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1 Introduction
The boundary value problems (BVPs for short) for nonlinear differential equations arise
in a variety of areas of applied mathematics, physics, and variational problems of con-
trol theory. The nonlocal BVPs have been studied extensively. The methods used therein
mainly depend on the fixed-point theorems, degree theory, upper and lower techniques,
and monotone iteration. Many existence, uniqueness, and multiplicity results have been
obtained. For instance, see [1-19] and the references therein.

The purpose of this paper is to investigate the existence and uniqueness of iterative so-
lution to the following nth-order nonlocal BVP:

*@) + f(t,2(8), 4 (t),...,x" () =0, te(0,1), 1

x(0) =x'(0) = --- = x"2(0) = 0, 22(1) = fol 22 (s) dA(s), @D
where f € C((0,1) x R"LR), T := fol tdA(t) #1. fol x"2)(s) dA(s) denotes the Riemann-
Stieltjes integral, where A is of bounded variation.

In BVP (1.1), fol x"-2)(s) dA(s) denotes the Riemann-Stieltjes integral with a signed mea-
sure. This includes as special cases the two-point, three-point, multi-point problems and
integral problems. Let us remark that the idea of using a Riemann-Stieltjes integral in the
boundary conditions is quite old, see for example the review by Whyburn in [1]. The BVP
(1.1) used to model various nonlinear phenomena in physics, chemistry and biology. Over
the past decades, great efforts have been devoted to nonlinear nth-order nonlocal BVP
(1.1) and its particular and related cases, and many results of the existence of solutions
have been obtained by several authors; see [8, 9, 11, 14, 16—19] and references therein. For
example, when n = 2, A(t) = 0, the BVP (1.1) becomes the second-order two-point BVP

*"() +f(,x(8) =0, te(0,1),

(1.2)
x(0) =0, x(1) = 0.
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BVP (1.2) is the well-known second-order Dirichlet BVP, which has been extensively stud-
ied and has important applications in physical sciences. When n = 2, fol x(s) dA(s) = ax(n),
the BVP (1.1) reduces to the second-order three-point BVP

x"(t) + f(t,x(¢)) =0, t€(0,1),
x(0) =0, x(1) = ax(n).

When 7 = 4, the BVP (1.1) reduces to the fourth-order nonlocal BVP
x/m(t) +f(t,x(t)’x/(t)rx//(t)) = 0) te (0; 1); (1 3)
x(0)=x/(0)="(0)=0,  «"(1) = [ %" (s) dA(s). ‘

In material mechanics, the BVP (1.3) describes the deflection or deformation of an elastic
beam whose the ends are controlled.

Motivated by the works mentioned above, in this paper, we consider the nth-order non-
local BVP (1.1). The existence and uniqueness of iterative solution is established by apply-
ing the cone theory and the Banach contraction mapping principle. In comparison with
previous works, this paper has several new features. Firstly, the nonlinearity f is allowed
to depend on higher derivatives of unknown function x(¢) up to n — 2 order, and we allow f
to be singular at ¢ = 0, 1. The second new feature is that the nonlinearity f is not monotone
or convex, the conclusions and the proof used in this paper are different from the known
papers. Thirdly, the scope of I is not limited to 0 < I" < 1, therefore, we do not need to
suppose that the Green function G(, s) is nonnegative.

2 The preliminary lemmas
Lemma 2.1 ([3]) For any y € L[0,1], the BVP

-x"(t) =y(¢), te(0,1),
x(0) =0, x(1) = fol x(s) dA(s),

has a unique solution x(t) = fol G(t,5)y(s) ds, where

t

G(t,5) = Go(t,s) + 1T

gA(S)x t,s€ [01 1],

tl-s), 0<t<s<l,

1
s(l—1), 0<s<t<l, gA(S):/(; Go(t,s) dA(t).

GO(trS) = i
Denote I = [0,1], / = (0,1), and for any x € C(I), t € I, define
t t (t _ S)i—l )
(Lix)(t) = / x(s) ds, (Lx)(2) = f ———x(s)ds, i=2,...,n-2,
0 o (-1
and

1
(Fx)(t) :/(; G(68)f (5, Tn-2%)(5), ..., (11x)(s), x(s)) dis.

By Lemma 2.1 and routine calculations, we have the following lemma.
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Lemma 2.2
(i) Ifx € C"2(I) is a solution of BVP (1.1), then y(t) = x"~(t) € C(I) is a fixed point of
the operator F.
(ii) Ifx € C(I) is a fixed point of the operator F, then

9O = Lua)(0) = o L2 x(s) ds € C*(1) is a solution of BVP (L1).

1

Ht,s) = s(1-5s)

|G(t,s)

)

1
el(t)=/ h(t,s)ds,
0
1 1 s
em+1(t):max{/0 l/t(t,s)em(s)ds,/0 h(t,s)/; em(t)drds}, m=1,2,...,

G = lim [supem(t)]ii.

m—>ool sy

It is easy to see that G > 0.

Lemma 2.3 ([20]) P is a generating cone in the Banach space (E, | - ||) if and only if there
exists a constant T > 0 such that every element x € E can be represented in the formx =y -z,
where y,z € P and ||y|| < |x|, 2]l < Tllx].

3 Main results

Consider the Banach space C(I) of the usual real-valued continuous functions #(¢) defined
on [ with the norm ||u|| = sup,; |u(t)| for all u € C(I). Let P = {u € C(I) | u(t) > 0,Vt € I}.
Obviously, P is a normal solid cone of C(I), by Lemma 2.1.2 in [21], we see that P is a
generating cone in C(I).

Theorem 3.1 Suppose that f(t,x0,%1,...,%,_2) = g(t, %0, %0, %1, %1, - - ., Xp_2,%_2), and there

exist positive constants By, Cy, By, C1,...,By_2,Cya with By + Co + B+ C1 + By + Co + -+ - +
By-2+Cy-2
(n-3)!

byu_s € Rwith aip < big, 20 > bao,an < bu,an = ba,...,a414-2 < biy,a2,-2 > byyos,

< G, such that forany t € ], aio, bio, 420, b20, an, bii, ao1, bar, - . ., 1,u-2, b1,u-2, 4,02,

~Bua(bin2 — a1n2) — Cpa(@2n2 —bapa) =+
= Bi(bn — an) — Ci(ax — byn) — Bo(bio — a10) — Colazo — bao)
<t(1-t)[g(t, a1n-2, G202, . . ., 11, A1, 10, G20)
—g(t,b1y2,b25-2, ..., b11, b1, bio, bzo)]
< Bua(binz—ain2) + Cua(@yna—brpna) +---

+ Bi(by — an) + Ci(ax — ba1) + Bo(byo — aio) + Colazo — bao), (3.1
and there exist xg,yo € C"2(I) such that

£(1 - £)g (£ %0(£), 30 (), % (1), ¥ (0), ..., x5~ (8), 95 (1)) € L1[0,1].



Hao et al. Boundary Value Problems (2015) 2015:125 Page 4 of 10

Then BVP (1.1) has a unique solution I,,_,x* in C""%(I). Moreover, for any X%, € C(I), the
iterative sequence

1
() = / Glt,5)f (5, (naFo) 5D .., (o)), Fols)) s,
0

converges to x* in C(I).

Proof By t(1 — £)g(£,%0(2), yo(£), % (&), ¥y (£), ..., x4 2(2), yI=2(£)) € L}[0,1], it is easy to see
that forany ¢ €/,

1
/0 G(£,5)g(8,%0(8), ¥0(5), %0 (), (), . -» xg”_z) (s), ygq_m (s)) ds

is well defined. Set p(t) = 20" (2), q(£) =y (¢), then

For any x,y € C(I), let u(t) = |p(t)| + |x(¢)], v(t) = —|q(t)| - |y(t)|, then u > p, v < q. By (3.1),
we have
~By2(Iy-2u = I-2p)(t) = Cya(ln2q — Ly2v)(t) = - -+
= Bi(hu — Iip)(t) - Ci(hg — Lv)(t) = Bo(u — p)(8) = Colg = v)(2)
< t(1=)g(t, Luat))(®), (Lu2v)(2), ..., (L) 2), (L) (2), u(2), (1))
- t(1 - 1)g(t, Un2p) @), Un2q)(2), ..., (p)(2), (Lq)(2), p(2), q(2))
< Bua(y-att = I2p)(8) + Cpa(ly-2q — Ly—2v)() + - -

+ By (hiu — Lip)(t) + Ci(lig — 11v)(¢) + Bo(u — p)(£) + Colg — v)(8),
then

|G(£,9)g(s, U—2)(5), Tn—zV)(5), ..., (1) s), (1) (s), u(s), (s))
- G(t,9)g(s, Tn-2p)(5), Ln-29)(8), ..., (lip)(s), (1hq)(s), p(s), 4(5)) |
< h(t,8)[Bu-a|Un-2tt = Li2p)(5)| + Cpa| (Ln-2q = Lia¥)(5)] + -
+By|(hu — Lip)(s)| + C1|(lhg — iv)(s)| + Bo|(u = p)(s)| + Co|(g - v)(s)|]

<h(t,8)[(Buz + -+ + By +Bo)llu—pll + (Coz + -+ + C + Co)llg — vIl]-

Following the former inequality, we can easily get

— 2(5, L-2p)(5), Un2)5), - ., (L) (s), (1g)(s), p(s), q(s)) ] ds
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is convergent, and then
1
/ G(t,9)g(s, Un—214)(8), Tn-2V)(5), - .., (Luua)(s), (I,v)(s), u(s), v(s)) dis
0

1
= /(; G(tr S)g(S» (In—ZP)(S)r (In—2q)(s) """ (1119)(5): (Ilq)(S):P(S)r q(S)) dS

1

+ /0 G(t,5)[g(s, U210)(5), Un2¥)(s), ..., (L) (s), (L) (s), u(s), v(s))
= g(s, Uu-2p)(5), Un-2q)(5), ..., (L1p)(s), (11q)(s), p(s), q(s)) | ds

is convergent. Similarly, by u > x, v <y, we get

1
/0 G(t,$)g(s, (Tn-2%)(8), (Ln—2)(5), ..., (Lx)(s), (L) (s), x(s), ¥(s)) ds < +00.

Define the operator A : C(I) x C(I) - C(I) by

1
Alx,y)(t) = /0 G(t,5)g(s, 1u-22)(8), Ln29)(5), ..., (1x)(5), (119)(5), x(5), ¥(5)) ds.

Then I,_»x is the solution of BVP (1.1) if and only if x = A(x, x). Let

1
(KMU#B{/hmgmgm,
0

1
(K,-x)(t):Bi/ h(t,s)(Ix)(s)ds, i=1,2,...,n-2,
0

1

(Mmm=qﬁhmm@$,

1
(Miy)(e) = Ci./o h(t, s)(liy)(s)ds, i=1,2,...,n-2,

(Kx)(t) = (Kox + Kix + - - - + K,,_ox)(t),

(My) () = (Moy + Myy + - - - + My_2y)(2).
By (3.1), for any x1, %, y1,y2 € C(I), %1 > %2, y1 < ¥», we have
=K (x1 = %2) = M(y2 = 31) < Al 1) — A%, ¥2) < K1 —x2) + M(y2 = y1) (3:2)
and
(K + M)x(¢)

1
= / h(t,s)[BOx + Cox + Bi(lix) + Ci(Ihix) + - - - + By_a(ly—ox) + Cn,z(ln,zx)](s) ds
0

B, s+ Cyp

<|[Bo+Co+Bi+Ci+By+Co+---+
(n-3)!

}lellel(t),

(K + M)x(t)
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1
=/ h(t,s)[Bo(K+M)x+ Co(K + M)x + Bi[[(K + M)x + C1L(K + M)x
0

++ By ol o(K+M)x+ Cy_ol, (K + M)x] (s)ds

B, s+ Cyp

2
e } lclea(®)

§|:BO+C0+Bl+C1+Bz+C2+---+

By the method of mathematical induction, for any positive integer m and ¢ € J,

B,>+C, 1"

(K + M)"x(t) < |:Bo +Co+B+Ci+By+Cy+---+ %] 1]l € (E).

Then
By +Cua "
”(K+M)mH < |:BO +Co+B1+Ci+By+Cy+--- + L’:Z} sup ey, (t)
(n-3)! te]
and
Bo+Co+B+Ci+By+Cy+--- + B”Eﬁf;’ﬁz

r(K+M) < z — <1

Hence, we can choose a 8 > 0 such that
1

lim H(K+M)'”H m=prK+M)<B<l1.

m— 00
So, there exists a positive integer m, such that

”(K + M) H <" <1, m=>my. (3.3)

Since P is a generating cone in C(I), from Lemma 2.3, there exists T > 0 such that every
element x € C(/) can be represented in the form

x=y-z, wherey,zePand |yl <llxl, llzll =zl (3.4)
which implies

—-y+z)<x<y+z (3.5)
Let

llllo = inf{ ||l | u € P,—u < x < u}, (3.6)

by (3.5) we know that ||x| o is well defined for any x € C(J). It is easy to verify that || - ||o is
a norm in C(). By (3.4)-(3.6), we get

Ixllo < lly +zll <27llxll, Vxe CQ). 3.7)

On the other hand, for any u# € P which satisfies ~u <x < u, we have 6 < x + u < 2u,
then ||x|| < |lx+ u|l + || — |l < 2N + 1)||u||, where N denotes the normal constant of P.
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Since u is arbitrary, we have
2l = @N + Dlixllo, Vx e CI). (3.8)

It follows from (3.7) and (3.8) that the norms || - || and || - || are equivalent.

Now, for any x,y € C(I) and u € P which satisfies —u <x —y < u, we set
1 1 1
ulzi(x+y—u), uzzi(x—y+u), ugzi(—x+y+u),

thenx > uy, y > wy, and x — uy = up, y — g = u3, up + uz = u. It follows from (3.2) that

—Kuy < Ax,x) — A(u1,x) < Kuy, (3.9)
—Kus — Muy < A(y, u1) — A(u1,%) < Kus + Muy, (3.10)
-Muz < A(y,m) — A(y,y) < Mus. (3.11)

By (3.9)-(3.11), we have

—(K+Mu <Ax,x)—A@y,y) < (K + M)u.
Let Z(x) = A(x,x), then we obtain

—(K +M)u<A@x)-A(y) < (K + M)u.

As K and M are both positive linear bounded operators, so K + M is a positive linear
bounded operator, and therefore (K + M)u € P. Hence, by mathematical induction, it is

easy to see that for the natural number 1, in (3.3), we have
—(K + M)y < A" (x) — A" (y) < (K + M)™u, (K +M)™ueP.
Since (K + M)™y € P, we see that

[0 - A, < [+ M el

which implies by virtue of the arbitrariness of & that
[Amox — Amoy|| < | (K +M)™ ||l = yllo < 7 llx = yllo.

By 0 < B <1, we have 0 < 8”0 < 1. Thus the Banach contraction mapping principle im-
plies that A™ has a unique fixed point x* in C(Z), and so Ahasa unique fixed point x* in
C(I). By the definition of A, Ahasa unique fixed point x* in C(I), then by Lemma 2.2,
I, >x* is the unique solution of BVP (1.1). And, for any Xy € C(I), let x; = A(xo,%o),
X = A(Xy-1,%m-1) (m =2,3,...), we have ||x,, — x*||o — 0 (m — 00). By the equivalence of

Il - llo and || - || again, we get ||x,, —x*|| = O (m — 00). This completes the proof. (]



Hao et al. Boundary Value Problems (2015) 2015:125 Page 8 of 10

Remark 3.1 For the case n =3,

07 t Oy )

AQ) = €[0,n)
a, te[nl1],

iff(¢,x,y) =f(¢,x), Theorem 3.1 is reduced to Theorem 3.1in [19],if1 < & < % and f(¢,x,y) =

h(t)f (t, x), the existence results of nontrivial solutions are given by means of the topological

degree theory in [11]. So our results extend the corresponding results of [11, 19] to some

degree.

Example 3.1 To illustrate the applicability of our results, we consider the BVP (1.1) with

n=3and
x x  In(l+9?
ft,xy) = sin—+cos—+g+sinl s
t(1-1) m ny ns Ny
0, telo,D),
Alt) = [1 4
2, telg1],
where ny, ny, n3, ny are positive integral numbers. Then I' = fol tdA(t) =2 x i = %, and

BVP (1.1) becomes the singular third-order three-point BVP

1 " "3 "4 (3.12)

x"(t) + ﬁ [sin xn(—? +cos 2 | Q@2 | iy YO1_0, te(0,1),
x(0) = +/(0) = 0, ¥/ (1) =24(3).

Let
1
Gts) =2t (1=5) =2 1 =5 X041 () | = (€= $)x10.1(5)>
where y is the characteristic function, i.e.

1, telab],

Xiap () = {0, té bl

and
1
(Fx)(6) = / Glt,s)f (5 (hx)(s),x(8)) ds, ¢ € (0,1).
0

By Lemma 2.2, if x € C(I) is a fixed point of the operator F, then y(¢) = (Lhx)(t) =
fot x(s)ds € C'(I) is a solution of BVP (3.12). Let f(¢,x,y) = g(¢,x,x,y,), then for any ¢ € J,
@10, b1o, @20, bao, an, bu, an, by € R with ayg < b, a0 > bag, an < bu, asn > by, we have

1 1 1 1
——(bu —an) — —(an — bun) — —(bio — ar) — —(az — ba)
n 175 ns Ny

< t(1-t)[g(t, an, az1, ax, az) — g(t, by, bar, bro, bao) |

2
. an an In(l+ay) | axp
=sin — + €OS — + ———2~ + gin —

ni ny ns 177
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|: . bn by In(l+b3) . b20:|
— | sin — +cos — + ——— 4+ sin —

ni ny n3 ny

1 1 1 1
< —(bu —an) + —(axn — bxn) + —(bio — ar) + — (az0 — bao).
ny 175 ns 177

By Theorem 3.1, BVP (3.12) has a unique solution ;x* € C}(I) provided nl—l + % + % +
i < G. Moreover, for any x € C(I), the iterative sequence

1
Honlt) = / Gl (5 (1)) tma(9) ds (m=1,2,3,...)
0

converges to x* (m — 00).
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