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A generalization of Banach’s contraction principle for some
non-obviously contractive operators in a cone metric space
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Abstract

This paper investigates the fixed points for self-maps of a closed set in a space of abstract continuous
functions. Our main results essentially extend and generalize some fixed point theorems in cone metric

spaces. An application to differential equations is given.
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1. Introduction

Fixed point theory is a mixture of analysis, topology and geometry. The theory of existence of fixed
points of maps has been revealed as a very powerful and important tool in the study of nonlinear phenomena
[3, 5-9, 1523, 27-29]. If a topological space is a metric space, or a linear topological space, then the fixed
point theory in such spaces is very abundant. Cone metric spaces were introduced in [10]. The authors there
described convergence in cone metric spaces and introduced completeness, then they proved some fixed point
theorems of contractive mappings on cone metric spaces. Recently, in [1, 2, 4, 11-14, 16, 21, 24-25] some fixed
point theorems were proved for maps on cone metric spaces. In particular, Du [26] showed that from each cone
metric one can get the usual metric by using a scalarization function. Hence the results of Huang-Zhang [10]
and the results of many other authors are obtained trivially by Du’s method. But there is a paper, [15], on cone
metric spaces in which Du’s method is not applicable.

In this work we prove some fixed point theorems in cone metric spaces, including results which generalize
those from Huang and Zhang’s work. Given the fact that, in a cone, one has only a partial ordering, it is
doubtful that their Theorem 2.1 can be further generalized.

The organization of this paper is as follows. In Section 2, problem formulation and preliminaries are
given. In Section 3, some new results are given. Section 4 gives an example to illustrate the effectiveness of our

results.
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2. Preliminaries

Consistent with Guang and Xian [8], the following definitions and results will be needed in the sequel.

Let E be a real Banach space with norm |-|. A subset P of E is called a cone if and only if:

(a) P is closed, nonempty and P # 0;

(b) a,b€ R,a,b>0,z,y € P implies ax + by € P;

(¢c)zePand x ¢ P=2=0.

Given a cone P C FE, we define a partial ordering < with respect to P by « <y if and only if y—x € P.
We shall write < y to indicate that = <y but = # y, while z < y stands for y — = € intP (interior of P).

A cone P is called normal if there is a number L > 0 such that for all z,y € F,

0 <z <y implies ||z[| < Lly||.
The least positive number satisfying the above inequality is called the normal constant of P.

Remark 2.1 We note that there are no normal cones with normal constant L < 1 and for each k > 1 there
are cones with normal constant L > k by [18].

Definition 2.1 Let X be a nonempty set. Suppose that the mapping d: X x X — E satisfies
(d1) 0 < d(z,y) for all x,y € X and d(z,y) =0 if and only if x = y;
(d2) d(z,y) =d(y,z) for all x,y € X;
(d3) d(z,y) < d(x,z) +d(z,y) for all z,y,z € X.
Then d is called a cone metric on X and (X,d) is called a cone metric space. The concept of a cone

metric space is more general than that of a metric space.

Definition 2.2 Let (X,d) be a cone metric space. We say that {x,} is:
(e1) a Cauchy sequence if for every c in E with ¢ > 0, there is N such that for all n,m > N, d(zy, ) <

c;
(e2) a Convergent sequence if for every ¢ in E with ¢ >> 0, there is N such that for all n > N,d(x,, z) <
¢ for some fixed x in X.

When {x,} converges to x, we say x is the limit of {x,}. We denote this by

lim z, =2 or z,—z (n— oc0).
n—oo

A cone metric space X is said to be complete if every Cauchy sequence in X is convergent in X. It is known
that {x,} converges to © € X if and only if d(z,,2) — 0 as n — oo. The limit of a convergent sequence is

unique provided P is a normal cone with normal constant L (see [8] and [18, 20]).

3. Main results

Let (X,d) be a completely cone metric space, P be a normal cone. I = [0,T](T > 0). Denote
ClI,X] = {u: I — XJu(t) is continuous on I}. It is easy to see that C[I,X] is a Banach space with the
norm |ju —v|| = Iﬁa:}dd(u(t),v(tm for u,v € C[I, X].

€
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Theorem 3.1 Let F be a closed subset of C[I,X] and A: F — F an operator. If there exist o, 3 € [0,1), M €
C(1,]0,00)) such that for any u,v € F,

M(t)

d(Au(t), Av(t)) < Bd(u(t), v(t)) + —

/0 d(u(s),v(s))ds, V t € (0,T], (3.1)

then A has exactly one fized point u* in F. For any z¢ € F, the iterative sequence x,, = Ax,_1(n=1,2,3,...)

converges to u* in F and for all s > 0,

|2 — u*|| = 0(n™*) as n — 0.

Proof. For any ug € F, set u, = Aup_1(n=1,2,3,...). By (3.1) we get
d(uz(t), ur(t)) < (B + MO ) ur — uoll < (B+ Kt'~*)|luy — uol, ¥ ¢ € (0, 7],

where K = max{M (¢)|t € I'}. Tt follows by induction and (3.1) that, for any ¢ € (0,71,

At (1), un(®) < (7 + Chort i 4 S IR
+ il )Hm — uol,
2-a)3-2a)---(n—(n—-1)a)
(n=1,2,3,..).
therefore
[tnt1 — un < (ﬁ" +ChB"h+ w +o %) llug — uo, (3.2)

where h = KT'~%(1 — a)~!. For any n, set n = km + j(0 < j < k), where k(k # 1) is any given positive

integer. Then whenever n is sufficiently large, it follows from the Stirling formula that

C2 n—2h2 cmpgn—mpm
LlEﬁn-i-C,llﬁn_lh-i-nﬁT-i-“'-i-nﬁT

SCﬁﬁ"—m(1+h+g—T+---+%)
_ o)™ ™nI'(n)
m(n —m)I'(m)I'(n — m)

OUngm VEE1+0(d)

_ O(1)B"™\/2nmn™
V2mam™(1 4+ O(%)) 2(n — m)w(n —m)n—m

ot () =0 ()

o) o ().

3
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Similarly,
B C:ln—i-l ﬁn—m—l hm+1 hn
==t tu
ol
< m(ﬁn—m—lhmﬁ-l N hn)

o) = o) (=),

where s > 1 can be any real constant. Consequently, by (3.2) we have

luns1 —un|l < (L1 + La2)llur — uol|

~0(5) + o) =otim) (2o >

which implies that, for any fixed s > 0, there exists ng > 0 such that

1
[ten41 — unl| < py g Y n > ny.

Therefore, for any positive integers p > 0,n > ng, we have

=1
tntp = tntp—1ll + -+ [tnt1 — un|| < Z T

i=n

IN

||un+p — un||

~s(n i 1)s To ((n _11)s+1> (see[2])
0(%) (oo

where s > 0. Hence {u,} is a Cauchy sequence and there exists u* € F such that |u, —u*|| — 0 as n — oc.
By (3.1),

d(Au* (), u* () < d(Au*(t), Aun(t)) + d(Aun(t), u* (1))
< (B+ Kt Jun — || + [Jup g1 — "],

for any V ¢t € (0,7]. Then
[Aw* () —u* @) < (8 + Kt un — u*[| + [[unss — "],

which implies by [Ju, — u*|| = 0 (n — o0) that Au* = u*.
For any zg € F, set z, = Azp41(n =1,2,3,---). By (3.1) and using a similar way as establishing (3.3)
we can get, for any s > 0,

|2 — u*|| = 0(n™*%) as n — oo,

which means that u* is the unique fixed point of A since xg € F is arbitrary. This completes the proof. O
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Remark 3.1 We show that Theorem 3.1 is a generalization of the Theorems 1-4 of [10] in C[I, E].
On one hand, it is easy to give some self-maps of a closed subset of C[I,E], which satisfy (3.1)

but are not contractions on a complete cone metric space (see theorem 1 in [10]). For example, operator
A:C[J,E] — C[J,E](J =[0,1]) defined by

1 t
Au(t) = %/O u(t)dt+3t—%/0 u(s)ds, ¥V t € (0,1], Au(0) = %uo

is such a map.

On the other hand, if F' is a closed subset of a complete cone metric space (X,d) operator A: F — F

satisfies
d(Au, Av) < ad(u,v) ¥ u,v € F, (3.4)

where « € [0,1). Then Theorem 1 of [10] shows that A has exactly one fixed point in F. We assert that
this conclusion can also be obtained by Theorem 3.1. In fact, we can embed F into C[I, X] by regarding the
elements of F as constant-value functions of C[I, X]. Then F is a closed set in C[I, X] and A : F — F can
be regarded as a map in C[I, X]. So (3.4) implies that A satisfies (3.1) for K = 0 and then, in the subset F

of C[I, E], A has exactly one fixed point by Theorem 3.1, which is the unique fixed point of A in the subset F
of X.

As we proved Theorem 3.1, we can similarly prove

Theorem 3.2 Let F be a closed subset of C[I,X] and A: F — F an operator. If there exist o, 3 € [0,1), M €
C(1,]0,00)), where a satisfies (—1)* = —1, such that, for some fixzed n € I =[0,T] and for any u,v € F,

M(t)
(t—mn)"

d(Au(t), Av(t)) < Bd(u(t),v(t)) + / d(u(s),v(s))ds, ¥t € (n,T], (3.5)

then the conclusions of Theorem 8.1 hold.

4. An example

In this section, an example is used to demonstrate that the method presented in this paper is effective.

Example 4.1 Consider the following third-order three-point problem:

3t% cost

2v/1—1

u(0) = 0,u(l) = ﬁu(%)

D3/ 2u(t) = u + 4sint, 0<t<1,

where D% is the Riemann-Liouville differential operator of order %
Theorem 4.2 If > BV2ABVIT 4o (4.1) has exactly one nontrivial solution.

8/T—V2
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Proof.

By Lemma 3.1 in [27], problem (4.1) has a solution u = u(t) if and only if u is a solution in CJ
R](J=[0,1]) of the operator equation

(Tu)(t) = %a) /Ot(t — )t (u(s)M + 8% + sin s> ds

2y/1—s
ot 1 ! 3s%cos s
1— a—1 3 : d
P, ) (“(‘”wm e *Sln‘s) ’
pre—t 1 /" 4 3s2coss 5 .

- — 5@ d
T GpiT@ (n—ys) u(s)2m+s +sins | ds,
where 1 = 5. So we only need to seek a fixed point of T in C[J, R]. For any us,us € C[J, R]

[(Tur)(t) = (Tuz)(t)]

1 ¢ 35% cos s
m/o Vit —s(ui(s) — ua(s)) ds

2v/1—s
ot s2 cos s
T g, VT - )
pe 1 /— 3s2 cos s
_ﬁl—‘(a / (u1(s) — (S))ﬁ
D 352 coss
SF()/|U1()—uz()|als here D = /\/—2 — >
+ [ Lo (ug (8) = uz(t)] + | Lo (ug (t) — ua(t))].
Where
t 35 coS s
Lyu(t) = 11— A1 T(a / vl \/—| u(s)|ds,
and
_ 16| t K 352 cos s N
Lou(t) = |1_ﬁna_1|1—\(a)/0 (vn 2\/—| u(s)|d

We have that

1 35 coss
L Lol <
AR zn_“_ﬁna_lw / VI

\/m
=T ﬁ?’iisi
Since (3 > 8;/3;7?\/\/2577 we have that
Ll + | Lo
1/2
“tamlital 2

At ), VI

1.[\/§+\/_611
re/2) lp—-v2 p-v2 8

302



GUO

Then, by Theorem 3.1, we know Equation (4.1) has a nontrivial solution. This completes the proof. O

52/3:_:7?‘\//—22_’7 <pB< %, we don’t know if Equation (4.1) has a nontrivial solution

by Theorem 3.2 in [27] (see [27, Example 4.1]). Therefore, our results in this paper extend and improve them
in [27].

Remark 4.1 However, when
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