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A REMARK ON THE PROPERTY P
AND PERIODIC POINTS OF ORDER oo

Parin Chaipunya, Yeol Je Cho and Poom Kumam

Abstract. In this paper, we considered the relationship between periodic points, fixed
points, and the property P. We also presented an extended version of periodic points together
with their behaviors in topological spaces and cone metric spaces.

1. Introduction

It is obvious that if z, is a fixed point of a mapping f, then it is also a fixed point
of iterates f" for all n € N. The converse is trivially not true in general. Whenever
the converse is true for the mapping f, we say that it satisfies the property P. The
point z, such that x, = f"z, for some h € N is called a periodic point of f. In this
case, h is called the order of x, and if it is the least positive integer such that z, is
a fixed point of f”, then we call it the prime order of z..

The studies about periodic and fixed points are not limited only in metric
spaces, but also in various generalizations of a metric space, for example, in G-
metric spaces, probabilistic metric spaces and cone metric spaces (see, e.g., [1-5, 8,
11, 12]).

In this paper, we study the property P under the framework of cone metric
spaces and also its special case in metric spaces. For the last section, we extend the
notion of a periodic point to the one of order oo and, also, a new class of mappings
is as well considered for the existence and behavior of its periodic points of both
finite and infinite order.

2. Cone metric spaces

This section is devoted to a recollection of basic definitions appeared in cone
metric space theory (for details see, e.g., [7, 9]). For instance, we consider a Banach
space E with the zero element . A nonempty closed solid subset P C FE is called
a cone in F if
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(a) aP+bP C P for each a,b > 0;
(b) Pn—P = {6}.

This cone defines a partial ordering < on E, x < y if and only if y — 2z € P.
Naturally, if x # y and x <X y, we write * < y. Moreover, we write ¢ < y if
y — x € Int(P), where Int(P) denotes the interior of P. When Int(P) # ), such
cone is called solid.

A cone in F is said to be normal if there exists some constant K > 0 such that
x =y implies ||z|| < K||y||- The least constant K as such is called the normality
constant. It is proved that there does not exist a cone with normality constant

K < 1 and there always exist a cone with normality constant K > h for each given
h > 1.

DEFINITION 2.1. Let X be a nonempty set. A function d : X x X — P is
called a cone metric if the following conditions are satisfied: for all z,y, 2z € X,
(a) d(z,y) =0 if and only if z = y;

(b) d(z,y) = d(y,z);
(¢) d(z,y) = d(z,2) +d(z,y).
In this case, the pair (X, d) is called a cone metric space.

In what follows, unless otherwise specified, we assume that every cone metric
d is induced by the Banach space E with a solid cone P, and assume that < is the
partial ordering on F constructed by the cone P.

DEFINITION 2.2. [7] Let (X, d) be a cone metric space. The sequence {z,} in
X is called:
1. a Cauchy sequence if, for any e > 6, there exists N € N such that, for all
m,n >N €N, dzn,,z,) < e
2. convergent if, for any e > 60, there exists N € N such that, for all n > N € N|
d(xn,x) < e for some fixed z € X. We write lim,, o ©,, = .

If every Cauchy sequence is convergent, then X is said to be complete.

3. The property P

In this section, we give some general conditions for a mapping to satisfy the
property P and also review some results from the past years to which our theorems
can be applied. Our results may also improve the quality of future researches in
this field.

THEOREM 3.1. Let X be a Hausdorff topological space and f be a self-mapping
on X. Suppose that the orbit { f"x} converges for any x € X. Then f satisfies the
property P.

Proof. Assume that there exists a point z. € Fix(f™) \ Fix(f), where m € N
is the least number in the sense that x, = f™x, and x. # f"x, for all n € N with
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n < m. Thus the sequence {f"x.} may be written as follows:
fnx* — fn (mod m)x*

for each n € N. It is obvious that {f"z.} does not converge. This contradicts the
hypothesis that {f™z} converges for any « € X. Therefore, we conclude that f
satisfies the property P. m

DEFINITION 3.2. A self-mapping f on X is called a weak Picard’s mapping if
every orbit converges and their limits are fixed points of f. In addition, if f has
exactly one fixed point, then f is called a Picard’s mapping.

COROLLARY 3.3. Every weak Picard’s mapping satisfies the property P.
COROLLARY 3.4. Every Picard’s mapping satisfies the property P.

THEOREM 3.5. Let (X, d) be a cone metric space and f be a self-mapping on
X. Suppose that, for each v € X with x # fz, d(f"z, f*a) < d(f* 'z, frx) for
allm € N. Then f satisfies the property P.

Proof. Assume that there exists a point x, € Fix(f™) \ Fix(f). Also, suppose
that m € N is the least number in the sense that x, = f™z, and z, # f"z, for
each n € N with n < m. From the hypothesis, we have

d(z, fr) = d(fmx, f* ) < d(f" e, fr) < - < d(x, fr),

which is impossible. Therefore, f satisfies the property P. m

Using our results, we have the following:

THEOREM 3.6. [2] Let (X, d) be a normal and solid cone metric space. Suppose
that a mapping f: X — X satisfies

d(fz, f*z) = kd(z, fz)
for all x € X, where k € [0,1). Then f satisfies the property P.

THEOREM 3.7. [2, 12] Let (X,d) be a normal and solid cone metric space.
Suppose that a mapping f: X — X satisfies

d(fx, f*z) < d(z, fz)
for all x € X with x # fx. Then f satisfies the property P.

THEOREM 3.8. [10] Let (X,d) be an orbitally complete metric space and f :
X — X be an orbitally continuous mapping satisfying

d(z, fx)d(y, fy) d(z, fy)d(y, fz) d(x7fx)d(x,fy)}
d(z,y) dlz,y) 7 2d(z,y)

for all z,y € X with x # y, where k € [0,1). Then f satisfies the property P.

d(fe. fy) < kmax{d<x,y>,
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THEOREM 3.9. [6] Let (X, d) be a metric space and f be a self-mapping on X
satisfying
[+ d(z, f2)ld(y, fy) | d(@, fe)dly, fy)
1+d(z,y) d(z,y)
for all z,y € X with x # y, where a,b,c > 0 and a+ b+ c < 1. Then [ satisfies
the property P.

d(fz, fy) <a + cd(z,y)

The following theorem is due to Rhoades and Abbas [11], which is incorrectly
stated. This gap is found in the original proof, and it happens because of the non-
arbitrarity of the chosen elements. We give here an evident counterexample to it,
and we subsequently fill this gap in. The proof for our replacement will be omitted,
as it can be seen explicitly with Theorems 3.1 and 3.5.

THEOREM 3.10. [11] Let f be an orbitally lower semi-continuous self-mapping
on a complete metric space (X,d). Let ¢ : Ry — Ry be a Lebesque integrable
function which is summable and foe p(t)dt > 0 for each € > 0. Suppose that either
of the following holds:

(i) Od(fx’f%) p(t)dt < kfod(w"fw) o(t)dt for all x € X, where k € [0,1), or

(ii) Od(fm’f%) p(t)dt < fod(m’fm) o(t)dt for all x # fx in the closure of the orbit
{f"z} for some z € X in which the orbit {f"z} has an accumulated point
p € X and f is orbitally continuous at p and fp.

Then f satisfies the property P.

We claim here that the conditions given in the above theorem are in fact not
sufficient. The counterexample goes as follows.

EXAMPLE 3.11. Let X := {0,3,1}U{5 -2 :neNn>3}andd: X x X —
R, be a usual metric. Thus (X, d) is complete. Now, we define a self-mapping f

on X by

F0) =1,
f(3) =13
f) =0,

FG=3)=32-%m

forallm € Nand n > 3. Then f is continuous on X. Setting p(t) = ¢ for allt > 0, all
hypotheses for ¢ hold. Note that the condition (i) fails since d(f(0), f(1)) £ kd(0,1)
for all k € [0,1). Now, observe that the initial points that make their orbits possess
an accumulated point are exactly the points in the set Z := X \ {O, %, 1}. Also,
observe that the condition (ii) holds for any z € Z. However, we have Fix(f) = {3}
and Fix(f?) = {O7 %7 1}. Therefore, the property P does not hold.

We note that condition (ii) should be developed according to the hypotheses
of Theorem 3.7, and it should read as follows.

(it") Od(fx’f%) (t)dt < fod(x’fx) (t)dt for all z € X with z # fx.
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Note that, in the proof of Theorem 3.10, where f satisfies (ii), the point u # fu
is not arbitrarily chosen, which results in a gap of the theorem. Replacing (ii) by
(i”) is enough to fix it.

4. Periodic points of order oo

Beyond the concept of a fixed point and a periodic point of finite order, we
introduce a new concept of a periodic point of order oo in the following

DEFINITION 4.1. Let f be a self-mapping on a topological space X. A point
x,. € X is called a periodic point of order oo for f if the orbit {f"z,} has at least
one subsequence converging to the point x, itself. The set of all periodic points of
order oo for f is denoted by Fix(f).

It is obvious that [ J,, .y Fix(f™) C Fix(f°°). The converse is not true in general
as in the following example.

EXAMPLE 4.2. Let X :={0}U{L:n €N} and d: X x X — Ry be a usual
metric. Let f: X — X be a mapping given by
{ f(0) =1,
f (%) = n—li-l
for all n € N. Then Fix(f™) = () for all n € N while Fix(f>°) = {0}.

We begin with some initial results for the existence and uniqueness of periodic
points having infinite order in topological spaces.

THEOREM 4.3. Let X be a topological space and suppose that f: X — X has
a convergent spanning orbit at xg € X (i.e., if z € X, then z = fFxq for some
k € N). Then Fix(f°°) is nonempty. Moreover, if X is Hausdorff, then Fix(f)
is a singleton.

Proof. Assume that {f"xzo} converges to some z, € X. Also, observe that
Ty = fPxg for some p € N. Thus f"z, = fPT"xq so that {f"z,} converges to .
itself.

Now, assume that X is Hausdorff and y,z € Fix(f>°). Then y = fPxg and
z = fixq for some p,q € N and so f*y = fPT"zq and f"z = fiT"zq. Letting
n — 00, we obtain y = z. m

Example 4.2 also works with the above theorem.

Now, for a cone metric space (X,d), we consider a new class F(X) of self-
mappings f on X such that there exists @ > 0, 3 < 0 and > 0 such that

ad(fz, fy) = (o= B)d(x,y) +7[d(x, fy) + d(y, fx)] + (B —7)[d(z, fx) + d(y, fy)]

(4.1)
for all z,y € X with « # y. Note first that this class is nonempty since the identity
mapping on X is contained in F(X).



362 P. Chaipunya, Y.J. Cho, P. Kumam

THEOREM 4.4. Let (X, d) be a complete cone metric space (whose underlying
cone P is not necessarily normal) and let f € F(X). Then Fix(f°°) is nonempty.

Proof. Assume that a > 0, f < 0 and v > 0 are the constants satisfying the
inequality (4.1). Suppose that f"~lxg # f"zq for all n € N and xp € X. Observe
the following:

ad(f™ 0, f" o)
< (o = B)d(f" w0, f20) + A" w0, £ 0) + d( o, Fa0)]
+ (B =NA(f" o, [Ma0) + d(f o, [ o))
= (= B)d(f" o, [Mao) +AA(f" w0, fw0) + d(f 0, [T 20)]
+ (B =A™ o, fPa0) + d(f 0, 1 20)]
= ad(f" 'z, f"x0) + Bd(f o, 1 x0).
Hence we have
d(f o, f* o) 2 A(f" o, [Mao) 2 ANA(f" w0, [T wg) X - 2 A (20, f20),
where A = 225 < 1. Obviously, the sequence {d(f" o, " txg)} converges in norm
to 0. Also, observe that
d(f™wo, [Pwo) 2 d(f™wo, [T we) + [ g, [P x0) 4 -+ d(f o, [0)
< (AT A e X d (2, fo)
= (A A - d(o, fo)
= %d(mo,fxo).
For each e >> 6, there exists § > 0 such that e4+0B° C Int(P), where B® is the open

unit ball around 6. Observe that there exists N € N such that ||—%d(x0, fxo)|l <

. Thus it follows that %d(xm fxo) < eforallm > N. Hence { f™x¢} is a Cauchy
sequence and so it converges to some x, € X by the completeness of X.

Now, we show that x, € Fix(f*°). If x, = f"xq for some h € N, then we have
frx, = fM7xy. Thus f"z, — . and so, in this case, x, € Fix(f>). Now, if
s # fMxq for all n € N, we have

ad(f"wo, fo.) 2 (o = B)d(f"  wo, 2.) + A[d(f" " o, fn) + d(@., fMa0)]

+ (ﬁ - 7)[d(fn711'03 fnxO) + d(ZE*, fiL’*)}

Letting n — o0, and by the continuity of vector addition and the closedness of
cone, we have

(B — a)d(zy, fzs) € P,
which implies z, = fx.. Therefore, z, € Fix(f>°). m

COROLLARY 4.5. In addition to Theorem 4.4, if [ is continuous, then Fix(f)
is nonempty.
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Proof. According to the proof of Theorem 4.4, for any x¢ € X, we know that
f"xo — x4. Thus, by the continuity of f, we have

fre=f lim f"xg = lim ff"zg = x,.
Thus Fix(f) is nonempty. m

COROLLARY 4.6. Suppose that X is a cone metric space and f € F(X). Then
f satisfies the property P.

Proof. See the proof of Theorem 4.4 and apply Theorem 3.1 to complete. m

ACKNOWLEDGEMENT. This work was supported by the Higher Education Re-
search Promotion and National Research University Project of Thailand , Office of
the Higher Education Commission. The second author was supported by the Ba-
sic Science Research Program through the National Research Foundation of Korea
(NRF) funded by the Ministry of Education, Science, and Technology (Grant no.
2012-0008170).

REFERENCES

[1] M. Abbas, T. Nazir, S. Radenovi¢, Some periodic point results in generalized metric spaces,
Appl. Math. Comp. 217 (2010), 4094-4099.

[2] M. Abbas, B.E. Rhoades, Fized and periodic point results in cone metric spaces, Appl. Math.
Lett. 22 (2009), 511-515.

[3] A.G.B. Ahmad, Z.M. Fadail, M. Abbas, Z. Kadelburg, S. Radenovi¢, Some fized and periodic
points in abstract metric spaces, Abstract Appl. Anal., Vol. 2012, Article ID 908423.

[4] G.L. Cain, Jr., R.H. Kasriel, Fized and periodic points of local contraction mappings on
probabilistic metric spaces, Theory Comp. Sys. (1975), 289-297.

[5] S.S. Chang, Y.J. Cho, S.M. Kang, Nonlinear Operator Theory in Probabilistic Materic
Spaces, Nova Science Publishers, New York, 2001.

[6] A.N. Gupta, A. Saxena, A unique fized point theorem in metric spaces, Math. Student 52
(1984), 156-158; 95 (1980), 293-297.

[7] L.G. Huang, X. Zhang, Cone metric spaces and fized point theorems of contractive mappings,
J. Math. Anal. Appl. 332 (2007), 1468-1476.

[8] G.S. Jeong, B.E. Rhoadez, Maps for which F(T) = F(T™), Fixed Point Theory Appl., 6
(2005), 87-131.

[9] Z. Kadelburg, P.P. Murthy, S. Radenovié¢, Common fized points for expansive mappings in
cone metric spaces, Int. J. Math. Anal. 5 (27) (2011), 1309-1319.

[10] B.G. Pachpatte, On some common fized point theorems in metric spaces, Mat. Vesnik
1(14)(29) (1977), 289-293.

[11] B.E. Rhoades, M. Abbas, Maps satisfying generalized contractive conditions of integral type
for which F(T) = F(T™), Internat. J. Pure. Appl. Math. 45 (2008), 255-231.

[12] S.K. Yanga, J.S. Baea, S.H. Cho, Coincidence and common fized and periodic point theorems
in cone metric spaces, Comput. Math. Appl. 61 (2011), 170-177.

(received 25.03.2013; in revised form 24.12.2013; available online 20.01.2014)

P. Chaipunya, P. Kumam, Department of Mathematics, Faculty of Science, King Mongkut’s Uni-
versity of Technology Thonburi (KMUTT), Bang Mod, Thrung Khru, Bangkok 10140, Thailand

E-mail: parin.cha@mail.kmutt.ac.th, poom.kum@kmutt.ac.th

Y.J. Cho, Department of Mathematics Education and the RINS, Gyeongsang National University,
Chinju 660-701, Korea

E-mail: yjcho@gnu.ac.kr



