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Cyclic contractions and fixed point theorems

Erdal Karapinar?, Inci M. Erhan?

?Department of Mathematics, Atilim University 06836, Incek, Ankara, Turkey

Abstract. In this manuscript, the existence and uniqueness of fixed points of a class of cyclic operators
defined on a closed subset of a Banach space is discussed. Fixed point theorems for some contractions from
this class are introduced and illustrative examples are given.

1. Introduction and preliminaries

The theory of existence and uniqueness of fixed points has been developing since the work of Banach
[2] in 1922 and numerous results have been obtained so far (see e.g. [9]-[6]). Recently, the study of best
proximity points of cyclic type contractions has been a subject of considerable interest [11]-[17]. Various
types of cyclic contractions acting on complete metric spaces have been defined and studied thoroughly
from this point of view [1]-[20].

In 1986 , Nova [15] defined a class D(a, b) of operators acting on a subset of a Banach space and proved
the existence and uniqueness of fixed points even if the operator is discontinuous.

Definition 1.1. (See [15]) Let K be a subset of a Banach space X. An operator T defined on K is said to
belong to class D(g, b) if

||Tx—Ty” §a||x—y|| + b[||lx — Tx|| + “y—Ty”] (1)
forall x and y in K, where 0 <a,b < 1.

If an operator T is in class D(k,0) with 0 < k < 1, then T is a contraction. with 0 <k < 1.

2. Main results

In this section we define a class of cyclic operators and investigate the existence and uniqueness of
fixed points of these operators. We also give examples of discontinuous cyclic operators with unique fixed
points.

Define a class D(a, b) of cyclic operators on a union of closed subsets of a Banach space as follows.
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Definition 2.1. Let K; and K; be closed subsets of a Banach space X. An operator T : K; UK, — K; UK,
with T(K;) € K; and T(K;) C K; is said to belong to class D(a, ) if it satisfies

||Tx—Ty” Sa”x—y” + b[||lx — Tx|| + “y—Ty”] 2)
forall x € Ky and y € K;, where 0 <4,b < 1.

It is clear that if T belongs to the class D(k,0) with 0 < k < 1, then T is a cyclic contraction [13].

1 1
Example 2.2. Let K; = [O, 5] and K, = [5, 1]. Define the operator T as follows:

if 0<x<

N =

Tx

Il
WIN Gl

(1-x) if %<xs1

We will show that T is in the class D (411’ 411) Take x € [0, %] and y € [%, %]. Then

2 2
I -7oll = |2 - 2| =0,

Now letx € [0,4] and y € [}, 1]. Then

|[Tx-Ty| = |3-5+3v=3v- |
1

1 1 1 5 1
= | -jy+ix-g+5y-§

IN

the=vl+ gl =3+ 3y - 3]
= }1|x—y|+%[lx—Tx|+|y—Ty|]
Observe that T has a unique fixed point p = 2.

In what follows we investigate the existence of fixed points of operators in class D(a,b). The first
proposition gives uniqueness conditions of the fixed point of an operator provided that the fixed point
exists.

Proposition 2.3. Let Ky and K; be closed subsets of a Banach space X. Suppose that the operator T : KUK, — KUK,
with T(Ky) € Ky and T(K;) C Ky satisfies (2) with0<a<1,0<b<1. If

FT)={xe KUKy : Tx =x} £ 0,

then F(T) consists of a single point.

Proof. Assume the contrary, that is, let z, w € K; U K; be two distinct fixed points of T. Then
llz —wll = 1Tz = Tw|| < allz = wl| + blllz - Tzl + [lw — Twl|] = allz - w||

which is possible only if z = w, sincea < 1. O

Remark 2.4. In the previous proposition, F(T) C K; N K;. Indeed, the case F(T) = 0 is trivial. Suppose
F(T) # 0. Take z € F(T) and without loss of generality take z € K;. Since Tz € K; and z = Tz hence z € K,.
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Next we discuss the problem of existence of fixed points.

Proposition 2.5. Let Ky and K; be closed subsets of a Banach space X. Suppose that the operator T : KiUK; — KUK,
with T(Ky) € Ky and T(Ky) C Ky satisfies (2) with 0 < a + 2b < 1. Then infyex,ux, llx — Tx|| = 0.

Proof. Take an arbitrary point xg € K; and define the sequence of Picard’s iterates x,+1 = Tx, = T"x for all
n=0,1,.... Then we have

X2 = Xpaall = 1 Txn41 — Txall

IA

a ||xn+1 - xn” + b[”xn+1 - Txn+1” + ||xn - Txn”]

@+ D) Ixpe1 = xpll + b llxns1 — Xngall -

This implies (1 — b) [|(I = T)xy41ll < (@ + b) |(I = T)x,ll, which results in

a+b
1-0

n+1
I = T)xpall < ( ) (I = T)xoll -

a+b
Sincea+b < 1-0b, then -3 < land hence, ||xy+1 — Txp11|l = 0asn — oo, thatis, infrek,uk, lIX — Tx|| = 0. O

We now define asymptotically regular operators, for details see [15].

Definition 2.6. Let X be a Banach space, T be a mapping of X into itself and x be a point in X. The mapping
T is called asymptotically regular in x if ||T”+1x - T"x” — 0asn — oo.

The next result gives a condition for a cyclic operator to be asymptotically regular.

Proposition 2.7. Let Ky and Kj be closed subsets of a Banach space X. Suppose that the operator T : KjUK; — KUK,
with T(K;) € Ky and T(Ky) C K; satisfies (2) with 0 < a + 2b < 1. Then T is asymptotically regular at any point
x € K1 UK.

Proof. Due to Proposition 2.5 we have
(770 = T x0|| = s = 2l = 1T = Txull = 0
as n — 0 for an arbitrary xp € K; U K, which completes the proof. [
The existence and uniqueness of a fixed point of a cyclic operator of class D(a, b) is discussed in the next
theorem which gives the necessary and sufficient conditions for the convergence of a sequence of Picard’s

iterates to the fixed point of the operator.

Theorem 2.8. Let Ky and K; be closed subsets of a Banach space X. Suppose that the operator T : K1 UK, — K1 UK,
with T(Ky) € Ky and T(Ky) € K; satisfies (2) with 0 < a,b < 1. Then the sequence {x,} in K1 U K; satisfies

;}i—{l;lo(x" -Tx,) =0

if and only if the sequence {x,} converges to the unique fixed point of T.

Proof. We proof the necessity first. Let xg € K. Define x,, = Tx,—1 = T"x0.Then
ITxn = Txll < alln = Xl + bA{llcn = Txull + [l = Toxmll} -

By the triangle inequality we have

ITx, — Txpll < afllxy, — Txpll + 1 Txn — Tl + 10 — Txpll} + b {llx, — Tl + [l — Toull}
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which implies

a+b
“Txn - Tme < m {Hxn - Txn” + “xm - Txm”} .

Observe that from the hypothesis, the right hand side of the inequality tends to 0, as # — oo, hence {Tx,} is
a Cauchy sequence. Since K; U K; is complete, then then it converges to a limit, say z € Ky U Kj, that is,

lim Tx, = z.

n—oo

Note that the subsequence {x;,} € K; and the subsequence {x2,+1} € K,. Thus z € Ki N K; # 0. Then we
employ the triangle inequality and the fact that b < 1 to get

1+a 1+b
Iz = Tzl < 3= llz = xull + 7= llxn = Toxall.

It follows from lim,,_,c X, = z and lim,—,c(Tx,, — x,;) = O that z is the fixed point of T which is unique by the
Proposition 2.3.

To prove the sufficiency part, assume that T has a fixed point z € K; U K such that lim,,_,, X, = z for the
sequence {x,} € K; U K,. From the triangle inequality it follows that

ITxn = Xull = llotw = 2l < Txn = zll < allxy — 2|l + bllz = xu = Txyl|-
This implies

(I =b)llxn = Toxull < (1 +a) [l — 2l
Hence, Tx, — x, — 0 as n — oo which completes the proof. [

Corollary 2.9. Let Ky and K, be closed subsets of a Banach space X. Suppose that the operators R : K1 — K and
S: Kz g K1 SdtiSfy

IRx — Syll < allx — y|| + b[lIRx — Sx] + ISy — Ryll, x €K1, y€ Kz 3)
with 0 < a,b < 1. Then the sequence {x,} in Ky U K; satisfies

lim (Rx, — Sx,,) =0

n—o0

if and only if the sequence {x,} converges to the unique common fixed point of S and R.

Proof. Let

_J Rx if xeK;
Tx_{Sx if xek

Notice that T is well defined since (3) implies Rx = Sx if x € K; N K,. Thus, Theorem 2.8 yields the required
resultfor T: KjUK, - KfUK, . O

One can generalize the definition of cyclic operators and state the following corollary which gives
conditions for the uniqueness of fixed points of these generalized cyclic operators.

Corollary 2.10. Let {K;,i = 1,...p} be non-empty closed subsets of a Banach space X and let T : U}_ K; — U_K;
satisfies the following conditions:

(1) T(K,) - Ki+1 fOl" 1<i< p and Kp+1 = Kl.
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(2) There exists 0 < a,b < 1 such that
| Tx = Ty|| < a|jx = y|| + bUITx — xIl + || Ty - v}
forallx e Kj,y € Kiyyand1 <i <p.
Then T has a unique fixed point.

Proof. 1t is sufficient to prove that for a given x € UleKi, infinitely many terms of the sequence T"x lie in
each K;. Thus, ﬂleKi # (. Then the operator

AP , P ,
T:N_ Ki— n_ K
satisfies the conditions of the Theorem 1 in [15]. O

We generalize the operator defined in Example 1 in the following way:

Example 2.11. LetK; = [0 ! ], K; = [1 3] and K3 = [%, 1]. Define the operator T as follows:

2 4’4
2 1
Tx =
2

1
5(1—x) if §<xs1

Observe that
12

65

We have shown in Example 1 that this operator T is in class D (%, %) and has a unique fixed point.

2

T(Ky) = {%} C Ko, T(Ky) = [ ] C Ks, T(K3) = [o, 5] K

If we impose an additional condition on the operator, more precisely on the constants 2 and b we get the
following theorem.

Theorem 2.12. Let Ky and Kj be closed subsets of a Banach space X. Suppose that the operator T : K1 UK, — K; UK,
with T(Ky) € Ky and T(K;) C K satisfies (2) with 0 < a+2b < 1. Then

(i) T has a unique fixed point p in K; N Kj.
(ii) ”Tx - p” < ||x - p”for all x € Ky U K, where p is the fixed point of T.
Proof. (i) Take a point xg € K;. Define x,,.1 = Tx, forn =0,1,2,.... Then we have
1 = Txnaall = 1Txn = Txpaall < allxn = Xpsall + D [llxn — Tl + |xns1 = Txneal].
This inequality implies

a+b a+b\"
(I =b)llxps1 = Txpaall < (m) llxy = Tl < ... < (n) llxo — Txoll -

Hence, we obtain ||x, — Tx,|| — 0 as n — oo, implying that lim, . x, = p, where p is the fixed point of
T. Since the subsequence {x,,} € K; and the subsequence {x2,.+1} € K3, then p € K; N K;. The uniqueness
follows from Proposition 2.3.

(ii) Let p be the fixed point of T and x € K; U K;. Then using (2) and the triangle inequality, we have

[Tx=pll < [T = Tpl| + |7 - pll
< a Hx — p” +b [llx — Tx|| + ”p - Tp”]
< alpe=pll+ 0|l = pll +[lp - 7]
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This inequality implies

=l (£ e =l <=

as # < 1, which completes the proof. [J

In our last theorem we give some properties of the set of fixed points of cyclic operators.

Theorem 2.13. Let K; and K be closed subsets of a Banach space X. Suppose that the operator T : K1 UK, — K3 UKy
with T(Ky) € Ky and T(Ky) C Kj satisfies (2) with 0 < a,b < 1. Let F(T) be the set of fixed points of the operator T.
IfE(T) # 0, then F(T) c Ky N Ky. Moreover, if T satisfies

T = o < [l =l @
for every x € Ky UK, and p € F(T), then F(T) is closed.

Proof. The first part of the theorem follows from the fact that T is cyclic. In other words, let F(T) = {p €
Ki U Ky|Tp = p} # 0 and assume that F(T) is not a subset of K; N K,. Without loss of generality suppose
that there exists p € F(T) such that p € K;\K;. Since T(K;) C Ky, then Tp € K5, that is p € K,. However, this
contradicts our assumption, thus, F(T) C K; N K.

Now, let {p,} be a convergent sequence in F(T) which converges to a limit p. Using triangle inequality
and (4) we have

T =pll < ITp = pall + llpw = pll < 2]l =]
Since lim;,—,co HP" - pH =0, then Tp = p, that is, p € F(T). Hence, F(T) is closed. O

Remark 2.14. If the set K; UK; in theorem 2.13 is convex, then the set F(T) of fixed points of T is also convex.
The proof can be easily done imitating the proof of Theorem 3 in [6].
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