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1. INTRODUCTION

From 1975 up to now the theory of fuzzy metric space has been studied by many
mathematicians. The first mathematicians, who introduced fuzzy metric space, in 1975
are Kramosil and Michalek [9]. In 1994, George and Veeramani [3] modified the concept
of fuzzy metric space introduced by Kramosil and Michalek [9]. In 2002, Gregori and
Sapene [7] initiated fuzzy contraction mappings and proved an important fixed point
theorem for this class of mappings. In 2008, Mihet [ 1] introduced % contractive mappings
in non-Archimedean fuzzy metric spaces. For the last 41 years, the concept of fuzzy
metric space and fixed point theorems were studied, generalized and proved by different
mathematicians (see [5-13]). In 2012, Samet, Vitero and Vetro [21] introduced the concept
of admissible mapping for single valued map, and in the same year Asl, Rezapour and
Shahzad [l]extended the concept of admissible for single valued mappings to multi valued
mappings. In 2013 Salimi, Latif and Hussain [20] proved a fixed point theorem for a-
admissible mapping with respect to 1 on a metric space. Soon after, Hussain, Salimi
and Latif [3] proved fixed point theorem for single and set valued, ( «,n,1) contractive
mappings. Very recently Supak, Cho, Kumam [17] introduced a new contractive condition
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and proved fixed point theorems for modified (a*, n*) contractive mapping in fuzzy metric
space.

2. PRELIMINARIES

We begin with some basic definitions and results which will be used in main part of
our paper.

Definition 2.1. [22] A binary operation « : [0, 1]x[0, 1] — [0, 1] is said to be a continuous
t-norm if it satisfies the following conditions :
(T1): = is associative and commutative,
(T2): * is continuous,
(T3): ax1=aforall a € [0,1],
(T4): axb < c*d whenever a < c and b < d for all a,b,c,d € [0,1].

Remark 2.2. A t-norm x is called positive, if a xb > 0 for all a,b € (0,1).

Examples of continuous t-norms are Lukasievicz t-norm, i.e, a*r, b = max{a+b—1,0},
product t-norm, i.e, a * b = ab and minimum t-norm, i.e., a xp; b = min{a, b}, for
a,bel0,1].

The concept of fuzzy metric space is defined by George and Veeramani [3] as follows.

Definition 2.3. [3] Let X be a nonempty set, * be a continuous t-norm. Assume that a
fuzzy set M : X x X x (0,00) — [0, 1] satisfies the following conditions; for each z,y,z € X
and t,s > 0,

(M1): M(z,y,t) >0,

(M2): M(z,y,t) =11if and only if z =y,
(M3): M(z,y,t) = M(y,z,t),

(M4): M(z,y,t)* M(y,z,8) < M(z,z,t+ s),

(M5): M(x,y,-): (0,00) — [0, 1] is continuous.
Then we call M a fuzzy metric on X, and we call the 3-tuple (X, M, %) a fuzzy metric
space.
Lemma 2.4. [/] Let (X, M, x) be a fuzzy metric space. For all x,y € X, M(x,y,-) is a
non-decreasing function.

Remark 2.5. We observe that 0 < M (x,y,t) < 1 provided z # y, for all ¢ > 0 (see [15]).

Let (X, M, %) be a fuzzy metric space. For ¢ > 0, the open ball B(x,r,t) with a center
x € X and radius 0 < r < 1 is defined by B(z,r,t) = {y € X : M(z,y,t) >1—r}. A
subset A C X is called open if for each x € A, there exist ¢ > 0 and 0 < r < 1 such that
B(xz,r,t) C A. Let 7 denote the family of all open subsets of X. Then 7 is a topology
on X, called the topology induced by the fuzzy metric M. This topology is metrizable
(see [0]).
Example 2.6. [3]. Let (X, d) be a metric space. We define axb = ab (or axb = min{a, b})
for all a,b € [0,1], and M : X x X x (0,00) — [0, 1] as

M(z,y,t) = mfor all z,y € X and t > 0.

Then (X, M, x) is a fuzzy metric space. We call this fuzzy metric M as the fuzzy metric
induced by the metric d, and this M is known as the standard fuzzy metric.
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Now we give some examples of fuzzy metric spaces due to Gregori, Morillas and
Sapena [5].
Example 2.7. [5] Let (X,d) be a metric space and g : RT™ — [0,00), Rt = [0,00) be
an increasing continuous function. Define M : X x X x (0,00) — [0,1] as M(x,y,t) =
e(%) for all z,y € X and t > 0. Then (X, M, *) is a fuzzy metric space on X where
* is the product t-norm.
Example 2.8. [5]. Let (X,d) be a bounded metric space with d(z,y) < k for all
x,y € X, where k is fixed constant in (0,00) and g : Rt — (k,0), RT = [0,00) be
an increasing continuous function. Define a function M : X x X x (0,00) — [0,1] as

M(z,y,t)=1- d;ﬁi’) for all z,y € X and ¢t > 0. Then (X, M, *) is a fuzzy metric space,
where * is a Lukasievicz t-norm.

Definition 2.9. [3] Let (X, M, *) be a fuzzy metric space.
(1) A sequence{z,}in X issaid to be convergent to a point € X if im M(z,,x,t) =

n—oo

1 for all ¢t > 0.

(2) A sequence{x,} in X is called a Cauchy sequence if, for each 0 < € < 1 and
t > 0, there exits ng € N such that M(z,,z;,,t) > 1 — € for each n,m > ng.

(3) A fuzzy metric space in which every Cauchy sequence is convergent is said to
be complete.

(4) A fuzzy metric space in which every sequence has a convergent subsequence is
said to be compact.

Remark 2.10. In a fuzzy metric space the limit of a convergent sequence is unique.

Definition 2.11. [17] Let (X, M, *) be a fuzzy metric space. Then the mapping M is
said to be continuous on X x X x (0,00) if

lim M(xn, Yny tn) = M(x? Y, t)

n— oo

when {(@, Yn,tn)} is a sequence in X x X x (0,00) which converges to a point
(z,y,t) € X x X x (0,00), i.e.,

lim M(z,,x,t) = lim M(y,,y,t) =1 and lm M(x,y,t,) = M(x,y,t).
n—00 n—00 n—ro0
Lemma 2.12. [18] If (X, M, *) is a fuzzy metric space, then M is a continuous function
on X x X x (0,00).
The concept of a-admissible mapping was introduced by Samet,Vetro and Vetro [21]
as follows.

Definition 2.13. [21] Let X be a nonempty set, 7: X — X and o : X x X — [0, 00)
be maps. We say that T is an a-admissible mapping if for all 2,y € X, we have a(z,y) >
1= a(Tz, Ty) > 1.

In 2013, Salimi, Latif and Hussain [20] modified the concept of a— admissible mapping
as follows.

Definition 2.14. [20]. Let X be a nonempty set, T : X — X and a,n: X x X — [0, 00).
We say that T is an a-admissible mapping with respect to 7 if for all z,y € X, we have
a(z,y) =2 n(z,y) = ao(Tz, Ty) = n(Tz, Ty).

If we take n(z,y) =1 for all z,y € X, then T is an a-admissible mapping. If we take
a(z,y) = 1, then we say that T is an n-subadmissible mapping.
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In 2016, Supak, Cho and Kumam[17] introduced the a*— admissible mappings in fuzzy
metric spaces.

Definition 2.15. [17] Let (X, M, *) be a fuzzy metric space. A mapping T': X — X
and let a* : X x X x (0,00) — [0,00) be a function. We say that T is an o*-admissible
mapping if, for all z,y € X and t > 0, a*(z,y,t) > 1 = o*(Tz, Ty,t) > 1.

In 2016, Supak, Cho and Kumam|[17] introduced the (a*,n*)- admissible mappings in
fuzzy metric spaces.
Definition 2.16. [17] Let(X, M, ) be a fuzzy metric space. A mapping T : X —
X and let a*,n* : X x X x (0,00) — [0,00) be two functions. We say that T is an
(a*,n*)- admissible mapping if, for all z,y € X and t > 0, a*(z,y,t) > n*(z,y,t) =
o*(Tx, Ty, t) > n*(Tx, Ty,t).

Note that, if n*(x,y,t) = 1 then it is clear that T is an a* admissible mapping. if we
take a*(z,y,t) = 1, then we say that T' is an n*-subadmissible mapping.

We denote

S={8=10,1] = [1,0],]| for any sequence{t, } C [0,1],8(t,) = 1= ¢, — 1}.
Note that S # 0, In fact the map 8(t) = %th es.

Remark 2.17. For any § € S and a € [0,1], we have 5(a) = 1 implies that a = 1.
Theorem 2.18. [17] Let (X, M, %) be a complete fuzzy metric space. A mapping T :
X — X be (a*,n*)-admissible map. Assume that there exists a function 8 € S such that
a*(z, Tz, t)a"(y, Ty, t) = n"(z, Tz, t)n" (y, Ty,t) = M(Tz, Ty,t) = B(M(z,y,1))N(z,y,t)
where

N(z,y,t) = min{M(z,y,t), max{M(z,Tx,t), M(y,Ty,t)}}
forall x,y € X and t > 0. Suppose that the following conditions hold

(a): there exists xg € X such that o*(xo, Txo,t) > n*(xo, Txo,t) for all t > 0.

(b): For any sequence {x,} C X such that o (xn,Tpt1,t) > 0" (Tn, Tni1,t),
foralln e Nt > 0 and x,, = = as n — oo, then o*(x,Tx,t) > n*(x, Tx,t) for all
t>0.

Then T has a fized point.
Now we introduce the following definition.

Definition 2.19. Let (X, M,*) be a fuzzy metric space. Let T': X — X and let
a*;n* 1 X x X x (0,00) = [0,00) be two functions. if there exists a function § € S such

that,
o (z, Tx, t)a* (y, Ty, t) > n*(z, Tx,t)n*(y, Ty, t) = M(Tz, Ty,t) > 2.1)
BM(z,y,t))N(z,y,t)K(z,y,1), '

where
N(z,y,t) = min{M (z,y,t), max{M (z, Tx,t), M (y, Ty,t)}}.
and
K(z,y,t) = max{M(z,y,t), M(x,Tz,t), M(y, Ty, t), M(z,Ty,t), M(y, Tz, t)}.

Then we say that T is a generalized modified (a*,n*,8) contractive mapping.
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Example 2.20. Let X = [0,%] U [l,00) and M(z,y,t) = (t%)d(g"y)7 where d(z,y) =

|z — y|, * be product continuous t-norm. Here (X, M, %) is complete fuzzy metric space.
Let T : X — X be a map defined by

Let a*,n* : X x X x (0,00) — [0, 00) defined by

2, ifx,ye(0,3]U{1l}
0, otherwise

a*(et) = {

and

. 1, ifxz,ye(0,2]u{l}
(2,9, 1) _{ 2, otherwise

is a generalized modified (a*,n*, 8) contractive mapping.

In Section 3, we prove the existence of fixed points for generalized modified (a*, n*, §)-
mappings in a complete fuzzy metric spaces. we provide some examples to show the
validity of our results. Our result generalized the results of ([17]).

3. MAIN RESULTS

The following propositions are needed to establish the main result

Proposition 3.1. Suppose (X, M, *) is fuzzy metric space. Let {x,} be a sequence in X
such that

M (zp, Tni1,t) = 1 asn — oo,Vt > 0 . If {z,} is not a Cauchy sequence then there
exist 0 < € < 1, tg > 0 and sequences of positive integers {m(k)} and {n(k)} with
m(k) > n(k) > k for each k € N such that M (x,(x, Tn(k),to) <1 —€ and

(i) Jim M (T (k) Tn(k), to) = 1 — €,

o t
(iii) klir& M (T (k) Tn(k) ZO) =1—k¢,

. to
(1)) kli)I{.loM(xm(k)—laxn(kza 5) =1-—g¢
(Z,L) kli)I{.loM(xm(k)vxn(k)v 50) =1-—c¢
t

(T (k) =15 T (k)15 50) =1-—g¢
o to
(vi) klg& M (Zy(k)+15 T (k)41 5) =1—ce.

(iv) lim M
k—o0

Proof. Suppose that the sequence {z,} is not a Cauchy sequence. Then there exist
€ € (0,1) and to > 0 such that for all & > 1, there are positive integers m(k),n(k) € N
with m(k) > n(k) > k and

M (T (kys Ty to) < 1 — €. (3.1)

+ m Bangmod-JMCS—jmcs@kmutt.ac.th ~ (©2017 By TaCS Center.



Bangmod Int. J. Math. & Comp. Sci., 2017 ISSN: 2408-154X 40

Since M (z,y,-) is a non- decreasing map, we have

to

1)
to

< M (Zn(k)s Tm(k) 5)

to
M (Z (k) (k) » g) < M (T (i), T (k)

< M(Zp k), T (), to)
<1-—e

Now, for any n(k), m(k) satisfying (3.1), we have
t
M (T (ks Tin(hy s go) <l-e

We assume that m(k) is the least positive integer exceeding n(k) and satisfying the above
inequality, that is,

t t
M (% (ks Tk go) <1—eand M(@pk); Tm(k)-1, go) >1-—e

Thus,
to to
M (T (), Ty —1,t0) = M(Tp(r), Ty -1, 5) > M(Znk) Tmk)—15 Z)
t
> M(xn(k)7 Tm(k)—1s go)
> 1-e (3.2)
we now prove (i). we have,
t t
L—e€> M(@p@y, Tmysto) = M(Tpi)s Tm(k)—15 50) * M (T (k)15 Tm(k)s 50)
t
> (1 =€) x M(Tm(k)—1, Tim(k), 50) (3.3)

. . t . t
Since klggo((l—e)*M(xm(k)_l,xm(k), 50)) = (1—6)*}};&10 M (T (k)—15 T (k) 50)) = (1—e)x*

1 = 1—e¢, from (3.3) it follows that lim M (), T k), to) exists and lim M (2, k), k), to) =
k—o0 k—o0
1 — e. Hence (i) holds.

Now, we have

t t t
1 —€> M(2p), Tm(r), 50) > M(Znk)s Tmk)—1 ZO) * M (T (k)15 Tm(k)s ZO)
t
> (1 =€) x M(Tmk)—1, Tim(k), ZO) (3.4)

4
Since lim (1 —€) = lim ((1 =€) * M(Zpy(k)—1, Tm(k)> ) =1 —¢, from (3.37) we have

. 0 . . 0
klg{)lo M (2 (k) Tn(k)» 5) exists and klingo M (2 (ks Trn(k)s 5) =1-e
Again,we have
to t tO

—€> M(Zpi), Tmk), =) = Tn(k)s (k)15 ) * M (Ton(k) 1, Tk =)
1 > M( 4) > M( 3 3
t
> (1 —6) *M(xm(k)—lyxm(k)yg())- (3.5)
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. . to . to
Since kl;rﬁio((l—e)*M(xm(k)_l, T (k)5 g)) = 1—e, from (3.5), we have kl;ngo (T (k)s Tm(k)s Z)

t
exists and Hm M (2y,(ky, T (k) ZO) =1—e

k—o00

Therefore (i)-(iii) follows

We now prove (iv). By condition (M4) in fuzzy metric space we have that

t t t to
M (2 (k) =15 T (k)41 50) > M(Zp(k)+15 Tn(k) §O) * M (L), T (k) ZO) * M (T (k) Tm(k)—15 g)-(3.6)
By taking limit inferior as &k — oo, we get
.. to - to N to
G inf M (2 () -1, T (i) 415 ) 2 BNEM (2 (1) 41, Tnr), E) * Hminf M (@), Tmew), )
- lo
* Hminf M (@), Tm(e)-15 5)-
Now, using M (2, Tny1,t) — 1 as n — 00, Vt > 0 and (iii) we obtain
t
lim inf M (2 (k) =1, T (k)+15 —0) >lx(l—e)x1l=1—c¢ (3.7
k—o0 2
Moreover, from the condition (M4) of fuzzy metric space, we have
to to to
M (2 (k) (k) to) = M (Zrk), Tn(k)+1 Z)*M(xn(k)-&-la (k)15 5)*M($m(k)—1, T (k) Z)'
(3.8)
By taking limit inferior as £ — oo on both sides of the above inequality , we get
o lo
1—e> linl)g.}fM(xn(k)-&-la Tm(k)—1s 5) (39)
From (3.38) and (3.9) we have
lo
im i —)=1—¢. 1
hknig.}fM(zn(k)+17wm(k)—la 2) € (3.10)
Now we take limit superior in (3.8) as k — oo
t
1 — e > limsup M (Zp (k)41 Tm(k)—1 —O). (3.11)
k—o0 2

From (3.10) and (3.11) we obtain

.. t . t
hkrgg;fM(xn(k)-i-h Tm(k)—1> 50) = hgl)SOlipM(xn(lc)-&-la Tm(k)—1s 50) =1l-e (312)
Thus,
. tO . . to
khj& M (2 (k)15 T (k)—15 5) exists and kl;rr;o M (2 (k)15 Ton(k)—15 5) =1-—e
Thus (iv) holds.
t
(v) We show that Lm M (2 k)1, Tn(k), —0) =1-e
k—o0 2
By using condition (M4) of fuzzy metric space, we have
t t t
M (Z (k) =1, T (k) 50) > M(Zm(k)—15 Tm(k) ZO) * M (Zon(k)> Tn(k)s ZO)~ (3.13)
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By taking limit inferior as k — oo, in (3.13), we get

to to t
hkmlnfM(xm(k) L Tn(k)s )>hm1nfM(:cm(k) 1 Tm(k)s )*hmlnfM(xm(k),xn(k), O).

(3 14)
Now, using M (2, Tny1,t) — 1 as n — 0o, Vt > 0 and (iii) we obtain
to
2

Moreover, from the condition (M4) of fuzzy metric space, we have

lim inf M(xm(k)—hxn(k) =)>1x(l—€)x*x1=1—¢ (3.15)
k—o0

to t

M(xn(k)a T (k) tO) > M(xn(k)a T (k)15 o ) * M(xm(k) 15 Tm(k)> 50) (316)

By taking limit inferior as & — oo on both sides of the above inequality , we get
o to
1—e>1 fM —). 1
¢ 2 limin (T (k) Tm(k)—1 2) (3.17)
From (3.15) and (3.17) we have
to
li fM =1-—ce 1
imin (Tn(k)s Tmk)—1> o 5 )=1-c¢ (3.18)

Now we take limit superior as k — oo in (3.16) we have

t
1 — € > limsup M (2 k), To(k)—15 —O). (3.19)

k—o0 2

From (3.18) and (3.19) we obtain

.. to . to
hkrglorgf M (2 (kys Ton(k)—1 5) = lllzrisolip M (2 (ks Trn(k)—1 5) =1-c¢ (3.20)
Thus,
to to
klggo M (2 (k)5 T (k) —1 5) exists and klim M (Zr (k) Trm(ky—15 o 5 ) =1-—ce

This proves (v).

to

=1-
5=l
By using condition (M4) of fuzzy metric space, we have

vi) We prove hm M (Zm(k)+1> Tn(k)+15 o
k—o0

t t
=) M (T (ks T (i) 415 §OX3-21)

t
OY > M(Zm(k) 41> Tmk)s ;) * M (T (k) Tn(k)s 1

M (T (k)15 Tn(k)+1> o 5

By taking limit inferior as k — oo in (3.21), we get

to to, .. . to
hkm inf M (2, (k)15 Tr(k)+1> o 5 ) > hkm inf M (2, (k)15 Ton()» o 5 )*hkrgng(xm(k), T (k) g)*
- lo
1 fM —). .22
im inf M (2 ), Tnek)+1, 3 ). (3.22)
Now, using M (2, Tpy1,t) — 1 as n — 0o, Vt > 0 and (iii) we obtain
t
hkmlnfM(:cm(k)Jrhxn(k)H, 20) >1x(l—e)x1=1—¢ (3.23)
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Moreover, from the condition (M4) in the definition of fuzzy metric space

t t t
M (% (), Ton(i) o) > M (T (k) (k)41 ZO)*M(xn(k)+17 T (k) +15 50)*M<xm(k)+17 Tm(k)s ZO)-
(3.24)
By taking limit inferior as & — oo on both sides of the above inequality , we get
. to
—€> —). .
1—e> llkrgng(xn(k)H,xm(k)H, 5 ) (3.25)
From (3.23) and (3.25) we have
- to
hknig.}f M (Zn(k)+1> Tm(k)+15 5) =1-e (3.26)
Now we take limit superior in (3.24) as k — oo
. t
1 — e > lmsup M (T (k)41 Tm(k)+1 50) (3.27)
k—o0
From (3.26) and (3.27) we obtain
.. t . t
hkrggjlf M (Zr (k)15 T (k)41 50) = h]zrisip M (Zr (k) +1> T (k)41 50) =1-—e (3.28)
Thus,
. to . . to
klirr;o M (2 (k)15 Ton(k)+15 5) exists and khﬁn;o M (2 (k)15 Trn(k)+15 5) =1-e
Hence (vi) holds.
This completes the proof of Proposition 3.1. |

Proposition 3.2. Let (X, M,*) be a fuzzy metric space. Let T : X — X be a gen-
eralized modified (a*,n*,)- contractive mapping. Fiz xo € X and define a sequence

{xn} by Tpi1 = Tay, forn = 0,1,2,---. If a*(2n, Tnt1,t) = 0" (Tn, Tni1,t) VR and
lim M(zp,Zni1,t) =1 then {x,} is Cauchy sequence in X.
n— oo

Proof. Suppose, on the contrary, that {z,} is not a Cauchy sequence. By Proposition
3.1, there exist 0 < € < 1, tg > 0 and sequences of positive integers {m(k)}, {n(k)} with
m(k) > n(k) > k for any k € N such that

lim M (2 (k)415 Trm(k)+1, to) = 1—€

. . t
lim M (2y,(k), Tm(k), to) = Jm M (% (ks Tk, 50) = lim
(3.29)

k—o0

We have

to

* loy . toy . t
a (ﬂfn(k),Tﬂin(k),go)a (Jﬁm(k),T%m(k),;) >n (xn(k)aTxn(k)aEO)n (T ks T (k) >

2)

Hence, from (1), we have

to t to to

M (T ), T (k) 5) > B(M (Zn(k)s T (k) 50))1\7(%(@, Ton (k) E)K(In(k)a T (k) 5)-

Therefore

(0]

M Tn(k s Tm(k 77L0 t
_ ( G, S 2 s(u Tty Em ) ) 2 1. (3:30)
(Zn(r)s Tm)s ) K (Tnik)s Tmerys 5
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where

K (Tn(k) Tk, L) = max{M (Tp()s Tm(k)s 2)s M (@) Tm(e)+15 2 )s M(Trm()s Tk)+1, 2,

M (L), Tn(k)+1> 2y M (T (k) Tin(ky+1, 5)} and

N (T (k) T (k) %) = min{ M (2, () T (k) ), max{ M (T (k) Ty 41> 2)s M (@) Ty 1> 2) 3}
Hence we have

. to . to
klg{)lo (Tn(k)> Tm(k)s E) =1 and kli)rr;o N (T (), T (k) 5) =1-e (3.31)
Thus, on taking limits as k — oo in (3.30) and by using (3.29) and (3.31), it follows
that
1—e€ . t
> lim B(M (2 (ks Trm(k) 50)) >1

1—€¢ k—oo

which implies that,
lim A(M( 0y =1
im x x —)) =1
oo n(k)s Lm(k) 2
Hence, from the property of 5, we have

. t
Hm M (k) T (k) 50) =1

k—o0

t
Thus, 1 —e= klim M (2 (k) s Trn (k) s 50) = 1. so that ¢ = 0, which is a contradiction.
—00

Therefore {x,} is a Cauchy Sequence.
|

Theorem 3.3. Let (X, M, *) be a complete fuzzy metric space. Let T : X — X be a gen-
eralized modified (a*,n*, B)- contractive mapping. Suppose that the following conditions
hold:
(a): T is (a*,n*) admissible mapping;
(b): there exists xg € X such that a*(xg, Txo,t) > n*(xo, Txo,t) for all t > 0;
(c): for any sequence {x,} C X such that o (zy, Tni1,t) > Nk (T, Tpy1,t) for
alln € Nt >0 and x,, » x as n — o0, then a*(z, Tz, t) > nx* (x,Tx,t) for all
t>0.

Then T has a fized point.

Proof. Let g € X be such that o*(zg, Txo,t) > n*(xo, Txg,t) for all ¢ > 0. Define a
sequence {z,} in X such that z,, = T"x¢ = Tx,—; for alln € N. If ,, = x, 41 for some
n € N, then z,, = Tz, and hence z,, is a fixed point of T" and we are done.

Assume that z,, # 2,41 for all n € N. Since T is (o*,n*) admissible mapping and since
a*(zg, Txo,t) > n*(xg, Txo,t) it follows that

o (x1, 22, t) = & (Txg, Tx1,t) > 0" (Txo, Tx1,t) = 0" (21, T2, 1)

so that
o™ (zg, Txo, t)a* (21, Tx1,t) > 0 (xo, Txo, t)n* (21, Tx1, t).

On continuing this process, we have o* (2, Txp, t) > n*(y, Txy, t), for all n > 1 and so
we have
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o*(p—1,Txp_1,t)a*(xn, Txn,t) > 0" (Tn-1,TTn-1,t)n" (n, Txy,t) for all n € N and
t > 0. Now, from the inequality in (1), we have
M($n7$n+1,t) = M(T(Enfl,T.'L'n,t)
> 5(M(xn717 Tn, t))N(xnflv Ty t)K(mnfla Tn, t) (332)

where
N(xp-1,2n,t) = min{M(zp_1,Tn,t), max{M (x,_1,Txn_1,t), M(xy, Tx,,t)}}
= min{M(zp—1,Zn,t), max{M (xn_1, Tn,t), M(zpn, Tnt+1,t)}}.(3.33)
and
K(xzp_1,2n,t) = max{M(zp_1,Tn,t), M(tpn-1,TTn-1,t), M(zp, TTpn,t)M(xp_1,Txn,t),

M(xn,Txn_l,t)}.

Since M (zp, Txp—1,t) =1 for all n € N and ¢ > 0 we have that K(x,_1,x,,t) =1 for
all n.
Moreover, since min{a, max{a,b}} = a, we have

N(zp_1,2n,t) = min{M(xp_1,2n,t), max{M(z,_1,Txp_1,t), M(2y, Tx,,t)}}
= M(zp_1,Zn,t).

Hence

M(zp, zpy1,t) > B(M(xp-1,Tn, t))M(zp-1,2,,t) foralln e N and ¢ > 0.
(3.34)

It follows that the sequence{M (z,,n+1,t)} is an increasing sequence in (0,1]. Thus,
there exists I; € (0,1] such that

lim M(zy,2Zn41,t) =1 for each ¢ > 0.

n—oo

We now prove that l; = 1 for each ¢t > 0. Let ¢ > 0 from (3.34), we have W >
BM(zp—1,2Zn,t) > 1, which implies that lim B(M(z,—_1,2n,t)) = 1 . Hence by the
n—oo
property of the function 8 we have lim M (z,_1,z,,t) = 1,, that is {; = 1.
n—oo

Thus by Proposition 3.2 we have {z,} is a Cauchy sequence. Since (X, M, *) is complete,
there exists * € X such that z,, — z* as n — oo for each ¢t > 0. By condition (c) we
have a*(z*, Tx*,t) > n*(z*,Tz*,t). Hence we get that a*(xy,, Ty, t)a*(x*, Ta* t) >
0 (@, Txp, t)n* (*, Ta*,t) for alln € NU{0} and t > 0. Now, by applying the inequality
(1), we have

M(Tz*,Tx,,t) = M(Tx", xp11,t) > B(M(z*, 2, t))N(x*, xpn, ) K (2", 2, t)
(3.35)
where
N(x*,zp,t) = min{ M (z*, x,, t), max{M (z*, Tz",t), M (zy, Txpn,t)}}
and

K(x*,zy,t) = max{M (z*, xn, t), M (™, zpi1,t), M(xpy1, Ta™ )M (", Tx", t), M(zy, TTp,t)]
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Hence it follows that
lim N(z*,z,,t) =1and lim K(z* z,,t) = 1. (3.36)

n—roo n—oo

On taking limits as n — oo in (3.35), we get

n— oo n— oo

This implies that lim, oo M (T2*, £,41,t) = 1, which shows the sequence {z,,} converges
to Tz*,but the sequence {x,} converges to x*. Since the limit of a convergent sequence
in a fuzzy metric space is unique, we have that Tx* = z*. [ |

In order to prove the uniqueness of fixed points of Theorem 3.3, we use the following
"Condition(H)": a*(z,y,t) = n*(x,y,t) if and only if z = y. The following are examples
of a* and n* satisfying ’Condition(H)’

Example 3.4. Define a* and n* on [0,00) x [0,00) x (0,00) — [0,00) by

* Sx+t ifx=
04(1772170:{0 lfl’#z

and

« Sy+t ifx=
n (x,y,t)Z{ ) ifx#z.

Then o*,n* satisfying Condition(H).
Example 3.5. Let X = [0,00). we define a*,n* : X x X x (0,00) — [0, 00) by

. _ (@y+t)? ifr=y
@ (;my,t)—{ tx ifoz#y

and

N  (zy+t)? ifz=y

Then o*,n* satisfying Condition(H).

Theorem 3.6. : In addition to the hypotheses of Theorem 3.3, we assume that 'Condi-
tion(H)’ holds. Then T has a unique fized point in X .

Proof. Suppose = and y are fixed points of T. Thus, Tx = z and Ty = y which implies
that o*(z,Tx,t) = o*(z,z,t) and o*(y,Ty,t) = a*(y,y,t). By condition (H), we have
o*(z,z,t) = n*(x,x,t) and a*(y,y,t) = n*(y,y,t) for all ¢ > 0. This implies that
o (z, T, t)a™(y, Ty, t) = n"(x, Tz, t)n" (y, Ty, ).
Since T is a generalized modified (a*,n*, 3) contractive mapping, we have that
M(z,y,t) = M(Tz,Ty,t) > B(M(z,y,1))N(z,y,t) K (z,y,1)
where N(z,y,t) = min{M (z,y,t), max{M (z, Tz, t), M(y, Ty, t)}} = M(x,y,t) and

K(z,y,t) = max{M (z,y,t), M(x,Tx,t), M(y, Ty, t), M(x, Ty, t), M(y, Tz, t)} = 1.
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This implies that
M(z,y.t) = B(M(z,y,t))M(z,y,t) > M(z,y,t)

Thus (M (z,y,t)) = 1 for all t > 0. By Remark 2.17 we get that M (z,y,t) = 1 for all
t > 0. This implies that = y and the conclusion of the Theorem follows.
|

Theorem 3.7. Let T be a self map satisfy all the hypotheses of Theorem 3.3. Then for
any € X with o*(z,Tx,t) > n*(x,Tx,t), the sequence of iterates {T™x} converges to
z(say) in X. Further, z the unique fixed of T.

Proof. Let x,y be points in X with a*(x, Tz, t) > n*(x,Tx,t)
and
a*(y, Ty, t) = n"(y, Ty, 1).
From the proof of Theorem 3.3, the sequences {T"z} and {T™y} converge to the fixed
points of T

Suppose T"x — uw and Ty — v. we show that u = v. From the hypotheses of Theorem
3.3 we have o*(u, Tu,t) > n*(u, Tu,t) and o*(v,Tv,t) > n*(v,Tv,t). This implies

o*(u, Tu, t)a* (v, Tv,t) > n*(u, Tu, t)n* (v, Tv, t)for all t > 0. (3.37)
Thus
M(u,v,t) = M(Tu, Tv,t) > B(M(u,v,t))N(u,v,t)K(u,v,t).
Here we observe that N(u,v,t) = M(u,v,t) and K(u,v,t) = 1. By (3.37) we get
M(u,v,t) > B(M(u,v,t))(M(u,v,t)) > M(u,v,t).

Hence S(M(u,v,t)) = 1. By Remark 2.17, we have M (u,v,t) =1, for all £ > 0. Hence
u=v. n

By taking n*(z,y,t) = 1 in Theorem 3.3, we have the following result.

Corollary 3.8. Let (X, M, x) be a complete fuzzy metric space. A mapping T : X — X
be a*-admissible map. Assume that there exists a function B € S such that

o (z, Tz, t)a” (y, Ty, t) > 1 = M(Tx,Ty,t) > B(M(z,y,t))N(z,y,t) K (x,y,t)
where
N(z,y,t) = min{M (z,y,t), max{M (z, Tz, t), M(y, Ty,t)}}
and
K(z,y,t) = max{M (z,y,t), M(x,Tx,t), M(y, Ty, t), M(x, Ty, t), M(y, Tz, t)}

forall x,y € X and t > 0. Suppose that the following conditions hold

(a): there exists xo € X such that o*(xg, Txo,t) > 1 for all t > 0.
(b): For any sequence {x,} C X such that a*(Tn,Tnt1,t) > 1, for all n €
N,t >0 and z, — x as n — oo, then o*(x,Txz,t) > 1 for all t > 0.

Then T has a fized point.
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Corollary 3.9. Let (X, M, ) be a complete fuzzy metric space. A mapping T : X — X
be o -admissible map. Assume that there exists a function B € S such that

1
a*(z, Tx, t)a*(y, Ty, t)

M(Tz,Ty,t) > B(M(z,y,t))N(z,y,t) K(z,y,t) (3.38)

where
N(z,y,t) = min{M (z,y,t), max{M (z, Tx,t), M(y,Ty,t)}}.
and
K(z,y,t) = max{M(x,y,t), M (z,Txz,t), M(y,Ty,t), M(z,Ty,t), M(y, Tx,t)}
for all x,y € X and t > 0. Suppose that the following conditions hold.
(a): there exists xg € X such that o*(xo, Txo,t) > 1 for all t > 0.
(b): For any sequence {x,} C X such that a*(zpn,Tni1,t) > 1, for all n €
N,t >0 and z, = x as n — oo, then o*(x,Tx,t) > 1 for all t > 0.

Then T has a fizved point.

Proof. let o*(x, Tx,t)a*(y, Ty,t) > 1. Thus T t)la*(y T 1 and this implies that
T t)la*(y T t)M(Tx,Ty,t) < M(Tx,Ty,t). From (3.38) it follows that
M(Tz,Ty,t) > B(M(x,y,t))N(x,y,t)K(z,y,t). Hence by Corollary 3.8 T' has a fixed

point. |

By taking a*(z,y,t) = 1 in Theorem 3.3, we have the following result.
Corollary 3.10. Let (X, M, x) be a complete fuzzy metric space. A mappingT : X — X

be n*-sub admissible map. Assume that there exists a function 5 € S such that
n* (@, Tz, t)n*(y, Ty, t) < 1= M(Tz,Ty,t) > B(M(z,y,1))N(z,y,t) K(z,y,1)
where
N(z,y,t) = min{M (z,y,t), max{M (z, Tz,t), M (y, Ty,t)} }
and
K(x,y,t) = max{M(z,y,t), M(x, Tz, t), M(y, Ty, t), M (x, Ty,t), M(y, Txz,t)}.
forall x;y € X and t > 0. Suppose that the following conditions hold

(a): there exists xg € X such that n*(xg, Txo,t) <1 for all t > 0.
(b): For any sequence {x,} C X such that n*(xn,Tnt1,t) < 1, for all n €
N,t >0 and z, —» x as n — oo, then a*(xz,Tz,t) <1 for all t > 0.
Then T has a fized point.

If T: X — X is n*-sub admissible, then we have the following corollary.

Corollary 3.11. Let (X, M, x) be a complete fuzzy metric space. A mappingT : X — X
be n*-sub admissible map. Assume that there exists a function 8 € S such that

1
M(Tz,Ty,t) > 77*(%T%m*(%Tyﬂt)ﬂ(M(x,y, )N (z,y,t)K(z,y,1)

where
N(z,y,t) = min{M (z,y,t), max{M (z, Tz, t), M (y, Ty,t)}}
and

K(z,y,t) = max{M(x,y,t), M(x, Tx,t), M(y, Ty,t), M(x,Ty,t), M(y, Tz,t)}.
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for all x,y € X and t > 0. Suppose that the following conditions hold

(a): there exists xg € X such that n*(zg, Txo,t) <1 for allt > 0.
(b): For any sequence {xzn,} C X such that n*(z,,xnt1,t) < 1, for alln €
N,t >0 and z, — x as n — oo, then o*(x,Txz,t) <1 for all t > 0.

Then T has a fized point.

If we take a*(z,y,t) = 1 in Corollary3.9 or n*(z,y,t) = 1 in Corollary 3.11, we have
the following result

Corollary 3.12. Let (X, M,x) be a complete fuzzy metric space. T be a mapping T :
X — X . Assume that there ezists a function 8 € S such that

M(Tz,Ty,t) > B(M(x,y,t))N(x,y,t) K (z,y,t)
where
N(z,y,t) = min{M (z,y,t), max{M (z, Tz, t), M(y, Ty,t)}}
and
K(x,y,t) = max{M(z,y,t), M(x, Tz, t), M(y, Ty, t), M (x, Ty,t), M(y, Txz,t)}.
forallz,y € X andt > 0. Then T has a fixed point.

Remark 3.13. Theorem 2.18 follows as a corollary to Theorem 3.3 by choosing K (x,y,t) =
1 for all z,y € X and t > 0.

Now, we give an example in support Theorem 3.3.

Example 3.14. Let X = [0,2] U [l,00) and M(z,y,t) = (t%)d(w,y)’ where d(z,y) =
|z —yl|, x,y € X, * is product continuous t-norm. Here (X, M, %) is complete fuzzy metric

space.
Let T: X — X be a map defined by

_ [z ifzel0,2]
T‘T{o if = € [1,00)
Let a*,n* : X x X x (0,00) — [0, 00) defined by

i} 2 ifagye[o,%}u{l}
a*(z,y,t) = { 0 otherwise.
and
. (1 ifx,ye[o,%]U{l}
n*(x,y,t) = { 2  otherwise.

We have o*(z,y,t) > n*(z,y,t) if and only if z,y € [0, %} U {1}. On the other hand ,
for all z,y € [0, 2] U {1}, we have T < 1 and Ty < 1. This implies that

o* (T, Ty,t) > n* (Tx, Ty, ).

Hence T is o, n* admissible mapping.

Moreover, a*(%,T%,t) > n*(%,T%,t).

Let {x,} be a sequence in X such that o* (2, Tpi+1,t) > 0*(2p, Tnt1,t) for all n € NU{0}
and x, — x as n — oo, then {z,,} C [0,1], and hence x € [0, 2] U {1} . This implies that
o*(z,Tx,t) > n*(xz,Tx,t) for all n € N and ¢t > 0.
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Suppose a*(z, Tz, t)a*(y, Ty, t) > n*(z, Tz, t)n*(y, Ty,t). Then z,y € [0, 2] U {1}.

1 d(Tz,Ty) | Tx—Ty|
Case i: If z,y € [0, 2] and B(t) = t~2 then M (Tz, Ty,t) = ( ¢ = (t%)

(4" &

o () ) T ()T ()™ = s ) M) >
BM (z,y,t))N(z,y,t) = B(M(z,y, t)N(z,y,t) K (z, y,1).

Case ii: If z € [0,2] and y =1

¢ o\/E70 t o\ t \'"°
M(Tx, T =(— R M S
wotin= (1) = () Mewo=(7)

e ) = () 0 200 = (i) 7 = () o = (i)
Here we have

Then,

N(z,y,t) = min{M(a@y,t),lr_nax{M(%T:E,t),]\/.;(%Ty,t)}}
= () e () (75
_ (Htl) (3.39)

On the other hand

K(z,y,t) = max{M(z,y,t), M(x,Tx,t), M(y, Ty, t), M(x,Ty,t), M(y, Tx,t)}
£\ t\® [ t\® t \4%)
= max _— s\ T/ 2, s s
(1) () () (1) ()
n 3
= (). 3.40
(7) (340

o~
+
—_
N—
(S
A%
/N
o~
+ |~
—
N—
|
ol
+
8
/N
o~
—+ |
—
~———
—
|
8
/N
o~
+
—
N—
[N

Now, M(Tz,Ty,t) = (L
This implies that
M(Tz,Ty,t) > B(M(z,y,t))N(z,y, ) K (z,y,1).

It is easy to show that M (Tx,Ty,t) > S(M(z,y,t))N(z,y,t)K(x,y,t) for z =1,y = 1.
Therefore T satisfies all conditions of Theorem 3.3 with 3(t) = t~2 and 8 € S. 0 is the
fixed point of T.

we now show that contractive condition in Theorem 2.18 fails to hold . For, we choose,
xz%&ndyzlandt>0, we obtain

1 1 1
2 t 3 2 t 3 2 2 t 3 t
M(T-,T1 = — M(=,1 = — M(=,T- = — M(1,T1 =(—
@i - () G- (o) wGrio - (o) e - ()
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and

N(z,y,t) = min{M(z,y,t), max{M(z,Tz,t), M(y,Ty,t)}}

- wn{(et) {0 ()

- <t+t1) . (3.41)

If there exist 3 € S such that (t%) = M(T2,T1,t) > B(M(2,1,£))N(%,1,t), then

B(M(%,1,t)) = 1. By Remark 2.17 we have M(3,1,t) = 1, a contradiction. Hence

Remark 3.13 suggests that Theorem 3.3 is a generalization of Theorem 2.18.

ol
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