |lull <01}



and choose u € 9s,. We will prove that Tu £ u. We have that for ¢ € [a;,b;] and j € Jy,

ok b oIk
; ﬁ(t,s)f(s,u(s),...,u(m)(s))dsz)\ 50
bj

2 A _ £ bi(s) f(s,u(s),...,u™(s)) ds

(Tw) 9 () =X (t.s) f(s,u(s), ..., u™(s)) ds

>AL%§%@ME—@(W@M%~+WWNM)ds

. b
> Ao = )& 10 oy | €0465) ds
= Ao = 2)& [P0, 45 2 A(fo —2) Ay &ut (1),

As a consequence we have that for some j € Jy, (Tu)) (t) > w9 (t) for all ¢ € [a;,b;] and so
it is proved that Tu A u. We deduce (see [I1, Theorem 2.3.3]) that

iK(T, Q(sl) =0.

On the other hand, due to the definition of f°°, we know that there exists C > 0 such that
when min{]u(i)(t)\ rieJ}>C,

FE (), u™ () < (1 +¢) (Ju®l +-+ ™ @) < (m+1) (7 +2) Jull, Vel

Let C' > {6;, C} and define

m

Qe = U {u €K: I{lelln|u(2)(t)| < C’}.
1=0

We note that Q¢ is an unbounded subset of the cone K. Because of this, the fixed point index
of operator T with respect to Q¢, ix (T, Q¢), is only defined in the case that the set of fixed
points of operator T in Q¢, that is, (I — 7)~1({0}) N Q¢, is compact (see [10] for the details).
We will see that ix (7, Qc¢) can be defined in this case.

First of all, since (I — 7)) is a continuous operator, it is obvious that (I —7)~'({0}) N Q¢
is closed.

Moreover, we can assume that (I —7)~'({0}) N Q¢ is bounded. Indeed, on the contrary,
we would have infinite fixed points of operator 7 on Q¢ and it would be immediately deduced
that 7 has an infinite number of fixed points in the cone K. Therefore we may assume that
there exists a constant M > 0 such that |Ju|| < M for all w € (I —7)~1({0}) N Qc.

Finally, it is left to see that (I —7)~1({0}) N Q¢ is equicontinuous. This property follows
from the fact that (I — 7)7*({0}) N Q¢ is bounded. The proof is totally analogous to Step 3
in the proof of Lemma 2



Now, we will calculate ix (7T, Q¢). In particular, we will prove that ||Tu| < [Jull for all
u € JQe. Let u € 0Q¢, that is, u € K such that

min {min\u(i)(t)] RS J} =C.

tel

Then, for i € J,

T

f(s,uls),...,u™(s)) ds < )\/ hi(s) f(s,u(s), ..., u™(s)) ds

0

i

o7t (15)

T
KTM@@NSAA

T .
<(m+1) A/0 hi(s) (f% + &) lull ds = (m + 1) A (f* + &) [Jul| A
<A+ o) ull A < .

We deduce that
[T ul| < [Jull

and as a consequence ([I0, Corollary 7.4]) we have that
ix(T, Qc) =1.
Therefore, we conclude that 7 has a fixed point in Q¢ \ Qs . O
Consequently, we obtain the following

Corollary 4. Assume that hypotheses (Hy) — (Hy) hold. Then,
(i) If fo =00 and f> =0, then for all X € (0,00), T has a fized point in the cone.

(ii) If fo =00 and 0 < f> < oo, then for all \ € <0, #), T has a fized point in the cone.

(i5i) If 0 < fo < oo and f*° =0, then for all X € (ALfo,oo), T has a fixed point in the cone.

4 Existence and multiplicity of solutions

In this section we will use the fixed point index theory to study the existence of multiple fixed
points of operator 7. In [4] the authors apply similar arguments to functional equations that

only depend on the values of u. First of all, we compile some classical results regarding to
fixed point index (see [2,[11] for the details).

Lemma 5. Let D be an open bounded set with Dx = D N K # 0 and D # K. Assume that
F: Dx — K is a compact map such that x # Fx for x € ODg. Then the fized point index
ix (F, Dg) has the following properties:

(1) If there exists e € K \ {0} such that x # F x + ace for all x € Dk and all a > 0, then
ix(F,Dg)=0.

10



(2) If px # Fx for all x € 0Dk and for every p > 1, then ix(F, Dg) = 1.

(8) Let D' be open in X with D' C Dk. Ifix(F,Dk) =1 and ix(F,D}) =0, then F has
a fized point in Dk \ D). The same result holds if ix (F,Dk) =0 and ix(F, D)) = 1.

We will define the following sets:

K, = {u e K; Ju] < p},

Vv, = {uEK: tn[niré]u(")(t) <piedy [[u?s <p,z’€J\J2},
clai,b;

where J = {0,...,m} and
Jy={ieJ: [¢,di]=1I}.

To ensure that the sets K, and V,, are not the same, we need to change condition (Hs) into
(Hs) There exists ig € {0, ..., m} such that [c;,ds,] = I and, moreover, {0,1,...,io} C Jo.
In this situation, it is clear that Jy # () and therefore
K, CV,C Ke

where

c=min{¢; : i€ Ja}. (3)

Now we will give sufficient conditions under which the index of the previous sets is either

1 or O.
1 { /T
— = max  sup
N tel Jo

{f(t,a;o,...,xm)
)

Lemma 6. Let )
8’k(t 5)
ot

ds: Z'EJ}

and

fpzsup ;t€I7 xle[_pno])ZGJ}

If there exists p > 0 such that

A% <1 (1)

then ig (T, K,) = 1.

Proof. We will prove that Tu # pu for all u € 0K, and for every p > 1.
Suppose, on the contrary, that there exist some v € 0K, and p > 1 such that

Taik

@) = :
put”(t) T

(t,s) f(s,u(s),...,u™(s)) ds.

11



Taking the supremum for ¢ € I, we obtain that

T 9¢ T | 5i
e o < A sup/ a—.(t, | fls,us), ..., u™(s)) ds < Apf? sup/ -(t,8)| ds
ter Jo |OT ter Jo |0t
\ p
< — .
SApp <P
Consequently, we deduce that
pp=pmax{|u? | : i€ J} <p,
which contradicts the assumption that p > 1. Therefore, i (7, K,) = 1. O

Lemma 7. Forie€ Jy, let
1 bi o'k
— = inf —(t,s) d
i et ) aathe)ds

and

: 4 R .

ﬁ:nﬁ{ﬂ’%} w):teh%M,%e[Qg]JerxkemmLkeJ\h}.
If there exists p > 0 and ig € J1 such that

£

£ >1 10

Ao (Zp)

then ix(T,V,) = 0.

Proof. We will prove that there exists e € K \ {0} such that u # Tu + ae for all u € 0V, and
all v > 0.

Let us take e(t) = 1 and suppose that there exists some v € 9V, and a > 0 such that
u=Tu+ a. Then, for t € [a;,, bi,],

] T i b; 20
ul®)(t) > A / Ok (1) F(s,u(s) . u™(s)) ds > A [ LK 6) fls,uls),... ulm (s)) ds
o Otio a, Ot
] big giof
> to —_— .
>Apf, m08ﬂ4t$d8>p

Consequently, u(®)(t) > p for ¢ € [a;y, b;], which is a contradiction. Thus, ix (T, V,) = 0.
U

Combining the previous lemmas, it is possible to obtain some conditions under which
operator 7 has multiple fixed points.

Theorem 8. Assume that conditions (H,) — (Hy), (Hs) and (Hg) — (H7) hold and let ¢ be

defined in [B). The integral equation () has at least one non trivial solution in K if one of
the following conditions hold

12



(C1) There exist p1, p2 € (0,00), & < pa, such that (I),) and (I,,) are verified.

(C2) There exist p1, p2 € (0,00), p1 < pa, such that (I})) and (I),) are verified.

The integral equation () has at least two non trivial solutions in K if one of the following
conditions hold

(C8) There exist p1, pa, p3 € (0,00), 22 < pa < p3, such that (Igl), (I;z) and (123) are verified.

(C4) There exist p1, p2, p3 € (0,00), with p1 < pz and 2 < p3, such that (I;l), (122) and (I;S)
are verified.

The integral equation ({II) has at least three non trivial solutions in K if one of the following
conditions hold

(C5) There exist p1, pa, ps, pa € (0,00), with 22 < py < pg and 22 < py, such that (I9)), (I},),
(ID,) and (I,) are verified.

(C6) There exist p1, p2, p3, pa € (0,00), with p1 < pa and 22 < p3 < py, such that (I;l), (122),
(1,,) and (I),) are verified.

The proof of the previous result is an immediate consequence of the properties of the fixed
point index. Moreover, it must be point out that, despite of the fact that the previous theorem
studies the existence of one, two or three solutions, similar results can be formulated to ensure
the existence of four or more solutions.

5 Examples

Example 9. Consider the following boundary value problem:

e (fuft)] + o/ ()] + " (1))
00 W

u® () =\

is the following one

11— g)(— <
Glt.s) = 1(1—=5)(=34+s5+4t), t <s,
L(-3+s(s+4)+2t(t+2)—8st), s<t

13



Therefore, solutions of the boundary value problem () correspond with the fixed points of the
following operator:

1
Tu(t) =\ /0 G(t,s) f(s,u(s),u'(s),u"(s)) ds, te€][0,1],

which is a particular case of the operator defined in ([l) for 7 = 1, m = 2, k = G and

flt,x,y,2) = W We will check now that the kernel G satisfies conditions (Hy)—(Hs).

To do that, we need to calculate the explicit expression of the first and second partial derivatives
of the Green’s function, that is,

oG 1—s, t<s,
(t78):
ot 1-2s+t, s<t,

and

aQG(t ) 0, t<s,
- ’s —
o0t2 1, s<t.

Using this expressions, we are able to check that the required conditions hold:

(Hy) Let 7 € I be fixed. Both G and %—? are uniformly continuous so the hypothesis is

immediate for ¢ = 0,1. Moreover, for the second derivative %Q—tQG (that is, for the case
i =m = 2), we can take Z, = {7} and we have that

=|1-1]=0, Vs < min{t, 7}

0?G 0?G
‘WM— o ()

and

7,5)| =10—0] =0, Vs> max{t, 7},

@G, PG
FIZAT>

so the hypothesis hold.

(H2) Numerically, it can be seen that
G(t,s) >0, forallte [ty,1], se€[0,1],

with ¢o ~ 0.6133. Therefore, in this case [mg, ng] = [to, 1].

Moreover, both %—? and %(T; are nonnegative on the square [0, 1] x [0, 1], which means
that [mq,ny1| = [me,ns] = [0, 1].

(H3) It can be checked that

|G(t,s)| < = (3—4s+s?), foralltel0,1], s €]0,1],

=

14



and the equality holds for t = 0 and ¢ = 1 so the choice ho(s) = 1 (3 — 45 + 5%) is

optimal. This inequality can be easily proved by taking into account that, since %—(t; is

nonnegative, then G(, s) is nondecreasing for every s € [0, 1] and, therefore,
1
|G (t )] < max{|G(0,5)], |G(Ls)[} = 7 (3 —4s+ 5%).

For the first derivative, it holds that

%—?(t, s)| <2(1—s), foralltel0,1], sel0,1],
and the equality holds for t = 1, so hi(s) =2 (1 — s) is also optimal.
Finally,

e

W(t,s) <1, fortel0,1 and a.e. s € [0,1],

and ho(s) =1 is trivially optimal.

(Hy) If we take ¢o(s) = ho(s) = +(3 —4s+ s%), [co,do] = [0,1], and [ag,bo] = [t1,1] with
t1 > to (to given in (Hs)), it holds that there exists a constant £y(t1) € (0,1) such that

G(t,s) > &(t1) go(s), for all t € [t1,1], s € [0,1].

We note that the bigger t; is, the bigger the constant £y(¢1) is. For instance, if we take

t1 = 0.62, we can choose &y = 7—15
With regard to the first derivative of G, it satisfies that
oG
W(t’ s)<2(1—s), forallte|0,1], se|0,1],

that is, we could take ¢;(s) = hi(s) = 2(1—s), [e1,d1] = [0,1], & = % and [a1,b1] = [0, 1].

Finally, for the second derivative of (G, it does not exist a suitable function ¢, and a
constant &y for which the inequalities in (Hy) hold.

As a consequence, we deduce that J; = {0, 1}.

Moreover, it is obvious that ff; ¢i(s) ds >0 fori=0,1.

(Hs) It is immediately deduced from the proofs of the previous conditions.

Moreover, the nonlinearity f satisfies condition (Hg).
We will work in the cone

w e C3([0,1],R) : u(t) >0, t € [to, 1], /(t),u"(t) >0, t € [0,1];
K =

. . 1
tgﬁlll,luu(t) > &o(t1) [Julljo,; tle%ﬂ} u'(t) > D) l[u'll 0,11
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With the notation introduced in Section 3, we obtain the following values for the constants

involved in Theorem [3t
0 1 1 2
A - g, A - 1, A - ].,

and therefore
A =3 max {A°, A, A%} =3,

1 3 1 1 1
Ao = &o(t1) <§—Zt1+§t%—ﬁt?>, A1:§,

1 3 1 1 1
a-ma{ge) (3-Sn+ga-5d) 1}
We note that, since &y(t1) € (0, 1),

1 3 1 1 1 3 1 1

2 2 3 2 3
t)(=—Sti+-0— =)< -t +=t3 - —t

é‘0(1)<3 41 21 12 1) 3 41 21 121

and so

and it is easy to see that the right hand side of previous inequality decreases with ¢; and, in

particular, it is always smaller than %. Thus,

1
A=3

independently of the value of ;.
On the other hand, we obtain the following values for the limits over the nonlinearity f:

fo= liminf min ¢ (Jz] + Iyl + |2 = im b =1
2] |yl 2| —0 te[0,1] (1 + 22) (|z| + |y| + |2])  |=llyllz1—0 (1 + 22) ’
= limsup max " (2] + ly| + |2] = lim —— =0

ellylzl—oo €01 (1 +22) (l2] + [yl + [2])  Jal.lyl.|zl»o0 (1 + 22)

Therefore, from Corollary dl, we deduce that for all A € (4,00), T has at least a fixed point
in the cone K, with independence of the choice of ¢;. This fixed point is a nontrivial solution
of problem ().

On the other hand, we will prove that it is not possible to apply Theorem [§to this example.
With the notation introduced in Lemma [7, we have that

fozinf{et(‘x’ﬂy’ﬂz‘) D teftl], z e [0, L], y €02, z € [0,p]} —0

P p(x?+1) §o(t1)
and
s (S R p _
fp_lnf{ p($2+1) . te[ovl]v T € |:07m:|7 yG[O,ZPL ZG[O,p]}—O,

and therefore it does not exist any p such that condition (IS) holds. Thus Theorem [ is not
applicable to this example.
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Example 10. Consider now the following Lidstone fourth order problem:

u(t) = At <e“(t) + (W ()2 + (" (1) + (u’”(t))2> . telo,1], -

Notice that fourth order differential equations with this type of boundary conditions have
been applied for the study of the bending of simply supported elastic beams (see [21.24]) or
suspension bridges (see [7,20]).

The Green’s function related to the homogeneous problem

{u(4>(t) =0, tel0,1],
u(0) = u(1) = 4"(0) = u"(1) = 0.

has the following expression:

1{ t(1—s)(2s—s%2—1t%), t<s,
6

G(t,s) = =
(t:5) s(1—t)(2t -t —s%), s<t,

which implies that the solutions of problem (&) coincide with the fixed points of

1
Tu(t) =\ /0 G(t,s) f(s,u(s),u' (s),u"(s),u"(s)) ds, te€]0,1].

Previous operator is a particular case of () for T =1, m = 3, k = G and f(t,x,y,z,w) =
t(e"+y*+ 22 +w?).

Next, we will give the explicit expressions of the first, second and third derivatives of the
Green’s function:

8G(t ) 1 —(1—8)(-2s+s2+3t%), t<s,
_— 73 = —
6 | s(2+4s2+3t2—61), s < t,

9*G —t(l1—s), t<s,
2 % ts) =
ot? —s(l—t), s<t,

@Gmﬁz{—ﬂ—$t<&

ot3 s, s < t,

and now we will see that they satisfy the required hypotheses:

(Hy) As in previous example, it is easy to verify that this condition holds.

(Hz) The Green’s function G is nonnegative on [0, 1] x [0, 1] (in fact it is positive on (0,1) x
(0,1)). Therefore [mg, ng] = [0, 1].

17



For first derivative it holds that
oG
ot

with tg = 1 — Y2 ~ 0.42265. Thus [my,n1] = [0, ta].

With respect to the second derivative, it is immediate to see that it is nonpositive on its
square of definition. However it is zero on the boundary of the square, so we could take
[ma,na] = {0} (it would also be possible to choose [mg,no] = {1}).

—(t,s) >0 forallte0,t2], s€[0,1],

Finally, the third derivative is nonnegative on the triangle
{(t,s) € 0,1] x [0,1] : s < t},
that is, [ms,n3] = {1}.
We have that
|G(t,s)] = G(t,s) < ho(s) forallte|0,1], se€]0,1],

1 3(1—32)%, 0<
hO(S)_ﬁ{ (1—8)(28—82)%, %

Previous inequality has been proved in [26].

where

;a MI»—A

<s

| /\

Previous inequality is optimal in the sense that for each s € [0,1] there exists at least
one value of ¢t € [0, 1] for which the equality is satisfied.
Analogously, it holds that
0G
‘W(t,s) < hi(s) forallte]0,1], s€]0,1],

for

and the equality holds for 0 < s < % at t = 0 and for % < s<1att=1, so this choice
of hy is optimal.

For the second derivative, we have that

9?2 G
W(t’ s)

<s(1—s)=ha(s) forallte]|0,1], s<]0,1],

and the inequality is optimal in the same way than for the Green’s function G.
With regard to the third derivative, it satisfies that

PG
ot 2

and the inequality is also optimal.

t,s)| <max{s,1— s} =hs(s) fortel0,1] and a.e. s €[0,1],

18



(Hay)

(Hs)

If we choose ¢o(s) = ho(s), given in (Hs), and [cg, do] = [0, 1], then for any closed interval
[ag, bo] C (0,1), it is possible to find a constant £y(ag,bg) € (0,1) such that

G(t,s) = &o(ao, bo) go(s), for all t € [ag,bo], s € [0,1].

This has been proved in [26] with an explicit function. Of course, it is satisfied that the
bigger the interval [ag, by| is, the smaller y(ag, by) needs to be.
Analogously, we can take ¢1(s) = hi(s) and [¢1,d;] = [0,1] and it holds that for any
interval [0, b1], with b; < 1 — @, there exists £1(b1) € (0,1) such that

oG

W(tvs) > &1(b1) #1(s), forall t € [0,b1], s €[0,1].

Finally, with respect to the second derivative of the Green’s function G, it does not exist
any pair of function ¢, and constant £ such that the inequalities in (Hy) hold. The same
occurs with the third derivative of G. Therefore J; = {0, 1}.

It is a direct consequence of (Haz).
Clearly, f satisfies (Hg) and (H7).

As a consequence of the properties of the Green’s function that we have just seen, we will
work in the cone

u e C[0,1],R) : u(t) >0,te[0,1], u'(t)>0,te][0,ts],
u’(t) >0, t€{0,1}, «"(1) >0,

K= min wu(t) > &o(ao, bo) ||UH[0,1},
t€[ao,bo]
in /' (t) > & (by) ||of
té“[l‘i?ﬂu( ) > &1(b1) |lu'[ljo,1
Moreover, we will make all the calculations with the values [ag,by] = [0.1,0.9], & = %7

[Ovbl] = [07 %] and §; = %
In this case, with the notation introduced in Lemma [6] we have that

and

1 5 1 1 1] 1
N 3812408 2 T 2

ctef0,1], z,y, 2, we [—pz,m]} — sz’

t(e" +y*+ 2%+ w?)
[ = sup
P2

and so (I;z) holds for any A < —2£2

eP2+3p2”
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Analogously, with the notation used in Lemma [7,

1 29 1 7

M, 7500 DM, 1944’

Blzinf{ (" +y° + 2%+ w?) : t€[0.1,0.9], x € [0,4p1], y €[0,6p1], z,wE[O,pl]}:—
P1 P1
and
t(e” +y° + 22 +w’ 1
f;:inf{ (e yp z w): te[0,5},xe[0,4p1],y€[0,6p1], z,wE[O,pl]}ZO,
1

and thus (Igl) holds for A > %&pl.

Therefore, as a consequence of (C7) in Theorem [§] for any pair of values p;, pa > 0 such

that p; < cps = & and
50000 __ 2po

29 er2 + 3 p3’

problem ([B]) has at least a nontrivial solution for all

75000 2
\e P17 P2 2.
29 er? + 3 p;

In particular, there exists at least a nontrivial solution of (@) for all

A€ (0,0.4171).

On the other hand, we obtain that:

t(e" +y* + 22 +w?)

0= limin min
el lyl |zl [wl=0 tefo.1] |z] 4 [y] 4 [2] + [w]

)

and thus neither Theorem Bl nor Corollary [l can be applied to this example.

6 Application to some 2n-th order problems

In this section we contribute to fill some gaps on the study of general 2n-th order Lidstone
boundary value problems, for n > 1, usually the nonlinearities may depend only on the even
derivatives (see, for example, [6LI9]25128]), or general complementary Lidstone problems, (see
[27] and the references therein). Therefore, we consider the following problem, with a full
nonlinearity,

uP(t) = f (t,u(t),...,u(2"_1)(t)> . telo,1],
(6)
u®(0) =u®(1) =0, k=0,...,n—1.
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Let G(t,s) be the Green’s function related to the homogeneous problem

u®(t) =0, telo,1],
u®(0) =u®¥(1) =0, k=0,...,n—1.

It can be checked that, for n > 2, g(t,s) = % ST il e (t,s) is the Green’s function related to
the problem

{ u () =0, telo,1],
u(0) = u(1) = 4"(0) = u"(1) =0,

whose explicit expression has been calculated in Example As a consequence of the calcu-
lations made in that example we know that the following facts hold, for n > 2:

aZn 4G

o So=t(t,s) = g(t,s) > 0 on [0,1] x [0,1] and a—tm(t, s) = 0 on the boundary of the
square.

o 202G (t,5) = 99(t,5) > 0 on [0,t5] X [0,1], with to = 1 — ¥3.

Qv

2n—2
hd %;Tg(tv 8)

square.

°g 7 (t,s) <0on [0,1] x [0,1], and %(t, s) = 0 on the boundary of the

o Gt (ts) = G(1s) > 0 for s € 0.1]

With this information, we can obtain some results about the constant sign both of the
derivatives of smaller order of G and of the Green’s function itself.

1. Since %(t s) > 0, for n > 3, it holds that for each fixed s € [0, 1], %2;%5,?(-,3) is
increasing.

o . . . 2n—6 . . .
Assume that it is nonnegative. Then it would occur that %;%(-, s) is also increasing

and, since from the boundary VaGIue conditions it holds that %(0, ) = %(1, )
0, we would conclude that 6:27,166( s) =0 on [0,1] x [0, 1], which is not possible.

The same argument holds if we assume that W(" s) is nonpositive.

. -5 . . o .
Therefore, necessarily an(-, s) is sign-changing and, since it is increasing, we know

for sure that %Qt;f’?(o s) < 0 and %(1, s) > 0 for all s € [0,1].

. 2n—>5 6 .
2. Now, since %;TE’(-, s) is sign-changing and increasing, ﬁ(', s) will be first decreas-

ing and then increasing. This together with the boundary value conditions % (0,s) =

2n—6 . . 2n—6 . ..
%tzTg(l, s) = 0 implies that %tQTGG is nonpositive.

3. Since %2;%6,? is nonpositive, we can follow an analogous argument to the one made in 1.
to deduce that % is sign changing and decreasing. In particular this implies that
%2:2,:?(0 s) >0 and W(l s) <0 for all s € [0,1] and n > 4.
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4. Finally, arguing analogously to 2., we can deduce that %—2:%8@ is nonnegative on [0, 1] x

[0,1], for n > 4.

We note that we could repeat all the previous arguments iteratively and this way we could
deduce the following sign-criteria for the derivatives of G. So, for n > % :

e If k=0( mod 4), then m( s) > 0on [0,1] x [0,1].

e If k =1( mod 4), then %(-, s) is sign-changing and increasing for every s € [0, 1].

In particular, Wn’“g’(o s) <0 and %(1 s) > 0 for every s € [0, 1].

o If k =2( mod 4), then W( s) <0on [0,1] x [0,1].

e If K =3( mod 4), then %(-, s) is sign-changing and decreasing for every s € [0, 1].

In particular, Wnkf(O s) >0 and %(1 s) < 0 for every s € [0, 1].

In particular, if n is even, we could deduce that G(¢,s) > 0 on [0, 1] x [0, 1] and, for n odd,
G(t,s) <0 on [0,1] x [0,1].
Therefore, the Green’s function and its derivatives satisfy the required hypotheses:

(Hy) As in Example [I0] this condition holds as a direct consequence of the general properties
of the Green’s function.

(H3) As we have just proved, we could take [mo,—;,no,—;] = [0,1] for i = 0( mod 4),
[man—i,non—i| = {1} for i = 1( mod 4), [may—;,non—i] = {0} for i = 2( mod 4) and
[Man—i,Nan—i| = {0} for i = 3 ( mod 4).

(Hs) It is enough to take h;(s) = max{‘%t?(t s)‘ : telo, 1]} , for i € J.

(Hy) For n > 2, we could take J; = {2n —4,2n — 3}. As a consequence of Example [I0] we

know that
a2n—4

— W(t, s) =g(t,s) < pan—a(s),

a2n—4 G
‘ St (t,s)

with

)

VA

IN
L

1 [ s(i=s?2, :
Pon—als) = 9\/7{(1—8)(28—82)%, <s

Moreover, it holds that for any closed interval [ag,—4,bon—4] C [0,1], there exists a
constant &o,,—4(a2n—4,b2n—4) € (0,1) such that

IN

a2n 4G
W(t 8) 2> Eon—a(agn—1,b2n—1) p2n—a(s), for all t € [azn—a,b2n—a], s €[0,1].
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Analogously, from Example [0 we know that

2 —s,
1+ s,

IN
w

82n_3G ag
W(tvs)' = 'm(t s)

— o=

< pan—3(s) = %3(1 —5) {

o= O
N
V)
VANAN

for all t € [0,1], s € [0, 1] and for any interval [0, by, 3], with bg,_3 < 1— @ there exists
€on—3(bans) € (0,1) such that

a2n—3 G

W(t, S) > fgn_g(bgna) ¢2n_3(8), for all t € [O, bgn_g], CRS [O, 1].

(Hs) As we have already seen, it holds that [ma,—4,n2,-4] = [0, 1].

Then, we could work in the cone, for n € N such that n > max {2, %} ,

)>0,i=1 mod 4,
) >0, i=2 mod 4,
)>0,i=3 mod4

min  u"V(t) > &n_alazn—1,ban—a) 4PV 01,
t€lazn—a,b2n—4]

min 73 (t) > &on—3(ban—3) ||U(2n_3)‘|[0,1]
t6[07b2n73]

Thus, for any nonlinearity f satisfying (Hg) and either conditions of Theorem [l or of Theorem
[ it is possible to find nontrivial solution of problem ().
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