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Abstract. Using the concept of w-distance we will investigate some existence, uniqueness and Ulam-Hyers
stability results for fixed point problems concerning a-ip-weakly contractive operators. Starting at the results of
P. Amiri, S. Rezapour, N. Shahzad [1] the presented theorems extend and generalize several results concerning
a w-distance.

1. Introduction and Preliminaries

In 2012 Samet, C. Vetro, P. Vetro [27] introduced the notion of a-i-contractive type operator and proved
some fixed point results. They proved that several fixed point theorems, including the Banach contraction
principle, can be derived from their main results. Many other results concerning this type of operators was
obtained for different spaces, see [1, 3, 8, 15, 17].

In 1996, O. Kada, T. Suzuki and W. Takahashi [14] introduced the notion of w-distance. They elaborated,
with the help of examples, that the concept of w-distance is general than that of metric on a nonempty set. They
also proved a generalization of Caristi fixed point theorem (see [10]) employing the definition of w-distance on
a complete metric space.

The first stability problem was raised by Ulam [30] during his talk at the University of Wisconsin in 1940,
concerns the stability of group homomorphisms. The first affirmative partial answer to the question of Ulam
was given, for Banach spaces, by Hyers [12] in 1941. Thereafter, this type of stability is called the Ulam-Hyers
stability. Ulam-Hyers stability results in fixed point theory have been investigated by many authors, see e.g.
Bota-Boriceanu and Petrusel [7], Hyers [12, 13] Lazar [16], Petru, Petrusel, Yao [19], Rus [23, 25].

Recently, L. Guran [11] obtained some results concerning the Ulam-Hyers stability on a KST-space, a
generalization of a usual metric space, which is a metric space endowed with a w-distance (in the sense of
Kada-Suzuki-Takahashi).

Starting at the results of P. Amiri, S. Rezapour, N. Shahzad [1] we study on this paper the existence,
uniqueness and generalized Ulam-Hyers w-stability a fixed point of a-1)-contractive type operator on a KST-
space.

Further, we recollect some essential definitions and fundamental results.

Let (X, d) be a metric space and f : X — X be a singlevalued operator. We will use the following notations:

P(X) - the set of all nonempty subsets of X;

P(X) - the set of all nonempty closed subsets of X;

Py(X) - the set of all nonempty compact subsets of X;

Fix(f) := {x € X | x = f(x)} - the set of the fixed points of F.

The concept of w-distance was introduced by O. Kada, T. Suzuki and W. Takahashi (see [14]) as follows.
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Definition 1.1. Let (X, d) be a metric space. Then w : X x X — R, is called a weak distance (briefly w-distance) on X if
the following axioms are satisfied :

1. w(x,z) <w(x,y) +w(y,z), forany x,y,z € X;

2. forany x € X, w(x,-) : X — [0, 00) is lower semicontinuous;

3. for any € > 0, exists 6 > 0 such that w(z, x) < 6 and w(z, y) < 6 implies d(x,y) < e.

By definition, the triple (X, d, w) is a KST-space if X is a nonempty set, d : X X X — R, is a metric on X and
w: X X X - R, is a w-distance on X.

Let (X,d, w) be a KST-space. We say that (X,d, w) is a complete KST-space if the metric space (X,d) is
complete.

Some examples of w-distance can be find in [14].
For the proof of the main results we need the following crucial result for w-distance (see[29]).

Lemma 1.2. Let (X, d) be a metric space and let w be a w-distance on X. Let (x,) and (y,,) be two sequences in X, let (),
(Bn) be sequences in [0, +oo[ converging to zero and let x,y,z € X. Then the following hold:

1. Ifw(x,, y) < ay and w(x,,z) < B forany n € N, then y = z.

2. Ifw(xy, yn) < oy and w(xy,, z) < B for any n € IN, then (y,) converges to z.

3. Ifw(xy, xm) < ay, for any n,m € IN with m > n, then (x,) is a Cauchy sequence.

4. If w(y,x,) < ay, for any n € IN, then (x,,) is a Cauchy sequence.

A mapping ¢ : [0,00) — [0, o) is called a comparison function if it is increasing and ¢"(t) — 0, n — oo, for
any t € [0, ). We denote by @, the class of the corporation function ¢ : [0, 00) — [0, o0). For more details and
examples , see e.g. [6, 24].

Among them, we recall the following essential result.

Lemma 1.3. (Berinde [6], Rus [24]) If ¢ : [0, 00) — [0, 00) is a comparison function, then:
(1) each iterate p* of ¢, k > 1, is also a comparison function;
(2) @ is continuous at 0;
(3) @(t) <t, foranyt>0.
Next, we recall the definition of a-i-contractive and a-admissible mappings introduced by Samet et al.
[27].
We denote with W the family of nondecreasing functions 1 : [0, o) — [0, o0) such that Z Y"(t) < oo for each
n=1
t > 0, where " is the n-th iterate of . It is clear that if ® C W (see e.g. [18]) and hence, by Lemma 1.3 (3), for
1 € W we have Y(t) < t, for any ¢ > 0.

Definition 1.4. (Samet et al. [27]) Let (X, d) be a metric space and f : X — X be a given mapping. We say that f is an
a--contractive mapping if there exist two functions a : X X X — [0, 00) and ¢ € WV such that

alx, yd(f(x), f(y) < Yd(x, y)), forall x,y € X. )
Definition 1.5. (Samet et al. [27]) Let f : X — X and a : X X X — [0, 00). We say that f is a-admissible if
x,yeX, axy) =21= a(f(x), f(y) > 1.

For exemples see [27].
Next let us recall some important results concerning a-1)-contractive mappings.

Theorem 1.6. (Samet et al. [27]) Let (X, d) be a complete metric space and f : X — X be an a-\-contractive mapping
satisfying the following conditions:

(i) fis a-admissible;
(ii) there exists xo € X such that a(xo, f(x)) = 1;
(iii) f is continuous.
Then, f has a fixed point, that is, there exists x* € X such that f(x*) = x".

Theorem 1.7. (Samet et al. [27]) Let (X, d) be a complete metric space and f : X — X be an a--contractive mapping
satisfying the following conditions:

(i) fis a-admissible;
(ii) there exists xo € X such that a(xo, f(x0)) = 1;
(iii) if {x,} is a sequence in X such that a(x,, x,+1) = 1 for all n and x, — x € X as n — oo, then a(x,,x) > 1 for all n.
Then, f has a fixed point, that is, there exists x* € X such that f(x*) = x".
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2. Fixed Point Theorems for a-1p-Weakly Contractive Operators

Let (X, d, w) be a complete KST-space and f : X — X be an operator. We say that f is a a-y-weakly contractive
operator of type I if there exists two functions @ : X X X — [0, o0) and ¢ € ¥ such that:

alx, yw(f(x), f(y)) < p(M(x,y)) forall x,yeX, )
where M(x, y) = max{w(x, y), w(x, f(x)), w(y, f(y))}

Theorem 2.1. Let (X,d, w) be a complete KST space and f : X — X be a a--weakly contractive operator of type L
Suppose that:
i) f is a-admissible;
ii) there exists xo € X, such that a(xo, f(xo)) > 1 and a(xo, f2(x0)) > 1;
ii) f is continuous.
Then Fix(f) # @.

Proof. By hypothesis (ii) there exists a point xo € X such that a(xo, f(xp)) > 1 and a(xo, f*(xo)) > 1.
We define a sequence (x,)nen € X by X441 = f(x) = f””(xo) foralln > 0.
Suppose there exists 1y > n such that x,, = x,,+1 then the proof is complete for every u = x,, = Xy+1 =

f(xo) = f(w).

Since f is admissible we have that

a(xg, x1) = a(xo, f(x0)) 2 1 = a(f(xo), f(x1)) = a(x1,x2)) = 1. 3)
Thus result that

a(xp, Xps1) > 1, 4)

for every n € IN.
Using the same technique above, we get:

a(xo, x2) = a(xo, f2(x0)) = 1 = a(f(x0), f(x2)) = a(x1,x3)) > 1. @)

Then we have

a(xn/ xn+2) > 1/ (6)
for all n € IN.

First we prove that w(x,, x,+1) 4, 0.

By (2) and (4) we obtain:

Wy, Xn41) = W(f (Xn-1), f(xn)) < @xn-1, X0)0(f (X4-1), f(2x2)) < )

< Y(M(xy-1,x,), for n>1,

where

M(xp-1,%n) = max{w(x,_1, X,), Wxn-1, f(Xn-1)), W(xn, f(x0))} = (8)

= max{w(xn—ll le)l w(xn—ll xn)r w(xnr ’ xn+1)} = max{w(xn—ll xn)/ w(xn/ xn+1)}'

If for some n € IN, M(x-1, X)) = W(xy, Xn+1)(# 0) then the inequality (7) turns into:
WXy, Xn41) < PM(xn-1, X)) = P(W(Xp, X441)) < W(Xn, Xn41), Which is a contradiction.
Hence M(x,-1, x») = w(x,-1, x,) for all n € IN, and inequality (7) become:
W(Xn, Xn+1) < P(W(xX4-1,%n)) < W(Xy-1,%,), Yn€N. )

Then we obtain: w(x,, X,+1) < Y™ (w(xg, x1)). Using the properties of i) we obtain that

d
ZU(XH, xn+1) - 0. (10)



L. Guran, A. Bucur / Filomat 31:14 (2017), 4441-4454 4444

Next we prove that w(x,,, X.s2) - 0.
W(Xn, Xn42) 1= W(f (Xn-1), f(Xn41)) < (X1, X)) W(f (1), f(Xn41)) < PM (-1, Xn41)), (11)
forall n > 1, where
M(xp-1, Xp41) = max{w(x-1, Xns1), Wxn-1, f(Xn-1)), Wns1, f(Xn1))} =

= max{w(X,-1, Xn+1), W(Xn-1, Xn), W(Xn11, Xn12)}-

By (9) we have
M(xp-1, Xp41) = max{w(x,-1, Xu41), W(Xp-1, Xn)} (12)

Take a, = w(x,, xu+2) and by, = w(x,, X,41)-
Thus from (11) we obtain

ap 1= w(xn/ xn+2) < I70(]\/1(3(71—1/ xn+1)) = llb(max{an—lz bn—l}) forall n € N.

Again by (9) we obtain b, < b,_1 < max{a,_1, b,—1}. Therefore max{a,, b,} < max{a,_1,b,-1} forall n € IN.

Then we have a sequence (max({ay, b,}),en Which is monotone nonincreasing. Then it is convergent to some
t>0.

Assume that t > 0. Then we have:

lim supa, = lim sup max{a,, b,} = lim max{a,, b,} = t.
n—oo n—oo

n—oo

Taking n — co we obtain:

t = lim supa, < lim sup Y(max{a,-1,b,-1}) <
n—o00 n—oo

< l/}(il_l‘)lolo max{a,—1,by-1}) = P(t) < t, which is a contradiction.

Then w(x,, X,+2) 4, 0.

Next we prove that x,, # x,, for all n,m € N with n # m.

Suppose x, = x,, for some m,n € IN with m # n. Since a(x,, xp+1) > 0 for each p € IN, without loss of
generality, we may assume that m > n + 1.

Consider now

WX, Xp11) = W, f(X0)) = W, (X)) = W(f (K1), (X)) < (13)
< a(xXm-1, X)) W(f (Xm-1), f (X)) < QM (Xpu-1, Xm)),

where
M(xm—lr xm) = max{w(xm—lr xm)/ w(xm—lr f(xm—l))r w(xmr f(xm))} =

= max{W(Xp-1, Xpm), W(Xnm-1, Xp), WX, Xma1)} = m@x{W(X—1, Xi1), WX, Xa1)}-

Case L. If M(x,-1, X) = W(Xp-1, Xm), then (13) become:
w(xnrxn+1) = w(x‘rll f(xn)) = w(xmr f(xm)) = w(xm/ xm+1) S (14)

< a(xm, xm+1)w(f(xm—l)/ f(xm)) < IP(M(xm—l/ Xm)) =
= w(w(xm—ll Xm)) < ¢m—n(w(xn’ xn+1))'

Case IL If M(xp-1, Xp) = W(Xp, Xm+1), then inequality (13) become:
w(xnr xn+1) = w(xn/ f(xn)) = w(xmr f(xm)) = w(f(xm—l)/ f(xm)) < (15)
< a(Xm-1, Xm)W(f (Xm-1), f(Xm)) < PM(Xm-1, X)) =

= lp(w(xm/ xm+1)) < Qbmiwrl(w(xn/ xn+l))'

By the properties of function W, using Lemma 1.3, the inequalities (14) and (15) together yield w(x,, x,4+1) <
lpm—n(w(xm xn+1)) < w(xn/ xn+1) and w(xn/ xn+1) < ¢m—n+1 (ZU(XH, xn+1)) < ZU(.’X”, xn+1)- Contradiction. Then Xm = Xn
for alln = m.

Next we prove that (x,).en € X is a Cauchy sequence.

We must to prove that w(x,, x,+x) 4 0 for all k € N.
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The case k = 1 and k = 2 are proved above. Following, we discuss the case for k > 3 arbitrary.
Case I. Suppose that k = 2m + 1 where m > 1. Then we have:

W(Xn, Xpak) = WX, Xn2ma1) < WX, Xn41) + W(Xpt1, Xn42) + oo + W(Xng2m, Xns2me1) <

n+2m 00
< ) Yo, x) < ) ¢ (@(xo, 1) S 0 as n— . (16)
p=n p=n

Case II. Suppose that k = 2m where m > 2. Then we have:

WXy, Xnak) = W(Xn, Xpa2m) < W, Xna2) + W(Xpa2, Xn43) + oo + W(Xna2m—1, Xpa2m) <

n+2m-1 )
d
< Wl X)) (0 (x0, 1)) < WX, Xi2) + Y PP (o, 31)) > 0 as 1 — oo, (17)
p=n+2 p=n

Combining (16) with (17) we have that

W, Xnsk) — 0 for all k > 3. 18)

Then, using Lemma 1.2(3) for every m = n + k we obtain that (x,).en is a Cauchy sequence in (X, d, w) space.
Since (X, d, w) is a complete KST space there exists x* € X such that

lim (x,,, x*) = 0. (19)

By the continuity of f it follows that x,.1 = f(x,) 4 f(x)asn — oo.
Then by w(xy,, Xn+1)) 4, 0 result that w(xy, f(xn)) 2, 0 which imply

w(x, F()) 5 0. (20)
Using Lemma 1.2(1), by (19) and (20), we obtain that x* = f(x*). Then Fix(f) # @. O

Theorem 2.2. Let (X,d, w) be a complete KST space and f : X — X be a a-p-weakly contractive operator of type L.
Suppose that:
i) f is a-admissible;
ii) there exists xo € X, such that a(xo, f(x0)) > 1 and a(xo, f*(x0)) > 1;
ii1) if (Xn)nen is a sequence in X such that a(x,,xp+1) = 1 foralln € N and x, — x* € X as n — oo, then there
exists a subsequence (X, )n.eN Of (Xn, )neN such that a(x,,,x*) > 1 forall k € IN.
Then Fix(f) # @.

Proof. Follow the proof of Theorem 2.1 we know that the sequence (x,),en € X defined by x,41 = f(x,) for
all n > 0 is a Cauchy sequence and converge to a point x* € X.
In view of Lemma 1.2 we have:

l}im W(Xpy, Xpps1) 4, 0, and l}im wW(Xp11,X") 4, 0. (21)

We must prove that f(x*) = x".

Then we suppose that f(x*) # x".

By (4) and hypothesis (iii) there exists a subsequence (xy, )s,eN Of (X4)nen such that
a(xy,x*) > 1forall k e IN.

By the definition of weakly a-1-contractive operator of type I we find that:

W1, f(X)) < alxn, XYw(f (), f(x7)) < P(M(x,, X7)), (22)
where
M(xnk/ x') = max{w(x”k, x’), w(xnk/ f(xnk))/ w(x’, f(X*))} = (23)

= max{w(xy, X*), wxn, Xn1), W', f(x7))}.
By (10) and (21), letting k — oo, we obtain that: I}im M(xy,, x*) = w(x*, f(x*)).
Letting k — 0 in (22) and using the lower semicontinuity of function ¢ we get:
w(x', f(x)) < Pwlx, f(x7) <w(x, f(x7)),

which is a contradiction. Hence we find that x* = f(x*), then Fix(f) # @. O
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Definition 2.3. Let (X,d,w) be a KST space and f : X — X be a given operator. We say that f is a a-ip-weakly
contractive operator of type Il if there exists two functions o : X X X — [0, 00) and 1 € WV such that:

alx, w(f(x), f(y) < P(N(x, y)) forony x,y € X, where (24)

w(x, f(x)) +w(y, f (y))}
> .

N(x, y) = max {w(x, Y),

By Theorem 2.1 is obvious that N(x, y) < M(x, y). Then we have proved the following result.

Theorem 2.4. Let (X,d, w) be a complete KST space and f : X — X be a weakly a-y-contractive operator of type IL.
Suppose that:
i) f is a-admissible;
ii) there exists xo € X, such that a(xo, f(xo)) > 1 and a(xo, f*(x0)) > 1;
ii) f is continuous.
Then Fix(f) # @.

In the frame of Theorem 2.2 we get a similarly result for this new class of operators.

Theorem 2.5. Let (X,d, w) be a complete KST space and f : X — X be a weakly a-y-contractive operator of type IL.
Suppose that:
i) f is a-admissible;
ii) there exists xo € X, such that a(xo, f(xo)) > 1 and a(xo, f*(xo)) > 1;
ii1) if (Xu)nen is a sequence in X such that a(x,,xn+1) = 1 for all n € IN and x, LA x € Xasn — oo, then there
exists a subsequence (X, )n.eN Such that a(xy,,x) > 1, for all k € IN.
Then Fix(f) # @.

Proof. By Theorem 2.2 (respectively Theorem 2.1) we obtain that the sequence (x,,),en defined by x,,1 = f(xy)
for all n € N is a Cauchy sequence and converge to some x* € X.
In view of Lemma 1.2 we have that:

lim w(,, x') 40 and lim (i, X1) 0. (25)

We must prove that f(x*) = x".

Suppose that f(x*) # x".

By (10) and hypothesis (iii), there exists a subsequence (xy, )n.en Of (Xn)nen such that a(xy,,+1,x") = 1 for all
k € IN.

By the definition of weakly («, {)-contractive operator of type II we get:

W1, f(X7)) < alen, X )w(f (), f(x7)) < PNy, x7)), (26)
where
N(x,,, %) = max {W(xnk,x*), w(xn,, f (xnk))2+ w(x, f(x7)) } 27)
Letting k — oo we obtain that:
lim N(x,,, 2) = w (28)

For k enough, we have N(x,,,x") > 0, which implies that

P(N(xn,, X)) < N(xy,, x7).

By (25) and Lemma 1.2(2) result that (x,,+1) 4y ask — oo,
Then, by (26) and (28), letting k — oo, we obtain:

w(x", f(x*
w which is a contradiction.

w(x’, f(x)) <

Hence f(x*) = x*, which implies that Fix(f) # @.0
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3. Uniqueness Results for Fixed Points of Weakly a-1)-Contractive Operators Types

In view to obtain results concerning the uniqueness of fixed points of weakly a-i-contractive operators
type I and 1II, let us present some additional conditions.
Conditions:
(U) For all x, y € Fix(f), we have a(x, y) > 1.
(W) For each pair of (distinct) points u, v, there is a number r,, > 0 such that for every z € X : r,,, <
w(u, z) + w(z, v).
Let us remember that condition (W) was introduced on a metric space by Wilson [31] to replace the triangle
inequality with the weakened condition. In our case, we translated this condition in terms of w-distance.

Theorem 3.1. Adding condition (U) to the hypothesis of Theorem 2.1 (respectively Theorem 2.2) we obtain that x* € X
is a unique fixed point of f. Moreover, if x* = f(x*), then w(x*,x*) = 0.

Proof. Let u* ne another fixed point of f, with u* # x*. By hypothesis (U) we have that 1 < a(x*,u*) =
a(f(x), f(u")).
Next we prove that for every x* € X such that x* = f(x*) we have that w(x*, x*) = 0.
For x* = f(x*) we suppose that w(x*, x*) # 0.
Then we have:
W', ) = W), F()) < al, X Yo(F), Fx)) < M, x)) =
= P(max{w(x’, x"), wx", f(x")), wx’, f(x))}) = Pp(max{w(x’, x7), w(x’, f(x)}) =

= P(w(x*, x)) < w(x*, x*) which is a contradiction.

Then we get the conclusion
w(x", x*) =0 for x* = f(x"). (29)

Since u* = f(u*) and x* = f(x*) are fixed points results that w(x*, f(x*)) = w(u*, f(u*)) = 0.
Then we have the following inequality:

w',u’) < a(x, W), u’) = al’, w)w(f), (W) < P, u) =

= p(max{w(x’, u’), w(x’, f(x)), w, fW))}) = P(wx’, u)) < wx’, w’),

which is a contradiction. Hence x* = u*.0
A similarly result we can obtain and for the case of a-i)-weakly contractive operators of type II.

Theorem 3.2. Adding condition (U) to the hypothesis of Theorem 2.4 we obtain that x* € X is the unique fixed point of
f. Moreover, if x* = f(x*), then w(x*,x*) = 0.

*

Proof. As in the proof of Theorem 3.1 we suppose that v* is another fixed point with v* # x*.
We have that 1 < a(x*,v") = a(f(x*), f(v")).

For x* = f(x*) we suppose that w(x*, x*) # 0.

Then using the properties of function ¢, we obtain:

w(x', x7) = w(f(x), f(x) < a(¥’, )w(f(x), f(x) < P(N(, x7) =

= 4)( max {w(x",x*), W&, f()) ; w(x*,f(x*))}) = P(max{w(x’, x*), w(x", f(x)}) =
= P(w(x", x")) <w(x’,x7), (30)
which is a contradiction.
Then we get that
w(x",x*) =0 for x* = f(x*). (31)

Since v* = f(v*) and x* = f(x*) we get that w(v*, f(v*)) = 0 and w(x*, f(x*)) = 0.
Then we have the inequality:

w(x',v") < a(x’, ), w(f(), f(v)) < PN, 07)) =

w(x*, f(x*) + w*, f(v*)) })
7 .

= yl)( max {w(x*, "),
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Using (31) and y(t) < t for every ¢ > 0 we obtain that: w(x*,v*) < Y(w(x*,v*)) < w(x*,v*), which is a
contradiction. Hence x* = v*.00
Next, let us consider some alternative conditions for uniqueness of fixed points of weakly a-i-contractive
operators.
(H1) For all x, y € Fix(f), there exists z € X such that a(x,z) > 1 and a(y, z) > 1.
(Hz) Let x, y € Fix(f). If there exists {z,} in X such that a(x,z,) > 1 and a(y,z,) > 1, then w(z,, zy+1) <
inf{w(x, z,), w(Y, zn)}-
Next, let us present a new result of uniqueness of fixed point of weakly a-i-contractive operators of type L

Theorem 3.3. Adding conditions (Hi), (Ha) and (W) to the hypothesis of Theorem 2.1 (respectively Theorem 2.2) we
find that x* € X is a unique point. Moreover, if x* = f(x*), then w(x*, x*) = 0.

Proof. Suppose u* € Fix(f) another fixed point such that x* # u*. Then w(x*, u*) > 0.
By (H1) we get that there exists z € X such that

a(x*,z) 21, and a(u’,z) > 1. (32)

Since f is admissible, from (32), we obtain: a(x*, f"(z)) > 1 and a(u*, f*(z)) = 1 for all n € IN.
We define the sequence (z,)nen in Z by z,41 = f(z,) foralln > 0 and zp = z.
By (32), for all n € IN, we get:

w(x", zus1) = W(f(XY), f(z0)) < alx’, z)w(f(xX"), f(z)) < PM(X", ). (33)
Since w(x*, f(x*)) = w(x*,x*) = 0 for x* = f(x*) we have:
M(x", z;) = max{w(x", z,,), w(x", f(x*))/ w(zy, f(zn))} = max{w(x", z,), W(zy, Zn+1)}.

By (H») we obtain M(x*, z,,) = w(x", z,) for all n € IN.
Iteratively, using the inequality (33), we get:

w(x*, zps1) < PN W (X", z0)) for all n € N.
Letting n — oo in the above inequality we obtain:

lim w(x", z,) = 0. (34)

n—oo

Similarly we show that
lim w(u*, z,) = 0. (35)
Using (W), there exists 7y, > 0 such that, for all n € IN,

Ty < WX, Zy) + W(U', 2).

Letting n — oo, in view of (34) and (35), it follows that r,-,- = 0 which is a contradiction. Hence x* = u*.00
Next we present another result of uniqueness concerning a--weakly contractive operators of type II.

Theorem 3.4. Adding conditions (H1),(H,) and (W) to the hypothesis of Theorem 2.4 (respectively Theorem 2.5) we find
that x* € X is the unique fixed point of f. Moreover, if x* = f(x*), then w(x*,x*) = 0.

Proof. Suppose v* is another fixed point of f and x* # v*. By (H;) there exists z € X such that
a(x’,z) > 1 and a(v',z) > 1. (36)

Since f is admissible, by (36) we have:

a(x’, f'(z)) 21 and a(v", f"(z)) = 1 forall n € IN. (37)
We define the sequence (z,)nen € X by 2441 = f(z,) foralln > 0 and zg = z.
By (37) we have:

W(x", zus1) = W(f(XY), f(z0)) < a(x", z)w(f(xX7), f(zn)) < PIN(X, 21)). (38)

Since w(x*, f(x*)) = w(x*, x*) = 0 we have:
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w(x*, f(x*)) + w(zy, f(zn))} _

NG, 2) = max {w(x' z,), -

w(znr Zn+1) } (39)

= maXx {w(X*/ ZTL)/ 2

By (H;) we get
N(x*, z,,) = w(x", z,) for all n € IN.

Then, iteratively, using (38), we obtain
w(x*, zus1) < Y (w(x, z0)) for all n € N
Letting n — co we have:
1}1_130 w(x*,z,) = 0. (40)
Similarly we prove that

lim w(v*,z,) = 0. (41)

n—oo
Regarding condition (W) for r,,, > 0 we get:
Tuo = W(xX*, z,) + WV, 2,,).
Letting n — oo, by (40) and (41), result that r,,, = 0 which is a contradiction.
Hencex* =v". O
4. Consequences of Fixed Point Theorems for a-1-Weakly Contractive Type Operators

In this section let us present some results as consequences of fixed point theorems presented for a-y-
weakly contractive operators of type I and II on KST spaces.

Corollary 4.1. Let (X, d, w) be a complete KST space and f : X — X be a given continuous operator.
Suppose that there exists a function ¢ € \V such that

w(f(x), f(y)) < WM, ) for all x € X.
Then f has a unique fixed point. Moreover, if x* = f(x*), then w(x*, x*) = 0.
Proof. If we take in Theorem 2.1 a(x, y) = 1 we obtain immediately the conclusion. O

Corollary 4.2. Let (X, d, w) be a complete KST space and f : X — X be a given continuous operator.
Suppose that there exists a constant A € (0, 1) such that

w(f(x), f(y)) < AM(x,y) forall x,y € X.
Then f has a unique fixed point. Moreover, if x* = f(x*), then w(x*, x*) = 0.
Proof. By taking i(t) = At where A € (0, 1) follow the conclusion. O

Remark 4.3. Same results can be obtained for a-y-weakly contractive operators of type Il on KST spaces.
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5. Applications of a-p-Weakly Contractive Operators of Type I and II

In this section we discuss the Ulam-Hyers stability, the well posedness and data dependence with respect
to w-distance of fixed point problems for a-1-weakly contractive operators of type I and II.

First, let us recall the notions of Ulam-Hyers stability and weakly Picard operator with respect to a w-
distance.

Definition 5.1. Let (X,d, w) be a KST space and f : X — X be an given operator. By definition the fixed point equation:

x = f(x) (42)

is called generalized Ulam-Hyers w-stable if and only if the exists ¢ : Ry — R, which is increasing, continuous at 0 and
Y(0) = 0 such that, for every € > 0 and each u* € X an e-solution of the fixed point equation, is satisfied the following
inequality: w(u*, f(u*)) < e.

There exists a solution x* of equation (38) such that

w(u’, x) < P(e).
InI. A. Rus [25], [26] we find the following definition.

Definition 5.2.  Let (X, d) be a metric space and f : X — X be an operator. f is a weakly Picard operator (WPO) if
the sequence (f"(x))nen Of successive approximations for f starting from xo € X converge for all x € X and its limit is a

fixed point for f.
If f is a WPO then we consider the operator f* : X — X defined by f*(x) := lim f"(x).
n—oo

Notice that f*(x) = Fix(f).
Let us give our first result concerning a-j-weakly contractive operators of type 1.

Theorem 5.3. Let (X,d, w) be a complete KST space. Suppose that all the hypotheses of Theorem 2.1 (respectively
Theorem 2.2) hold and additionally, that the function f : [0, 00) — [0, 00), B(r) := r — (1) is strictly increasing and onto,
then the following hold:

a) The fixed point equation (42) is generalized Ulam-Hyers w-stable if and only if for every x* € X such that
x* = f(x*) we have w(x*,x*) = 0;

b) Fix(f) = {x*} and if x, € X, n € IN are such that w(x,, f(x,)) 4, 0asn — oo then x, o asn — oo; that is,
the fixed point equation (42) is well posed with respect to w-distance.

c) If g : X — X is such that there exists 1 € [0, oo) with w(g(x), f(x)) < nforx € X.  Then y* € Fix(g) imply
that w(y*, x*) < B~1(n).

Proof. a) Following the same steps as in the proof of Theorem 2.1 (respectively Theorem 2.2) we get that
f: X — Xis a WPO with respect to w-distance. Then Fix(f) = {x*}.

Let € > 0 and u* € X be a solution of fixed point equation (42). Then w(u*, f(u*)) < €.

Since f is a-y-weakly contractive operators of type I and since x* € Fix(f), by the condition (U) there exists
u* € X such that a(u*, x*) > 1.

We obtain:

w(u', x°) = wi, (<)) < wl, @) + (), f&)) <
< e+ AW, w(fW), f(F) < e+ PMu’, X)),

where
M, x") = maxfw(u’, x), w’, f(u")), wix", f(x))}.
Since u* = f(u*) and x* = f(x*) we have that w(u*, f(u*)) = w(u*, u*) = 0 and w(x*, f(x*)) = w(x*,x*) = 0.
Then M(u*, x*) = w(u*, x*).
Result that w(u*, x*) < e + P(w(u*, x*)).
Therefore
pw(u’, x")) == ww’, x") — P(w(’, x7)) <
<e+yP(w’,x") — Ppw, x7)) < e.
Then w(u*, x*) < B~1(e).
Consequently, the fixed point equation (42) is generalized Ulam-Hyers w-stable.

b) Using the proof of Theorem 2.1 for a(x,-1,x,) > 1 we obtain for x,-1 = f(x,—2) and x, = f(x,—1) the
following inequality:

w(xn—l/ xn) < w(f(xn—Z)/ f(xn—l)) < a(xn—Z/ xn—l)w(f(xn—Z)/ f(xn—l)) < (43)
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< P(M(xy—2,x4-1)) for n > 1,
where
M(xy-2, Xn-1) = max{w(xy-2, Xp-1), W(Xn-2, f(Xn-2)), W(Xn-1, f(Xn-1))} =
= max{w(xy—2, Xn-1), W(Xp-2, Xn-1), W(Xp-1, Xn)} =
= max{w(x,-2, Xn-1), W(Xn-1, Xn)}-

Then, by (10), we have:

W1, %) < P (w(x0, 31)) S 0. (44)
Since f is a-y-weakly contractive operator and since x* € Fix(f) by hypothesis (H) there exists x,, € X such
that a(x*, x,,) > 1.

By (18), for n,k € IN, we have w(x,, X,+k) 4, 0.
Since w(xy,, ) : X X X — R, is Ls.c. and by the properties of function ¢ we obtain:

(-1, %) < Bm nf(,o1, %e) < lim ) 9 @(xo, x1) 5 0. (45)
—00 —00 p—

Then, by (44) and (45), using Lemma 1.2(1), we obtain that x, A\
So, the fixed point equation (42) is well posed with respect to w-distance.
c) Since f is a-y-weakly contractive operators of type I and since x* € Fix(f), by (H;) there exists x € X
such that a(x,x*) > 1.
Using the triangle inequality we have:

w(x, x7) < wx, f(x)) +w(f(x),x) = w(x, f(x)) + w(f(x), f()) < (46)

< w(x, f(x)) + alx, x)w(f(x), f(x7) = wlx, f(x)) + P(M(x, 7)),

where M(x, x*) = max{w(x, x*), w(x, f(x)), w(x*, f(x*))}.
By (29) we have that w(x*, f(x*)) = w(x*, x*) = 0 for x* = f(x*),x" € X.
Then we have next two cases:
Case L. If M(x,x*) = w(x, x*) we have

w(x, x7) < wx, f(x)) + P(w(x, x7)).
Therefore, using (46) we have:
Bw(x, x7)) := w(x, x7) — P(w(x, x7)) <
< w(x, f(x)) + P(w(x, x7)) — P(w(x, x7)) <
< w(x, f(x)).
Then w(x, x*) < B~ H(w(x, f(x))).
Case II. If M(x,x*) = w(x, f(x)) we have:
w(x, x7) < wlx, f(x)) + P(wlx, f(x))) < wlx, f(x)) + w(x, f(x)) = 2w(x, f(x)).

Since w(xy,,-) : X X X — R, is Ls.c. and x* € Fix(f), then, for every x € X, we have w(x, f(x)) 4 w(x, x*).
Then, we conclude that w(x, x*) < w(x, f(x)).
Therefore, using Lemma 1.3 concerning the properties of ¢, we obtain:

Blw(x, x7)) = w(x, x") — Pp(w(x, x*)) < 2w(x, f(x)) — P(w(x, x7)) <

< 2w(x, f(x) = P(w(x, f(x))) < 2w(x, f(x)) - w(x, f(x)) = w(x, f(x)).
Then w(x, x*) < B~ H(w(x, f(x))).
Thus, from both cases, we obtain that w(x, x*) < g~ (w(x, f(x))).

For any operator g : X — X with y* € Fix(g) if we denote x := y*, there exists 1 € [0, c0) with w(g(y), f(x)) <1
such that

w(x, x) = w(y', x) < 7@y, f()) < B w(g(y), f(x)) < p7 ()0

Similarly result can be obtained and for a-i-weakly contractive operators of type II.
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Theorem 5.4. Let (X,d, w) be a complete KST space. Suppose that all the hypotheses of Theorem 2.4 (respectively
Theorem 2.5) hold and additionally, that the function f : [0, 00) — [0, 00), B(r) := r — (1) is strictly increasing and onto,
then the following hold:

a) The fixed point equation (42) is generalized Ulam-Hyers w-stable if and only if for every x* € X such that
x* = f(x*) we have w(x*,x*) = 0;

b) Fix(f) = {x*} and if x, € X, n € IN are such that w(x,, f(x,)) 4 0asn — oo then Xp 4 asn — oo, that is,
the fixed point equation (42) is well posed with respect to w-distance.

c) If g : X — X is such that there exists n € [0, oo) with w(g(x), f(x)) < nforx € X.  Then y* € Fix(g) imply
that w(y*, x*) < B~1(n).

Proof. a) Following the same steps as in the proof of Theorem 2.4 (respectively Theorem 2.5) we get that
f X — Xis a WPO with respect to w-distance. Then Fix(f) = {x*}.

Let € > 0 and u* € X be a solution of fixed point equation (42).

Then w(u”, f(u*)) < €.

Since f is a-ip-weakly contractive operators of type II and since x* € Fix(f) from condition (U) there exists
u* € X such that a(u*, x*) > 1.

We obtain:

w’, x7) = w', f(x)) < w’, f(u) + w(f (), f(x7)) <
< e+ A, w(f), f(¥) < e + PN, X)),
where
w', f(u) + w(x', f(x7)) |
5 .

Since u* = f(u*) and x* = f(x*) we have that w(u*, f(u")) = w(*, u*) = 0 and w(x*, f(x*)) = w(x*,x*) = 0.
Then N(u*, x*) = w(u*, x*).
Result that w(u*, x*) < € + P(w(u*, x*)).
Therefore

N@’, x*) = max{w(u®, x*),

Bw”, x*)) := wu*, x*) — P(w(u”, x*)) <
< e+ Pw',x)) — P, x)) < e.

Then w(u*, x*) < 71(¢).
Thus the fixed point equation (42) is generalized Ulam-Hyers w-stable.
b) In the same way as in the proof of Theorem 2.1 for a(x,-1,%,) > 1 we obtain, for x,.1 = f(x,—) and
Xu = f(xn-1), the following inequality:

wW(xXu-1,Xn) < W(f(Xn-2), f(xn-1)) < a(¥n-2, Xn-1)W(f (Xu-2), f(xn-1)) < (47)

< YN (s, %,-1)) for n > 1,

where
w(xn—Z/ f(xn—Z)) + w(xn—l/ f(xn—l))
2

Case L. For N(xy—2, X-1) = w(xy-2, Xs-1) we have w(x,-1, Xn) < P(w(¥n-2, Xn-1))-

}

N(xn—Z/ xn—l) = max{w(x,,_z, xn—l)/

Since ¢ is increasing result that w(x;,-1, x,) < 41”‘1(w(x0, x1)) LN 0.
Case IL For N(x,_p, 1) = 22/Cr2) ;w(x”'l’f ©1) and using the properties of 1 we get

w(xp—2, f(xn—Z)) + w(xy-1, f(xn—l)) W(Xp—2, Xn-1) + W(Xp-1, Xy)

w(xp-1,%n) < P( > ) =( > ) <

- W(Xp—2, Xp-1) + wW(xy-1, Xn)
5 .
Then 2w(x,—1, xn) < W(Xp-2, Xp-1) + W(Xy-1, X,), which imply w(x,—1, x,) < w(xy-2, Xp-1).
Since ¢ is increasing we obtain that:

W1, %) < P2 (w(x0,11)) 5 0. (48)
Then, by both cases we get that
w(xy—1,Xn) 4, 0. (49)

Since f is a-ip-weakly contractive operator of type II and since x* € Fix(f) by hypothesis (H;) there exists
X, € X such that a(x*, x,,) > 1.
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Then, for n,m € N, with m > n, we have

WXy, X)) < WX, Xa1) + W41, Xpg2)-ee + W1, X)) <

< P (w(xo, x1)) + P (W(xo, x1)) + ... + PN w(xo, x7)) <

m=1

<) W ixo x) < Y PP, ) 5 0.
p=n p=n

Since w(xy,, ) : X X X — R, is L.s.c. and by the properties of function 1) we obtain:

w(x,-1,x") < lim inf(x;—1, x,,) < lim Z 1#’”‘1 (w(xo,x1)) 4, 0.
k=n

Then
W1, 1) 5 0. (50)

Then, by (49) and (50), using Lemma 1.2(1) we obtain that x, 4 ¥
So, the fixed point equation (42) is well posed with respect to w-distance.
c) Since f is a-ip-weakly contractive operators of type I and since x* € Fix(f) from (H;) there exists x € X
such that a(x, x*) > 1.
Using the triangle inequality we have:

w(x, x7) < w(x, f(x)) + w(f(x),x") = wlx, f(x)) + w(f(x), f(x7)) < (51)
< w(x, f(x)) + alx, x)w(f(x), f(x*) = w(x, f(x)) + P(N(x, x7)),

where (x,f () +w(x", f(x7))
" o w(x, fx)+w(x, f(x*

N(x, x*) = max{w(x, x*), =——————=—=}
Since x* € Fix(f) we have that w(x*, f(x*)) = w(x*, x*) = 0 for x* = f(x*),x* € X.
Then N(x, x*) = max{w(x, x*), w(x’Tf(x))}.
We have two cases.

Case I. For N(x,x*) = w(x, x*) we have w(x, x*) < w(x, f(x)) + P(w(x, x*)).
Therefore we have:

Blw(x, x7)) = w(x, x7) = P(w(x, x7)) < wlx, f(x)) + P(w(x, X)) = Pwlx, X)) < w(x, f(x)).

Then w(x, x*) < B~ H(w(x, f(x))).
Case II. If N(x, x*) = w we have:

w(x, f(x))

w(x, f(x) 3
2 2

w(x, x7) < wlx, f(x)) +9( ) <w(x, f(x)) + = Zwlx, f(0) < 2w(x, f(x)).

Since w(x,, ) : X X X = R, is Ls.c. and x* € Fix(f), we get that w(x, f(x)) 4 w(x, x*) for every x € X. This
imply that w(x, x*) < w(x, f(x)).
Then, using Lemma 1.3 concerning the properties of 1) we obtain:

Bw(x, x7)) = w(x, x7) = P(w(x, x7)) < 2wlx, f(x)) = Pp(w(x, x7))

< 2w(x, f(x)) = Y(w(x, f(x))) < 2w(x, f(x)) = wlx, fx)) = wlx, f(x)).

Then w(x, x*) < B (w(x, f(x))).

Thus, from both cases we obtain that w(x, x*) < B~ (w(x, f(x))).

For any operator g : X — X with y* € Fix(g) if we denote x := y* there exists 1 € [0, c0) with w(g(y), f(x)) <7
such that w(x, ") = w(y", x) < p~ (@w(y", f(x))) < B~ (w(g(y"), f(x))) < p~'(1). O
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