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We establish certain fixed point results for a-#-generalized convex contractions, a-1-weakly Zamfirescu mappings, and a-1-Ciri¢
strong almost contractions. As an application, we derive some Suzuki type fixed point theorems and certain new fixed point
theorems in metric spaces endowed with a graph and a partial order. Moreover, we discuss some illustrative examples to highlight

the realized improvements.

1. Introduction

Banach contraction principle states that every contraction
mapping defined on a complete metric space X has a unique
fixed point and that point can be obtained as a limit of
repeated iteration of the mapping at any point of X. This
fundamental fixed point theorem has laid the foundation of
metric fixed point theory which is very important due to
its applications in different fields such as image processing,
physics, computer science [1], economics, and telecommuni-
cation (see for more details [2-11]).

Istrdtescu [12] introduced and studied the notion of con-
vex contractions. Recently Miandaragh et al. [13] proved cer-
tain results for generalized convex contractions on complete
metric spaces. Salimi et al. [14] modified the concept of a-
admissible mappings introduced and studied by Samet et al.
[15], Karapinar and Samet [16], and Salimi and Karapinar [17].
We establish certain fixed point results for a-#-generalized
convex contractions, a-#-weakly Zamfirescu mappings, and
a-q-éirié strong almost contractions. As an application, we
shall derive corresponding results in metric spaces endowed
with a graph and a partial order.

2. Discussion on «-7-y-Contractive Mappings

We shall denote by ¥ the family of nondecreasing functions
Y : [0,+00) — [0, +00) such that Z;ff y"(t) < +0o for each

t > 0, where y" is the nth iterate of y. Clearly, if v € ¥, then
y(t) < tforallt > 0.
Samet et al. [15] introduced following concept.

Definition 1. Let (X, d) be a metric space,let T : X — X be
a self-mapping, and let « : X x X — [0, 00) be a function.
One says that T' is an a-y-contractive mapping if

a(x,y)d(Tx,Ty) <y (d(x,y)) 0y
holds for all x, y € X, where y € V.

By taking a(x,y) = 1 forall x,y € X and y(t) = rt,
where 0 < r < 1, a-y-contractive mapping reduces to Banach
contraction mapping.

We suggest the following notion as generalization of a-y/-
contractive mappings.

Definition 2. Let (X, d) be a metric space,letT : X — X
be a self-mapping, and let o,y : X x X — [0, 00) be two
functions. One says that T is an «-#-y-contractive mapping
if for all x, y € X with n(x, Tx) < a(x, y) we have

d(Tx,Ty) <y (d(x.)) (2)

for some y € V.

Example 3. Let X = [0,00) be endowed with usual metric
andlet T : X — X be defined by Tx = rx, where 0 < r < 1.
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Also,let o, : X x X — [0, 00) be two functions such that
only a(xy, y,) = 1/r for some x,, y, € X with x, # y,. Then,
T is not an a-y-contractive mapping while it is a Banach
contraction and «-#-y-contractive mapping. In fact,

1
a (xg, o) d (Txo, Tyy) = ; |rxo = 7y

= |x0—y0| >‘/’(|xo_)’o|) 3

=y (d (%0 %0))

while d(Tx,Ty) < rd(x, y) holds for all x,y € X where
y(t) = rt.

Example 4. Let X = [0,1] be endowed with usual metric
andletT : X — X be defined by Tx = (1/4)x%. Also, let
a,n : X xX — [0,00) be two functions such that only
(0, 1) = 8. Then, T is not an «-y-contractive mapping while
itis a Banach contraction and a-#-y-contractive mapping. In
fact,

a(0,1)d(TO, T =2>1>y (1) =y (d(0,1) (4)

while d(Tx, Ty) < (1/2)d(x, y) holds for all x, y € X where
y(t) = (1/2)t.

Similarly, one may develop other examples of self-map-
pings that are not a-y-contractive mappings while they are
Banach contraction and «a-#-y-contractive mappings.

Remark 5. It is worth to notice that there is no Banach con-
traction mapping which is not a-#-y-contractive. Indeed, let
T be a Banach contraction mapping on X with contraction
constant k such that T' is not an «-#-y-contractive mapping.
Then for all v € V, there exists x,, ), € X such that
a(xg, o) = nxg, Txy) and d(Txy, Ty,) > w(d(xy, y,)). But
y(t) = kt produces a contradiction to the fact that T is a
Banach contraction mapping.

More recently, Miandaragh et al. [13] introduced the
following notions.

Definition 6. Let (X, d) be a metric space and let T : X —
X be a self-mapping. One says T is a generalized convex
contraction if there exist a,b > 0 with a+b < 1 and a function
a: X xX — [0,00)such that

a(x,y)d (sz, sz) <ad(Tx,Ty)+bd(x,y) (5
holds for all x, y € X.

Definition 7. Let (X, d) be a metric space and letT : X —
X be a self-mapping. One says T is a generalized convex
contraction of order 2 if there exist a;,a,,b,,b, > 0 with
a+a,+b +b <landafunctiona : X x X — [0,00)
such that

a(x,y)d (sz, sz) < ayd(x,Tx) + a,d (Tx, sz)
+byd (3, Ty) + byd (Ty, T y)
holds for all x, y € X.
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On the basis of the above facts, we suggest the notions
of generalized convex contraction and generalized convex
contraction of order 2 as follows.

Definition 8. Let (X, d) be a metric space,let T : X — X
be a self-mapping, and let o, : X x X — [0, 00) be two
functions. Then T is said to be an «a-#-generalized convex

contraction if
xyeX, nxTx)<a(x,y)=4d (sz, sz) -
< ad (Tx,Ty) + bd (x, y),

where a,b > 0witha +b < 1.

Definition 9. Let (X, d) be a metric space, let T : X — X
be a self-mapping, and let o,y : X x X — [0, 00) be two
functions. Then T is said to be an «-#-generalized convex
contraction of order 2 if

x,yeX, nxTx)<a(x,y)=d (sz, sz)
<ayd(x,Tx) + a,d (Tx, sz) (8)
+bd(y,Ty) +bd (Ty, sz) ,
where, a,,a,,b,,b, > 0and a, +a, + b + b, < 1.

Example 10. Let X = [0, 00) be endowed with usual metric
andletT: X — X be defined by Tx = rx, where 0 < r < 1.
Also,let o, 7 : X x X — [0, 00) be two functions such that
&(xg, o) = 1/7* for some x,, y, € X with x, # y,. Then, T
is not a generalized convex contraction while it is a convex
contraction and a-#-generalized convex contraction. Indeed,

a (x0 yo) d (T?x0, T? ) = rll r—
= [xo = o]
> (a+b)|xg = ol 9)
> arxg = ry,| + b |xy = v
= ad (Tx, Ty,) + bd (x5 )

foralla,b € R, witha + b < 1. That is, T is not a generalized

convex contraction mapping. But if we choose a = r*/2 and
b = r/2 then,

d (sz, sz) = |x =y

T2 7‘2
(3 + 3) |x =y

hesl+ Tl
p P

(10)

IN

Pyl + Dyl
2 2
=ad (Tx,Ty) +bd (x, y)

holds for all x, y € X. Thatis, T' is a convex contraction and
a-n-generalized convex contraction mapping.
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Example 11. Let X = [0, 00) be endowed with metric

max {x, y}, ifx#y

d(xy) = {0 ifx=y. an

LetT: X — X bedefined by Tx = (1/4)x and let o, 7 :

X x X — [0,00) be two functions such that «(0,1) = 16.

Then T is not a generalized convex contraction of order 2

while it is a convex contraction of order 2 and a-7-generalized

convex contraction of order 2 mapping. Indeed, if we choose
x =0and y =1 then,

a(0,1)d (T%0,T°1)
b,
=1>b + YT a,d (0, T0) (12)
+a,d (T0,T°0) + byd (1, T1) + byd (T1,T°1)
holds for all a,,a,,b,,b, > 0 with a; + a, + b, + b, < 1. That
is, T is not a generalized convex contraction of order 2. But,

if we choose a; = b, = 1/32 and a, = b, = 1/8 then,

d(T’x,T?y) = LmaLx{x,y} < Lles iy

16 16° " 16
= 1X+ 1x+ ! + !
TR TR TR T Y
] { 1} ] {1 ] }
= —max4ixX,—Xp+ —max4§—Xx, —X
3 il I a* 16

+imax{ l}»+lmax{l i}
32 YTy 1”167

<a,d(x,Tx) + a,d (Tx, sz)

+bd(y,Ty) + b,d (Ty, sz)
(13)

holds for all x, y € X with x # y. Moreover, if x = y, then

d (T2x, sz) =0<ad(x,Tx) + a,d (Tx, sz)
(14)
+bd(y,Ty) +bd (Ty, sz)

and so,

d (sz, sz) < ad(x,Tx) + a,d (Tx, sz)
(15)
+bd(y,Ty) +bd (Ty, sz)

holds for all x, y € X. That is, T is a convex contraction of
order 2 and a-#-generalized convex contraction of order 2

mapping.

Remark 12. We cannot find a self-mapping T and functions
a,n: X x X — [0,00) such that T is a convex contraction
mapping (or convex contraction of order 2) which is not
a a-y-generalized convex contraction (or «-#-generalized
convex contraction of order 2).

3. Fixed Point Results for
Modified Convex Contractions

Let € > 0 be given. A point x in a metric space (X, d) is called
an e-fixed point of the self-map T on X whenever d(x, Tx) <
€. We say that T has an approximate fixed point (or T has the
approximate fixed point property) whenever T  has an e-fixed
point for all € > 0; see [18, 19].

Definition 13 (see [14]). Let T be a self-mapping on X and let
a,: X xX — [0,+00) be two functions. One says that T is
an a-admissible mapping with respect to # if

a(x,y)2n(x,y) = a(Tx,Ty) 2 n(Tx, TEV)6)
1

xy€X,

Note that if we take 7(x, y) = 1, then T is called a-admissible
mapping.

We shall need the following result.

Lemma 14 (see [18]). Let (X, d) be a metric space and let T be
an asymptotic regular self-map on X; that is, d(T"x, T""' x) —
Oasn — oo forall x € X. Then T has the approximate fixed
point property.

Theorem 15. Let (X, d) be a complete metric space and let T
be a modified generalized convex contraction on X. If T is an «-
admissible mapping with respect to n and a(x, Tx) > n(x, Tx)
forall x € X, then T has an approximate fixed point.

Proof. Let a(w, Tw) > n(w,Tw) for all w € X. Since T is
an «-admissible mapping with respect to 7, then we deduce
that a(Tw, T*w) > n(Tw, T*w) forallw € X. By continuing
this process, we get a(T"w, T"'w) > n(T"w, T""' w) for all
n € N U {0} and for all w € X. By taking 9 = d(T*w, Tw) +
d(Tw,w) and r = a + b we have d(Tw, T?w) < 9. Let x = w
and y = Tw; then by (7),

d (T3w, Tzu)) <ad (Tzw, Tw) +bd(w, Tw) <rd. (17)
By continuing this process we get
d(T"w, T™ w) < 2r'9, (18)

where m = 2l or m = 2l + 1. This implies that d(T"w,
T™'w) — 0forallw € X. By applying Lemma 14, T has
an approximate fixed point. O

Let T be a self-mapping and let a, 77 : X x X — [0, 00) be
two functions. We say that X has the H* -property whenever
for all x, y € Fix (T) with a(x, y) < #(x, Tx), and there exists
z € X such that a(x, z) > 5(x,z) and a(y, z) > 5(y, z). Also
for all x, y € X we have, 7(x, Tx) < 5(x, ).

Theorem16. Let (X, d) be a complete metric space and let T be
a modified generalized convex contraction on X. Also suppose
that T is continuous and «-admissible mapping with respect to
n. If there exists an x, € X such that «(x,, Txy) = 1(xy, Tx,),
then T has a fixed point. Moreover, T has a unique fixed point
when X has H*-property.



Proof. Define a sequence {x,,} in X by x,, = T"x,, foralln € N.
Since T is an a-admissible mapping with respect to # and
a(xg, Txy) = alxg, x1) = nixg, Txy) = n(xy, x,), we deduce
that a(x, x,) = a(Txy, Tx;) = nxy, x,) = n(Txy, Tx;). By
continuing this process, we get a(x,,, x,,,1) = 7(X,, X,,1) =
n(x,, Tx,) for allm € N U {0}. Since T is a modified general-
ized convex contraction, so from (7) we get

d (xn’ xn+l) < ad (xn—l’ xn) + bd (xn—Z’ xn—l) . (19)
By taking 9 = d(x,, x;) + d(x,,x,) and r = a + b we have
d (%, Xppey) <79, (20)

where m = 2] or m = 2]+ 1. Let m = 2I. Then for n = 2p with
p>2,1>1,and m < nwe deduce
d (xm’ xn) <d (xm’merl) +d (xm+l’xm+2)

+d (xm+2’ xm+3) +o+d (xn—l’xn)

=d (x,], x51,1) + d (1,1, X9145)

+d (X105 Xgp43) +o + d (x2p—1’ x2p) @D

<rA9+r9+ 79+ 4P

. 2r!
=279+ 2794 4 2rP79 < 1—r9.
-r
Similarly, for m = 2l and n = 2p + 1 with p > 1,1 > 1, and
m < nwe get

d (x,,,x,) < 9. (22)

1-r

Now, assume that m = 2/ + 1. Then for n = 2p with p > 2,
I>1,and m < n we have

d (xm’ xn) < d (xm> xm+1) + d (xm+1’ xm+2)
+d (xm+2’xm+3) +eotd ('xn—l’ xn)
= d (g X011) + d (X115 X5142)
+d (x40 Xp3) + o+ d (x2p—1>x2p) (23)

<9+ 9+ 94 1P

27!

9.

<2r'9+ 279+ - 1 2rP9 < I

Similarly, form =2+ landn=2p+1withp > 1,1 > 1,
and m < n we deduce

d (x,,x,) < 9. (24)

Hence, for all m, n € N with m < n we have

d (%, x,) < 9. (25)
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Taking limit as I — oo in the above inequality we get
d(x,,,x,) — 0.Thatis, {x,} is a Cauchy sequence. Since
(X,d) is a complete metric space, then there exists z € X
such that x, — zasn — o00. Since T is continuous, then
z=Tz.

Let x, y € Fix (T), where x # y. For prove of uniqueness
we consider the following cases.

Case 1. Let a(x,y) = n(x,Tx). Since T is a modified
generalized convex contraction, then we have

d(x,y)=d (sz, sz) <ad(Tx,Ty) +bd(x,y)
=ad (x,y) +bd (x, ) (26)
=(a+b)d(x,y)<d(x,y)

which is a contradiction.

Case 2. Let a(x, y) < y(x, Tx). Since X has H* -property, then
there exists z € X such that a(x,z) > #(x,z) and a(y,z) >
n(y,z). Now, since T is an a-admissible mapping with respect
to #, then we can deduce a(x, T"z) > n(x,T"z) > n(x, Tx)
and a(y, T"z) = n(y,T"z) = n(y, Ty). First we assume that
a(x, T"z) > y(x, Tx). So by hypothesis we get

d(x,T"z) <ad (x,T"'2) +bd (x, T"z).  (27)
By taking 9 = d(x,Tz) + d(x,z) and r = a + b we have
d(x,T"x) < '9, (28)

where m = 21 or m = 21 + 1. Therefore, Tz — x. Similarly,
we can show that Tz — . Thatis, x = y which is a
contradiction. Therefore, T has a unique fixed point. O

Theorem 17. Let (X,d) be a metric space and let T be a
modified generalized convex contraction of order 2 on X. If T
is an a-admissible mapping with respect to 1 and a(x, Tx) >
n(x, Tx) for all x € X, then T has an approximate fixed point.

Proof. As in proof of Theorem15 we can conclude that
«(T"w, T"'w) = n(T"w, T""'w) for all n € N and all w € X.
Putr = a, +a, +b;, f = 1-b,,and 9 = d(T*w, Tw)+d(Tw, w).
From (8) with x = w and y = Tw we have

d (Tzw, T3w) <ad(w, Tw) + a,d (Tw, Tzw)
+bd (Tw, Tzw) +byd (Tzw, Tsw) (29)
<rd+bd (Tzw, T3w)
which implies that (1 -b,)d(T*w, T?w) < (a, +a, +b,)9. That
is, d(T*w, T*w) < (r/B)9. Again from (8) with x = Tw and
y = T*w we get
d (T3w, T4w) <a,d (Tw, Tzw) + a,d (Tzw, T3w)
+bd (T*w, T’w) + byd (T°w, T'w)  (30)

<r9+bd (T3w, T4w)
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which implies that d(T*w, T*w) < (r/ B)9. Similarly, d(T*w,
T°w) < (r/ﬂ)29 and d(T°w, T*w) < (r/ﬁ)ZS. By continuing
this process, we get d(T™"w, T""'w) < (r/ﬁ)IS forall w €
X when m = 2l or m = 2l + 1. This implies that
d(T"w, T™'w) — 0 forallw € X. By Lemma 14 T has an
approximate fixed point. O

Theorem 18. Let (X,d) be a complete metric space and let
T be a modified generalized convex contraction of order 2 on
X. Also suppose that T is an «-admissible with respect to n
and continuous mapping. If there exists an x, € X such that
alxy, Txy) = n(xy, Tx,y), then T has a fixed point. Moreover, T
has a unique fixed point when X has H*-property.

Proof. Define a sequence {x,,} in X by x,, = T"x, foralln € N.
Putr =a, +a, +b and = 1 - b, and 9 = d(T?x, Tx,) +
d(Txy, x,). From (8) with x = x, and y = Tx, we have
d (szo, T3x0) < ayd (x9, Txy) + apd (Txo, szo)
+bd (Txo, szo) +bd (szo, T3x0)

<rd+bd (szo,T3x0)
(3D

which implies that (1-b,)d(T%x,, T°x,) < (a, +a, +b;)9. That
is, d(szO, T3x0) < (r/P)9. Again from (8) with x = Tx;, and
y = T?x, we get
d (T3x0, T4x0) <ad (Txo, szo) +a,d (szo, Tsxo)
+bd (szo, T3x0) +b,d (T3x0, T4x0)

<rd+bd (T3x0, T4x0)
(32)

which implies that d (T3x0, T4x0) < (r/8)9. Similarly, d(T4x0,
T%x,) < (r/B)*9and d(T°xy, T®x,) < (r/f)*9. By continuing
this process, we get d(T™ x,, T x,) < (r/ﬂ)lf) when m = 2]
orm =2l+1.Letm = 2l. Then forn = 2pwith p > 2,1 > 1,
and m < n we deduce

d (xm’xn)
< d (xm’ xm+1) +d (xm+1’ ‘xm+2)

+d (xm+2>xm+3) +oo+d (xn—l’ xn)
= d (x5 Xop1) + d (Xa1415 X142

+d (X140 Xp143) + 0 +d (x2p71>x2p)

r 1 r 1 r I+1 - p-1
s(—)9+<—>9+<—> 9+-~+<—> 9

n n n n

= <%>19+2<%)l+19+---+2<%)p19§ %9.

(33)

Similarly, for m = 2l andn = 2p + 1 with p > 1,1 > 1, and
m < nwe get

2(r/n)
— 9. 34
T (/) e

Now, assume that m = 2I + 1. Then for n = 2p with p > 2,
I'>1,and m < n we have

d (%, x,)
< d (xm’ xm+1) +d (xm+1’ xm+2)

+d (xm+2’xm+3) +eo+d (xn—h xn)

d (x> x,,) <

= d (], x3141) + A (X105 X014

+d (x40 Xop3) + -+ d (x2p—1’x2p)

r 1 r 1+1 r I+1 r P
s(—)9+<—> 9+<—> 9+~-+<—) 9

n n i n

<2(5;%2(5)’“%...+2(;)P9<%9(.35)

Similarly, form =2+ landn=2p+1withp>1,1>1,
and m < n we deduce

I
2
d (x,,, x,) < MS. (36)
1 (r/n)
Hence, for all m,n € N with m < n we have
I
2
i, %) < 20 g (37)
1 (r/n)

Taking limit as I — oo in the above inequality we get
d(x,,,x,) — 0. Thatis, {x,} is a Cauchy sequence. Since
(X, d) is a complete metric space, there exists z € X such that
x, — zasn — 00. Now since T is a continuous mapping
then T has a fixed point z. If X has the H"-property, then by
using a similar method to that in the proof of Theorem 16, we
can prove uniqueness of the fixed point of T. O

4. a-n-Weakly Zamfirescu Mappings

In this section we introduce the notion of «-#-weakly Zam-
firescu mapping and establish fixed point results.

Definition 19. Let (X, d) be a metric space and let T' be a self-
mapping on X. Assume there exists y : X x X — [0, 1] with
0(a,b) := sup{y(x,y) :a <d(x,y) <b} <1lforall0 <a<b,
such that

xyeX, n(xTx)
<a(x,y) = d(Tx,Ty)

x,Tx)+d (y,Ty)

d
< y(x, y) max {d (%, y), ( 5 ., (38)

d(x,Ty) +d(y,Tx)}
5 ;

and then T is a modified a-weakly Zamfirescu mapping.



Theorem 20. Let (X,d) be a metric space and let T be an
a-n-weakly Zamfirescu mapping on X. If T is an a-admissible
mapping with respect to n and a(x,Tx) > n(x,Tx) for all
x € X, then T has an approximate fixed point.

Proof. For a given w € X, we define the sequence {x,} by
x, = T"w. As in proof of Theorem 15 we can conclude that
«(T"w, T ' w) > (T"w, T 'w) for alln € N and all w € X.
Now since T is an a-1-weakly Zamfirescu mapping, then

d (xn’ xn+1)
=d(TT" 'w, TT"w)
<y (T"_lw, T"w)
X max <|d (T"_lw, T”w) ,
d (T 'w, TT" 'w) + d (T"w, TT"w)
5 ,

d(T"'w, TT"w) +d (T"w, TT" 'w) }
2

< Y (xn—l’ xn) max 1d ('xn—l’ xn) >

d(xn—l’xn) + d(xn>xn+1) (39)
2 bl
d (xn+1’ xn—l) +d ('xn’ xn) }

2
< Y (xn—l’ xn) max 1d (xn—1> xn) >

d (xn—l’ xn) + d (xn’ xn+1)
2 bl
d (xn+1’ xn) +d (xn’ xn—l) }
2

=Y (xrkl’ xn) max {d (xnfl’ xn) >

d (xn+1’ xn) +d (xn’ xn—l) }
> .

Now if max{d(x,,x,_,), (d(x,,x,,;) + d(x,_,x,))/2} =
(d(x,> X,041) + d(x,_1, x,,))/2, then

d > + d 1> Xp
d (%15 %,) <y (% X1) (% X 1) +d (3,15 % )]

2
(40)
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which implies

Y(xn’ xn—l) d(xn_pxn)

d (.15 %,) <
! 2=y (% %,1) (41)

< Y (xn’ xn—l) d (xn—l’ 'xn)

and so {x,} is a nonincreasing sequence and converges to a
real number s = inf,_,d(x,_,, x,). Assume that s > 0. Now
since 0 < s < d(x,,,,x,) < d(x;,x,) foralln e NU {0} and
p(x,, x,_1) < 0 for all n € N U {0}, where 0 = 0(d, d(x,, x,)),
thus

s<d(x,,0,x,) <0"d(x,x,) (42)

for all n € NU{0}. This implies s = 0, which is a contradiction.
Therefore,

Jim d (x,,x,,,) = lim d (T"w, T"'w) = 0 (43)

for a given w € X. By Lemma 14 T has an approximate fixed
point. O

Theorem 21. Let (X, d) be a complete metric space and let T be
an a-n-weakly Zamfirescu mapping on X. Also suppose that T
is an a-admissible mapping with respect to n and continuous
mapping. If there exists an x, € X such that a(xy, Tx,) >
1(xy, Tx,), then T has a fixed point.

Proof. Let x, € X such that a(x,, Tx,) > #(xy, Tx,). Define
a sequence {x,} as in Theorem 15. By the similar proof as in
proof of Theorem 20 we deduce

d (xn+1’ ‘xn) < y (xn’ xn—l) d (xn—l’ xn) (44)

for alln € NU{0}. As in proof of Theorem 28 [20], we deduce
that {x,} is a Cauchy sequence. Since X is a complete metric
space, there exists z € X such that x, — zasn — ©co. Now
since T is an continuous mapping, so Tz = z. O

Example 22. Let X = [0, 00) be endowed with usual metric.
DefineT: X — Xanda,7: X xX — [0,00) by

(1

—-X, if x € [0,1
5x if x € [0,1]
3x% + x¥1) (4 - x) _
( ) c XL e
Tx = < 60 x2+1
3Q0-x) 100 if x € (4,20)
16(x>+1) 16
| 5, if x € [20,00),
15, if x, y € [0,1]
a(xy)=4 1 herwi n(xy) =1
5, otherwise,

(45)
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Letx =0and y = landlety : X x X — [0,1] be a given
function. Then,

«(0,1)d (T0,T1)
1
=15x - =3>7(01)

46
xmax{d(o’l),d(O,TO);—d(l,Tl), (46)

d(O,T1)+d(1,T0)}
. .

That is, T' is not an a-weakly Zamfirescu mapping. Therefore,
Theorem 3.3 of [13] can not be applied for this example.
Further, if x = 0 and y = 20, then

d (T0,T20)

=100 > 60 > 60y (0, 20)

d (0, T0) +d (20, T20) (47)
> )
d (0,720) + d (20,T0) }
5 .

That is, T is not a weakly Zamfirescu mapping.
Butif a(x, y) > 1, then x, y € [0, 1]. Therefore,

d(Tx,Ty)

=y (0,20) max {d (0,20),

dxT d(y, T
:éd(x,y)simax{d(x,y), CoTx) +d(y y),

2

d(x,Ty)+d(y,Tx)}‘
2

(48)
Put y(x, y) = 1/4 and so
d(Tx,Ty)

= 2d(xy) <y(xy)

d(x,Tx) +d (y,Ty) (49)

X max <‘d(x,y), 5 ,

d(x,Ty)+d(y, Tx)]>
5 .

That is, there exists y : X x X — [0, 1] with 08(a,b) :=
sup{y(x, y) :a < d(x, y) <b} < 1forall 0 < a < b, such that

d(x,Tx)+d(y,Ty)

d(Tx,Ty) < y(x, y) max {d (%, 9), 5 ,

d(x,Ty) +d(y,Tx) }
2
(50)

holds for all x,y € X with a(x, y) > 1. Then T is an a-#-
weakly Zamfirescu mapping. Clearly T has a fixed point by
our result.

5. From «-Ciri¢ Strong Almost Contraction to
Suzuki Type Contraction

Definition 23 (see [21]). Let (X, d) be a metric space and let T
be a self-mapping on X. Then T is called a Ciri¢ strong almost
contraction, if there exists a constant € [0, 1) such that

d(Tx,Ty) <rM (x, y) + Ld (y,Tx) (51)
for all x, y € X, where L > 0 and

M (x, y) = max {d(x,y),d(x,Tx),d(y,Ty),
(52)

d(x,Ty)+d(y,Tx)}.
2

Now we generalize the notion of Ciri¢ strong almost con-
traction mapping as follows.

Definition 24. Let (X, d) be a metric space and let o, 77 : X X
X — [0, 00) be two functions. A mapping T : X — X is
called an a-»-Ciri¢ strong almost contraction, if there exists
a constant r € [0, 1) such that

n(x,Tx) <a(x,y) = d(Tx,Ty) <rM(x, y) + Ld (y, Tx)
(53)

for all x, y € X, where L > 0 and

M (x, y) = max {d(x,y) ,d(x,Tx),d(y,Ty),
(54)

d(x,Ty)+d(y,Tx)}.
2

Moreover, if we take #(x, y) = 1 for all x, y € X, then we say
T is a modified a-Ciri¢ strong almost contraction mapping.

Theorem 25. Let (X,d) be a complete metric space and T be
a continuous a—n—éirié strong almost contraction on X. Also
suppose that T is an a-admissible mapping with respect to n. If
there exists a x, € X such that o(x,, Tx,) = n(xy, Tx,), then
T has a fixed point.

Proof. Let x, € X such that a(x,, Tx,) = n(x,, Tx,). For a
given x, € X, we define the sequence {x,} by x, = T"x, =
Tx,. Now since T is an a-admissible mapping with respect to
1, then a(xy, x1) = alxy, Txy) = nxy, Txy) = n(xy, x;). By
continuing this process we have

ﬂ(xnfl’Txn—l) = ﬂ(xn—l’xn) < a(xn—l’xn) (55)

for all n € N. Since T is an a-5-Ciri¢ strong almost contrac-
tion mapping, so we obtain

d (xn’ xn+1) = d (Txn—l’ Txn) < rM (xn—l’ xn)
(56)
+ Ld (xn’Txnfl) =rM (xnfl’xn) >



where

M ('xn—l’ xn)

max {d (xn—l’ xn) > d (xn—1> Txn—l) > d (xn’ Txn) >

d (xn—l’ Txn) + d (xn’ Txn—l) }
2

= max {d (xn—l’ xn) > d (xn—l’ xn) > d (xn’ xn+1) >
(57)

d ('xn—l’ xn+1) +d ('xn’ xn) }
2

< max {d (xn—l’ xn) ’ d (xn’ xn+1) >

d (‘xn—l’ xn) + d (‘xn’ xn+1) }
2

< max {d (-1, X,) » d (% X111}
which implies
d (% %341) < rmax{d (X1, ) d (% %501)} - (58)
Now if max{d(x,_i, x,,), d(x,, x,,,1)} = d(x,, X,,,1), then
d (% %301) < 7 (X K1) < (3 %01)  (59)

which is a contradiction. Hence, d(x,, x,,,,) < rd(x,_;,x,)
for all n € N. Now it is easy to show that {x,} is a Cauchy
sequence. Since X is a complete metric space, so there exists
z € X such thatx, — zasn — o0o. Continuity of T implies
thatz = Tz. O

Theorem 26. Let (X,d) be a metric space and let T be a self-
mapping on X. Also, suppose that a,n : X x X — [0,00) be
two functions. Assume that the following assertions holds true:
(i) T is an a-admissible mapping with respect to n;
(ii) T is an a-n-Cirié strong almost contraction on X;
(iii) there exists x, € X such that a(xy, Tx,) = 1(xy, Txy);

(iv) if {x,} is a sequence in X such that «(x,,x,.,) =
(X, X01) With x,, — x asn — 00, then either

n (Txn, szn) < a(Tx,, x)
(60)
or (szn, T3xn) <a (szn, x)

holds for alln € N.
Then T has a fixed point.

Proof. Let x, € X be such that a(xy, Tx,) = n(xy Tx,).
Define a sequence {x,} in X by x, = T"x, = Tx,_, for
all n € N. Now as in the proof of Theorem 25 we have
a(x,, 1, X,) = 1(x,,,,x,) for all n € N and there exists z € X
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such that x, — zasn — oo. Let d(z,Tz) #0. From (iv)
either

n (Txn_l, szn_l) <a(Tx, ;,z)
2 3 2 (61)
or y (T X,_1> T xn,l) <« (T xn,l,z)

holds for all #n € N. Then,

or 7 (X1 T41) < 6 (%41, 2)
(62)

1 (% Tx,) < & (x,,2)

holds for all n € N. Let #(x,,Tx,) < «(x,,z) hold for all
n € N. Since T is an a-n—Ciric’ strong almost contraction, so
we get
d(x,1,Tz) =d(Tx,, Tz) < rM(x,,z)
+Ld(z,Tx,) =rM (x,,2) + Ld (2, x,,,1) ,

(63)
where
M (x,,z) = max {d (x,,2),d (x,,Tx,),d (2, Tz),
d(x,,Tz) +d(z,Tx,)
2
(64)
= max {d (x,,2),d (%, X41)-d (2, T2),
d (xn’ TZ) + d (Z’ xn+1)
5 .
Taking limit asn — oo in the above inequality we get
d(z,Tz) <rd(z,Tz) <d(z,Tz) (65)
which is a contradiction. Hence, d(z,Tz) = 0. That is, z =
Tz. By the similar method we can show that z = Tz if
(x40, TX,41) < a(x,,,1,2) holds for all n € N. O

If in Theorem 26 we take (x, y) = 1 forall x, y € X, then
we obtain following corollary.

Corollary 27. Let (X, d) be a metric space and let T be a self-
mapping on X. Also, suppose that ¢ : X x X — [0,00) is a
function. Assume that the following assertions holds true:

(i) T is an a-admissible mapping;
(ii) T is modified a-Ciri¢ strong almost contraction on X;
(iii) there exists x, € X such that a(x,, Txy) > 1;

(iv) if {x,} is a sequence in X such that «(x,,, x,,,,) = 1 with
X, — xasn — oo, then either

a(Tx,x)>1 or « (szn, x) >1 (66)

holds for alln € N.
Then T has a fixed point.
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If in Theorem 26 we take a(x, y) = #(x, y) = 1 for all
x, ¥y € X, we obtain following result.

Corollary 28 (Theorem 2.2 of [21]). Let (X,d) be complete

metric space and let T be a Ciri¢ strong almost contraction on
X. Then T has a fixed point.

Example 29. Let X = [0,+00). We endow X with usual
metric. DefineT: X — X, a,5: X xX — [0,00) by

lxz, if x € [0,1]
4
3
Tx =4 x +2x+1 |
——, ifxe(1,2]
Vx2 +1
3x if x € (2,00)
) (67)
-, ifx,y€[0,1]
2
a(xy)=1
—, otherwise,
8
1
n(xy) =

Let a(x, ¥) = y(x, y), and then x, y € [0,1]. On the other
hand, Tw € [0,1] for all w € [0,1]. Then, a(Tx,Ty) >
n(Tx, Ty). That is, T is an a-admissible mapping with respect
to n. If {x,} is a sequence in X such that a(x,,x,,,;) =
(X, X,41) With x,, — xasn — o0, then Tx,, T*x,, T’x,, €
[0,1] for all n € N. That is,

n (Txn, szn) <a(Tx,,x),
(68)
n (szn, T3xn) <« (szn, x)
hold for all n € N. Clearly, «(0,T0) > #(0,T0). Let ae(x, y) >

n(x, Tx). Now, if x ¢ [0,1] or y ¢ [0,1], then 1/8 > 1/4,
which is a contradiction. So, x, y € [0, 1]. Therefore,

1
d(Tx,Ty) = " 'xz - y2|
= leslleesls Sl )
T2 y Y =35 y
< %M (x,y)+Ld (y,Tx).

Therefore T is an a-n-Ciri¢ strong almost contraction.
Hence, all conditions of Theorem 26 hold and T has a fixed
point. Let x = 3 and y = 9; then

d(T3,79) =18 > 18r + L.0
= r max {d(3,9),d(3,T3),d(9,T9),

d(3,T9) +d (9,T3)
2

} +Ld(9,T3).
(70)

That is, T is not a Ciri¢ strong almost contraction. Hence,
Corollary 28 (Theorem 2.2 of [21]) cannot be applied for this
example.

As an application of the above results, we obtain the fol-
lowing Suzuki type fixed point theorem [22].

Theorem 30. Let (X,d) be a complete metric space and let T
be a self-mapping on X. Assume that there existsr € [0, 1) such
that

%d (x,Tx) <d(x,y)

1+ (71)
implies d(Tx,Ty) <rM(x,y)+Ld(y,Tx)
forall x, y € X, where
M (x, y) = max {d(x,y) ,d (x,Tx),d (y,Ty),
(72)

d(x,Ty) +d(y,Tx)}.
2

Then T has a fixed point.
Proof. Define o, 17 : X x X — [0, 00) by

a(xy)=d(xy), n(ey)=Arnd(xy) (73)

forall x, y € X, where 0 < r < L and A(r) = 1/(1 + r). Now,
since M(r)d(x, y) < d(x,y) for all x, y € X, then 5(x, y) <
a(x, y) for all x, y € X. That is, conditions (i) and (iii) of
Theorem 26 hold true. Let {x,,} be a sequence with x,, — x
asn — 00. Assume that d(Tx,, T*x,) = 0 for some . Then,
Tx, = Tx,. That is Tx,, is a fixed point of T and we have
nothing to prove. Hence we assume Tx,, # T*x,, for all n € N.
Since A(r)d(Tx,,, szn) < d(Txn,szn) for all n € N, then
from (82) we get

d (szn, T3xn) <rM (Txn, szn) +Ld (szn, szn) ,
(74)

where

M (Txn, szn) = max {d (Txn, szn) ,d (szn,T3xn) ,

d (Txn,Tz'xn) }

2
(75)
which implies
d (szn,T3xn) <rd (Txn, szn) . (76)
Assume that there exists 1, € N, such that
n (Txnn, szno) >« (Txnn, x) ,
(77)

n (szno’ T3xn0) > o (szno’ x) .
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Then,
A(r)d (Txno, szno) >d (Txno, x) ,
(78)
A(r)d (szno’ T3xn0) >d (szno’ x) .
So by (76) we have

d(Tx,, T*x,, )
<d(Tx,,x)+d(T’x,,x)
<A d(Tx,, T, ) +A(")d (T, T’x, ) (79)
< A(r)d(Tx,,T’x, ) +rA (r)d (Tx,, T°x,, )
=A() (1 +rd(Tx,,T’x, ) =d(Tx,,T’x, )

which is a contradiction. Hence, either

n (Txn, szn) < a(Tx,, x)
(80)
or n (szn, T3xn) <« (szn, x)

holds for all n € N. That is, condition (iv) of Theorem 26
holds. Let #(x,Tx) < a(x, y). So, A(r)d(x,Tx) < d(x,y).
Then from (82) we get d(Tx,Ty) < rM(x,y) + Ld(y, Tx).
Hence, all conditions of Theorem 26 hold and T has a fixed
point. O

Corollary 31 (see [23], Theorem 3.2). Let (X, d) be a complete
metric space and let T be a self-mapping on X. Define a
nonincreasing function p : [0,1) — (1/2,1] by

1

Assume that there exists r € [0, 1) such that

p(r)d(x,Tx) <d(x,y) implies d (Tx,Ty) < rd (x, y)
(82)

forall x,y € X. Then T has a unique fixed point.

6. Fixed Point Results on Metric Spaces
Endowed with Graph

Consistent with [1, 24], let (X, d) be a metric space, and A
denotes the diagonal of the Cartesian product XxX. Consider
a directed graph G such that the set V(G) of its vertices
coincides with X, and the set E(G) of its edges contains all
loops; that is, E(G) 2 A. We assume G has no parallel edges,
so we can identify G with the pair (V(G), E(G)). Moreover,
we may treat G as a weighted graph (see [24]) by assigning
to each edge the distance between its vertices. If x and y are
vertices in a graph G, then a path in G from x to y of length
N (N € N) is a sequence {xi}f\:] o of N + 1 vertices such that
Xy = %,xy = yand (x,_,x,) € EG)fori = 1,...,N.
A graph G is connected if there is a path between any two
vertices. G is weakly connected if G is connected (see for
details [23-25]).
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Definition 32 (see [24]). A mapping T : X — X is called
G-continuous, if given x € X and sequence {x,,}:
X, — X asn-— 00,
(83)
(% Xpp1) € E(G) VneN imply Tx, — Tx.
Definition 33. Let (X,d) be a metric space endowed with a
graph GandletT : X — X be a self-mapping. We say T is a
graphic convex contraction if
x,y € X with (x, y) € E(G) implies (Tx,Ty) € E(G),
(84)

d (sz, sz) <ad(Tx,Ty) +bd (x, y) (85)

holds for all x, y € X with (x, y) € E(G), where a,b > 0,
a+b<l1.

Definition 34. Let (X, d) be a metric space endowed with a
graph Gandlet T : X — X be a self-mapping. One says T is
a graphic convex contraction of order 2 if

x, y € X with (x, y) € E(G) implies (Tx, Ty) € E(G),

d (sz, sz) <a,d(x,Tx) + a,d (Tx, sz)

+bd(y,Ty) +bd (Ty, sz)
(86)

holds for all x, y € X with (x, y) € E(G), wherea,,a,,b,,b, >
0,a,+a,+b +b, < 1.

Definition 35. Let (X, d) be a metric space endowed with a
graph G and let T be a self-mapping on X. Assume there exists
y: XxX — [0,1] with0(a,b) := sup{y(x, y) :a < d(x, y) <
b} < 1forall 0 < a < b, such that

d(x,Tx) +d (y,Ty)

d(Tx,Ty) <y (x, y) max {d (%, ), 2 ’

d(x,Ty) +d(y,Tx) }
2
(87)

holds for all x, y € X with (x, y) € E(G) and

x,y € Xwith (x,y) € E(G) implies (Tx,Ty) € E(G),

(88)
then T is a graphic weakly Zamfirescu mapping.
Definition 36. Let (X, d) be a metric space endowed with a
graph G. Amapping T : X — X is called graphic Ciri¢ strong

almost contraction, if there exist a constant » € [0, 1) such
that

d(Tx,Ty) <rM (x, y) + Ld (y,Tx) (89)
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holds for all x, y € X with (x, y) € E(G), where L > 0:

M (x, y) = max {d(x,y),d(x,Tx),d(y,Ty) ,
(90)

d(x,Ty) + (Jl(y,Tx)]>
5 ,

x,y € Xwith (x,y) € E(G) implies (Tx,Ty) € E(G).

(o1

Theorem 37. Let (X,d) be a metric space endowed with a
graph G and let T be a graphic convex contraction on X. If
(x,Tx) € E(G) for all x € X, then T has an approximate fixed
point.

Proof. Define o : X* — [0, +00) by

I,
a(x,y) = {1

—, otherwise.
2

if (x,y) € E(G)
(92)

At first we prove that T is an «-admissible mapping.
Let a(x,y) > 1; then (x,y) € E(G). Now since T is a
graphic convex contraction, we have (Tx,Ty) € E(G). That
is, a(Tx, Ty) > 1. Also, clearly, T is a modified generalized
convex contraction.

Let (x,Tx) € E(G) for all x € X. Then, a(x,Tx) > 1 for
all x € X. Hence, all conditions of Theorem 15 hold and T  has
an approximate fixed point. O

Similarly, we can deduce the following results.

Theorem 38. Let (X, d) be a complete metric space endowed
with a graph G and let T be a graphic convex contraction on
X. Also suppose that T is G-continuous mapping. If there exists
Xy € X such that (x,, Tx,) € E(G), then T has a fixed point.
Moreover, T has a unique fixed point if, for all x, y € Fix (T)
with (x, y) ¢ E(G), there exists z € X such that (x,z) € E(G)
and (y,z) € E(G).

Theorem 39. Let (X,d) be a metric space endowed with a
graph G and let T be a graphic convex contraction of order 2 on
X. If (x,Tx) € E(G) for all x € X, then T has an approximate
fixed point.

Theorem 40. Let (X,d) be a metric space endowed with a
graph G and let T be a graphic convex contraction of order 2 on
X. Also suppose that T is G-continuous mapping. If there exists
a xy € X such that (x,, Tx,) € E(G), then T has a fixed point.
Moreover, T has a unique fixed point if, for all x, y € Fix(T)
with (x, y) ¢ E(G), there exists z € X such that (x,z) € E(G)
and (y,z) € E(G).

Theorem 41. Let (X, d) be a metric space endowed with a
graph G and let T be a graphic weakly Zamfirescu mapping on
X.If (x,Tx) € E(G) for all x € X, then T has an approximate
fixed point.

Theorem 42. Let (X, d) be a complete metric space endowed
with a graph G and let T be a graphic weakly Zamfirescu

1

mapping on X. Also suppose that T' is G-continuous mapping.
If there exists an x, € X such that (x,, Tx,) € E(G), then T
has a fixed point.

Theorem 43. Let (X,d) be a metric space endowed with a
graph G and let T be a self-mapping on X. Assume that the
following assertions hold true:

(i) T is graphic Ciri¢ strong almost contraction on X;
(ii) there exists x, € X such that (x,, Tx,) € E(G);

(iil) if {x,} is a sequence in X such that (x,,x,,;) € E(G)
with x, — xasn — 0o, then either

(Tx,,x) € E(G) or (szn,x) €eE(G)  (93)

holds for alln € N.
Then T has a fixed point.

Let (X, d, X) be a partially ordered metric space. Define
the graph G by
EG) ={(xy)e XxX:x=<y}. (94)
For this graph, the condition “Vx, y € X, (x, y) € E(G) =
(T(x),T(y)) € E(G)” in Definitions 32-35 translates into
“Vx,y € X,x = y = T(x) £ T(y)” which means T
is nondecreasing with respect to this order [6]. Fixed point
theorems for monotone operators in ordered metric spaces
are widely investigated and have found various applications
in differential and integral equations (see [2, 25-30] and
references therein). From Theorems 37-43 we derive the
following new results in partially ordered metric spaces.

Theorem 44. Let (X, d, <) be a partially ordered metric space
and let T be a nondecreasing ordered convex contraction on X.
Ifx < Tx for all x € X, then T has an approximate fixed point.

Theorem 45. Let (X,d, <) be a complete partially ordered
metric space and let T be a nondecreasing and ordered convex
contraction on X. Also suppose that T is continuous mapping.
If there exists an x, € X such that x, X Tx,, then T has
a fixed point. Moreover, T has a unique fixed point if, for all
x, y € Fix (T) with x £ y, there exists z € X such that x < z
and y < z.

Theorem 46. Let (X, d, <) be a partially ordered metric space
and let T be a nondecreasing, ordered convex contraction of
order 2 on X. If x < Tx for all x € X, then T has an
approximate fixed point.

Theorem 47. Let (X,d, <) be a complete partially ordered
metric space and let T be a nondecreasing and ordered convex
contraction of order 2 on X. Also suppose that T is continuous
mapping. If there exists an x, € X such that x, < Tx,, then T
has a fixed point. Moreover, T has a unique fixed point if, for
all x, y € Fix(T) with x £ y, there exists z € X suchthatx < z
and y < z.
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Theorem 48. Let (X, d, <) be a partially ordered metric space
and let T be a nondecreasing, ordered weakly Zamfirescu map-
pingon X. If x < Tx for all x € X, then T has an approximate
fixed point.

Theorem 49. Let (X, d, <) be a complete partially ordered
metric space and let T be a nondecreasing and ordered weakly
Zamfirescu on X. Also suppose that T is continuous mapping.
If there exists an x, € X such that x, < Tx, then T has a fixed
point.

Theorem 50. Let (X,d, <) be a complete partially ordered
metric space. Assume that the following assertions hold true:

(i) T is nondecreasing and ordered Ciri¢ strong almost
contraction on X;

(ii) there exists x, € X such that x, < Txy;

(iii) if {x,} is a sequence in X such that x,, < x,,, with
X, — xasn — oo, then either

Tx, <x or T’x,<x (95)

holds for alln € N.
Then T has a fixed point.
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