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Abstract

Recently, Piri and Kumam [Fixed Point Theory and Applications 2014, 2014:210] improved concept of F-
contraction and proved some Wardowski and Suzuki type fixed point results in metric spaces. The aim
of this article is to define generalized a—GF-contraction and establish Wardowski and Suzuki type fixed
point results in metric and ordered metric spaces and derive main results of Piri et al. as corollaries.
We also deduce certain fixed and periodic point results for orbitally continuous generalized F'-contractions
and certain fixed point results for integral inequalities are derived. Moreover, we discuss some illustrative
examples to highlight the realized improvements. (©2015 All rights reserved.
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1. Introduction and Preliminaries

In 1922, Banach established the most famous fundamental fixed point theorem (the so-called the Banach
contraction principle [4]) which has played an important role in various fields of applied mathematical
analysis. It is known that the Banach contraction principle has been extended in many various directions
by several authors (see [2]-[28]). One of the interesting results was given by Suzuki [27] which characterize
the completeness of underlying metric spaces. He introduced a weaker notion of contraction and discussed
the existence of some new fixed point theorems. Wardowski [29] introduced a new contraction called F-
contraction and proved a fixed point result as a generalization of the Banach contraction principle. Abbas
et al. [1] further generalized the concept of F-contraction and proved certain fixed and common fixed point
results. Hussain et al. [I4] introduced a-n-G F-contractions and obtained fixed point results in metric spaces
and partially ordered metric spaces. They also established Suzuki type results for such GF-contractions.
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Recently Piri et al. [I8] described a large class of functions by using condition (F'3") instead of the condition
(F'3) in the defintion of F-contraction introduced by Wardowski [29] . In this paper, we improve the results
of Hussain et al. [I4] by replacing general conditions (F2') and (F3') instead of the conditions (F2) and
(F'3). We begin with some basic definitions and results which will be used in the sequel.

In 2012, Samet et al. [22] introduced the concepts of a-)-contractive and a-admissible mappings and
established various fixed point theorems for such mappings defined on complete metric spaces. Afterwards
Salimi et al. [21I] and Hussain et al. [10, 11} 12] modified the notions of a-1)-contractive and a-admissible
mappings and established certain fixed point theorems.

Definition 1.1 ([22]). Let T be a self-mapping on X and o : X x X — [0, +00) be a function. We say that
T is an a-admissible mapping if

r,ye X, alr,y)>1 = oTz,Ty) >1.

Definition 1.2 ([2I]). Let 7" be a self-mapping on X and «a,n : X x X — [0,+00) be two functions. We
say that T is an a-admissible mapping with respect to 7 if

v,y € X, olx,y) >n(xr,y) = az,Ty)>n(Tz,Ty).

Note that if we take n(x,y) = 1 then this definition reduces to Definition Also, if we take, a(z,y) =1
then we say that T' is an n-subadmissible mapping.

Definition 1.3 ([12]). Let (X, d) be a metric space. Let a,n: X x X — [0,00) and T': X — X be functions.
We say T is an a-n-continuous mapping on (X, d), if, for given = € X and sequence {z,} with

Ty = xasn — 00, ATy, Tnt1) = N(Tp, Tpr) for alln e N = Tz, — Tz.

Example 1.4 ([12]). Let X = [0,00) and d(z,y) = | — y| be a metric on X. Assume, 7 : X — X and
a,m: X x X — [0,400) be defined by

25, ifz € [0,1] 22 +y?+1, ifz,y€l0,1]
T = ’ Oé(l‘,y) =
sinmz + 2, if (1,00) 0, otherwise

and n(z,y) = 2%. Clearly, T is not continuous, but T is a-n-continuous on (X, d).

A mapping T : X — X is called orbitally continuous at p € X if lim,ooT"z = p implies that
limp—ooTT™x = Tp. The mapping 1" is orbitally continuous on X if 7' is orbitally continuous for all p € X.

Remark 1.5. [12] Let T': X — X be a self-mapping on an orbitally T-complete metric space X. Define,
a,m: X x X — [0,400) by

[ 3, ifz,yeO(w) B
Oé(.%',y) - { 0’ otherwise and 77(35,2/) - 17

where O(w) is an orbit of a point w € X. If, T : X — X is an orbitally continuous map on (X, d), then T
is a-n-continuous on (X, d).
2. Fixed point results for a-n-GF-contractions

Wardowski [29] introduced and studied a new contraction called F-contraction to prove a fixed point
result as a generalization of the Banach contraction principle.

Definition 2.1. Let F': Rt — R be a mapping satisfying the following conditions:
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(F1) F is strictly increasing;
(Fy) for all sequence {ay,} C R, limy, o0 oy, = 0 if and only if lim,, 00 F/(av,) = —00;
(F3) there exists 0 < k < 1 such that lim,_,q+ o* F(a) = 0.

Consistent with Wordowski [29], we denote by F the set of all functions F': RT™ — R satisfying conditions
Fl, F2 and F3.

Definition 2.2 ([29]). Let (X, d) be a metric space. A self-mapping T" on X is called an F'—contraction if
there exists 7 > 0 such that for x,y € X

d(Tz,Ty) > 0= 7+ F(d(Tz,Ty)) < F(d(z,y)),
where F' € [ .

Hussain et al. [14] generalized the results of Wordowski [29] by introducing ©¢ set of functions
G : R — R* which satisfy

(G) for all ty,t;,t3,t4 € RT with t1tatsty = 0 there exists 7 > 0 such that G(tq,to,t3,t4) = T.
They also given some examples of such functions.
Example 2.3 ([14]). If G(t1,t2,t3,t4) = Lmin{ty,to,t3,t4} + 7 where L € RT and 7 > 0, then G € Og.
Example 2.4 ([[d]). If G(t1, ta, ts, t4) = rel min{t1, t2,13, 84} where L € R* and > 0, then G € Og.

Example 2.5 ([14]). If G(t1,t2,t3,t4) = Lin(min{ty,to,t3,t4} + 1) + 7 where L € R* and 7 > 0, then
G € Og¢.

On the other hand Secelean [23] proved the following lemma and replaced condition (F3) by an equivalent
but a more simple condition (F,).

Lemma 2.6. Let F : R™ — R be an increasing map and {a,,}5°; be a sequence of positive real numbers.
Then the following assertions hold:

(a) if limy 00 F(ay,) = —o0 then limy, o0 ay = 0;
(b) if inf F = —o0 and lim,—,cc ap, = 0, then lim, o0 F'(a) = —00.

He replaced the following condition.
(F2/) inf FF = —o0
or, also, by
(Fy,) there exists a sequence {an }32; of positive real numbers such that limy, e F'(an) = —oc.
Very recently Piri et al. [I8] utilized the following condition (Fy ) instead of (F3) in Definition (6).
(Fy) F is continuous on (0, c0).
For p > 1, F(a) = —2 satisfies (Fy) and (F») but it does not satisfy (F3) while it satisfies (Fy). We

P

denote by Ay the family of all functions F': Rt — R which satisfy conditions (Fy), (Fy) and (Fy).

Definition 2.7. Let (X,d) be a metric space and T be a self-mapping on X. Also suppose that
a,n: X x X — [0,400) be two functions. We say T is an o — n — GF-contraction if for z,y € X
with n(z, Tx) < a(z,y) and d(Tx,Ty) > 0, we have

G(d(w, Tz),d(y,Ty),d(x, Ty),d(y, Tac)) + F(d(T:r, Ty)) < F(d(w, y)), (2.1)

where G € ©g and F € A
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First, we prove the main result of Hussain et al. [14] by replacing conditions (F:) and (F3) with (Fyy)
and (FSI).

Theorem 2.8. Let (X,d) be a complete metric space. Let T : X — X be a self-mapping satisfying the
following assertions:

(i) T is a-admissible mapping with respect to n;

(ii) T is a-n-GF -contraction;
(iii) there exists xo € X such that a(xg, Txo) > n(zo, Txo);
(iv) T is a-n-continuous.

Then T has a fized point. Moreover, T has a unique fized point when o(x,y) > n(x,z) for all
x,y € Fiz(T).

Proof. Let xyp € X such that a(xg,Txo) > n(xo,Txo). For such zg, we define the sequence {z,} by
xp = T"xy = Txp_1. Now since, T' is a-admissible mapping with respect to 7 then, a(xg, z1) = a(xo, Txg) >
n(zo, Txo) = n(xo,x1). By continuing this process we have,

n(xn—lyTxn—l) = n(xn—lvxn) < Ot(xn_l,l‘n), (22)

for all n € N. If there exist ng € N such that z,, = xy,+1, then z,, is fixed point of 7" and we have nothing
to prove. Hence, we assume, x,, # xp+1 or d(T'xp—1,Txy,) > 0 for all n € N. Since, T is a-n-G'F-contraction,
so we have

G(d(.%'n_l, T.’I)n_l), d(l’n, Txn)a d(.’I)n_l, Tl'n), d(.flfn, T.f[fn_1>) + F(d(TLUn_l, Tl'n)) S F(d(.’L’n_l, xn))7
which implies,
G(d(‘rn—h xn)y d([]ﬁn, mn—l—l)a d(xn—la xn+1)7 0) + F(d(.%'n, xn+1)) < F(d(ib'n_l, xn)) . (23)

Now since, d(p—1,Zn)-d(Tn, Tnt1)-d(Xn—1, Tnt1).0 = 0, so from the definition of G € O, there exists 7 > 0
such that

G(d(wn,l, Tn), d(Tp, Tpy1), d(mn,1,$n+1),0) =T (2.4)
From (2.4), we deduce that
F(d(xn,xn+1)) < F(d(xn,l,:nn)) —T. (2.5)
Therefore
F(d(mn,xn+1)) < F(d(:rn_l,xn)) —7< F(d(mn_g, acn_l)) —27 < ... < F(d(xzg,21)) — nT. (2.6)

Since F' € Af, so by taking limit as n — oo in (2.6 we have,

lim F(d(zy,2n41)) = —00 <= lim d(zy, zn41) = 0. (2.7)

n—oo n—o0

Now, we claim that {z,}2°; is a Cauchy sequence. We suppose on the contrary that {z,} 2 is not
Cauchy then we assume there exists € > 0 and sequences {p(n)}°; and {g(n)}72; of natural numbers such
that for p(n) > q(n) > n, we have

d(a:p(n), xq(n)) > €. (2.8)
Then
d(@pn)—1, Tg(m)) < €
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for all n € N. So, by triangle inequality and ({2.8)), we have

€ < d(ZTpn)s Ten)) < d(@p(n)> Tpm)—1) + ATpm)—1, Tq(n))
<d

(@p(n) Tp(n)—1) + -
By taking the limit and using inequality , we get
nh_}ngo d(Tp(n)s Tq(n)) = €- (2.9)
Also, from there exists a natural number ng € N such that
Ay Tpiy+1) < 7 and d(wgu, Ty e1) < 2 (2.10)
for all n > ng. Next, we claim that
A(Tzpn) Togmy) = ATpn)+1, Tgn)+1) > 0 (2.11)

for all n > ng. We suppose on the contrary that there exists m > ng such that

A(Tp(m)+15 Tqm)+1) = 0. (2.12)

Then from (2.10)), (2.11)) and (2.12)), we have

which is a contradiction , so (2.11)) holds. Thus

(n)> T%p(n)))

G (d(@p(nys Tp(ny ), AT g(n) TTg(m))s AT p(nys TTg(m))s A
< F(d(@p(n) Tg(n)))

+ F(d(Tpm)s Tq(ny))

which implies,
G (d(Zp(n)s Tpny+1)s AT g(nys Tgn)+1)s ATp(nys Tg(ny41)s ATq(n)s Tpm)41)

+ F(d(@pn) 41, Tgmy 1)) < F (@) Tg(m))- (2.13)
Since G is continuous, so from (Fy ), (2.9) and (2.13), we get
T+ F(e) < F(e). (2.14)

Which is a contradiction. Thus {z,} is a Cauchy sequence. Completeness of X ensures that there exist
x* € X such that, x,, — z* as n — 0o. Now since, T' is a-n-continuous and n(xy,—1,2n) < a(Tp—1,Ty), SO

Tpi1 =Ty, — Tx* as n — oo. (2.15)
That is, * = Tz*. Thus T has a fixed point. Let x,y € Fix(T) where x # y. Then from
G(d(z, Tx),d(y, Ty),d(x,Ty),d(y, Tx)) + F(d(Tx,Ty)) < F(d(z,y))

we get,

7+ F(d(z,y)) < F(d(x,y))

which is a contradiction. Hence, x = y. Therefore, T has a unique fixed point. O
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Combining Theorem 2.8 and Example 2.3 we deduce the following Corollary.

Corollary 2.9. Let (X,d) be a complete metric space and T : X — X be a self-mapping satisfying the
following assertions:

(i) T is a-admissible mapping with respect to n;
(ii) for x,y € X with n(x,Tx) < az,y) and d(Tz,Ty) > 0 we have,
T+ F(d(Tz,Ty)) < F(d(z,y))
where 7 >0 and F € Af.
(iii) there exists xg € X such that a(xo, T'xo) > n(xo, Tx0);
(iv) T is a-n-continuous function.

Then T has a fized point. Moreover, T has a unique fized point when a(x,y) > n(x,y) for all
z,y € Fiz(T).

Theorem 2.10. Let (X,d) be a complete metric space. Let T : X — X be a self-mapping satisfying the
following assertions:

(i) T is a a-admissible mapping with respect to n;
(i) T is a-n-GF-contraction;
(iii) there exists xo € X such that a(xo, Txo) > n(xo, Txo);
(i) if {xn} is a sequence in X such that a(xy, Tpi1) > N(Tp, Tni1) with ©, — x as n — oo, then either
(T, T?x,) < (T, x) or (T2, T3x,) < (T2, x) (2.16)
holds for all m € N.

Then T has a fized point. Moreover, T has a unique fized point whenever a(z,y) > n(xz,x) for all
x,y € Fiz(T).

Proof. Let zg € X such that a(xzo,Tzo) > n(xo, Txo). As in proof of Theorem [2.8 we can conclude that
a(Tp, Tpt1) > N(Tn, Tny1) and x, — ° as n — 0o
where, 2,11 = Tx,. So, from (iv), either
n(Tmn,Tan) < a(Txp,z") or n(Tgxn,T3:L'n) < a(TQ:rn,:L'*)
holds for all n € N. This implies,
N(@nt1, Tnt2) < A(@ns1, @) OF N(Tnt2, Tni3) < a(Tny2, @)
holds for all n € N. Equivalently, there exists a subsequence {z, } of {z,} such that
@y, TTn,) = 0Ty, Tnpt1) < axn,, ") (2.17)

and so from ([2.17)) we deduce that,

G(d(zn,, Txy, ), d(z*, Ta*), d(@y,, Tx*), d(z*, Tan,)) + F(d(Tan,, Tz*)) < F(d(z,, z*))
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which implies,
F(d(Tan,, Tz*)) < F(d(n,,2%)). (2.18)

From (F}) we have,
d(zpy+1, Tx™) < d(xy,,z").

By taking limit as & — oo in the above inequality we get, d(z*, Tx*) = 0, i.e., z* = Tx*. Uniqueness follows
similarly as in Theorem O

Combining Theorem and Example [2.3| we deduce the following Corollary.

Corollary 2.11. Let (X,d) be a complete metric space. Let T : X — X be a self-mapping satisfying the
following assertions:

(i) T is a a-admissible mapping with respect to n;
(ii) for x,y € X with n(z,Tx) < az,y) and d(Tz,Ty) > 0 we have,
T+ F(d(Tw,Ty)) < F(d(z,y))
where 7 >0 and F' € Af.
(i1i) there exists xg € X such that a(xo, T'xo) > n(xo, Tx0);
(iv) if {x,} be a sequence in X such that a(xy,Tni1) = Ty, Tpi1) with x, — x as n — oo, then either
Ty, T?2) < &(Txn, ) or n(T?z,, T32,) < a(T%z,, )
holds for all n € N.

Then T has a fized point. Moreover, T has a unique fized point when o(x,y) > n(x,z) for all
x,y € Fiz(T).

If in Corollary we take a(x,y) = n(z,y) =1 for all z,y € X, then we deduce main result of Piri et
al.[18] as corollary.

Corollary 2.12 (Theorem 2.1 of [I8]). Let (X,d) be a complete metric space and T : X — X be a self-
mapping. If for x,y € X with d(Tx,Ty) > 0 we have,

T+ F(d(Tz,Ty)) < F(d(z,y))
where 7 >0 and F € Ayp. Then T has a fixed point.

Example 2.13. Let X = [0,+00). We endow X with usual metric. Define, a,n : X x X — [0,00),
T:X—X,G:R™" - R and F: RT — R by,

1
Ze_TfL‘Q, if z € [0,1]
Tx =
Sx if x € (1,00)
1 :
Z) 1fa:,y€ [07 1]
alz,y) = and n(z,y) = ¢, G(t1,t2,t3,t4) = 7 where 7 > 0 and F(r) = In(r? +r).
1
12’ otherwise
Let, a(x,y) > n(x,y), then xz,y € [0,1]. On the other hand, Tu € [0,1] for all v € [0,1]. Then
a(Tz,Ty) > n(Tz,Ty). That is, T is a-admissible mapping with respect to . If {z,} is a sequence in X
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such that o (2, Tni1) > (Tn, Tne1) wWith 2, — z as n — co. Then, Txy,, T?z,, T3z, € [0,1] for all n € N.
That is,
n(T:cn,Tan) < a(Tzy,x) and 17(T2£L'n, T3xn) < oz(Tan,:v)

hold for all n € N. Clearly, «(0,70) > n(0,70). Let, a(x,y) > n(z,Tz). Now, if z ¢ [0,1] or y ¢ [0, 1],
1
then, —

1 > 5 which is a contradiction, so =,y € [0, 1] and hence we obtain,
1. 1,
d(Tz, Ty)(d(Tz,Ty) +1) = (e |z —ylle +y)( ez —yllz +y[+1)

e (Jz =yl (e (|z —yl) +1)
e (lz —yD((lz =y + 1)
= e "d(z,y)(d(z,y) +1)
which implies,
7T+ F(d(T2,Ty)) = 7+W(d(Tz,Ty)* +d(Tz,Ty)) < 7+ (e (d(x,y)* + d(z,y))

= In(d(z,y)” +d(z,y)) = F(d(z,y)).
Hence, T' is a-n-G F-contraction mapping. Thus all conditions of Corollary ( and Theorem [2.10) hold
and T has a fixed point. Let x =0, y = 2 and 7 > 0. Then,

T+ F(d(T0,T2)) > F(d(T0,T2)) = In(10* + 10) > In(2? + 2) = F(d(0,2)).
That is Theorem 2.1 of [I§] can not be applied for this example.
Recall that a self-mapping T is said to have the property P if Fiz(T™) = F(T) for every n € N.

Theorem 2.14. Let (X,d) be a complete metric space and T : X — X be an a-continuous self-mapping.
Assume that there exists T > 0 such that

7+ F(d(Tz,T?z)) < F(d(z,Tx)) (2.19)

holds for all z € X with d(Txz,T?z) > 0 where F € Ap. If T is an a-admissible mapping and there exists
xo € X such that, a(xg,Txo) > 1, then T has the property P.

Proof. Let xy € X such that a(zg,Txg) > 1. For such zy, we define the sequence {z,} by z, = T"xy =
Tx,—1. Now since, T is a-admissible mapping, so a(z1,x2) = a(Tx, Tx1) > 1. By continuing this process,
we have

a(Tp_1,oy) > 1

for all n € N. If there exists ng € N such that z,, = xpy4+1 = T'zy,, then x,, is fixed point of 7" and we have
nothing to prove. Hence, we assume, x,, # 2,41 or d(Tx,_1,T%x,_1) > 0 for all n € NU {0}. From (2.19)
we have,

T+ F(d(Tmn,l, Tan,l)) < F(al(:cn,l7 Tﬂ;n,l))

which implies,
T+ F(d(flin, J;n—&—l)) < F(d(l’n—lv mn))

and so,
F(d(zn, zp41)) < F(d(zn-1,20)) — 7
Therefore,
F(d(zn, znt1)) < F(d(zn-1,20)) — 7
< F(d(mn_g,xn_l)) - 27
<...< F(d(zg,x1)) — nT
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By taking limit as n — oo in above inequality, we have, lim,, o F' (d(xn, mn+1)) = —o0, and since, F' € Ap
we obtain,
lim d(xy, zn41) = 0. (2.20)
n—oo

Now, we claim that {z,}°°; is a Cauchy sequence. ~We suppose on the contrary that {z,}°°; is not
Cauchy then we assume there exists € > 0 and sequences {p(n)}°; and {¢(n)}7>; of natural numbers such
that for p(n) > q(n) > n, we have

d(ﬁp(n)aqu(n)—l) = d(xp(n)v xq(n)) 2 €. (2'21)
Then
d(xp(n),l, qu(n)fl) <e€ (2.22)
for all n € N. So, by triangle inequality and , we have
e < d(Tpeny, Toqmy—1) < d(Tpn), Tpmy—1) + A(Tpn)—1, TTq(n)—1)
< d(Tp(n), Tp(n)-1) + €

By taking the limit and using inequality (2.20)), we get
nlLH;O d(a;p(n) y qu(n)fl) =¢&. (2.23)
On the other hand, from ([2.20]) there exists a natural number ng € N such that
€ €
d(xp(n),xp(n)+1) < 1 and d(Iq(n),$q(n)+1) < 1 (2.24)
for all n > ngy. Next, we claim that
A(Tp(ny, T2 g(m)-1) = A(@p(n) 15 Tq(m)) > 0 (2.25)
for all n > ng. We suppose on the contrary that there exists m > ng such that
d(Txp(m)aT2xq(m)—1) = d(l‘p(m)-‘rla qu(m)) =0. (226)

Then from (2.24)), (2.25) and (2.26)), we have

€< d(mp(m)a qu(m)—l) < d(xp(m)a wp(m)—‘rl) + d(xp(m)-‘rlv qu(m)—l)
< d(xp(m)a :Ep(m)—‘rl) + d(xp(m)—‘rla 1:q(m)+1) + d(xq(m)—l—lv T:Eq(m)—l)
= d(xp(m)a xp(m)+1) + d($p(m)+1a Tl'q(m)) + d(l'q(m)+1a xq(m))
g (3
< Z + 0+ Z 5,
which is a contradiction. Thus
d(Tfp(n)aTqu(n)—l) = d($p(n)+1a qu(n)) > 0. (2.27)
and
7+ F(d(Tap(n), TTgn)1)) < F(d(@pin), T2o(m)1)) (2.28)

established. Which further implies that
7+ F(d(@pm)1 Zomy+1)) < F(d@pn), To(n))-

From (Fy ), (2.23)) and ([2.28)), we get
T+ F(e) < F(e). (2.29)
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Which is a contradiction. Thus we proved that {z,} is a Cauchy sequence. Completeness of X ensures that
there exists z* € X such that, z, — z* as n — co. Now since, T' is a-continuous and a(x,—1,2,) > 1 then,
Tpy1 = Txy, — Tax* as n — oo. That is, 2* = T'z*. Thus T has a fixed point and F(T") = F(T) for n = 1.
Let n > 1. Assume contrarily that w € F(T") and w ¢ F(T). Then, d(w,Tw) > 0. Now we have,

F(d(w,Tw)) = F(d(T(T" 'w)), T*(T" 'w)))
F(d(T" 'w), T"w)) — 7
F(d(T"?w), T" 'w)) — 27

< d(w, Tw) —nr.

IANIA A

By taking limit as n — oo in the above inequality we have, F'(d(w,Tw)) = —oo. Hence, by (F,) we get,
d(w,Tw) = 0 which is a contradictions. Therefore, F'(T™) = F(T) for all n € N. O

Let (X,d,=) be a partially ordered metric space. Recall that T : X — X is nondecreasing if
Va,y € X, x Xy = T(x) < T(y) and ordered G F-contraction if for z,y € X with x <y and d(T'z,Ty) > 0,
we have

G(d(:c, Tz),d(y,Ty),d(x, Ty),d(y, Tx)) + F(d(Tx, Ty)) < F(d(:c, y))

where G € Og and F € Ay. 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, 3] [7,
12l 15 I7] and references therein). From Theorems we derive following new results in partially
ordered metric spaces.

Theorem 2.15. Let (X,d, =) be a complete partially ordered metric space. Assume that the following
assertions hold true:

(i) T is nondecreasing and ordered GF-contraction;
(ii) there exists xog € X such that xy < Txo;
(iii) either for a given x € X and sequence {x,}
Ty — x asn — 0o and xp = Tpiq for alln € N we have Txy, — Tx
or if {zn} is a sequence such that x, < x,1 with x, — x as n — oo, then either
Tz, X x, or Tan <z
holds for all n € N.
Then T has a fixed point.

Theorem 2.16. Let (X,d, =) be a complete partially ordered metric space. Assume that the following
assertions hold true:

(i) T is nondecreasing and satisfies ([2.19) for all x € X with d(Tx, T?x) > 0 where F € Ay and T > 0;
(ii) there exists xog € X such that xy < Txo;

(iii) for a given x € X and sequence {x,}

Ty — T asn — oo and Tp = Tpy for alln € N we have Txy — Tx.

Then T has a property P.



N. Hussain, J. Ahmad, A. Azam, J. Nonlinear Sci. Appl. 8 (2015), 1095-1111 1105

As an application of our results proved above, we deduce certain Suzuki-Wardowski type fixed point
theorems.

Theorem 2.17. Let (X,d) be a complete metric space and T be a continuous self-mapping on X. If for
z,y € X with 1d(z,Tz) < d(z,y) and d(Tz,Ty) > 0 we have,

G(d(z,Tx),d(y, Ty),d(z,Ty),d(y, Tx)) + F(d(Tz,Ty)) < F(d(z,y)) (2.30)
where G € Og and F € Ay. Then T has a unique fized point.
Proof. Define, a,n: X x X — [0,00) by

aly) = d(,y) and (e, y) = Sd(.9)

for all z,y € X. Now, since 2d(z,y) < d(z,y) for all z,y € X, so n(z,y) < a(z,y) for all z,y € X. That
is, conditions (i) and (iii) of Theorem hold true. Since T is continuous, so 7' is a-n-continuous. Let,
n(z,Tz) < a(z,y) with d(Tz,Ty) > 0. Equivalently, if 1d(z, Tz) < d(z,y) with d(Tz,Ty) > 0, then from
we have,

G(d(w, Tz),d(y,Ty),d(x, Ty),d(y, Tac)) + F(d(Tx, Ty)) < F(d(:v, y))

That is, T is a-n-G F-contraction mapping. Hence, all conditions of Theorem hold and T has a unique
fixed point. O

Combining above Corollary and Example we deduce Theorem 2.2 of Piri et al. [I8] as Corollary.

Corollary 2.18 (Theorem 2.2 [I8]). Let (X,d) be a complete metric space and T be a continuous self-
mapping on X. If for x,y € X with %d(m,T:c) < d(z,y) and d(Tx,Ty) > 0 we have

T+ F(d(Tz,Ty)) < F(d(z,y))
where 7 >0 and F € Ap. Then T has a unique fized point.

Corollary 2.19. Let (X,d) be a complete metric space and T be a continuous self-mapping on X. If for
z,y € X with d(x,Tz) < d(z,y) and d(Tx,Ty) > 0 we have,

where 7 >0, L >0 and F € Ar. Then T has a unique fized point.

Theorem 2.20. Let (X,d) be a complete metric space and T be a self-mapping on X. Assume that there
exists T > 0 such that

1

md(:&Tﬂ:) < d(z,y) implies 7 + F(d(Tz,Ty)) < F(d(z,y)) (2.31)

for x,y € X with d(Tz,Ty) > 0 where F € Ap. Then T has a unique fixed point.
Proof. Define, a,n: X x X — [0,00) by

afx,y) = d(z,y) and n(z,y) = d(x,y)

2(1+71)

for all z,y € X where 7 > 0. Now, since, ﬁd(:n,y) < d(z,y) for all z,y € X, so n(z,y) < a(z,y)

for all z,y € X. That is, conditions (i) and (iii) of Theorem hold true. Let, {z,} be a sequence
with =, — = as n — co. Assume that d(Tz,, T?r,) = 0 for some n. Then Tx, = T?z,. That is Tz, is
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a fixed point of T and we have nothing to prove. Hence we assume, Tz, # T2z, for all n € N. Since,

ﬁd(T:cn,T%n) < d(Txp, T?x,) for all n € N. Then from (2.31) we get,

F(d(T?2y, T32,)) < 7+ F(d(T?%, T320)) < F(d(T2n, T?20))

and so from (F;) we get,
d(T?x,, T32,) < d(Txp, T?zy,). (2.32)

Assume there exists ng € N such that,

n(TxnoaTano) > O‘(Txnovx) and n(TanoaTano) > O‘(T2$n07$)

then,
2(11+T)d(T:UnO,T2an) > d(Txp,,x) and md(Tano,Tano) > d(T?2p,, 2)
so by we have,
A(Tny, T?Try) < d(T2py, ) + d(T?2y,, )
< 2(114_T)d(T:17n0,T2xn0) + 2(11_'_7_)d(T21'n0, T32,,)
<3 i T)d(Txno,T%no) + md(T:[;m,T%nO)
2

which is a contradiction. Hence, either
N(Txn, T?zy) < a(Tn, ) or n(T%z,, T3x,) < a(T?zy, x)

holds for all n € N. That is condition (iv) of Theorem holds. Let, n(z,Tz) < a(x,y). So,

ﬁd(az,Tz) < d(z,y). Then from (2.31) we get, 7+ F(d(Ta:,Ty)) < F(d(m,y)). Hence, all conditions of
Theorem hold and T has a unique fixed point. O

Example 2.21. Consider the sequence

S1=1x2
So=1x2+3x4
S3=1x2+3x4+5x%x6
Sp=1X2+3x4+... 4 (2n —1)(2n) = 2et)ln=1)
Let X = {S, :n € N}and d(z,y) = |z —y|. Then (X, d) is a complete metric space. Define the mapping
T: X — X by,
T(S1)=251, T(Sp) =Sp-1, foralln>2.

Let us consider the mapping F(t) = %1 + t, we obtain that T is F-contraction, with 7 = 12. To see this,
let us consider the following calculations. First observe that

1

md(sn,T(Sn)) <d(Sp,Sm) ©[l=n<m)V(l=m<n)V(l<n<m).

For 1 =n < m, we have

T (Sp) — T (S1)] = |Sm_1 — S1| =3 x4+5%6+...+ (2m —3)(2m — 2) (2.33)
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and
d(Sm,S1) =|Sm —S1|=3x4+5x6+...+ (2m—1)(2m). (2.34)
Since m > 1, so we have
-1 —1
x4+ . +02m—3)2m—2) “3xd+.. . +@m-1)Cm)

From ([2.35)), we have

(2.35)

1

12 —
3Xx4+5x64+...+(2m—3)(2m —2)
1

T 3xA+5x64.. . +@m—1)2m)
1

< —
T 3x44+5x6+...+(2m—1)2m)
Thus from ([2.33]) and (2.34)), we get

+3x4++5x64 ...+ (2m—3)(2m —2)

<12 [BX4++5x6+...+ (2m—3)(2m —2)]

+Bx4+45x6+...4+(2m—3)(2m —2)] + (2m — 1)(2m).

1 1
12 — +1T(Sm),T(51)| < ——=——=+1|5m — 51| 2.36
’T(Sm),T(SIH | ( ) ( 1)‘ |Sm_Sl| | 1| ( )
For every m,n € N with m > n > 1, we have
T (Sm) =T (Sp)|=2n—1)2n)+2n+1)2n+2) + ... + (2m — 3)(2m — 2) (2.37)
and
|Sm —Snl=2n+1)2n+2)+ (2n+3)2n+4) + ... + (2m — 1)(2m). (2.38)

Since m > n > 1, we have

2m—1)2m) > 2n+2)2n+1) > 2n+2)(2n +2) = 2n(2n + 2) + 2(2n + 2) > 2n(2n + 2) + 12.
We know that

-1 -1
@n-D2n) + 1 @m-3)2m-2) - Cnt D2n+2) + .+ @m—1)2m)’
From , we get

12 —

(2.39)

1
2n—-1)2n)+(2n+1)2n+2)+ ...+ (2m — 3)(2m — 2)
+(@2n—1)2n) + Cn+1)2n+2) + ...+ (2m — 3)(2m — 2)
1
2Cn+1)2n+2)+2n+3)2n+4) + ...+ (2m — 1)(2m)
+(2n—-1)2n)+ 2n+1)2n+2)+ ...+ (2m — 3)(2m — 2)
1
Cn+1)2n+2)+(2n+3)2n+4) + ... + (2m — 1)(2m)
+2n—1)2n)+ 2n+1)(2n+2) + ... + (2m — 3)(2m — 2) + (2m — 1)(2m)
1
Cn+1)2n+2)+ (2n+3)2n+4) + ... + (2m — 1)(2m)
+2n—-1)(2n)+ 2n+1)(2n+2) + ... + (2m — 1)(2m)
So from (2.37) and (2.38)), we get
1 1
a |T (Sm) =T (Sl) | |Sm - Sl|

Hence all the conditions of Theorem (25) are satisfied and S} is a unique fixed point of T'.

<12 —

12 +|T(Sm)*T(Sl)|<* +|Sm*51|.
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3. Applications to orbitally continuous mappings

Theorem 3.1. Let (X,d) be a complete metric space and T : X — X be a self-mapping satisfying the
following assertions:

(i) for x,y € O(w) with d(Tx,Ty) > 0 we have,
G(d(:v,Ta:), d(y, Ty),d(x, Ty), d(y,Tx)) + F(d(Tx,Ty)) < F(d(:p,y))
where G € Og and F € Ar;
(i) T is an orbitally continuous function.
Then T has a fized point. Moreover, T has a unique fized point when Fiz(T) C O(w).
Proof. Define, a,n: X x X — [0,400) by

3, ifx,y € O(w)

0, otherwise and n(z,y) = 1

oz, y) = {

where O(w) is an orbit of a point w € X. From Remark we know that T is an a-n-continuous mapping.
Let, a(z,y) > n(x,y), then z,y € O(w). So Tx,Ty € O(w). That is, a(Tx,Ty) > n(Tx,Ty). Therefore,
T is an a-admissible mapping with respect to 7. Since w,Tw € O(w), then a(w,Tw) > n(w,Tw). Let,
a(z,y) > n(z,Tx) and d(Tz,Ty) > 0. Then, z,y € O(w) and d(Tx,Ty) > 0. Therefore from (i) we have,

G(d(x,Tx), d(y, Ty),d(x, Ty), d(y,T:L‘)) + F(d(Tx, Ty)) < F(d(x, y))

which implies, T' is a-n-G F-contraction mapping. Hence, all conditions of Theorem hold true and T has
a fixed point. If Fiz(T) C O(w), then, a(x,y) > n(x,y) for all x,y € Fix(T) and so from Theorem
T has a unique fixed point. O

Corollary 3.2. Let (X,d) be a complete metric space and T : X — X be a self-mapping satisfying the
following assertions:

(i) for x,y € O(w) with d(Tz,Ty) > 0 we have,
T+ F(d(Tx, Ty)) < F(d(x, y))
where 7 >0 and F € Ay ;
(ii) T is orbitally continuous.

Then T has a fized point. Moreover, T has a unique fized point when Fizx(T) C O(w).

Corollary 3.3. Let (X,d) be a complete metric space and T : X — X be a self-mapping satisfying the
following assertions:

(i) for x,y € O(w) with d(Tx,Ty) > 0 we have,
relmin{d(z, Tx),d(y, Ty),d(x, Ty),d(y, Tz)} JrF(d(Tx?Ty)) < F(d(x,y))
where 7 >0, L >0 and F € Ar;
(ii) T is orbitally continuous.

Then T has a fized point. Moreover, T has a unique fived point when Fiz(T) C O(w).
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In our next result, we prove improved version of Theorem 4 of [I].

Theorem 3.4. Let (X,d) be a complete metric space and T : X — X be a self-mapping satisfying the
following assertions:

(i) for x € X with d(Tz,T?x) > 0 we have,
T+ F(d(Tz,T?*z)) < F(d(z, Tx))
where 7 >0 and F' € Ay ;
(i) T is an orbitally continuous function.
Then T has the property P.
Proof. Define, a : X x X — [0, 400) by

oz, y) = 1, ifz € O(w)
Y= 0, otherwise

where w € X. Let, a(x,y) > 1, then z,y € O(w). So Tx,Ty € O(w). That is, a(Tx,Ty) > 1. Therefore,
T is a-admissible mapping. Since w,Tw € O(w), so a(w,Tw) > 1. By Remark we conclude that T is
a-continuous mapping. If, z € X with d(Tx, T?z) > 0, then, from (i) we have,

T+ F(d(Tz,T?*z)) < F(d(z,Tx)).
Thus all conditions of Theorem [2.14] hold true and T has the property P. O

We can easily deduce following results involving integral inequalities.

Theorem 3.5. Let (X,d) be a complete metric space and T be a continuous self-mapping on X. If for

z,y € X with
d(z, Tx) d(z,y) d(Tx, Ty)
/ (1)t < / p(t)dt and / p(t)dt > 0
0 0 0

we have,

G< /0 d(x’Tx)p(t)dt, /0 10 p(t)dt, /0 A1) p(t)dt, /O A1) p(t)dt>

d(Tz, Ty) d(z,y)
wr( [ty < ([T ptoar

where G € Og, F € Ar and p : [0,00) — [0,00) is a Lebesgue-integrable mapping satisfying fOE p(t)dt >0
fore > 0. Then T has a unique fixed point.

Theorem 3.6. Let (X,d) be a complete metric space and T be a self-mapping on X. Assume that there
exists T > 0 such that

1 d(xz,Tz)
s Jo

d

ot < 1Y) eyt

o+ (ST TY) yyary < p([EEY) payar)

for z,y € X with fod(ijTy) p(t)dt > 0 where F € Ay and p : [0,00) — [0,00) is a Lebesque-integrable

mapping satisfying fog p(t)dt > 0 fore > 0. Then T has a unique fized point.
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Theorem 3.7. Let (X,d) be a complete metric space and T : X — X be a self-mapping satisfying the
following assertions:

(i) for x,y € O(w) with fod(Tx,Ty) p

d(z, T) d(y,Ty) d(z, Ty) d(y, Tx)
G( /0 p(t)dt, /0 p(t)dt, /0 p(t)dt, /0 p(t)dt)
/d(T:c,Ty)

(t)dt > 0 we have,

d(z,
P sy < r( [ o

0

where G € Og, F € Ap and p : [0,00) — [0,00) is a Lebesgue-integrable mapping satisfying
Jo p(t)dt >0 for e > 0.

(i) T is an orbitally continuous function;

Then T has a fized point. Moreover, T has a unique fized point when Fix(T) C O(w).

Theorem 3.8. Let (X,d) be a complete metric space and T : X — X be a self-mapping satisfying the
following assertions:

Tz, T?z)
p

(i) for x € X with fod( (t)dt > 0 we have,

Tz, T%x) p(t)dt) < F(fod(m,T:c) p(t)dt)

T+ F( fod(
where 7 > 0 and F € Ap and p : [0,00) — [0,00) is a Lebesque-integrable mapping satisfying
Js p(t)dt >0 for e > 0.

(ii) T is an orbitally continuous function.

Then T has the property P.
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