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ABSTRACT. By employing topological degree theory, this paper investigates the existence of at
least one nontrivial solutions for Lidstone boundary value problems with sign-changing nonlinear
term and higher order derivatives. Meanwhile, one example is worked out to demonstrate the main

result.
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1. INTRODUCTION
This paper is concerned with the following Lidstone boundary value problem
(BVP, for short)
(—=D)™u®™(t) = f(t,u(t), v’ (t),...,u®C=D(@),  te(0,1);
) u®(0) = u®)(1) =0, i=0,1,....n—1,

where n > 1, f is a given sign-changing function satisfying some assumptions that

will be specified later. For convenience, we first give some notations.

Let RT = [0, +00), R™ = (—00,0], U = (ug,uy, ..., u,_1) € R™, |U| = max{]|uo|,

n—1 n—1
lui|, ..., [un_1|}, RY = Q(—l)iR+, R = Ho R™, where

(—1)R* = { RJ_F, Z %s even;
R~, ¢isodd.

In last few years, many authors have studied the existence and multiplicity of
positive solutions for Lidstone boundary value problem (for details, see [1, 2, 3, 4,
7,8,9, 10, 11, 12, 13| and references therein) since it arises in many different areas
of applied mathematics and physics. In particular, if n = 2, it describes the de-

formation of an elastic beam whose both ends are simply supported. Some authors
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even considered singular case (for instance, see, [1, 7, 8, 9]). The approaches used
in references are mainly the monotone iterative and upper-lower solutions methods
(see, [3, 11]), Leray-Schauder continuation theorem(see, [1]) and topological degree
(see, [7, 8,9, 12]), or Leggett-Williams theorem and the five functional fixed point
theorem(see, [2, 4, 13]). It is required that the nonlinearity f does not depend on any
derivatives of u in some references (see, for instance, [12]). Very recently, in paper
[10], Ma investigated Lidstone BVP(1.1) by using global bifurcation techniques. The

main result is the following:
Theorem A Suppose that

(A1) f: [0,1] x R} — R is continuous and there exist A = (ag,a1,...,an-1),
B = (bo,b1, ... bo_y) € R®\ {(0,0,...,0)} such that

3
—

f&,U0) =) (=1'au; +o(|U]), |U|—0,

I

3
—

FU) =Y (=) b+ o(|U]), U] — oo,
i=0
uniformly in ¢ € [0, 1].
(A2) f(t,U) >0 for any t € [0,1] and U # 0.
(A3) There exists C' = (cg, c1, ..., c—1) € RT\ {(0,0,...,0)} such that
n—1
f,U) =) (=1)cu;,  (5,U) €[0,1] x RY.
i=0
(A4) \(B) <1< A(A)or \(A) <1< \(B), where

7r2n 7T2n
— M(B)=

T on—1 N
> by
i=0

S a2
i=0
where U = (ug, u1, ..., Un—1) € R

Then BVP(1.1) has at least one positive solution.

To our best knowledge, there is no paper which considers the case with sign-
changing nonlinear terms by using topological degree theory. We try to fill this gap.
It is showed in this paper that BVP(1.1) has at least one nontrivial solution under
more general and extensive assumptions such as the nonlinear term f may be sign-

changing and unbounded from below. Furthermore we extend Theorem A.

The paper is organized as follows. Section 2 gives some preliminaries. Section 3
is devoted to the existence of positive solutions for BVP(1.1). Finally, one example

is worked out to demonstrate the main results.

At the end of this Section we state the following lemmas, which will be used in

Section 3.
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Lemma 1.1 ([5, 6]). Let E be a Banach space and Q be a bounded open set in E
with 6 € Q. Suppose that A: Q — E is a completely continuous operator. If

Au # pu, Yu € 09, pu>1,
then the topological degree deg(I — A, €, 0) = 1.

Lemma 1.2 ([5, 6]). Let E be a Banach space and Q be a bounded open set in E.
Suppose that A : Q — E is a completely continuous operator. If there exists ug # 0
such that

u— Au # pug, Yu € 0Q, u >0,
then the topological degree deg(I — A, €2, 0) = 0.

Lemma 1.3 ([5, 6]). Let E be a Banach space and A : E — FE is a completely
continuous operator. If A = 0 and A}, ezists, in addition, 1 is not an eigenvalue of
Ay, then there exists r > 0 such that the topological degree

deg(I — A, B,, 0) =deg(I — A), B,, 0) =(—1)",

where 3 is the sum of multiplicities of the eigenvalues, which are less than 1, of Aj.

2. PRELIMINARIES

Throughout this paper we assume f: [0,1] x R" — R is continuous.

We first convert BVP(1.1) into another form. Suppose u(t) is a solution of
BVP(1.1). Let v(t) = (—1)"'u®*=2)(¢). Notice that

—[u®](E) = (1) Po(t), teT;
u=1(0) = w1 (1) = 0.

So u®"=4 () can be written as u®"=9(t) = (—1)""2A,v(t), where

Ajo(t) = /01 G1(t,s)v(s)ds, tel,

IN
VA

IN
IN
—_

0
(21) Gl(t, S) =
0

IN
~
IN
Vo)

IN
—_

Similarly, notice that
1
(—1)iu®) (1) :/ Ch(t, 8)(=1) 1 u@ D (s)ds, i=0,1,....n— 1.
0

So we can obtain

(2.2) uP(t) = (1A, 0(t), tel,
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here
1
(2.3) Ault) = / Gyt )o(s)ds, j=0,1,....n—1,
0
and
1
(2.4) Agu(t) =v(t), G,(t,s) = / Gi(t, )G (T, s)dr, i=2,3,...,n.
0

Obviously, G;(t, s) is the Green’s function of homogeneous boundary value problem

u®(t) =0, te(0,1);

u®)(0) =u®)(1) =0, i=0,1,...,5—1.

Therefore, if u(t) is a solution of BVP(1.1), we know by (2.1)-(2.4) that v(t) =
(—1)""1u®=2)(¢) satisfies the following BVP

_'U//(t) = .f(t> An—lv(t)> (_I)An—ﬂ}(t)a R (_1)n_2A1'U(t)> (_l)n_lv(t))a
(2.5) te(0,1);
v(0) =v(1) =0.

Conversely, if v(t) is a solution of BVP(2.5), it is not difficult to see u(t) =
A,_1v(t) is a solution of BVP(1.1). So, we need only to study BVP(2.5).

The basic space to be used in this paper is Banach space C(I), which is endowed

with the maximum norm || - ||. Let
(2.6) q(t) = min{t, 1 —t}, tel.
From (2.1) it is easy to see
(2.7) q(t)G1(7,s) < q(t)G1(s,s) < Gyi(t,s) < min{t(l —1), s(1 —s)}, Vi, s,7€ 1,

where ¢(t) is defined by (2.6).
Define an operator on C(I) by

(2.8) (Av)(t) =: /0 Gi(t,s)f(s, Ap_1v, (—1)An_sv,..., (=1)" 2 A, (—1)"v)ds.

Since f: [0,1] x R™ — R is continuous, the operator A is well defined on C(I).
On the other hand, it is well known that the solution of BVP(2.5) is equivalent

to the fixed point of operator A. So, in the following, we need only to investigate the

existence of fixed points of A on C(I).

Notice that f : [0,1] x R" — R is continuous. So we have the following conclusion.
Lemma 2.1. A: C(I) — C(I) is completely continuous.

Lemma 2.2. For each v € C(I), we have

(2.9) 6" Ap-rvll < 6" Apgv] < - < 6]l A < o]l.
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Proof. For each v € C(I), from (2.3) and (2.7), we know

1
1
[Ar] < / s(1 = s)|ollds = &Il
0
By induction, one can get (2.9) holds. O

Remark 2.3. Lemma 2.2 indicates the relationship among v(t), Ajv(t), ..., A,_1v(t)
for each v € C(I).

Lemma 2.4. Ford = (dy,dy,...,d,—1) € RE\{(0,0,...,0)}, define a linear integral

operator

1
(2.10) Lav(t) = / ka(s,t)v(s)ds, Vtel, ve C(I),
0
where
n—2 1
(2.11) ka(s,t) =) / Gy (5, 7)d;Gria (T, 1)dT + dp_1 G4 (5, 1).
i=0 70

Then the generalized eigenvalues of Ly are given by

0 < AM(Lg) < Aa(Lg) << Ap(Lg) <+,

where
2n
(2.12) Am(Ld)::;j¥EZZ———3 m=1,2,3,....
> di(mm)*
i=0
The generalized eigenfunction corresponding to Ay, (Lqg) is
(2.13) Om(t) = sin(mmnt).
Moreover,
n—1
Z di7T2Z
(2.14) r(La) = =5

where r(Ly) denotes the spectral radius of linear operator Ly.

Proof. Suppose there exist A and v # 0 such that v = ALgv. Set u(t) = A,_1v(t).
Then from (2.1)-(2.4) and (2.10)—(2.11) it is easy to see that

n—1

(1) (t) = A 3 (=1)'du®)(t), te€(0,1);
=0

u®)(0) =u®)(1) =0, i=0,1,...,n—1.

This together with [10, Lemma 2| guarantees (2.12)—(2.14) hold. O
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3. MAIN RESULTS

We now list the following hypotheses for convenience.

(H1) There exist a positive number r and a = (ag, a1, ...,a,—1) € R2\ {(0,0,...,0)}
such that

—_

n—

O] < | Y (-1,

and r(L,) < 1, where L, is defined as in (2.10) ( replacing d with a).
(H2) There exists b = (b, b1, ...,b,—1) € R} \ {(0,0,...,0)} such that

, as |U| < r uniformly in ¢ € [0,1],

Il
=)

-1
f@&,U) 22 )biu; + o(|U]), as |U| — 4oo uniformly in t € [0, 1],

and 7(Lp) > 1, where L, is defined as in (2.10) (replacing d with b).
(H3) There exists a continuous function g : R* — R* with ¢g(U) = o(|U|) as |U| —
400 satisfying
.f(t7U) 2 _g(U)7 VU = (UOaula"'aun—l) € R"™

Theorem 3.1. Assume that (H1)-(H3) hold. Then BVP(1.1) has at least one non-
trivial solution.

Proof. We first prove that

(3.1) Av # pv, Yv € 0B,, p>1

If this is not true, then there exist v € 0B, and p; > 1 satisfying Av = u0.
Without loss of generality, assume pq > 1 (if g1 = 1, then v is a fixed point of A).
So, by (H1), (2.8), and Lemma 2.2, we obtain that

palo(t)] = |Av(t)]

(3.2) < /1 G1(t, s)’ "Z_:l a;Ap_i—10(s)|ds

0

1 n—1
< / Gr(t,5) S aidn s a[0(s)]ds, Vel
0 i=0

Multiplying (3.2) by sin(#t), then integrating them from 0 to 1 and using Lemma 2.3
we have

n—1

1
,ul/ |o(t) sm(7rt)dt</ sm(7rt)dt/ Gi(t, s) Za, n—i—1|0(8)|ds
0

0 =0

</ (o) / (7)) dr

/\ )|dr / J(t, 7) sin(rt)dt



LIDSTONE BOUNDARY VALUE PROBLEMS 119

§/0 |0(T)| L sin(mr)dr
(La)/0 |o(7)| sin(77)dr

in contradiction with pqy > 1. Therefore, (3.1) holds. This together with Lemma 1.1
guarantees that

(3.3) deg(I — A, B,.,0) = 1.

Next, choose a positive number ¢’ with ¢’ < 1[r(Ly) — 1]. By condition (H2),

there exists a positive number R’ with R’ > r such that

[y

n—

(3.4) ft,U) > (=1)bu; —€'|U|, as |U| > R uniformly in ¢ € [0,1].

@
Il
o

Let
n—1
h(t) = sup{|f(t.U) = > (=1)'baw;| : U] < R}, tel0,1].
i=0

This together with (3.4) guarantees that

—_

(3.5) F(8,U) > y (—1)biu; — £'|U| — h(t), YU € R™, t € [0,1].

7

I
o

Let €” be a positive number with &’ <
exists M; > 0 such that

+. From condition (H3) we know there

(3.6) g(U) <&"|U|+ M,, VUeR"
Choose a positive number R satisfying

9 1
(3.7) R > T =1 [2M17°(Lb) —I—/O q(s)h(s)ds].

We now prove
(3.8) v— Av # psin(nt), Yo e C(I), |v[|=R, n>0.

Suppose, on the contrary, there exist vy € C(I), ||vg]| = R and po > 0 such that
(3.9) vo — Avg = pg sin(nt).
Let

wolt) = / Gi(t, $)9(V (s))ds,

where

V(s) = (Ap_100(s), (—1) Ap_svip(s), . .. (=1)"2A109(s), (=1)"Lug(s)), Vs € I.
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By (3.6) and Lemma 2.2 we can get

wlt) = / G\ (t, $)g(V(s))ds

1 1
(3.10) ga”/ Gi(t, s)||V(s)||ds—|—M1/ Gi(t, s)ds
0 0
2
< M“;E R —).

Therefore, from (2.7) and

sin(7t)

2

_ /0 Gt 8) sin(ms)ds

we have
vo(t) + wo(t) = /O Gi(t, s) [ F(s,V(s)) + g<x7(s>>} ds + posin(rt) > q(t)]|vo + woll.
This together with (3.5)—(3.7) and (3.9)—(3.10) guarantees that

/01 Awvg(t) sin(mt)dt — /01 vo(t) sin(rt)dt
— /01 sin(mrt)dt /01 Gi(t,s)f(s,V(s))ds — /01 vo() sin(mrt)dt

1 1 n—1
> / sin () dt / Gr(t,5) S bidu i 1v0(s)ds
0 0 i=0

- [ sttt [ 1t 9ihGs) + 'R — [ ofo) iy

> /0 ' in(rt)dt /0 ot Tvo(r)dr — /0 in(rt)dt /0 Gt $)[h(s) + & Rlds
- /O " o(t) sin(r)dt

_ /O () /0 ot ) sin(rt)dt — /O in(rt)dt /0 Gl 5)h(s) + £ Rlds
- /0 " uo(t) sin(r)dt

> /O " o(r) Ly sin(r)dr — /0 ' in(mt) /0 (1, $)[h(s) + ' Blds
_ /O " volt) sin(rt)dt

— ML) — 1 /0 () sin(nr)dr — /0 sin (et /0 Gt 9)[h(s) + ' Rds

= [r(Ly) — 1] /01 [Uo(T) + wO(T)] sin(w7)dr — [r(Ly) — 1] /01 wo(7) sin(77)dr
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—/01 sm(mt)cht/O1 Gi(t, s)[h(s) + 'R]ds
> [r <Lb>—-1nvo+—umn”/’ 7)sin(rr)dr - [r <Lb>—-1]/§1um<f>ﬁn<WT>dT
— /0 1sin(7rt)dt /0 G1(t, s)[h(s) + 'R]ds

1

> [r(Le) = ll[voll = ||wo||]/0 q(7) sin(mr)dr — [r(Ly) — 1]/ wo(T) sin(77)dr

0

_ / in(rt)dt / Gt 5)h(s) + </ Rlds

0

> [r(Ly) = 1J[R = (M1 + €"R)] — [r(Ly) — 1](M1 + €"R) — 'R — /O q(s)h(s)ds

=wm%ﬂm—%deR»f%—Aq@mww
> 0.

On the other hand, from (3.9) we have

1 1 1
/ Avy(t) sin(wt)dt — / vo(t) sin(mt)dt = —,uo/ sin?(7t)dt < 0.
0 0 0

This is a contradiction. So (3.8) holds. Combining this with Lemma 1.2 we obtain
that

(3.11) deg(I — A, Bg,0) = 0.
From the additivity of topological degree, (3.3), and (3.11), it follows that
d@g(] - Aa BR \ BT? 0) = deg([A7 BRa 9) - deg(IAa B?”a 9) ==

Then by the solution property of topological degree, A has at least one fixed point
on By \ B,, which means that BVP(1.1) has at least one nontrivial solution. O

Corollary 3.2. Suppose conditions (H1)-(H2) hold. In addition, if there exists a
constant | > 0 such that

(3.12) flt g, ur, ..o tup_y) > =81, if (=1)"tup_y > —L.

Then BVP(1.1) has at least one nontrivial solution.

Proof. Define

ft ug, gy .oy Up_q), (=), > =1

(3.13)  flt,uo, iy sUp) = {
ftug,u, ..., (=1)"),  (=1)" uy_q < =,

and for Yv € C(I), let

/ G1 t S 8 An 10, ( 1)An_2U, ey (—1)n_2A1U, (—1)n_1’0)d5.
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By Theorem 3.1 we know that A has at least one nonzero fixed point . Then by
(3.12)—(3.13) we have

o(t) = /0 Gi(t,8)f(s, An 19, (=1)A, 20, ..., (=1)" 2 A9, (=1)""'0)ds

> —81/0 Gi(t,s)ds > —I.
This together with (3.13) guarantees that
F(s, Ap10,(=1)Apa0, ..., (=1)" A0, (=1)"'0)
= f(5, Ay 10, (1) Ap o0, ..., (=1)"2A10, (=1)" 7).
Therefore,
o(t) = /01 Gi(t,s)f(s, An1D, (—1)Ap_sD, ..., (—=1)"2A0, (—1)""'0)ds,
which implies that ©(¢) is a nontrivial solution of BVP(1.1). O

Theorem 3.3. Suppose (H2)-(H3) are satisfied. In addition, suppose that

n—

[aary

(3.14) ft,U)=> (=1)awu; +o(|U]), as |U| — 0 uniformly in ¢ € [0,1],
i=0
and
(mﬂ_)2n
(3.15) An(La) = ——20 41, m=1,2,3,....
> ai(mm)?
i=0

Then BVP(1.1) has at least one nontrivial solution.

Proof. By (2.8) and (3.14) we know

Ayo(t) = /0 ka(s,t)v(s)ds = Lqv(t).

Then from (3.15) it follows that 1 is not the eigenvalue of Aj. By Lemma 1.3, there
exists 1 > 0 such that

(3.16) deg(I — A, B,,, 0) =deg(I — A}, B, 0)=(—1)" ==+1,

where (3 is the sum of multiplicities of the eigenvalues, which are less than 1, of Aj.

Similar to the proof of Theorem 3.1, by (H2)-(H3), there exists R > 0 such
that (3.11) holds. This together with (3.16) and the additivity of topological degree

guarantees that
deg(I — A, B\ B,,,0) = deg(I4, Br,0) — deg(I1a, B,,,0) = F1.

Then A has at least one fixed point on By \ B,,, which means that BVP(1.1) has

at least one nontrivial solution. O
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Similar to the Corollary 3.2, we have the following corollary.

Corollary 3.4. Suppose (H2), (3.12), and (3.14)~(3.15) hold. Then BVP(1.1) has

at least one nontrivial solution.

Remark 3.5. As immediate consequences of above results, we can give some results

on the following BVP when the nonlinear term does not depend on higher derivatives:
(=1)"ul(t) = f(t,u(t), t € (0,1);
u®)(0) =u®)(1)=0,i=0,1,...,n— 1.
Example 3.6. Consider the following Lidstone BVP:
—u©(t) = |ao(U(1))u(t) — ar(U(t)u"(t) + ax(U(#))u' ()
(3.17) —(1+t*)as3(U(t)), te(0,1);
u®)(0) =u®)(1) =0, i=0,1,2,

where ag(U), a1(U), ax(U), and a3(U) are continuous functions given by the following:

10, |[U] <1, 5 Ul <1,
( ) aO( ) { ﬂ_ﬁ’ |U| Z 2; al( ) { 10’ |U| Z 2;

1, Ul <1, 0, Ul< 1,
319)  aw) =] Yl as(U) = Ul

2, |U]>2 VUL U] = 2

where
U = (u®). ' O.00). U] = max{u®], W@ O]
Conclusion BVP(3.17) has at least one nontrivial solution.

Proof. In fact, BVP(3.17) can be regarded as the form of BVP(1.1), where n = 3,

and
(3.20) f(t, ug, ur, ug) = |ag(U)ug — ay(U)uy + as(U)ug| — (1 + t2)as(U),

ao(U),a1(U),az(U), and a3(U) are defined as in (3.18) and (3.19).

Choose a = (10,5,1). Then by (2.14) it is easy to see r(L,) < 1. Therefore,
condition (H1) holds.

Let b = (7%,10,2), g(U) = 24/|U|. Then r(L;) > 1. From (3.20) we can get that
(H2)—(H3) hold.
Consequently, Theorem 3.1 guarantees that BVP(3.17) has at least one nontrivial

solution. O

Remark 3.7. From (3.20), one can find that f is unbounded from below.
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