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ORTHOGONAL CONE METRIC SPACES WITH BANACH
ALGEBRAS AND FIXED POINT THEOREMS OF GENERALIZED
LIPSCHITZ MAPPINGS

M.H.M. RASHID ), P.P NOUSHIDA®, V. ANIL KUMAR® AND T. PRASAD

ABSTRACT. In this paper, we impose weaker restriction on generalized Lipschitz
constants to prove existence and uniqueness of fixed points in the setting of orthog-
onal cone metric spaces. Our results extend many of previously obtained findings
in literature. Furthermore, we provide two example to support and illustrate the

usability of the main results.

1. INTRODUCTION

The concept of cone metric spaces was first introduced by Huang and Zhang [10].
Observe that cone metric space is a generalization of a metric space in which the
underlying space of the metric is replaced by a real Banach space. Then many re-
searchers are established fixed point theorems on cone metric spaces.(see [1],[2],[12],
13],[18],[21]).

Recently, Liu and Xu [14] developed the notion of cone metric spaces over Banach
algebras (also known as cone metric spaces over Banach algebras in [14], which re-
placed Banach spaces as the underlying spaces of cone metric spaces with Banach
algebras). They created the notion of cone metric spaces over Banach algebras by
replacing the Banach space F with a Banach algebra 2. They used spectral radius
to show various fixed point theorems of generalized Lipschitz mappings with weaker
and natural constraints on the generalized Lipschitz constant k. It’s worth noting

that introducing the idea of cone metric spaces with Banach algebras is important
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since one can show that they’re not comparable to metric spaces in terms of the pres-
ence of the fixed points of the generalized Lipschitz mappings. In particular, Liu and
Xu demonstrated that using the methods in the literature, the primary conclusions
established in [14] could not be reduced to a consequence of similar results in metric
spaces. This is beneficial to the field of cone metric spaces research.

Gordji et al [5], on the other hand, defined the idea of orthogonal sets and orthog-
onal metric spaces in 2017. In certain research works, theorems in this topic have
been extended. (see [3],[15], [16]).

Orthogonal completeness, a new notion of orthogonal cone metric space, was pre-

sented lately, and orthogonal continuity is described in [6].
Orthogonal contractive mappings were suggested by the authors of [20] and several
fixed point theorems for them were shown. They demonstrated their results in orthog-
onal bounded complete metric spaces using the idea of 7-distances. In contrast, they
defined the idea of generalized orthogonal sets in [19] by expanding orthogonal sets.
they also present the generalization of 1 p-contractions known as L, p-contractions.
Some fixed point theorems are demonstrated for these contractions.

This new set of concepts is accompanied by examples. An example of orthogonal
complete cone metric space, which is not complete cone metric space, is also pre-
sented. On orthogonal cone metric spaces, fixed point theorems and their corollaries
are also established.

The existence and uniqueness of the fixed point for generalized Lipschitz mappings
in the context of orthogonal cone metric spaces over Banach algebras are obtained
in this study. The methodologies and approaches employed in this work are not the
same as those used in previous research. We’ll also demonstrate the existence and
uniqueness of solutions to the initial value problem.

Throughout this paper F will denote either the real field, R, or the complex field C.
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2. PRELIMINARIES

An algebra over a field F is a vector space 2 over F that also has a multiplication
defined on it that makes 2 into a ring such that if & € F and a,b € A, a(ab) =
(cwa)b = a(abd) (see [4]).

Definition 2.1. [4] A Banach algebra is an algebra 2 over F that has a norm ||.||

relative to which 2l is a Banach space and such that for all a,b € A,
labl| < [lall [[o]]

If 2 has an identity, e, then it is assumed that ||e|| = 1. That is, 2 is called a Banach
algebra (with unit) if:
(i) 2 is a Banach space;

(ii) There is a multiplication 2 x 2 — 2( that has the following properties:
(zy)z = x(yz) =, (v+y)z = xztyz, a(y+z) =aytez,  alzy) = (ax)y = z(ay)

forall z,y,z € A and o € F. Moreover, there is a unit element e: ex = re =«
for all x € A;

(iif) flefl = 1;

(V) flzyll < [l {[y]l for all z,y  2A.

An element z in a Banach algebra 2l is said to be invertible if there exists y € 2
such that 2y = yx = e, the inverse of z is denoted by 1. Let A be a Banach algebra
and x € 2, then the spectrum of z is given by o(x): = {\ : z — Ae is singular}, the
1
n . Let

spectral radius r of x is defined as r(z) = sup{|\| : A € o(z)} = lim || 2"
n—oo
20 be a Banach algebra with identity e, and = € 2. If the spectral radius r(z) of = is

less than 1, then e —x is invertible and (e—xz)~" = Y07 a’ ( see [17] for more details).

Remark 1. From [4], we see that the spectral radius r(x) of x satisfies r(z) < ||z|

for all x € A, where A is a Banach algebra with a unit e.

In the following we always suppose 2l is a Banach algebra with a unit, P is a cone

in 2 with int(P) # () and < is partial ordering with respect to P.
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Definition 2.2. [9] Let 2 be a Banach algebra and P a subset of 2. P is called a
cone if and only if
(i) P is closed, nonempty, P # {0y},
(ii) a,b €R, a,0 >0, x,y € P=ax + by € P,
(iii) z € P and —x € P = x = Oqg.

Given a cone P C 2, we define a partial ordering < with respect to P by x <y
if and only if y — 2 € P. We shall write x < y to indicate that z < y but z # y
while << y will stand for y — x € int(P), int(P) denotes the interior of P and if
int(P) # (), then P is called a solid cone. The cone P is called normal if there is a
number K > 0 such that for all z,y € A, Oy < & = y implies ||z|y < K ||y|ly. The

least positive number K satisfying above is called the normal constant of P (see [9]).

Definition 2.3. [7] Let X be a nonempty set and L C X x X be a binary operation.

If 1 satisfies the following condition:
(2.1) drg € X; (Vy € X,ylay) V (Vy € X, 20 Ly),

it is called an orthogonal set (shortly O-set). And (X, 1) is called O-set. And the

element z is called an orthogonal element.

Example 2.1. [8] Let X = Z. Define m_Ln if there exists k € Z such that m = kn.
It is easy to see that 0Ln for alln € Z. Hence (X, L) is an O-set.

By the following example, we can see that z is not necessarily unique.

Example 2.2. [8] Let X = [0,00), we define xly if xy € {z,y} then by setting
x9g=0orxzy=1, (X, 1) is an O-set.

Definition 2.4. [7] Let (X, L) be an orthogonal set (O-set). Any two elements
x,y € X are said to be orthogonally related if z_Ly.

Definition 2.5. [7] Let (X, L) be an orthogonal set. A sequence (x,) in X is called

an orthogonal sequence (O-sequence) if

(2.2) Tpnlxpi V i le,, Vn € N
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Similarly, a Cauchy sequence {z,} is said to be an orthogonally Cauchy sequence

(shortly O-Cauchy sequence) if

(2.3) Tplx,, V x,Lx,,Vn,m € Nsuch thatn > m.

Definition 2.6. [5, 7] A mapping d : X x X — 2 is called a cone metric on the

orthogonal set (X, d), if the following conditions are satisfied:

(OC1) 0y < d(zx,y) for any z,y € X such that x 1y and y Lz,
(0C2) d

(0OC3) d(z,y) = d(y,z) for any =,y € X such that z1ly and y Lz,
(0C4) d

(z,y) = 0 if and only if z = y for any z,y € X such that x Ly and y_Llz,

(x,2) <d(z,y) +d(y, z) for any z,y,z € X such that zly, ylz and zLz.

Then the ordered triple (X, L, d) is called an orthogonal cone metric space.

Example 2.3. Let A = R*, P = {(z,y) € A : z,y > 0} C R* X = Z and
d: X xX — A such that d(z,y) = (| — y|,alx — y|), where a is a nonnegative
constant. Assume that binary relation L on X = 7Z as Example 2.1, then (X, L, d)

15 orthogonal cone metric space.

Let X be an orthogonal set and d : X x X — 2 be a mapping. For every z € X

we define the set

(2.4) O(X,d,xz) ={(x,) C X : lim d(z,,z) =0 and z,,Lx,n € N}.

n—o0

Definition 2.7. [11] Let (X, L,d) be an orthogonal cone metric space. A sequence
(x,) in X is said to be
(i) an orthogonal convergent (in short O-convergent) to z if and only if (z,) €
O(X,d,x),
(ii) an orthogonal Cauchy (in short O-Cauchy) if and only liril d(zp, ) =0
and z, Lz, or x,,Lx,, Vn,m € N. e
Remark 2. In orthogonal cone metric space (X, L,d), an orthogonal convergent

sequence may be not an orthogonal Cauchy.

Definition 2.8. [11] An orthogonal cone metric space (X, 1,d) is said to be an
orthogonal complete (O-complete)if every orthogonal Cauchy sequence converges in

X.
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Remark 3. It is easy to see that every complete cone metric space is orthogonal cone

complete but the converse is not true. For this remark, see the following examples.

Example 2.4. [11] Let X = Q and P = {x € Q : x > 0}. Define x Ly if and only
ifx =0 ory=0. Then (X, 1) is an orthogonal set. It is clear that Q is not a
complete cone metric space with respect to the Fuclidean metric, but it is orthogonal
cone complete. If (x,) is any orthogonal Cauchy sequence in Q, then there exists a
subsequence (x,,) of (x,) for which x,, = 0 for all k € N. Then (x,,) converges
to 0 € X. We know that every Cauchy sequence with a convergent subsequence is

convergent, so (x,) is convergent.
Example 2.5. [11] Let X = [0,1) and define the orthogonal relation on X by
1
:cJ_y<:>x§y§1\/x:0.

Then (X, L) is an orthogonal set. We have X is not a complete metric space with
respect to the Fuclidean metric but it is orthogonal metric. Consider (x,) is an
orthogonal Cauchy sequence in X. Then there exists a subsequence (x,,) of (x,) for
which x,, = 0 for all k € N, or there exists a monotone subsequence (xn,) of (x,)
for which x,, < 1. We see that (z,,) converges to a point [0,57] € X. We know
that every Cauchy sequence with a convergent subsequence is convergent, so (x,) is

convergent in X.

Definition 2.9. [11] Let (X, L,d) be an orthogonal metric space. A function f :
X — X is said to be an orthogonal continuous (O-continuous or | -continuous) at a
point zo in X if for each orthogonal sequence (x,) in X converging to zy such that
f(z,) = f(zo). Also f is said to be orthogonal continuous on X if f is orthogonal

continuous at each point in X.

Remark 4. [t is easy to see every continuous mapping is orthogonal continuous. The

following examples show the converse is not true in general.

Example 2.6. [11] Let X = R. Define the orthogonality relation on X by xLly if
and only if x =0 ory # 0 in Q. Then (X, L) is an orthogonal set. Define a function
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f: X —>X by

2, ifreqQy

fla) = _
0, ifxe Q.

Then f is an orthogonal continuous but is not continuous on Q.

Example 2.7. [11] Let X =R. Define x 1y if x,y € (¢+ 2,9+ 2) for some q € Z or
x=0. Then (X, 1) is an orthogonal set. Define a function f : X — X by f(x) = [z].
Then f is an orthogonal continuous on X. Because for an orthogonal sequence (x,,)

in X converging to x € X, then we have
Case-I: Ifz, =0 for alln, then t =0 and f(z,) = 0= f(x).
Case-I1: If x,, # 0 for some ng, then there exists k € Z such that x, €
(k+%,k+%) for alln > ny. Then x € [q—l—%,q+%] and f(x,) =k = f(x). It

follows that f is orthogonal continuous on X but it is not continuous on X.

Definition 2.10. [11] Let (X, L, d) be an orthogonal metric space and 0 < K < 1.
A mapping T : X — X is called an orthogonal contraction (O-contraction or |-
contraction) with Lipschitz constant K, if for all z,y € X with x Ly then d(Tz, Ty) <
Kd(z,y).

Remark 5. [t is clear that every contraction is orthogonal contraction but the con-

verse s not true.

Example 2.8. Let X = [0,20) and d be the Euclidean metric on X. Define x Ly if
xy <axzVy. Let F: X — X be a map defined by

Let x 1y and x <y then we have

Case I If v =0 and y < 8 then F(z) =0 and F(y) = §.
Case II: If v <8 andy > 8 then F(x) = g and F(y) = 0.
Case III: If x <8 and y < 8 then F(x) = § and F(y) =

(
Case IV: Ifx > 8 and y < 8 then F(x) =0 and F(y) =

Yy
]
Yy
]"
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Therefore we have |F(x)—F(y)| < g|z—y|, and hence, F is an orthogonal contraction.
But F is not a contraction, because for each K < 1 then |F(9) — F(8)|=1> K =
K9 —8.

Example 2.9. [11] Let X =[0,1) and d be the Euclidean metric on X. Define x_Ly
if vy € {x,y} for allz,y € X. Let F': X — X be a mapping defined by

s, ifreQnX;

Fla) =1 freQ

0, ifreQnX.

Then F is an orthogonal contraction on X but it is not a contraction.

Definition 2.11. Let (X, L,d) be an orthogonal cone metric space. A mapping
T : X — X is said to be an orthogonal preserving (O-preserving or |-preserving)if

rLly implies Tx LTy for all x,y € X.

Definition 2.12. [11] Let (X, L,d) be an orthogonal cone metric space. A mapping
T : X — X is said to be a weakly orthogonal preserving (weakly O-preserving or

weakly L-preserving)if x Ly implies Tx LTy or Ty LTz for all z,y € X.

Example 2.10. [11] Let X be the set of all peoples in the world. We define x Ly if
x can giwe blood to y. According to the following table, if xo is a person such that
his/her blood type is O~, then we have xogLly for all y € X. Then (X, 1) is an

orthogonal set. In the following, we see that in this orthogonal set xy is not unique.

Type | You can give blood to | You can receive blood from
At At ABT AT A=,0T,0™

o+ Ot AT, Bt AB™ ot,0~

Bt Bt AB™ B*,B~,0",0~
AB™* AB™T Everyone

A~ At A~ ABT AB~ A™,0™

O~ Everyone O~

B~ | BY,B~,ABt AB~ B~,0~

AB~ ABT,AB~ AB~,B~,07, A"

Remark 6. We have every orthogonal preserving mapping is weakly preserving, but

the converse is not true.
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For this let (x, L) be an orthogonal set defined in the Example 2.10. Let O; in
X be a person with blood type O~; P; be a person with blood type AT. Define a
mapping F': X — X by

Pl, if x = 01;
F(z) =
O, ifze X\ {0}
Let Oy € X \ {O1} be a person with blood type O~. Then we get O; LO5 but we do
not have F(O;) LF(Os). Therefore F is not an orthogonal preserving but it is weakly
orthogonal preserving.

Finally, let us recall the concept of generalized Lipschitz mapping defining on the

cone metric spaces over Banach algebras, which is introduced in [14].

Definition 2.13. [14] Let (X, d) be a cone metric space over a Banach algebra 2(. A
mapping 7" : X — X is called a generalized Lipschitz mapping if there exists a vector

k € P with r(k) < 1 and for all x,y € X, one has

d(Tz,Ty) = kd(z,y).

Remark 7. In Definition 2.13, we only suppose the spectral radius of k is less than 1,
while ||k|| < 1 is not assumed. Generally speaking, it is meaningful since by Remark

1, the condition r(k) < 1 is weaker than that ||z| < 1.
Remark 8. Ifr(k) < 1, then ||k"|| — 0(n — o).

To arrive at our primary conclusions, it is crucial to first understand the facts

regarding spectral radius.

Lemma 2.1. [22] Let A be a Banach algebra and let x,y be vectors in 2. If x and y
commute, then the following hold:
(i) r(zy) < r(x)ry);
(i) r(z +y) <r(z) +7r(y);
(iii) |r(z) —r(y)| <r(z—y).

Lemma 2.2. [22] Let A be a Banach algebra and let (z,,) be a sequence in A. Suppose

that (x,) converges to x in A and that x, and x commute for all n, then we have

r(x,) — r(x) as n — oco.
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Lemma 2.3. [22] Let 2 be a Banach algebra and let k be a vector in A. If0 < r(k) <
1, then we have

r((e—=k)™) < (1 —r(k)~
3. EXAMPLES

In this section we give some examples for orthogonal cone metric spaces with

Banach algebras.

Example 3.1. [5] Let 2 = R?, with || (z1,22) ||= |z1] + |z2|. The multiplication is
defined by
zy = (1, 22) (Y1, ¥2) = (T191, 2291 + T172).-

Then A is a Banach algebra with unit (1,0).

Let P = {(x1,75) € R*: zy, 25 > 0}, then P is a normal cone with normal constant
M=1.

Let X = R?, the metric d be defined by

d((z1,22), (y1,92)) = (lz1 — m1l, oz — 1)), « € R, > 0.

Then (X, d) is a complete cone metric space with Banach algebra.

Now consider the binary relation on X by,
x Ly if and only if (x,y) = 0.
Then by setting xo = (0,0), we get zg L (1, z2) for all (z1,12) € R?, and so X is an

orthogonal set, (X, L,d) is an O-complete cone metric space with Banach algebra.

Example 3.2. Let 2 = R?, with
| (or,2) 1= max il
The multiplication is defined by

vy = (x1,22) (Y1, ¥2) = (T1Y1, T2Y2).
Then 2 is a Banach algebra with unit (1,1).

Let P = {(z1,7) € R%: 21,09 > 0}, then P is a normal cone with normal constant

M=1.
(1) Let X =1[0,1) x [0,1) C R?, the metric d be defined by

d((21,22), (Y1, 92)) = (|21 = v, [22 = ),
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then (X, d) is a non complete cone metric space with Banach algebra.

Now consider the binary relation defined on X by
x Ly if and only if v.y € {x,y}.
Then (0,0) L (z1,22) for all (z1,22) € X, so (X, L,d) is an O-complete cone

metric space with Banach algebra.

(2) Consider Z with the binary relation
m L n if there is k € Z with m = kn.
Then if we define the metric d : Z x Z — 2 by
d(z,y) = (Jz =yl |z —yl),

then (Z, L,d) is a O-complete cone metric space with Banach algebra.

Example 3.3. Let A = CJ0, 1], be the space of all real valued continuous functions
on [0, 1], with pointwise multiplication and
|z ||= sup |2(t)],
t€[0,1]
then it is known that 2 is a commutative unital Banach algebra with this norm and
P ={xz:z(t) > 0}, is a normal cone in A with normal constant 1. Let X = {f €
C[0,1] : f(z) > 1}, consider the binary relation on X by
x Ly if and only if z(t).y(t) > x(t)or y(t).
Then (X, L) is an orthogonal set. Define a metricd: X x X — 2 by

d(f,g) = 1f({t) —g(®)].

Then (X, L,d) is an orthogonal cone metric space with Banach algebra.

Example 3.4. Let A = M,,(R) = {a = (ajj)nxn|a;; € R,V1 < i, j <n} be the algebra
of all n-square real matrices, and define the norm
lal| = Z |ai;|.
1<i,j<n
Then A is a real Banach algebra with the unit e the identity matriz.
Let P ={a € Ala;; > 0,V1 <i,5 <n}. Then P C A is a normal cone with normal

constant M = 1. Now we define a binary relation L on A asalb ifa—b > 0. Clearly
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for all a € P, a_l0.
Let X = M,(R), and define the metric d : X x X — 2 by

d(x,y) = d((%’j)nxrn (yij)an) = (|Izg - yij|)n><n € 2

Then (X, L,d) is a cone metric space over Banach algebra A with normality.

4. MAIN RESULTS

The following results, which extend the theorems in cone metric spaces [9], to
orthogonal cone metric spaces with Banach algebras, are proved in this section. Other
fixed point theorems of generalized Lipschitz mappings in the case of an orthogonal

cone metric space over Banach algebra will be presented in the following sections.

Definition 4.1. Let (X, L,d) be an orthogonal cone metric space over a Banach
algebra 2. A mapping T : X — X is called a generalized Lipschitz mapping if there
exists a vector k € P with r(k) < 1 and for all z,y € X with z_Ly, one has

d(Tw, Ty) 2 kd(z,y).

Theorem 4.1. Let (X, L,d) be an O-complete cone metric space with Banach algebra
A and P is a normal cone in A with normal constant M, let f : X — X be a
mapping which is 1 -preserving, L-continuous and satisfies the generalized orthogonal

contraction condition,

d(fz, fy) = ad(z,y), if v Ly,

where a € P with r(a) < 1. Then f has a unique fized point in X.

Proof. Since X is an orthogonal set, there exists xg in X such that
z 1l xzgorazy Lxforall z € X.
So we have xo L f(xg) or f(xg) L xo. Let
21 1= f(w0), w9 := fa1) = [2(@0), s Tpi1 := fl2n) = f"(20), for n > 1.
Since f is L-preserving we have {z,} is an O-sequence and

d(Tps1,n) = ad(Tp, xy—1) = ... 2 a"d(x1, x0)
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So for n > m,

d(xna xm) j d(!)ﬁ'n, xn—l) + d(In—1> In—2) + ...+ d(xm—i-la xm)

< (@ P+ a" 2+ . 4 a™)d(xg, 1)

< (Z a’)a™d(zy, zo)

1=0

= (e —a) tamd(x1, x0).

Since P is a normal cone with normal constant M, and || a" [|[— 0 as n — oo, we

have
| d(zp, 1) ||[— 0 as n — oo.

Hence the O-sequence {z,} is a Cauchy O-sequence and by the O-completeness of
X, there exists © € X such that x, — x as n — co. Now since f is L-continuous
f(z,) = f(x) as n — oo, and
@) = i f@) = im a0 =
Therefore x is a fixed point of f in X.
Now we prove the uniqueness of the fixed point. Let y € X be another fixed point

of f. Then we have f™(y) =y for all n € N, and X is an O-set implies,
xo Lyory L xg.
As f is l-preserving, we have
fM(xo) L f™(y) or f*(y) L f™(xp), for all n € N, and
f™M(xo) L f(x) or f(x) L f(xo), for all n € N.

Since f is a 1 — contraction

d(z, y) d(f"(x), ["(y))
d(f" (), ["(20)) + d(f"(20), ["(y))

= a"[d(zo, ) + d(y, 0)].

A

As P is a normal cone with normal constant M and r(a) < 1, we have

| dz,y) |< M([| o [ {Il d(z,z0) | + [ (2o, y) [I]) = 0,
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and x =y as n — oo. Hence the fixed point of f is unique. O

Example 4.1. Let 2 = R, with || (x1,2) ||= 2221 The multiplication is defined
by
ry = (21, 22) (Y1, Y2) = (11, T2y2)-
Then 2 is a Banach algebra with unit (1,1).
Let P = {(z1,7) € R?: 21,19 > 0}, then P is a normal cone with normal constant
M =1.
Let X = {(x,0) : 0 <z <1,z € R}. Define a binary relation on X by
(#,0) L (y,0) if zy < minf{z,y},
setting xo = (0,0) we get (X, L) is an orthogonal set.
Defined : X x X — 2 by
d((z,0), (y,0)) = (Jo =yl alz —y[), 0 € R, > 0.
Then (X, L,d) is an O-complete cone metric space with Banach algebra.
Consider the map f : X — X defined by
f((z,0)) = (arctan(z + 3),0),
then f is L-preserving, L-continuous and satisfies the generalized orthogonal con-

tractive condition

d(f((,0)), f((y,0))) = (3, 3)d((2,0), (y,0))
where k = (3,2) € P,with r(k) <1 and || k ||> 1. Hence we can apply the Theorem
4.1 to guarantee the existence of a fixed point for f in X.
Theorem 4.2. Let (X, L,d) be an O-complete cone metric space with Banach algebra
A and P is a normal cone in A with normal constant M, let f : X — X be L-

preserving, 1 -continuous satisfying the following generalized orthogonal contraction

type condition

d(fz, fy) =2 ald(z, fz) + d(y, fy)],
where x,y € X with x 1L y and a € P with r(a) < % Then f has a fized point in X.

Proof. As in Theorem 4.1 we get an O-sequence by

To, 11 = f(20), 22 := f(x1) = f2(0), .., T = f(wn_1) = f(xp), and
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d(In+1> In) = d(fzna fﬁEn—l)

ald(zp, fr,) + d(xn_1, fra_1)] = a[d(zn, Tpi1) + d(@n_1, 2,)]

PN

d(Tpi1, ) = (e —a) tad(z,, Tn_1).

Take h = a(e — a)™', then we prove that r(h) < 1. Since 0 < r(a) < 3 <1,

(e—a)yt=e+dY 2 ,a :€+r}i—>nc>lozai
=0
Then by lemma(2.2) and lemma(2.3), we have

r(le—a)™) < r(e)+r(lim. a")

r(a(e —a)™)

IN
<
—~
S
N
3
—~
—~
Q
I
S
N

L
~—

<

1—r(a)
So we have d(x, 11, x,) = hd(z,, T—1), where r(h) < 1, then by the proof of Theorem
4.1, we can see that the O-sequence {z,} is Cauchy. since X is O-complete there is
x € X such that z, — = as n — oo. Next, we prove that x is a fixed point of f.

Consider

d(fz,z) 2 d(fz, fx,) + d(f2,, x)
2 kld(fx,x) + d(frn, v,)] + d(@pi1, x)

< (e = k) kd(zn, ) + (e + k)d(ni1, 7)),
Since P is a normal cone with normal constant M, in the light of the above inequality,

d(fe,z) < M || (e = k)= I kAL (e, @) |+ [Fe + & ] d(z, 2n41) (D] = 0 as

n — oo.
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Hence z is a fixed point of f. O

Next by modifying the generalized contractive condition of the mapping, we prove

the following fixed point result.

Theorem 4.3. Let (X, L, d) be an O-complete cone metric space with Banach algebra
A and P is a normal cone in A with normal constant M, let f : X — X be L-
preserving, L-continuous and satisfying the following generalized contraction type

condition

d(fz, fy) 2 ad(z,y) + bld(z, fx) + d(y, fy)] + cld(y, fz) + d(z, fy)],
where x,y € X with x L y and a,b,c are commuting elements in P with r(a) +

2[r(b) + r(c)] < 1. Then f has a fized point in X .

Proof. As in Theorem 4.1, we get an O-sequence:

xo, 11 = f(20), 12 = f(21) = f*(0), ., Tn = f(@n_1) = f"(20), and

d(l'n+1,l'n) = d(fxnafzn—l)

ad(xp, xp_1) + b[d(zn, fr,) + d(xp_1, fra_1)] + c[d(@n_1, fr,) + d(xpn, fr,_1)]

A

= ad(xn, xn—l) + b[d(![’n, xn-{—l) + d(l'n_l, xn)] + C[d(zn—1> zn—i—l) + d(zna l’n)]

< (e=b—c)Na+b+c)d(n, Tn1).

Take h = (e —b—c)"Y(a+ b+ ¢), then we prove that r(h) is less than 1. By Lemma

3.1 and Lemma 3.2 , we have

r(le—=b—c) Ha+b+c) < rla+b+e)r(e—b—c) ™)
r(a+b+c)
= 1—r(b+c)
r(a) +7(b) + r(c)
=) ()

Thus we have d(z,, 41, ,) < hd(x,, x,—1) with r(h) < 1, then by the proof of theorem
4.1, we can see that the O-sequence {z,} is Cauchy. Since X is O-complete there is

x € X such that z, — = as n — oo. Next, we prove that x is a fixed point of f,
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consider

d(fz,z) = lim d(fz, fx,) +d(fr,, x)
= lim [ad(z, z,) + bd[d(fz,z) + d(fan, x,)] + cld(fz,z,) + d(frn, )] + d(2p1, 7)]

n— o0

< (b+c)d(fz,z),as n — oc.

Observe that b+ c € P with r(b+c¢) < 1, implies d(fx,z) = Oy and hence z is a fixed
point of f. O

Here we prove fixed point result for mapping satisfying generalized Hardy Rogers

contraction type conditions in O-complete cone metric spaces.

Theorem 4.4. Let (X, L, d) be an O-complete cone metric space over Banach algebra
with normal cone P, f : X — X be L- preserving, L-continuous mapping and

satisfying the following condition:

d(fl‘, fy) = ald(xv y) + CLQd(QE‘, fLU) + a3d(y7 fy) + CL4d(y, fLU) + a5d(:z:, fy)7
where x,y € X with x L y and ay,as,as, as, as are commuting elements in P with
r(ay) +r(as) +r(as) + 2r(as) + 2r(as) < 1. Then f has a fized point in X.

Proof. As in Theorem 4.1, we get an O-sequence:

xo, 11 = f(20), 12 = f(21) = f*(20), .., o0 = f(2n_1) = f"(20), and

d(Tpt1,20) = d(fan, fra-1)
< a1 d(Xp, Tp_1) + agd(zy, f2,) + asd(xn_1, fTn_1)
+  asd(xp_1, fr,) + asd(xp, fro,_1)
= a1d(xp, xp_1) + ad(xpn, Tpy1) + azd(zp_1, )]

+  ayd(Tp_1, Tpy1) + asd(xy,, T,)

PN

(e —ag —ay)  (ay + ag + as + ag)d(Tn, Tp_1).
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Take h = a(e — ag — aq)"*(a; + as + az + a4), then we prove that r(h) is less than 1.
We have

rle —ag —ay) ay +ag+as+ay) < r(le—ay—ay) rla; +ay + as + ag)
r(a1+a2+a3+a4)
1-— T(CLQ — CL4)
r(ar) + r(ag) + r(as) + r(ay)
1 —r(ag) —r(ay)

IA

< 1.

IN

Thus we have d(zp 41, x,) < hd(zy,, ,—1) with 7(h) < 1, then by the proof of Theorem
4.1, we can see that the O-sequence {z,} is Cauchy. Since X is O-complete there is
x € X such that z, — = as n — oo. Next, we prove that x is a fixed point of f,

consider

d(fr,x) < nh_)rrolo d(fzx, fr,) +d(fr,, x)

=< lim [ayd(z, x,) + axd(fz, ) + asd(frn, Tn)

n—o0

+ aqd(fr,z,) + asd(fr,, x) + d(Tpi1, T)]

=< (as + a4)d(fz,z),as n — oo.

Observe that as + a4 € P with r(as + a4) < 1, implies d(fz,x) = Oy and hence x is
a fixed point of f. O

Definition 4.2. Let (X, L, d) be an orthogonal cone metric space over the Banach
algebra 2 with cone P. We say F': X — X is a-admissible if thereisa : X x X — P
such that

a(z,y) = e implies a(Fx, Fy) = e, for z,y € X.

Next we prove a fixed point result for mappings satisfying a-admissible contraction

condition in O-complete cone metric space over Banach algebra.

Theorem 4.5. Let (X, L, d) be an O-complete cone metric space over Banach algebra
A with normal cone P, f : X — X be L- preserving, L-continuous, a-admissible

mapping and satisfying the following conditions:

(i) a(x,y)d(fz, fy) 2 ad(x,y), if v Ly, where a € P with r(a) < 1;
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(ii) There exists xg € X such that xo L fxg and azg, fzro) = e.

Then f has a fized point in X.

Proof. By condition (ii) there exists xy € X such that zq L fxy and
a(xo, frg) = e. Take x, = f"(x), since f is L-preserving we have {x,} is an orthog-

onal sequence and the a-admissibility of f gives;
a(Tp, Tpi1) = €, forn > 0.
Also {z,} satisfies:

d(.flfl, LUQ) j Oé(l‘o, fflf(])d(.ﬁ(]l, ZL’Q) = Oé(l‘o, fflf(])d(fxo, f.f(fl)

j CLd(SL’(], LU1>.
Similarly

d(9,23) < alxo, fro)d(xs, x3) = alo, fro)d(f(fxo), f(f?(x0))
j ad(f.ﬁlf(], fLE'l) = CLd(ZL’l,Ig)

=< a*d(zg, 11).
Then by continuing this process we see that
d(xp, Tpe1) = a"d(zg, x1).
Now for n > m, we have

d(l’n, xm) j d(l’n, xn—l—l) + d(xn—l—l’ xn+2) + ...+ d(.flfm+1, xm)

A

(a" +a™™ + .+ a™ N d(zg, 1)

=< a"((e —a) ")d(zo, z1).

Take h = a"(e — a)™', then r(a"(e — a)™') < 1, hence {z,} is a Cauchy sequence.

Then by the O-completeness of X, there exists x € X such that lim z, = z. Now

n—o0

since f is L-continuous we have x is a fixed point of f. U
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5. APPLICATION
In this section, we give a simple application of Theorem 4.1.

Let 2L = C[0, 1], be the space of all real valued continuous functions on [0, 1], with

pointwise multiplication and

|2 [|= sup |z(t)],
te[0,1]

then [ is a commutative unital Banach algebra with this norm and
P ={z:xz(t) > 0}, is a normal cone in 2 with normal constant 1.

Now consider the initial value problem:

y =g(t,y(t); tel=10,1]

(5.1)
y(O) = Yo, Yo Z 17

where g : [ x 2l — 2 be continuous and satisfies the following

(1) g(s,z) € Pforallz € Pand s € [.

(2) g satisfies:

l9(s,2) = g(s,y)| 2 f(s)]x(s) — y(s)]

where f(s) = 1253, se€land z,y € P with xzy —x € P or xy — y € P. Note that f

need not be a generalized Lipschitz mapping under the given conditions.

Here we prove the existence of a solution for the above initial value problem by
applying theorem 4.1.

Let X = {x € C[0,1] : x(t) > 0,Vt € I}. Then define d : X x X — 2A by
d(z,y) = supyes |z(t) — y(t)]e’ for all x,y € X. Then (X,d) is a cone metric space
over the Banach algebra 2. Now consider the orthogonality relation on X by

x L yif and only if x(t)y(t) > =(t) or y(t),
then (X, L,d) is an O-complete cone metric space with Banach algebra.

Note that the initial value problem 5.1 is equivalent to the integral equation
() = yo+ Jy 9(s, 2(s)) ds.
Define a map G : X — X by

(Ga)(t) = yo + [y 9(s,2(s)) ds.
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Note that the fixed points of G' are the solutions of equation 5.1. To prove this we

need the following steps;
(1) G is L-preserving: Let z,y € X with z L y, then
(G)(t) = yo+ Jy g(s,2(s)) ds = 1.
Thus (Gz)(t)(Gy)(t) > (Gy)(t), and hence Gz L Gy.
(2) G is a generalized L-contraction: Let z,y € X with z L y, then

(G)(t) = (Gy)(1)] < /Ot l9(s,2(s)) — g(s,y(s))| ds

< [ 156 nts) = )l s
— F(Olalt) - y)],
where F(t) = [1|f(s)|ds, for t € I, then
A(G, Gy) = sup (Gx)(1) — () t)e

tel

= sup F(t)]a(t) - y(t)e’ < kd(z,y).

where k € P with r(k) < 1, then G is a generalized orthogonal contraction.
(3) G is L-continuous: Let {x,} be an O-sequence in X, and let z, — z in X.

As x,(t) > 1, we have x(t) > 1. Hence z,, L x, and as in step.2, we get
d((Grn)(t) — (Gz)(t)) 2 kd(zn, ),
then as r(k) < 1, we have Gx,, — Gx as n — oo.

So G satisfies all the conditions in Theorem 4.1, hence the existence and uniqueness

of solution to the initial value problem has been guaranteed by Theorem 4.1.
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