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COUPLED COMMON FIXED POINT THEOREMS FOR
p-CONTRACTIONS IN PROBABILISTIC METRIC
SPACES AND APPLICATIONS

S. H. WANG, A. A. N. ABDOU AND Y. J. CHO

ABSTRACT. In this paper, we give some new coupled common fixed point theo-
rems for probabilistic p-contractions in Menger probabilistic metric spaces. As
applications of the main results, we obtain some coupled common fixed point
theorems in usual metric spaces and fuzzy metric spaces. The main results of
this paper improve the corresponding results given by some authors. Finally,
we give one example to illustrate the main results of this paper.

1. Introduction and Preliminaries

In 2006, Bhaskar and Lakshmikantham [1] initially introduced the concept of
coupled fixed points and proved the coupled fixed point theorem with application
in boundary value problem in metric spaces. Later, Lakshmikantham and Ciri¢ [16]
considered the concept of commuting mappings with the mixed monotone property
and proved some coupled fixed point theorems which extends and improves the
results of Bhaskar and Lakshmikantham [1]. After the work of Bhaskar and Lak-
shmikantham [1] and Lakshmikantham and Ciri¢ [16], many authors study the
existence and uniqueness of coupled fixed points for various classes of mappings in
metric spaces, cone metric spaces and fuzzy metric spaces (see [21, 4, 14, 23, 17, 12]).

In 1942, Menger [18] introduced the concept of probabilistic metric spaces, which
is a generalization of metric spaces. Since then, fixed point theory in probabilistic
metric spaces can be considered as a field of probabilistic analysis. Many fixed point
theorems for probabilistic contractions are obtained (see [24, 8, 19, 9, 3, 5, 13]).

Recently, some authors also study coupled fixed point theorems for probabilistic
contractions (see [7, 6, 25, 20]).

In [25], the authors considered the gauge function ¢ satisfying the condition
that ¢(t) < t and (or) lim, . ©™(t) = 0 for all ¢ > 0 and proved some fixed point
theorems by using the gauge function ¢. In this paper, we prove some coupled
fixed point theorems for probabilistic contractions with the gauge function ¢ in
Menger probabilistic metric spaces. Especially, it is worth mentioning that the
gauge function ¢ in our result has the simpler restriction than ones of [25]. Our
result improves the corresponding ones given in [25].

Received: February 2015; Accepted: July 2015
Key words and phrases: Menger probabilistic metric space, probabilistic ¢-contraction, coupled
fixed points.



96 S. H. Wang, A. A. N. Abdou and Y. J. Cho

Now, we recall some definitions and results in the theory of probabilistic metric
spaces. For more details, the readers refer to [22, 2, 11].

Definition 1.1. A mapping F : (0,00) — [0, 1] is called a distribution function if it
is non-decreasing and left-continuous with inf,cg F(z) = 0. If in addition F(0) = 0,
then F is called a distance distribution function.

Definition 1.2. A distance distribution function F' satisfying lim;_, ., F(t) = 1 is
called a Menger distance distribution function.

The set of all Menger distance distribution functions is denoted by D*. This
space D7 is partially ordered by the usual pointwise ordering of functions, that is,
F < G if and only if F(t) < G(t) for all ¢t € [0,00). The maximal element for D
in this order is the distance distribution function ¢y given by

0 ift=0,
€0@)_{1 if £ > 0.

Definition 1.3. A triangular norm (shortly, t-norm) is a binary operation A on
[0,1] satisfying the following conditions:

(1) A is associative and commutative;

(2) A is continuous;

(3) A(a,1) =a for all a € [0, 1];

(4) A(a,b) < A(c,d) whenever a < ¢ and b < d for all a,b, c,d € [0,1].

Two typical examples of the continuous ¢-norm are Ap(a,b) = ab, Ap(a,b) =
min{a, b} for all a,b € [0, 1].
Now, the t-norm is recursively defined by A = A and

Ay, apg1) = AAY @y, @), Tg)

foralln >2and x; € [0,1], i =1,2,--- ,n+ 1.
A t-norm A is said to be of HadZié-type if the family {A™} is equicontinuous at
x = 1, that is, for any € € (0, 1), there exists 6 € (0,1) such that

a>1-0 = A"a)>1—c¢

for all n > 1.
Ay is a trivial example of a t-norm of Hadzié-type [11].

Definition 1.4. A Menger probabilistic metric space (briefly, a Menger PM-space)
is a triple (X, F, A), where X is a nonempty set, A is a continuous ¢-norm and F
is a mapping from X x X — DT (F,, denotes the value of F at the pair (z,y))
satisfying the following conditions:

(PM-1) F, 4(t) =1for all z,y € X and t > 0 if and only if x = y;

(PM-2) F, ,(t) = F, »(t) for all z,y € X and t > 0;

(PM-3) F, .(t +s) > A(Fy4(t),Fy (s)) for all x,y,z € X and t,s > 0.

Definition 1.5. Let (X, F, A) be a Menger PM-space.
(1) A sequence {z,} in X is said to be convergent to a point x € X (write
x, — ) if, for any ¢ > 0 and 0 < € < 1, there exists a positive integer N such that

Fp, () >1—c¢
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whenever n > N;
(2) A sequence {z,} in X is called a Cauchy sequence if, for any ¢ > 0 and
0 < € < 1, there exists a positive integer N such that

F'I:nvmm (t) > 1 —€

whenever m,n > N.
(3) A Menger PM-space (X, F, A) is said to be complete if every Cauchy sequence
in X is convergent to a point in X.

Definition 1.6. [1] Let X be a nonempty set and T : X x X — X be a mapping.
An element (x,y) € X x X is said to be a coupled fized point of T if

T(x,y) =z, T(y,z)=y.

Definition 1.7. [16] Let X be a nonempty set and T: X x X — X, h: X = X
be two mappings.
(1) An element (z,y) € X x X is said to be a coupled coincidence point of h and
T if
T(s,y) = h(z), T(y,2) = hy);
(2) An element (z,y) € X x X is said to be a coupled common fized point of h
and T if

T(z,y) = h(x) =z, T(y,2) =h(y) =y

Definition 1.8. Let (X, F,A) be a Menger PM-space and T : X x X — X,
h : X — X be two mappings. The mappings T and h are said to be weakly
compatible (or w-compatible) if they commute at their coupled coincidence points,
i.e., if (z,y) is a coupled coincidence point of T" and h, then

9(F(z,y)) = F(gx, gy).
2. Main Results

In this section, let RT = [0, +00) and N denote, the set of all positive integers.
Let .+ denote, the set of all functions ¢ : Rt — R™ satisfying the condition: for
each t1,to > 0 there exists r > max{t;,t>} and N € N such that

@"(r) <min{ty, 1} (1)

for all n > N. It is easy to see that (1) implies that, for each ¢t > 0, there exists
r >t and N € N such that

() <t (2)
for all n > N.

Example 2.1. Let ¢ : RT — RT by ¢(t) = /2 for all ¢ > 0. Then ¢ € Py
Let @ denote the set of all functions ¢ : Rt — R™ satisfying the condition:
Jim "(t) =0 (3)
for each t > 0. It is easy to see that, if the function ¢ € ®, then ¢ € ®«. But the
inverse is not true. See the following example:
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Example 2.2. Let ¢ : Rt — R be a function defined by ¢(t) = /2 for all
t €[0,1) and @(t) = 1 for all ¢ € [1,00). For each t1,t2 > 0, there exists r >
max{1,?1, ¢} such that 1 < min{1,¢;,¢,} and hence ¢(r) = 5. Further, we have
©"(r) = 5 for each n € N, which implies that ¢ € ®-. However, ¢ ¢ ® since
p(1) =1.

In [10], Fang introduced a class of functions denoted by ®.,. More precisely, let
®,, denote the set of all functions ¢ : R™ — R* satisfying the condition: for each
t > 0, there exists » > t such that

lim ¢"(r) = 0.

n—roo

For the property of ®,, the readers can refer to [10]. It is easy to see that, if
@ € Py, then p € Py~. But the inverse is not true. See the following example:

Example 2.3. Let ¢ : Rt — RT be a function defined by ¢(t) =t for all t € [0, 1],

o(t) = % for all t € (1,00). Then ¢ € ®y~. In fact, for each t1,to > 0, there exists

r > max{1,t1,t2} such that 1 < min{1,¢,¢}. Then we have

1
©"(r) = = < min{ty, 2}
r

for all n € N and so p € Py+. However, for each t > 0, it is easy to see that
lim,, 00 @™ (¢) exists and lim, o ©™(t) > 0 and so ¢ ¢ Py, .

For @, ®,, and P+, we have ® C Py, C Py

Lemma 2.4. Let ¢ € ®y~. Then, for each t > 0, there exists r > t such that
o(r) <t

Proof. Suppose that there is tg > 0 such that ¢(r) > to for all » > ¢y. By induction,
we obtain that ¢™(r) > to for all n € N. From (2), it follows that there exists r > ¢
and N € N such that ¢"(r) < to for all n > N, which contradicts ¢™(r) > ¢, for all
n € N. Thus, for each t > 0, there exists r > t such that ¢(r) < t. This completes
the proof. 0

Lemma 2.5. Let p € @+ and F,,,G,, : R — [0,1]. Assume that, for eachn € N,
sup;so Gn(t) =1 and
Fo("(t) > Gul(t)

for allt > 0. If each F,, is non-decreasing, then lim,_, F,(t) =1 for each t > 0.
Proof. Since each sup,., G, (t) = 1, for any € > 0, there exists t,, o0 > 0 such that
G(tno) > 1 —e. Let tg = sup,>qtno. Then G,(tg) > 1 — € for each n € N.
For any t > 0, since ¢ € ®y-, there exist » > max{t,to} and N € N such that
©"(r) < min{t, ¢t} for all n > N. Since each F,, is non-decreasing, we have

Fult) 2 Fu(¢"(r)) 2 Gu(r) > Gulto) > 1 — e

for all n > N. Thus it follows that lim,, o F},(t) = 1 for each ¢ > 0. This completes
the proof. 0

Now, we give the main result of this paper.
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Theorem 2.6. Let (X, F,A) be a Menger PM-space under a t-norm A of HadZic-
type. Let T : X x X — X and h: X — X be two mappings satisfying that
Er(a,y),1(u0) (1) 2 A(Fn@),h(w) (); Fiy),nw) () (4)

for all x,y,u,v € X and t > 0, where ¢ € ®y». Suppose that T(X x X) C h(X)
and T(X x X) is complete. Then there exists a unique point (z*,y*) € X x X
such that h(x*) = h(y*) = T(a*,y*) = T(y*,z*). Further, if h and T are weakly
compatible, then there exists unique & € X such that & = h(Z) = T(Z, T).

Proof. Take xg,yo € X arbitrarily. Since T(X x X) C h(X), there exist two
sequences {x, },{y,} C X such that

Mant1) = T(@n, Yn),  A(Ynt1) = T(Yn, zn) (5)
for all n € NU {0}.
Now we prove, by induction, that, for each n € N,
min{Fy(z,, 1), h(20) (L7 (0))s Fhiynia)h(ya) (0" (1))}
> AP (Fy(ay) h(eo) (8)s Faiyn) hiwo) (8))- (6)

By (4) and (5), for n = 1, we have
Fru(z2)h(z1) (P(1) = Fr(ay 1), T (z0,y0) (P(2))
> A(Fh(ey),n(z0) (1) Fhiyr)hiyo) ()

and
Fh(yz),h(yl)(W(t)) = FT(thl),T(yo,wo)((p(t))

2 A(Fh(a1),h(wo) (8)s Fryr) aiyo) (1))
Hence (6) holds for n = 1. Now, assume that (6) holds for some n € N. Then, by
(4)-(6) we have
Fh(wn+2) h(wn+1)( n+1(t))

= Fr(a, i yni) Ty (¢ ”+1(t))

> A(Fh(xn+1) h(zn) (‘P (t)) Fh(yn+1),h(yn)(§0n(t)))

> A(A*™ (Faary o) (8 Fry)hwo) (8)s A2 (Fgas),hzo) (0 Fryn) atyo) ()

= A (Fatar).hao) (8): Fhcy) biao) (1))

Similarly, we have
Fiys) o) (0" (1)) 2 A2 (B nwo) () Fhyn) cwo) (1))

and so )
min{ Fy (2, 00 h(ens) (07 () Fhtynia) by (@7 (1))}

)
2 A2n+1(Fh(r1)7h(fﬁo)( )y Fnya) hiyo) (1),
which implies that (6) holds for n + 1. Therefore, (6) holds for all n € N.
On the other hand, for each n € N, put

Fn(@”(t)) = min{Fh(mLJrl),h(:v,L)((pn (t))v Fh(yn+1),h(yn)(<pn (t))}
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and
Gn(t) = A" (Fh(ar) (o) (B): Fhiyn).hwo) (1))
Then, for each n € N, since A is of H-type, we have

sup Gn(t) =1, Fule"(t)) = Gn(?).

By Lemma 2.5, we have lim,,_, o Fy,(t) = 1, which implies that

A0 Fhe i e (8) =1 (7)
for all t > 0 and
nll)nolo Fh(yn+1) h(yn)( ) 1 (8)

for all t > 0.

Now, let n € N and ¢t > 0. From Lemma 2.4, it follows that there exists r >t
such that ¢(r) < t. We show, by induction, that, for each k € N, there exists
ng € N such that

W { Fr(z,,) (i) (0 Faya) bya) (D)}
2 A" (min{ Fy ) h(@0) (8= 2(7))s Friyn) hiyarn) (&= 0 (r)})- (9)

For k =1, let n; = 1 such that (9) holds since

min{ Fy(a,,). hw0) (0 Fhya).hyn (O}
> Amin{ Fh(z,) h(zny1) (E = 9)s Frgyo) hyni) (E— @(r)})-
Assume that (9) holds for some k € N. Then, by (4), (9) and the monotonicity of
A, we have
Fren)h(@nsne) ) = AFn@,) hzne) &= 00)s Fhie i) (e @)
A(Fh(,) h@agn) = (1) AlFn@,) @) (1) Fhyn) g (7))
A(Fh(e,) b, (= @(r), (Fhm) h(n 1) s Fhyn) hiyn i) (1))
A(Fn(@n),h(ans) = 0(1), A" (Fh(z,) hza ) (E— @),
Fu(yn)h(ynsn) (E = @(r))))
= AL A(Fh(an) h(wns) (&= @(1) A" (Fhe,) hag) (T — (),
Fhyn)hiyar) (E = @(7)))))

(AVARAVARLY]

> A(Fn(y,) h(ynin) (= 0(r), A (Fh(:vn) h(zns) (= Q1))
A™ (B hany) (&= 0(1)s Fryn) hyns) = ©()))))

= A(A(Fh(y,) h(ynsn) & = (1), Fh(xn)h(a:nJrl)( @(r))),
A™ (Fp(a) han 1) &= 0(1)s Fryn) niyny) (E—9(1))))

= A" (Fy ) hansn) (E = 9()), Fh(yn>,h<yn+1>(t —¢(1))-

Similarly, we have

Pty h(gnsns) ) = AT Fru ) i) (€= 2(7))s Fuyo) n(ynsn) (= @(7))).



Coupled Common Fixed Point Theorems for ¢-contractions in ... 101

Thus one has
min{ F(z,.) hn i 1) (s Fh(yn)h(ynnin) (0}
> A" (Fhye,)h(@ns) &= @) Friy) iy & = @(7)))s

where ng41 = 2ng + 2, which implies that (9) holds for k + 1. Therefore, (9) holds
for all £k € N.

Next, we show that {h(z,)} and {h(y,)} are Cauchy sequences, i.e.,
im  Fhe)n,) () =1, Lm  Fy) e, () =1

m,n—00
for any t > 0. Let t > 0 and € > 0. By hypothesis, {A™ : n € N} is equicontinuous
at 1 and so there exists § > 0 such that, if s € (1 — 4, 1], then
AM(s)>1—e€ (10)
for all n € N. Notice that (7) and (8) imply that
T By hea g (6= @) =1, 0 Fyy,) ne,0) (= @) = 1.

Hence there exists ng € N such that, for any n > ng,

min{ Fp ) hansn) (= 20)s Fryn) h(yns) (E—@(1)} € (1 —9,1].
Thus, by (9) and (10), we have
min{ Fh (2,12 1) )y Friyn) im0 (03 = AFh(zn), (@0 ) Friyn),hgn s (£) > 1 —€
for any k € N. This shows that

Fren)h@nin) () > 1 =€ Fry) g () >1—¢

for all £ € N. This proves that {h(x,)} and {h(y,)} are Cauchy sequences. Since
T(X x X) is complete and T'(X x X) C h(X), there exist *,y* € X such that

lim FT(wn—l;yn—l)yh(I*)(t) = nll_)H;o Fh(:vn),h(x*)(t) =1 (11)

n— oo

for all ¢ > 0 and
W Forey, o, 0)ne) () = B Fue, ) nee) () =1 (12)

n— oo

for all ¢ > 0.
Next, we prove that h(z*) = T(z*,y*) and h(y*) = T(y*,z*). Let t > 0. By
Lemma 2.4, there exists r > ¢ such that p(r) < ¢t and so
Fr(ae y),h(z*) (1)
> A(FT(a:*,y*),T(xn,yn)((p(r))’ FT(xn,yn),h(ac*)(t - cp(r)))
> A(A(Fh(z*),h(mn)(r)v Fh(y*),h(yn)(r))7 FT(mn,yn),h(z*)(t - (p(T))) (13)
Letting n — oo in (13), by (11) and (12), we have
Frize yo)n) (t) > A(A(L,1),1) =1
for all t > 0 and so T'(z*,y*) = h(z*). Similarly, we can prove that T'(y*,z*) =
h(y*).
Now, we prove that, if (2/,y") € X x X is another coupled coincidence point of
h and T, then h(z*) = h(z') and h(y*) = h(y’).
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For each t > 0, by (4), we have
Freny n@ (0(t) = Fr y) ey (@) = AFnr@),n@) () Fagne ()

and

Fry)nw) (@) = Fry o, rys o) (@) = AFh)nw (), Fa@)n@ (),
which follow that

A(Frary n(@) (1)) Fuyynw) (1) = A% (Fugerynws) t)s Fryy i (t))-
By induction, we have
min{ Fy,(z1) n(a=) (9" (), Fh(y )h(y) (" (1))}
2 A(F @), n@) (@"(6), Frgy,m (€ (1))
> A (i) no) (8 Fagy)hig) (1))
From Lemma 2.5, it follows that h(z’) = h(2*) and h(y’) = h(y*). This shows that
(z*,y*) is the unique coupled coincidence point of h and T
Now, we show that h(x*) = h(y*). In fact, from (4), we have
Fi(a)h(ya) (P(8) = Frer yo) T(yniwar) (P(1))
> A(Fh(z*),h(yn_l)(t)a Fh(y*),h(mn_l)(t)) (14)
and
Fh(y*),h(xn)(go(t)) = FT(y*,x*),T(mnfl,ynfl)(‘p<t))
> A(Fh(y) h(@n-1) () Faar),h(ya-1) (1)) (15)

for all t > 0. Let M, (t) = A(Fhiy+),h@n) (1), Friz*)ny,)(t)) for all £ > 0. From (14)
and (15), it follows that

My (9" (1) 2 A% (M1 (¢"7H(1))) 2 - 2 A% (Mo(t))
for all ¢ > 0. By Lemma 2.5, we have lim,,_, M, (t) = 1, which implies that

i Fyye) nia,) () = 10 Fyae) niy,) () =1

n— oo

for all t > 0. Hence h(x,) — h(y*) as n — co. Since the limit point of {h(z,)} is
unique, h(z*) = h(y*).

Suppose that h and T are, in addition, weakly compatible. Let & = h(x*). Then
2 = h(y*) since h(z*) = h(y*). Further, we have

h#@) = h(h(z")) = M(T(z",y")) = T(h(z"), h(y")) = T(%,2),
which implies that (&,) is a coupled coincidence point of h and T'. Since g and
F have a unique coupled point of coincidence, we can conclude that h(Z) = h(z*),
i.e., h(Z) = Z. Therefore, we have & = h(&) = T(&, &), that is, & is a common fixed
point of h and T'.

Finally, we prove the uniqueness of common fixed point of A and T. Let v € X
such that v = h(v) = T'(v,v). By (4), we have

Fi0(0(t) = Fr.a), @) (©0(t) = A(Fn@)nw) () Fu@)nw) (t) = A (Fz (1),
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which implies that
Fio(@"(t) 2 A% (Fi0(t)).-

By Lemma 2.5, it follows that F;,(t) = 1 for all ¢ > 0. Hence & = v. This
completes the proof. O

Let ¥ denote the set of functions ¢ : [0,1] — [0, 1] satisfying the conditions
»p=1(0) = {0}, ¥~ 1(1) = {1} and ¢(t) > t for all t € (0,1). Then, by Theorem 2.6,
we get the following:

Corollary 2.7. Let (X, F, A) be a Menger PM-space under a t-norm A of Hadzié-
type. Let T : X x X — X and h : X — X be two mappings satisfying that

Fr(e,y),1(u0) () Z Y(AFn@),hw) (1), Fay),ne) (1)) (16)

for all x,y,u,v € X and t > 0, where ¢ € Py~ and p € ¥. Suppose that T(X X
X) Ch(X) and T(X x X) is complete. Then there exists a unique point (z*,y*) €
X X X such that h(z*) = h(y*) = T(a*,y*) = T(y*,x*). Further, if h and T are
weakly compatible, then there exists a unique point & € X such that & = h(&) =
T(2,%).

Proof. Since ¢ € W, ¢(t) >t for all t € [0,1], by (16),

Fr(ae,), 1) (2(t) = V(AFh@),nw) ) Friy),nw) ()
> A(Fhz),hw) (1) Frey),new)(t))

for all x,y,u,v € X and t > 0. From Theorem 2.6, it follows that the conclusion
holds. This completes the proof. O

In Corollary 2.7, if ¢(t) = v/t for all t € [0, 1], then we have the following:

Corollary 2.8. Let (X, F, A) be a Menger PM-space under the t-norm A of HadZié-
type. Let T : X x X — X and h : X — X be two mappings satisfying that

Fr(e,y),muv) (@(t) > \/A(Fh(a:),h(u) (1), Fr(y),n(o) (1))

, for all x,y,u,v € X and t > 0, where p € Py~. Suppose that T(X x X) C h(X)
and T(X x X) is complete. Then there exists a unique point (z*,y*) € X x X
such that h(z*) = h(y*) = T(a*,y*) = T(y*,x*). Further, if h and T are weakly
compatible, then there exists a unique point & € X such that & = h(Z) =T(Z, T).

Remark 2.9. In [25, Theorem 2.1], the t-norm A is required to satisfy that A >
Ap. However, Corollary 2.8 has no this restriction. Also, the function ¢ in [25,
Theorem 2.1] needs to satisfy the condition that Y -, ¢"(t) < +oo for all ¢ > 0.
Obviously, this condition is stronger than the one on ¢ in Corollary 2.8. Thus
Corollary 2.8 improves Theorem 2.1 in [25].
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3. Applications

As applications of Theorem 2.6, we first give a coupled fixed point theorem in
usual metric spaces.
Lemma 3.1. [10] Let (X, d) be a metric space. Define a mapping F: X x X — DT
by
o 0, t<0ord(z,y)>t>0,
vO=1 dwy) <t (6> 0) an)
for all x,y € X. Then (X, F,Ay) is a Menger PM-space. It is called the induced
Menger PM-space by (X,d) and it is complete if and only if (X, d) is complete.

Theorem 3.2. Let (X,d) be a complete metric space and ¢ € Py« be a non-
decreasing function. Let T : X x X = X and h : X — X be two mappings
satisfying

d(T(z,y),T(u,v)) < p(min{d(z,u),d(y,v)}) (18)
for all x,y,u,v € X. Suppose that T(X x X) C h(X) and T(X x X) is complete.
Then there exists a unique point (z*,y*) € X x X such that h(z*) = T(z*,y*) and
h(y*) = T(y*,z*). Further, if h and T are weakly compatible, then there exists
unique & € X such that & = h(z) =T (&, ).

Proof. For any ¢t > 0, if ¢t < d(h(x), h(u)) or t < d(h(y), h(v)), then we have

min{ F,(z),n(u) (t)s Faiy),ne) ()} =0
and hence (4) holds. If ¢t > d(h(x), h(u)) and t > d(h(y), h(v)), then we have
);

min{ F ), n(w) (£), Fay),neo) (1)} = 1.
Since ¢ is non-decreasing, from (18), it follows that

d(T(,y), T(u,v)) < p(min{d(h(z), h(u)), d(h(y), h(v))}) < @().
From (17), we have Fr(y ) 7(u,0)(©(t)) = 1 and so (4) holds. Therefore, 7" and
h satisfy the condition (4) for all x,y,u,v € X. Therefore, from Theorem 2.6, it
follows that Theorem 3.2 holds. This completes the proof. O

Before giving applications in fuzzy metric spaces, we first recall the concept of
fuzzy metric spaces in the sense of Kramosil and Michalek as follows:

Definition 3.3. [15] A fuzzy metric space in the sense of Kramosil and Michélek
is a triple (X, M, A), where X is a nonempty set, A is a continuous t-norm and M
is a fuzzy set on X2 x [0, 00) satisfying the following conditions: for all z,y,z € X
and s,t > 0,
(KM-1) M(z,y,0) = 0;

(KM-2) M(x,y,t) =1 for all ¢ > 0 if and only if z = y;
(KM-3) M(z,y,t) = M(y, z,1);

(KM-4) M (z, z,t + s) > A(M(z,y,t), M(y, z,8));
(KM-5) M (x,y,-) : RT — [0, 1] is left continuous.
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Let (X, M, A) be a K M-fuzzy metric space. It is known that, if lim;—,.c M (z,y,t) =
1forall z,y € X, then (X, F, A) is a Menger PM-space (see [10, Lemma 2.2]), where
M(x?y7t)’ t 2 O?
01

F
0, t<0.

x,Y

Thus the conclusion of Theorem 2.6 holds in a K M-fuzzy metric space and so we
can state the conclusion as follows:

Theorem 3.4. Let (X, M, A) be a KM-fuzzy space under the t-norm A of HadZic-
type. Let T : X x X — X and h: X — X be two mappings satisfying

M(T(z,y), T(u,v),¢(t)) = AM (h(x), h(u), t), M (h(y), h(v),1))

for all z,y,u,v € X and t > 0, where p € ®y~. Suppose that T(X x X) C h(X),
T(X x X) is complete, h and T are weakly compatible. Then there exists unique
u € X such that u= h(u) = T(u,u).

Remark 3.5. In [12], the function ¢ is required to be non-decreasing, upper semi-
continuous from the right and satisfy

Z " (t) < +o0
n=0

for all ¢ > 0. Obviously, if ¢ satisfies the condition
(oo}
Z " (t) < +oo
n=0

for all ¢ > 0, then ¢ € ®y+. The converse is not true (see Example 2.2). Thus
the condition on ¢ is simpler than one in [12]. Thus Theorem 3.4 improves the
corresponding ones in [12].

Finally, we give an example to illustrate Theorem 2.6.
Example 3.6. Let X = {2" : n € N}U{0} and define the mapping F' : XxX — D+
by Fy,(0)=0forall x,y € X, F, ,(t) =1for all z € X and t > 0,
3

- O0<t<L |z —y|,
Foy(t) = Fya(t) =4 5 [ =l
1,

t>lz—y
for all z,y € X with x # y. It is easy to see that (X, F, Aps) is a complete Menger
PM-space.
Let T: X x X — X and h: X — X be two mappings defined by
T(z,y) =0
for all z,y € X with zy = 0,
T(2,y)=0
for all y € X,
T(z,y)=x
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for all z,y € X with xy # 0 and x # 2 and
h(0) =0, h(2") =2""!

for each n € N, respectively. It is easy to see that T(X x X) = h(X) = {2 :n €
N}U{0} and so h(X) is complete. We also see that T and h are weakly compatible.
Let ¢ : R™ — R™ be a function defined by

t, 0<t<l,
ﬂw_{t—L t>1.

Then ¢ € ®y«. In fact, for each t1,ty € (0, 00), there exists r = N+¢, where N € N
with N > max{t1,t2} and € < min{¢;, 2} such that ¢"(r) = € < min{t, ¢2} for all
n € N with n > N. Thus ¢ € ®«. However, ¢ ¢ P, since lim,, ., p"(t) € (0,1)
for all ¢t > 0.

Now, we show that 7' and h satisfy the condition (4). For all z,y,u,v € X, if
xy = 0 and wv = 0, then T and h satisfy (4) since T'(x,y) = T'(u,v) = 0. For all
x,y,u,v € X with 2y # 0 or wv # 0 and t > 0, if p(t) > |T(x,y) — T(u,v)|, then
we have

Frey) 7w (p(t) =1 > min{ Fj) aw) (), Friy)hw) (D)}

Next, assume that ¢(t) < |T(z,y) — T(u,v)|. We show the condition (4) by the

following cases:

(A) zy = 0, u = 2", v = 2™: For all t > 0, o(t) < |T(z,y) — T(u,v)| = 2"
implies that ¢ < 2" + 1 < 2" = h(u) and so

3 . 3
Fr(e,p),ruw) (0t) = 5= min{ Fy (), n(u) (), Fhiy)n) (0} = 5

(B) 2y # 0 and uv # 0: Let x = 2°, y = 2!, w = 2™ and v = 2" for each
l,s,m,n € N. Forallt >0, o(t) < |T(x,y) — T(u,v)| = |28 — 2™| implies that
t< |2t —2m| +1 < |20 —2m+L| = 2)2! — 27| = |h(z) — h(u)| and so

3 .
Fr(ey) T(uw) (@(t) = 5= min{ F, (z), 1 (u) (t)s Fh(y),ne) ()}

By the cases above, (4) holds for all z,y,u,v € X and ¢ > 0. Therefore, by
Theorem 2.6, there exists z* € X such that z* = T(z*,y*) = h(z*). In fact,
x* =0.

4. Conclusion

In this paper, we have proved some new coupled fixed point theorems for
p-contractions in Menger PM-spaces and fuzzy metric spaces with the t-norm of
H-type. In the results, the gauge function ¢ only needs to satisfy the condition
(1), i.e., for each t1,t2 > 0, there exists r > max{t1,t2} and N € N such that

©"(r) < min{ty, ¢}
for all n > N. In fact, it is the weakest condition in the similar results given in
some papers. Therefore, the results in this paper improve some theorems in the

papers [12, 25]. Can The condition (1) be weakened further? This question is an
interesting and worthy question for further investigation.
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