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Abstract

Using a new technique for dealing with the bending term of beam equations, we
consider the existence and multiplicity of positive solutions for a beam equation.
Besides achieving new results, upper and lower bounds for these positive solutions
will also be provided. The results are shown by using a novel technique and fixed
point theories.
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1 Introduction
In this paper, we shall investigate the existence and multiplicity of positive solutions for

the fourth order differential equation with integral boundary conditions

yP(t) = w()F(ty(t),y" (1), 0<t<l,
$(0) = y(1) = [ h(s)y(s) s,

ay"(0) - by (0) = [ g(s)y"(s) ds,
ay’(1) + by" (1) = fol g(s)y"(s)ds,

(1.1)

where a,b >0, F: [0,1] X R x R — Ris continuous, and the y” in F is the bending moment
term which represents bending effect. Problem (1.1) is often referred to as the deformation
of an elastic beam under a variety of boundary conditions; for details, see [1-18]. Most
research papers on beam equations consider nonlinear terms that F in (1.1) involves y
only, and derivative-dependent nonlinearities are seldom tackled; see [3-7, 9-11] to name
a few.

Some classical tools such as fixed point theorems in cones [5, 811, 17, 18], the method
of lower and upper solutions [8, 16], and the monotone iterative method [9, 12] and the
theory of critical point theory and variational methods [6, 13, 14] have been widely used
to study beam equations.

Some new techniques via appropriate transformation are proved to be very effective in
studying the solvability of differential equations. Such techniques have attracted the atten-
tion of Zhang et al. [19] and Wong [20], etc. In [19], Zhang et al. considered the existence
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of positive solutions of the following problems:

xU() +f(t,x(8), & (t),...,x" (@) =0, te]tHtik=12,...,m,
Ax(”_l) |t=tk = _Ik(x(n_z)(tk))x k= L2,...,m,

#20)=06, i=0,1,...,n-3,

x=2(0) = x2(1) = [ g(£)x2(t) dit,

(1.2)

where J = [0,1].
Firstly, by means of the transformation

&2 () = y(0),
the authors converted (1.2) into

D) =y(t), te],
x90)=06, i=1,2,...,n-3,

and

—y'(0) = f(&:x(6), 8 (@),..,x" D)), te],t#t,
Ay/ltztk = —Ik(y(tk)), k = 1, 2,...,m, (1,3)
y(0) = y(1) = [ gy (D) dt.

Then it follows from Lemma 2.3 in [19] that they converted the results obtained for prob-
lem (1.2) to the counterpart for problem (1.3).
In [20], Wong transformed the following problems:

(=1)"y 2 D(t) = F(6,5(0),y'(£)), 0<t<l, 14)

y(0)=0,  y*D0)=y*D1)=0, 0<k=<m, '
into

Yt =x(t), te],

y(0) =0,
and

(=1)"x2m(£) = F(£,5(2),5/ (1)), 0<t<l,

x@k=2)(0) = x@-2(1) =0, 1<k<m (15)

by using y'(£) = x(¢). So the existence of a solution of the complementary Lidstone bound-
ary value problem (1.4) follows from the existence of a solution of the Lidstone boundary
value problem (1.5). We notice that the above paper requires that F satisfies some assump-
tions of monotonicity which are essential for the technique used.

Being directly inspired by [19, 20], in the present paper, by using transformation tech-
niques and fixed point theories, the authors shall prove some new and more general results
of the existence of at least one or two positive solutions for problem (1.1). The main features
of this paper are as follows. Firstly, comparing with [1-18], besides achieving new results,
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estimates on the norms of these solutions will also be provided. Secondly, we transform
problem (1.1) into a differential system without bending term, i.e., the technique to deal
with bending term is completely different from that of [8, 16—18]. Finally, it is pointed out
that we do not need any monotone assumption on F, which is weaker than the corre-
sponding assumptions on F in [20].

On the other hand, boundary value problems with integral boundary conditions arise
naturally in thermal conduction problems [21], semiconductor problems [22], hydrody-
namic problems [23] and so on. It is interesting to point out that such problems include
two, three, multi-point and nonlocal boundary value problems as special cases and have
been extensively studied in the last ten years (see, for example, [24—30]). Therefore, it is
important to study fourth order elasticity problems with integral boundary conditions.

The rest of the paper is organized as follows. In Section 2, we provide some preliminaries
and lemmas. In particular, we transform problem (1.1) into a differential system without
the bending moment term. In Section 3, the main results will be stated and proved.

2 Preliminaries
To establish the existence of positive solutions for problem (1.1), let us list the following
assumptions, which will hold throughout this paper:

(H;) we C((0,1),[0,+00)) with 0 < fol w(s) ds < 0o and w does not vanish on any subinter-
val of (0,1);

(Hp) F e C([0,1] x [0,4+00) x (—00,0],[0, +00));

(H3) g,k € L'[0,1] are nonnegative and u € [0,a), v € [0,1), where

1 1
e f g(s)ds, V= / h(s)ds. (2.1)
0 0
Lemma 2.1 [11] Assume that (Hs) holds. Then, for any x € C[0,1], the boundary value
problem
—y"(¢) = x(¢), 1 0<t<l, (22)
¥(0) = y(1) = [, h(s)y(s)ds
has a unique solution y given by
1
y(t) = / Hi(¢,s)x(s) ds, (2.3)
0
where
1
Hi(t,s) = G(t,s) + 1 / Gi(s, t)h(t)dr, (2.4)
Giltys) = t(l-s), 0<t<s<l, (2.5)
s1-¢), 0<s<t<l

Taking into account (2.2) and (2.3), problem (1.1) reduces to the following problem:

{x”(t) = —w(t)F(t, fol H;(t,s)x(s)ds,—x(t)), O0<t<l, 2.6)

ax(0) —bx'(0) = [ g()x(s)ds,  ax(1) + bx'(1) = [ g(s)x(s) ds.



Zhang and Feng Boundary Value Problems (2015) 2015:84 Page 4 of 12

Lemma 2.2 [11] Assume that (Hy)-(Hs) hold. Then boundary value problem (2.6) has a

unique solution x given by

1 1
x(t) :/ Hz(t,S)C()(S)F(S,/ Hﬂs,r)x(r)dt,—x(s)) ds, (2.7)
0 0
where
1
H,y(t,s) = Gy(t,s) + / Gay(s,7)g(t) dT, (2.8)
a—[KJo

b+as)(b+al-1) ifo<s<t<],

(bra)b+all-s) ifo<t<s<l, 29

Galt) = - {
d=a2b + a).

If problem (2.6) has a solution x*, then by (2.3) problem (1.1) has a solution given by

1
J’*(t)=/ H,(t,5)x"(s) ds.
0

So the existence of a solution of problem (1.1) follows from the existence of a solution of
problem (2.6).

Lemma 2.3 [11] For t,s € ], we have the following results:

Gi(t,)Gi(s5,5) < Grltys) < Gals,s) < i (2.10)

1
;bz < Gy(t,s) < Gy(s,s) < =(b+a) (2.11)

QU -

Lemma 2.4 [11] Let (Hs3) hold. Then we obtain the following results:

1
pGi(s,s) < Hy(t,s) < y Gi(s,s) < e vt,s €], (2.12)
p1 < Hy(t,s) < Hy(s,8) < pa, Vt,s€], (2.13)
where

1 [, Glr,0)h(r)dx _ Pn
y_l—v’ p= 1-v ’ pl_a+2b’

_nb+a) 1
= yl_a—y,'

It is clear from (2.3) that ||y*|| < £ ||lx*||; moreover, if x* is positive, so is y*.

Let E = C[0,1]. It is well known that E is a real Banach space with the norm || - || defined
by llxll = maxes |x(2)!.

Define an operator T : E — E as follows:

1 1
(Tx)(¢) = / H,(t, s)w(s)F(s,/ Hi(s,7)x(t) dr, —x(s)) ds. (2.14)
0 0
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Let C be a cone in E which is defined as
C={xeE:x>0,x(t) > 8|xl,t €]},
where

§=1. (2.15)
P2

It is easy to see that E is a closed convex cone of E.

Lemma 2.5 Let (H;)-(Hs) hold. Then we have T(C) C C, and T : C — C is completely
continuous.

Proof In view of condition (2.13), we see that
1 1
[| Tx|| = ma]x/ Hz(t,S)(,()(S)F(S,/ Hl(s,r)x(r)dr,—x(s)) ds
te 0 0

1 1
5,02/0 w(s)F(s,/o Hl(s,f)x(r)dt,—x(s)) ds.

Moreover, it follows from (2.13) and (2.14) that
1 1
(Tx)(¢) :/ Hz(t,s)a)(s)F<s,/ Hl(s,t)x(f)dr,—x(s)) ds
0 0
1 1
> ,01/0 a)(s)F(s,/o Hﬂs,t)x(r)dr,—x(s)) ds

o 1 _
> ,02'02/0 w(s)F(s,/O Hi(s, 7)x() dr, x(s)) ds

> 8|\ Txll, te]. (2.16)

This proves that T(C) c C.
Next, by standard methods and the Ascoli-Arzela theorem, one can prove that 7: C —
C is completely continuous. 0

To obtain positive solutions of problem (1.1), the following fixed point theorem in cones,
which can be found in [31], p.94, is fundamental.

Lemma 2.6 Let P be a cone in a real Banach space E. Assume 2, Q25 are bounded open
sets in E with 0 € Q1, Q C Q. If

A:PN(H\Q) — P

is completely continuous such that either
(@) |Ax|| < ||x|l, Vx € PN 0y and || Ax|| > ||x||, Vx € PN 32y, or
(b) |Ax| > |lx|l, Vo € PN 32 and ||Ax|| < ||x||, Vx € PN 3y,
then A has at least one fixed point in PN (S_Zz\Ql).
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3 Main results
In this section, we apply Lemma 2.6 to establish the existence of positive solutions for
problem (1.1). We begin by introducing the following conditions on F(¢, u, v):

(Ha) There exist two positive constants r, R with (% +1)r < (o + 8)R such that:

1
F(t,u,v) < —vr, Nte],|ul+]|v| < (Z + l)r, (3.1)
021 4
1
F(t,u,v) > ——R, Vte], |ul+|v|> (0 +)R, (3.2)
p1ns

where

1 1
n:/ w(s)ds, o = pdB, ﬁ:/ s(l—s)ds:l.
0 0 6

Theorem 3.1 Assume that (H;)-(Ha) hold. Then we have the following conclusions:
(i) Problem (2.6) has (at least) one positive solution x € C such that

1
dr=<ux(t) < SR' te]. (3.3)
(i) Problem (1.1) has (at least) one positive solution y such that

y(t) = [ Hi(t,5)x(s)ds, te];
Iyl < Zll; (3.4)
y(t) > ollxll, teJ.

We further have
Y
odr <y(t) < ER’ te]. (3.5)

Proof Let T be the cone preserving, completely continuous operator that was defined by
(2.14).

Let x € C with ||x|| =7. Then 0 <x(f) <r,t€J,and 0 < folHl(s,r)x(r)dr < %r. And
hence, for x € C with ||x|| = r, we have

+ |—x(t){ < (% +1)r.

Then it follows from (3.1) that

1
‘/ Hi(s,7)x(t)dt
0

1 1
| Tx]|| = r?gx/O Hz(t,s)w(s)F<s,/0 Hl(s,t)x(t)dr,—x(s)) ds

1
< pon—r=r. (3.6)
027

Now if we let Q; = {x € C: ||x]| < r}, then (3.6) shows that

I Tx]| < llxll, € 08. (3.7)
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Further, let
R = %R, (3.8)
and
Q= {xe C: |l <R1}.
Then x € C and ||x|| = R; imply
x(t) > éx(s), t,s€],
that is,
x(t) >8R =R, te].

Hence, x(t) > R for all £ € J, and
1 1
f Hi(s, 7)x(t) d = p f Gz, D)(r) dr = pSllx] = o]l
0 0
So

1
’/ Hi(s,7)x(t)dt
0

+|=x()| = (o + 8)R.

Using condition (3.2), it follows from x € C and ||x| = R; that

1 1 1 R
| Tx|| = maX/ Hz(t,S)w(S)F<s,/ Hi(s, t)x(t) dx, —x(S)) ds> pin——R=— =Ry,
te] Jo 0 p1né d

that is, x € 92, implies
1T = Il (3.9)
It now follows from Lemma 2.6 that problem (2.6) has (at least) one positive solution

xey \ € satisfying (3.3).
It is observed from (2.3) that problem (1.1) has (at least) one positive solution y such that

1

J’:/ Hy(t,s)x1(s)ds, te]and |yl < £||x||,

0
Moreover, since x € C, we get for t € J
1
y(t) = / Hy(t,5)x(s) ds
0
1

> p/o G(s,s)x(s)ds
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= pp3|lx|l

=allx|.

Then we get (3.4).
Further, it follows from (3.3) and (3.4) that (3.5) holds. O
In Theorem 3.2 we assume the following condition on f (¢, u, v):
(Hs) There exist two positive constants r, R with (% +1)r < R such that:
F(tuv)>¥(|u|+|v|) VieJ |u|+|v|<(1+1>r (3.10)
T pun(o +6) ’ ’ —\4 ’

F(t,u,v) < (|u| + |v|), Vte],|ul+|v| =R, (3.11)

2pon(% +1)

and write

=  max F(tu,v). (3.12)
vtel,|lul+|v|<R

Theorem 3.2 Assume that (Hy)-(Hs) and (Hs) hold. Then we have the following conclu-
sions:

(i) Problem (2.6) has (at least) one positive solution x € C such that
dr < x(t) < max{2R,2p,nM}, te]. (3.13)

(i) Problem (1.1) has (at least) one positive solution y such that (3.4) holds. We further
have

yR  panMy
40 +8) 2

odr <y(t) < max{ }, te]. (3.14)

Proof Let x € C with ||x|| =7. Then 0 <x(t) <r,t€],and 0 < fol Hi(s,t)x(t)dt < %r.
And hence for x € C with ||x| = r, we have

+ }—x(t)| < (% +1)r,

and it follows from condition (Hs) that

1
(o +86)r=< '/ Hi(s,7)x(t)dt
0

1 1
| Tx]|| = Irtléa]x/() Hg(t,s)a)(s)F<s,/0 Hl(s,t)x(t)dr,—x(s)) ds

1
> pn——F——=(0+8r=r, (3.15)
pin(o +6)

that is, x € 92; implies that

7]l = [l (3.16)
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Next, we turn to (3.11) and (3.12). From (3.11) and (3.12), we have

1

Flt,u,v) <M+ ————
200n(% +1)(

Further, let
R
Ry > maxy2p,nM, —— ¢,
o+
and

Q3 = {xe C: x|l <R2}.

Notice that for x € 9Q23 we have

1
R<(o+8)Ry < / Hi(s,7)x(t)dt
0

+ |—x(t)| < (iy + 1>R2,

Thus, for x € 023, it follows from (3.17) that

1 1
| Tx|| = Htléi]Xf Hz(t,S)C()(S)F(S,f Hi(s, 7)x(t) dT, —x(s)) ds
& Jo 0

! 1
< ,ozf w(s) (M + 5 R2> ds
0 P21

1
< Pzﬂ(M + 2,0217R2>

<Ry,

that is, x € Q23 implies

1Tl < fle]l.

lul +vl), (t,u,v) €] x [0,00) x (—00,0].

Page 9 of 12

(3.17)

(3.18)

(3.19)

It now follows from Lemma 2.6 that problem (2.6) has (at least) one positive solution

x € Q3 \ @ satisfying (3.13).

It follows from (2.3) that problem (1.1) has (at least) one positive solution y. Similar to

the proof of (3.5), one can show that y satisfies (3.14).

O

Theorem 3.3 Assume that (H;)-(Hs), (3.2) of (Hy) and (3.10) of (Hs) hold. In addition,

letting f satisfies the following condition:

(He) Let !, ¢ and L satisfy

O<l<<Z+1>l<§<(z+1>§<8L<L.
4 4
If

1
max F(t,u,v) < —¢,
vte/,s <|ul+lv|<(§ +1)¢ P21

then we have the following conclusions:
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(i) Problem (2.6) has (at least) two positive solutions x1,x, € C such that

14

Sl<x(t)<¢< (Z + 1){ <x(t) <L, te]. (3.20)

(i) Problem (1.1) has (at least) two positive solutions yy, y, such that for i =1,2,

yi®) = [ it s)xi(s)ds, te];
lyall < %l
yi&) =ollxll, tel.

We further have

y(t)>0é8l, te];
ly2ll < L.

(3.21)

(3.22)

Proof If (3.10) of (Hs) holds, similar to the proof of (3.16), we can prove that

I Txll = llxll,  x€C,llxll =1

(3.23)

If (3.2) of (Hy) holds, similar to the proof of (3.9), we have

17X = llxll,  x € C,llxll =L.
Finally, we show that
ITxN < llxll, %€ Cllxll = ¢.
In fact, for x € C with ||x| = ¢, we have
x(t) < %l = ¢,

and

R

1
ol 5/ Hi(s,t)x(t)dt < =¢.
0

Therefore,

1
<(o+1) < I/o Hi(s,t)x(t)dt

and hence it follows from (Hg) that

sl

(3.24)

(3.25)

£+Qg

1 1
| Tx|| = ntlgjx/(; Hg()f,S)(,()(S)F(S,fO Hl(s,r)x(r)dr,—x(s)) ds

1
<pan—¢E =4,
P21

which shows that (3.25) holds.
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Applying Lemma 2.6 to (3.23), (3.24) and (3.25) yields that problem (2.6) has (at least)
two positive solutions x1, x; with x € Cj, = {x € C,I < [lx]| < ¢}, %2 € Cf = (x € C,
(% +1)¢ < |l#]| < L}. Hence, since for x; € C we have x;(t) > §||lx. ||, ¢ € /J, it follows that
(3.20) holds.

Similar to the proof of (3.4) and (3.5), one can show that (3.21) and (3.22) hold. O

Remark 3.1 In Theorems 3.1-3.3, we generalize the results of [8, 16—18] in three main
directions as follows:
(1) Upper and lower bounds for these positive solutions are given.
(2) Estimates on the norms of positive solutions are considered.
(3) The method to deal with the bending term of beam equations in this paper is
completely different from that of [8, 16—18], which opens a new technique to study
the beam equations with the bending term.
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