-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

provided by Springer - Publisher Connector

Sang and Meng Fixed Point Theory and Applications (2015) 2015:168 ® Fixed Point Theory and Applications
DOI 10.1186/513663-015-0408-0 a SpringerOpen Journal

RESEARCH Open Access

CrossMark

Fixed point theorems with generalized
altering distance functions in partially
ordered metric spaces via w-distances and
applications

Yanbin Sang” and Qian Meng

“Correspondence:

syb6662004@163.com Abstract

School of Science, North University . . . . .

of China, Taiyuan, 030051, China In this paper, we establish some fixed point theorems with T-contractions and

w-distances in partially ordered metric spaces. The main tool used in our proof is a
generalized altering distance function. Our results can be applied directly to study
multidimensional fixed point which covers the concepts of coupled, tripled,
quadruple fixed point etc. Moreover, a Fredholm integral equation and an initial-value
problem for partial differential equation of parabolic type are also discussed.

Keywords: T-contractions; altering distance; multidimensional; w-distance; partial
order

1 Introduction
Let (X, d) be a complete metric space and F be a selfmap of X. We say that F is a ¢-con-
traction if

d(Fx,Fy) < ¢(d(x,y)) foreachx,y€X, (1.1)

where ¢ : [0, +00) — [0, +00) with ¢(£) < ¢ for all £ > 0. The following generalization of the
Banach contraction mapping principle was proved by Rakotch [1]: if ¢ is monotone and
continuous, then any ¢-contraction is a Picard operator. Subsequently, this result was im-
proved by Boyd and Wong [2], who showed that one need only assume that ¢(¢) < ¢ for all
t > 0, together with the right-upper semicontinuity of ¢. Meanwhile, Meir and Keeler [3]
found that the conclusion of Banach’s Theorem holds more generally from the following
condition of a weakly uniformly strict contraction: Given € > 0, there exists § > 0 such that

€ <d(x,y) <e+8 implies d(Fx,Fy)<e. (1.2)

In fact, Rakotch’s corollary and Boyd and Wong’s Theorem 1 easily followed from Meir
and Keeler’s theorem. We note that Lim [4] characterized condition (1.2) in terms of the
function ¢ in (1.1). This is obviously desirable since then one can easily see how much
more general is Meir and Keeler’s result [3] than Boyd and Wong’s Theorem 1. Moreover,
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Proinov [5] established two general theorems for equivalence between the Meir-Keeler
type contractive conditions (1.2) and the contractive conditions involving gauge functions
(1.1). Indeed, Theorem 3.5 in Proinov [5] was an extension of Theorem 1 in Lim [4]. Next,
the condition (1.2) was extended by Chi et al. [6] from the view point of T-contractions.
Let T : X — X be an injective, continuous and sequentially convergent mapping. For every
€ > 0, there exists § > 0 such that

€ <d(Tx,Ty)<e +8 implies d(TFx,TFy)<e. (1.3)

On the other hand, Delbosco [7] initiated a study of the following contractive condition
with the so-called altering distance function:

w(d(Fx, Fy)) <kyr (d(x,y)) for each x,y € X and some k € [0,1), (1.4)
where v € W and W is defined by

U = {lp :[0,00) = [0, +00), ¥ is continuous, nondecreasing and

¥ ({0}) = {0}}. (1.5)

In fact, Delbosco [7] only considered the particular case when v is a power function. Until
1984, Khan et al. [8] formally introduced the definition of the above family \’IVI, and proved
that any mapping F satisfying (1.4) with ¢ € W is a Picard operator.

In the recent past, the idea of altering function has been utilized by many authors. We
would like to mention the work of Dutta and Choudhury [9], they presented a generaliza-
tion of (1.4) to subsume the results of Rhoades [10] and Khan et al. [8].

Theorem 1.1 ([9]) Let F be a selfmapping defined on a complete metric space (X,d) satis-
[fying the following condition:

W (d(Fx, Fy)) <y (d(x,y)) - ¢(d(x,y)) foreachx,y € X, (1.6)
where Y, ¢ € U. Then F is a Picard operator.

Furthermore, Jachymski [11] showed that Theorem 1.1 and Theorem 3 of Khan et al. [8]
are equivalent by establishing a geometric lemma giving a list of equivalent conditions for
some subsets of the plane.

Another recent direction of such generalizations, see [12—14], has been studied by weak-
ening the contractive conditions and, in compensation, by simultaneously enriching the
metric space structure with a partial order. Very recently, Su [15] presented the definition
of generalized altering distance function to prove the following new fixed point theorem
of generalized contraction mappings in a complete metric space endowed with a partial
order.

Theorem 1.2 ([15]) Let X be a partially ordered set and suppose that there exists a metric

d in X such that (X,d) is a complete metric space. Let F : X — X be a continuous and
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nondecreasing mapping such that

¥ (d(Fx, Fy)) < ¢(d(x,9)), Vx>, (1.7)
where € W, V is defined by

v = {1// :[0,00) = [0, +00), ¥ is nondecreasing and 1//’1({0}) = {0}}, (1.8)

and ¢ : [0,+00) — [0, +00) is a right-upper semicontinuous function with the condition
Y (t) > ¢(t) forall t > 0. If there exists xo € X such that xy < Fxy, then F has a fixed point.

The purpose of this paper is to prove some fixed point theorems with respect to w-dis-
tances in partially ordered metric spaces employing altering functions and the notation of
a function involving Meir-Keeler type. Recall that the concept of a w-distance was initi-
ated by Kada et al. [16], and was primarily used to extend Ekeland’s variational principle,
Caristi’s fixed point theorem and the non-convex minimization theorems whose details
are available in Takahashi [17]. Very recently, He [18] established a fixed point theorem
with w-distance for (1.1) in complete metric spaces. Note that Lakzian et al. [19] utilized
the concept of a w-distance on a metric space to generalize Theorem 1.1. Furthermore,
Rouzkard et al. [20] proved the following fixed point theorem in a complete metric space
equipped with a partial order using w-distances together with altering functions. For other
new results on w-distances, please see [21-23].

Theorem 1.3 ([20]) (X,d) is a complete partially ordered metric space equipped with a
w-distance. Let F : X — X be a continuous and nondecreasing mapping such that

¥ (p(Fx, Fy)) < ¢ (p(x,9)), Vx>, (1.9)
where € ¥, ¢ € @, and V and ® are defined by

v = {1/f :R, = R,, ¥ is nondecreasing, continuous, and

¥ (t) >0 foreach t > O} (1.10)
and

D = {¢ : [0, +00) — [0, +00), ¢ is nondecreasing, right continuous, and

o) <tforallt> 0}, (1.11)

respectively. If there exists xo € X such that xy < Fxy, then F has a fixed point.

Finally, we point out that Samet et al. [24] and Roldén et al. [25] have proved that cou-
pled and multidimensional fixed point results can be obtained as easy consequences of
fixed point results in dimension one in the setup of metric spaces. Therefore, our results
can be applied directly to the coupled fixed points of mixed monotone operators and mul-
tidimensional fixed points theorems [26-31].
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2 Preliminaries
Before presenting our results, we collect relevant definitions and results which will be
needed in the proofs of our main results.

Definition 2.1 ([16,17]) Let (X, d) be a metric space. Then a function p : X x X — [0, +00)
is called a w-distance on X if the following conditions are satisfied:
(a) p(x,2) <p(x,9) + p(y,z) for any x,y,z € X;
(b) foranyx e X, p(x,-) — [0, +00) is lower semicontinuous (i.e., if x € X and y, — y in
X, then p(x,y) <liminf,_, o p(x,y4));
(c) forany € >0, there exists § > 0 such that p(x,z) < § and p(z,y) < 8 imply d(x,y) <e.

Lemma 2.1 ([16]) Let p be a w-distance on a metric space (X, d) and {x,} be a sequence in X
such that for each € > 0, there exists N(€) € N such that m > n > N(¢) implies p(x,, %) < €.
Then {x,} is a Cauchy sequence.

Lemma 2.2 ([16]) Let (X, d) be a metric space equipped with a w-distance p. Let {x,} and
{yu} be sequences in X, whereas {o,,} and {B,} be sequences in [0, +00) converging to zero.
Then the following conclusions hold (for x,y,z € X):
(i) ifp(xn,y) <oy and p(x,,2z) < By for n €N, then y = z; in particular, if p(x,y) = 0 and
p(x,z) =0, theny = z;

(i) if &, yn) < ay and p(xn,2) < Bu for n € N, then lim,_, oo d(y4, 2) = 0;

(ili) if pxu, xm) < &ty for n,m € N, then {x,} is a Cauchy sequence;

(iv) if p(y,x4) < oy for n € N, then {x,} is a Cauchy sequence.

Definition 2.2 ([4]) A function ¢ : [0,+00) — [0, +00) is said to be an L-function if it
satisfies the following conditions:

(a) ¢(0)=0;

(b) ¢(¢) >0 forall £ > 0;

(c) for every € > 0, there exists § > 0 such that ¢(¢) < e for all £ € [¢, € + 8].

Definition 2.2" ([32,33]) A function ¢ : [0, +00) — [0, +00) is said to be a Jachymski func-
tion if it satisfies the following conditions:

(a) ¢(0)=0;
(b) for every € > 0 there exists § > 0 such that for any ¢ € [0, +00),

e<t<e+d§ implies ¢() <e.

Remark 2.1 It is easy to see that each L-function is a Jachymski function. In [33], the
authors gave a concrete example to illustrate that the converse does not follow even in the
case that ¢(¢) < t for all £ > 0.

Preliminaries and notation about coincidence points can also be found in [25, 29]. Let

n be a positive integer. Henceforth, X will denote a nonempty set and X” will denote the

product space X x X x --- x X. In the sequel, let F: X” — X and g: X — X be two map-
[ S —)

pings. n

Definition 2.3 ([25, 34]) An ordered metric space (X, d, <) is said to have the sequential
g-monotone property if it verifies:



Sang and Meng Fixed Point Theory and Applications (2015) 2015:168 Page 5 of 25

(i) if {x,,} is a nondecreasing sequence and {x,,} — x, then gx,, < gx for all m;

(ii) if {ym} is a non-increasing sequence and {y,,} — y, then gy,, > gy for all m.

If g is the identity mapping, then X is said to have the sequential monotone property.

Henceforth, fix a partition {A,B} of T',, = {1,2,...,n}, thatis, AUB=T,and ANB=0
such that A and B are nonempty sets. We will denote

Qup={y:Tu—Tu:y(A) CAand y(B) C B}
and
Qp={y:Th—>Tu:y(A) SBandy(B) CA}.
If (X, <) is a partially ordered space, x,y € X and i € I';,, we will use the following notation:

x=<y, ifi€A,
x>y, ifieB.

Consider on the product space X" the following partial order: for X = (x1,%3,...,%,),Y =
(yl,yz, e ,_)/n) e X",

XCY << «x;=x;y foralliel,. (2.1)

Definition 2.4 ([29]) Let (X, X) be a partially ordered space. We say F has the mixed
g-monotone property with respect to the partition {A, B} if F is g-monotone nondecreas-
ing in arguments of A and g-monotone non-increasing in arguments of B, i.e., for all
X1,%2,..,%,9,Z2€ X, and all i e T,

gy =gz = F(xl,...,xi_l,y,xm,...,x,,) jiF(xl,...,xi_l,z,xi+1,...,x,,).

If g is the identity mapping, then we say that F has the mixed monotone property.
Henceforth, let y1,y», ..., ¥4 : 'y = 'y, be n mapping from I',, into itself and let Y be the
n-tuple (Y1, ¥2, ..+ ¥n)-

Definition 2.5 ([25]) A point (x1,%5,...,%,) € X" is called a T -fixed point of the mapping
Fif

F(%y,1), %,(2)5 - - s %y;0m) =%;  forallieTl,.
Definition 2.6 ([6]) Let (X,d) be a metric space. A mapping 7" : X — X is called sequen-
tially convergent if {7y, } is convergent implies that {y,} is a convergent sequence for every

sequence {y,}.

Proposition 2.1 ([25]) If (x1,%2,...,%,) © (%1, %2, ..., Yn), then

Xy )%y @)+ %) E 0p)Yy@p--Yym) IV €L

(@ Xy @+ %) 3 Gy Yy@)y--Vym), iy € QLyp.
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Lemma 2.3 ([25]) Let (X,d) be a metric space and define D,,, A\, : X* x X" — [0, +00), for
all A = (ay,a3,...,a,),B=(b,by,...,b,) € X", by

n
Du(A,B) = max d(a,by) and A,(A,B)=  d(aib).
1<i<n P
Then D,, and A, are metrics on X".

Lemma 2.4 ([25]) Let (X, d, <) be a partially ordered metric space and let F : X" — X be
a mapping. Let Y = (y1, V2, ..., Yn) be a n-tuple of mappings from T, into itself verifying
Vi€ Qupifi€c Aandy; € Q) ;ifi € B. Define Fy = X" — X", for all x1,%;,...,%, € X, by

F’Y‘(xhxb cee ’xn) = (F(xyl(l)rxyl(Z); cee rxyl(n))’F(xyg(l)rxyz(Z)x eee ;xyz(n));

...,F(xyn(l),xyn(z),...,xyn(,,))). (2.2)

(1) if F has the mixed monotone property, then Fy is monotone nondecreasing with
respect to € on X" given by (2.1);

(2) if F is continuous, then Fy is also continuous;

(3) a point (x1,%2,...,x,) € X" is a Y-fixed point of F if, and only if, (x1,%2,...,%,) isa
fixed point of Fr.

Lemma 2.5 ([35, 36]) Let X be a nonempty set and T : X — X be a function. Then there
exists a subset E C X such that T(E) = T(X) and T : E — X is one-to-one.

3 Main results

Theorem 3.1 Let (X,d) be a complete partially ordered metric space equipped with a
w-distance p and T : X — X be an injective, continuous and sequentially convergent map-
ping. Suppose that F : X — X is a nondecreasing and continuous mapping such that

v (p(TFx, TFy)) < ¥ (p(Tx, Ty)), %7y 3.1
and
v (p(TFx, TFy)) < ¢(¥ (p(Tx, Ty))), Vx>, (3.2)

where Y € W, and ¢ : [0,+00) — [0, +00) is a Jachymski function. If there exists xy € X such
that xy < F(xo), then F has a fixed point.

Proof Letxy € X be an arbitrary point. We construct two iterative sequences {x,} and {y,}
in the following way: y,, = Tx,, x, = Fx,1, n =1,2,.... Since F is a nondecreasing operator,
we obtain by induction that

Xo <Fxo < F’xg <--- <F'xg <F"lxg<---. (33)

By (3.3) and, as the elements x,,,; and x, are comparable, we get

¥ (P01, 90)) = ¥ (P(TFxy, TFx, 1)) < ¢ (3 (p(T, Tn1))) = (¥ (PO 1)) )-
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It is easy to show that y, # y,.1 for n € N. In fact, if there exists some 7 € N such that
YNy = YNo-1- Then Txy, = Txn,-1. Notice that T is an injective mapping, xn, = ¥n,-1 if and
only if Fxny_1 = xn,-1. Thus %y, is a fixed point of F. Therefore, the condition (3.1) of
Theorem 3.1 tells us that

w(p(y;ﬂl’yn)) < 1ﬂ(p(ymyn—l))-

Since ¥ is nondecreasing, then the sequence K = {p(y,.41, y»)} of real numbers is decreasing
and is bounded below by 0. Hence, K converges to r > 0, the greatest lower bound of K.
We assert that r = 0. Assume on the contrary that » > 0. Then there exists § = §(r) and some

m € N such that 7 < ¥ (p(Yus1, Ym)) < 7 + 8, we have ¥ (02, Yims1)) < O @G me1, Yim))) <
r, which contradicts the fact that r is the greatest lower bound of K. Thus,

0= I/f(nlilglop()/nu,yn)) = ngrrgoW(p(J/nH:yn)) =0.

Notice that ¥ (£) = 0 if and only if £ = 0. Therefore, we have r = 0. Our idea comes from the
proof of Theorem 2.7 in Suzuki [37].
Now, we will prove that for every € > 0, there exists § > 0 such that

€ <p(Tx,Ty) <e +8 implies p(TFx,TFy)<e, x,y€X. (3.4)

Fix € > 0 and put « = lim;_, ¢+ ¥ (£). We consider the following two cases:
(i) « <y (e + B) holds for every B > 0;
(ii) there exists 8; > 0 such that @ = ¥ (€ + 67).

In the first case, it follows from (3.2) that there exists ¥ > 0 such that

v (p(Tx, Ty)) < +y  implies ¢ (p(TFx, TFy)) < ¢ (v (p(Tx, T7))) < .

We can choose 3, > 0 satisfying ¥(e + 83) < a + y. Fix x4,y € X with p(Tx, Ty) < € + 6.
Then we have ¥ (p(Tx, Ty)) < (€ + 8,), and hence v (p(TFx, TFy)) < a < ¥(€ + B). The
monotonicity property of i tells us that p(TFx, TFy) < €. In the second case, we also fix
x,y € X with p(Tx, Ty) < € + 61. If p(TFx, TFy) > €, then we obtain

o < Y (p(TFx, TFy)) < ¥ (p(Tx, Ty)) < c.

This is a contradiction. Therefore we get p(TFx, TFy) <e€.
In the following, we will show that {y,} is a Cauchy sequence. Take € > 0 and choose
8 = 8(¢) with § < €. Since r = 0, there exists some positive integer 1 such that

POy yno1) <8 forall m > . (3.5)
Now, let us fix # > mi1. To conclude that {y,} is a Cauchy sequence, it suffices to show that
POniioyn) <€ fork=1,2,.... (3.6)

We prove (3.6) by induction. Since § < ¢, the inequality (3.6) for the case k = 1 follows from
(3.5). Suppose that (3.6) holds for some fixed k € N. Then by (3.5) and the assumption we
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have

POk Yn1) < POnskr V) + PO Yua) < 8 + €.

Thus, by (3.2), we obtain p(yu+k+1, Y1) < €. Hence, we deduce that {y,} is a Cauchy sequence
in (X, d). Since (X, d) is complete, there exists w € X such that d(y,, w) — 0 (n — 00). Since
T is sequentially convergent, {x,} converges to some point in X say z. By the continuity of
T, we have Tz = w. Hence, d(y,, Tz) — 0 (n — 00).

Next, we show that z is a fixed point of F. For m sufficiently large, it follows from the
lower semicontinuity of p(y,,, -) that

POm> Tz) <liminf p(y,,, ) = o (say),
PO TF2) <Himinf p(yn, ynr) = B~ (say).

Note limy,_, 00 & = Bm = 0. Therefore, we have Tz = TFz. Since T is injective, we get
Fz=z O

Remark 3.1 As shown in [13], the continuity assumption of F in Theorem 3.1 can be
replaced by the following alternative condition imposed on the ambient space X:
if a nondecreasing sequence {x,}:°, C X converges to x, then there exists a
subsequence {x,)} of {x,} such that x,4) <« for all k € N.

Remark 3.2 In Theorem 3.1, the monotonicity of F is not essential for the existence
of a fixed point. In fact, we can replace the nondecreasing property of F with the non-
increasing property of F. In this case, the condition that xy < F(x,) should replaced by
%0 = F(xo).

Remark 3.3 From the process of the proof of Theorem 3.1, the monotonicity of ¥ in (1.8)
can be replaced by the continuity of its. In fact, Sastry and Babu [38] have addressed a
similar problem (see Theorem 2.1 of [38]).

Theorem 3.2 Let (X,d) be a complete partially ordered metric space equipped with a
w-distance p and T : X — X be an injective, continuous, and sequentially convergent map-
ping. Suppose that F : X — X is a nondecreasing and continuous mapping such that

¥ (p(TEx, TFy)) < ¢ (M7 (x,)), x#y (3.7)
and

¥ (p(TEx, TFy)) < ¢(¥ (Mr(x,9))), Vx>, (3.8)
where

(Tx, TFy) + p(Ty, TFx)
Mr(x,y) = {p(Tx, Ty), p(Tx, TFx), p(Ty, TFy), VAP ,

2

Y e W, and ¢:[0,+00) — [0, +00) is a Jachymski function. If there exists xyg € X such that
x0 < F(xo), then F has a fixed point.
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Proof Similar to proof of Theorem 3.1, we only need to show that {y,} is a Cauchy se-
quence. Denote ry, = p(¥41,¥,) for all m € N. If r,,_; <, for some n € N, then we have

MT(xm xn—l)

= max {p(Txm Txn—l):p(Txnr TFxn)rp(Txn—lr TFxn—l);

p(Txy,, TFx,1) + p(Txy_1, TFx,,) }
2

p(yn’yn) +p()/n—1)yn+1) }

:max{p(ymyn—l):p()/mynﬂ):p(yn—l;yn); D)

=y

where we have used that

p()’n—l:ynﬂ) +p(yn>yn)
2

< max{pWu_1, Yn)s PG> Y1) }-
On the other hand,

MT(xn:xn—l) > Iy
Hence

MT(xmxn—l) =Ty.
It follows from (3.8) that

V(ry) = w(p(%ﬁl:yn)) = w(p(TFxm TFxn—l)) = ¢(1// (MT(xmxn—l))) <Y (rn),
a contradiction. Therefore r,_; > r, for all n € N. Thus {r,} is a monotone decreasing se-
quence of positive real numbers and there exists 7 > 0 such that lim,,_, o, 7, = r. Similarly
to Theorem 3.1, we obtain » = 0. By (3.4), we see that, for every € > 0, there exists § > 0
such that

Mr(x,y) <e+8 implies p(TFx,TFy) <e.
Since r = 0, there exist § > §; >0 and N € N such that r,, < §;/4 for n > N.

Now, we show that {y,} is a Cauchy sequence. If otherwise, there exist € >0 and § >
8, > &1 for which we can find two sequences of positive integers {n(k)} and {m(k)} such
that n(k) > m(k) > N + 1, pOWmi)» V(i) = € + 82/2, and p(Yiui)» Yn(i-1) < € + 82/2. Thus

€+82/2 < POy Yn)) < PO Y1) + POnik)-1, Yn(i) < € +82/2+81/4 <€ +8. (3.9)

Again,

POty Ynkys1) < POty Vi) + POty V(1) < € + 82/2 + 81/4 + 81/4 <€ + 8. (3.10)
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Similarly,

POy Ym(k)+1) < € + 6. (3.11)

By (3.9)-(3.11), we have

MT(xn(k),xm(k)) <€+4.

Hence

PO+ Ym()+1) < €.

On the other hand, it follows from (3.9)-(3.11) that

POnk)+1> Ym(k)+1)

> PO Ynk) — POmii)s Ym()+1) — POy 1> (k)
>€+08:/2—61/4-61/4>€.

This is a contradiction. Therefore {y,} is a Cauchy sequence. O

It is therefore our interest now to provide additional conditions to ensure that the fixed

point in Theorems 3.1 and 3.2 is in fact unique. Such a condition has been used in many

results [12, 13] and says:

For x,y € X, there exists z € X which is comparable to x and y. (3.12)

Theorem 3.3 Inaddition to the hypotheses of Theorems 3.1 and 3.2, suppose that condition
(3.12) holds. Then F has a unique fixed point.

The proof is trivial, here we omit the details. The readers are referred to the proof of
Theorem 2.7 in [13].
Consider the following conditions:

(i)

(X, d) is complete and p is a w-distance on X;

the mapping F : X” — X has the mixed monotone property;

let F: X" — X and g : X — X be two mappings such that F has the mixed g-monotone
property;

F is continuous or (X, d, <) has the sequential monotone property;

(iii) F is continuous or (X, d, <) has the sequential g-monotone property;

(iv)

there exist x{,x3, ..., x5 € X verifying

yi2) V"(")) foralli e I'y;

i vi(1)
xy i F(xg™ a5, %
there exist x{,x3, ..., x5 € X verifying

gxf) 5iF(x}o’i(l)7xgi(2)’.“,xgi(”)) forallie [y

let T: X — X be an injective, continuous and sequentially convergent mapping.
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Corollary 3.1 Under hypotheses (i)-(v). Assume that the following contraction condition is
satisfied:

" ( Yo PATE (00, %020, - 0 %00 TE W00 Yy -+ 0 V) )
n

- ¢,(M) (3.13)

n

for which x; <; y; for all i € T;, where y € V, and ¢ : [0, +00) — [0, +00) is a Jachymski
function with the condition: ¢(t) < Y (¢t) for all t > 0. Moreover, if for all A,B € X" there
exists U € X" such that AT U and BT U. Then F has a unique Y -fixed point.

P’ OOf Consider the functional A}’l :X X X — 01 ) deﬁned by
A X13X25¢+43%y)s ’ ERRS] - ’in’ i
n 1,42 1 y2 y}’l i y

and

~ 1<
An ((xl:xZ; v :xn)’ ()’1:3/2, v ’yn)) = ; le(Txn T}/z)
i=
for all (x1,%2,...,%4), 1,2, ...,¥n) € X". Combining Lemmas 2.3 and 2.4, we see that A, is
ametric on X” and Z,, is a w-distance on X". Moreover, if (X, d) is complete, then (X", A,)
is a complete metric space, too. Now, consider the operator Fy : X” — X" defined by (2.2).
Clearly, for (x1,%2,...,%4), %1, ¥2,--.,¥x) € X", in view of Proposition 2.1, we have

A, (Fr(®1,%2, - %), Fr (1,2, -, )

_ 2in PTEGyi0), %1200 %3i00)s TEQyi) Y3i2)s -5 ¥i)
n

Thus, (3.13) implies
I/I(Zn (FT(xler: LR 7xn)rFT(yl!y27 e ’yn))) < ¢(Zn ((xler: o »xn)’ ()’1:)’2: e !yn)))

with (1,22, ..., %:) © (V1,925 -+, V).
Since F has the mixed monotone property, then Fy is a nondecreasing mapping with
respect to C. From the condition (iv), we have

(%0, %5, - %) E Fr (%0, %5, ..., 5.

Now, if F is continuous, then Fy is continuous. Applying Theorem 3.1, we see that Fy
has a fixed point, which implies from Lemma 2.4 that F has a T-fixed point. In addition,
we obtain the uniqueness of the fixed point of Fy from Theorem 3.3, which implies the
uniqueness of fixed point of F. O

Corollary 3.2 Under hypotheses (i), (ii)'-(iv)’, (v). Assume that the following contraction
condition is satisfied:

Y (p(TF(x%1,%2, ...» %), TEO1, 255 Vn))) < ¢<1r£1ia<);p(Tgxi, Tgyi)) (3.14)
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for which gx; <, gy; for all i € T';, where W € W, and ¢ : [0, +00) — [0, +00) is a Jachymski
function with the condition: ¢(t) < Y (t) for all t > 0. In addition, F(X") C g(X), g(X) is
complete and g is continuous. Then F and g have at least one Y -coincidence point.

Proof By Lemma 2.5, there exists E C X such that g(E) = g(X) and g : E — X is one-
to-one. Define a map G : g"(E) — g(E) by G(gxi,gx3,...,8%,) = F(x1,%,,...,%,) and
G(gy1,8Y2>---»2Vu) = F(51,¥2, - .., ¥n)- Since g is one-to-one on g(E), G is well defined. Con-
sider the product space Y = X” provided with the metric D, (as in Lemma 2.3) and the
partial order C on Y given by (2.1). Then (Y, D,, E) is a complete ordered metric space.

Since G has the mixed monotone property, it follows from Lemma 2.4(1) that G~ :
Y — Y is nondecreasing with respect to C. The continuity of G tells us that Gy is
also continuous. If xo = (gx},gx3,...,gx5) € Y, then condition (iv)’ is equivalent to xo T
GrXy. Define bn(A,B) = maxj<;<y p(a; b;). Then Bn is a w-distance on X”. For given
X = (gwr, g%, ...,8%,),and Y = (gy1,€Y2, . ..,8Vs) € Y suchthat X C Y, we can derive that the
points (xy,(1), %y,2)s - - - s Xy;(n)) @0 (¥y,1)5 ¥y;(2)5 - - - » Vyi(m)) are comparable by = from Proposi-
tion 2.1, and

Dy(TGrX, TGrY) = max p(TF(ey,0),y2)s---» %) TEG (0, Y21« V)
Thus
¥ (DTG X, TG1Y)) < ¢(Du(TX, TY))

for all gx;,gy; € g(E) (i,j = 1,2,...,n). Since g(E) = g(X) is complete, it follows from Theo-
rem 3.1 that F and g have at least one Y-coincidence point. O

Remark 3.4 Compared with Theorem 14 in [27], the condition that O-compatibility be-
tween F and g is removed and replaced by the completeness of g(X). Moreover, we adopt

generalized altering functions and a Jachymski function.

4 Some examples

Firstly, we show how to take appropriate operator T' by Examples 4.1 and 4.2. Our partial
idea comes from [20, 39].

Example 4.1 Let X = {(1,0),(0,1),(1,3),(1,2,015)} with the metric d((x1,%2), (1,72)) =
|x1 — 91| + |x2 — y2|. Define F(x,5) : X — X by

(1,0), if (x,5) = (1,0),
(1,0), if (x,y) = (0,1),
1,2015), if (x,) = (1,3),
,0), if (x,y) = (1,2,015)

F(x:y) =

and

p((x1,%2), (1,32)) = max{d(F(x1,%2), (1,52)), d(F (%1, %2), F(y1,52)) }-
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On the set X, we consider the following relation:

fOI‘ (xlyx2)7 (J’l,yz) € X: (xlrxz) =< ()’1»)’2)
— (xl’xZ) = ()’1’)’2) or ((xl,xz),()’b}’z) € {(1: O)) (O’ 1)1 (1’ 3)} and

(x1,%2) <2 (y1,92),
where (x1,%2) <o (y1,¥2) <= %1 < 1, X3 < ¥, ‘<’ is the usual order).
It is clear that (X, <) is a complete partially ordered metric space and p is a w-distance
on (X, d). Obviously, F is a nondecreasing map on the partial order <. We claim that the

condition (1.9) is not true for every ¥ € ¥, ¢ € ®. Indeed, for (x;,%,) = (y1,72) = (1,3), we
have

¥(2,015) = ¥ (p(F(1,3), F(1,3))) < ¢¥ (p((1,3),(1,3)))
<¥(p((1,3),(1,3))) = ¥(2,012),

which is a contradiction.

If we define the mapping T : X — X as follows: T(1,0) = (1,0), 7(1,2,015) = (0,1),
T(0,1) =(1,2,015), T(1,3) = (1,3), then T : X — X be an injective, continuous and sequen-
tially convergent mapping.

Now, we show that F and T satisfy the condition (3.2). In fact, choose ¥ (x) = x, ¢(x) =
In(1 + x). We have the following cases:

Case 1. (x1,%2) = (y1,72) = (1,0), we have

0 = p(TF(1,0), TF(1,0)) < ¢(p(T(1,0), T(1,0))) = 0.
Case 2. (x1,%2) = (1,92) = (0,1), we have
0 =p(TF(0,1), TF(0,1)) < ¢(p(7(0,1), T(0,1))) = In(1 + 2,015).
Case 3. (x1,%2) = (1,92) = (1,3), we have
2=p(TF(1,3), TF(1,3)) < ¢(p(T(1,3), T(1,3))) = ¢(2,012) = In(1 + 2,012).
Case 4. (x1,x2) = (y1,92) = (1,2,015), we have
0 = p(TF(1,2,015), TF(1,2,015)) < ¢(p(T(1,2,015), T(1,2,015))) = $(2) = In(1 + 2).
Case 5. (x1,%2) = (1,3), (y1,92) = (1,0), we have
2 =p(TFQ,3), TF(1,0)) < ¢(p(T(1,3), T(1,0))) = ¢(2,015) = In(1 + 2,015).

Case 6. (x1,x2) = (1,3), (y1,52) = (0,1), we have

2=p(TFQ,3), TF(0,1)) < ¢(p(T(1,3), T(0,1))) = ¢(2,015) = In(1 + 2,015).
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Consequently, for all (x1,x5), (y1,2) € X with (x1,%3) > (y1,72), we obtain
P(TF(x1,%0), TE(y1,92)) < ¢ (p(T(%1,%2), T(91,52)))-

Example 4.2 Let X = [1,+00), p =d(x,y) = |x — y| and Fx = %, x € X. Then F satisfies
condition (3.2) but does not satisfy (1.7).
In fact, set

2./6
NEIW NN

>1, xyelX. (4.1)

Assume that there exist ¥ € W and a right-upper semicontinuous function ¢ such that
(1.7) holds. This means that

24/6ly -«
NEW NN

y (d(Es, Fy)) = w( ) < (x—91) < ¥ (1x—)).

Since ¥ is monotone nondecreasing, we have NN <1, which contradicts (4.1).

Now, we prove that (3.2) holds. Indeed, consider the map T : [1, +00) — [1, +00) defined
by Tx = Inx + 1. For every € > 0, if we choose § = ¢/5and € < d(Tx, Ty) = | Inx—Iny| <€+ =
6¢/5. Then

24/6 246 1 3
d(TFx, TFy) = lﬂi—lni —Ellnx—lny|<§<e.

Neriav 1

Secondly, Example 4.3 illustrates that the partial order on the underlying metric space
how to play necessary role in Theorem 3.1.

Example 4.3 Let X = [0,1] with Euclidean distance d(x,y) = |x — y| for all x,y € X and
p(x,y) = 3d(x,y) be a w-distance on (X, d). We consider the order < in X given by

11
x=y or [x,ye{o,l,i,g,...}withxfy:|,

where < is usual order.
Consider the operator F : X — X defined by

0, X = O;
F(x) = %xz, x:%,n=1,2,...,
ﬁ, otherwise.

Then F satisfies condition (3.2) but does not satisfy condition (1.3).

Indeed, for every € > 0, assume that there exists § > 0 such that € < p(T0, Tﬁ) <€+8
implies that p(TF0, TF ﬁ) =p(T0, Tﬁ) < €, a contradiction. Hence F does not satisfy
1.3).

Furthermore, F does not also satisfy condition (1.9). In fact, take x = 1, y =

H(Gh-zl) = Ch-a)) ()

a contradiction.

%, we have
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On the other hand, we choose Tx = x2, x € X, ¥ (x) =
that

2, ¢(x) = kx, k € (0,1). It follows

W(p(TFx, TFy)) = 2’964 —yﬂ < %k ’xz —y2|
=¢(v(p(Tx, Ty))), xy€eXandx>y.
Theorem 3.1 gives us the existence of a fixed point of F.
Next, superiority of L-function is embodied in Example 4.4.
Example 4.4 Let X = {1 - %,n =4,5,..} U{0,1} U {2n,n =1,2,...}, where (X,d,<) is a
complete partially ordered metric space with a metric d and usual order <. We define

p:X x X — [0,+00) by

max{x,y}, ifx,ye{l-i,n=4,5..3U{0,1},x%y,

pxy) =3 x+y, ifatleast oneof x or y ¢ {1 — %,n:4,5,...}u{0,1},x#y,
1, ifx=y,
and set
0, x=0,
1—%, x:l—%,n:Z,B,...,
F(x)z %) le’
1 1
1—;, le—m,n=2,3,...,
1, x=2nn=12,....

It is easy to see that conditions (1.6) and (1.9) are not satisfied. In fact, assume that there
exist ¢,V € U such that

¢p(Fx, Fy) < ¢p(x,y) — Y p(,9).
Takex=1- ﬁ,y: 1. We have
1
‘P(l—_)fﬁﬁ(l)—l/f(l), l’l:2,3,....
n

Thus ¥ (1) = 0, which contradicts the definition of 7.
Furthermore, if there exist ¢ € U and ¥ € ® such that

op(Fx, Fy) < v ¢ (p(,7)).
Again takex =1 - ﬁ, y =1. We obtain
1
¢>(1 - —) =veéQ).
n

Thus 0 < ¢(1) < ¥ ¢(1), which contradicts the fact that v (¢) < ¢ for all £ > 0.
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Now, to verify (3.2), choose ¥ (x) = x and

x2, x€[0,1]NX,
px) =1,
%+3, x€[l+o0)NX.

Without loss of generality, we assume that x > y and discuss the following cases:
Case 1. Let x,y € {1 - ﬁ,n =2,3,...} ({1- ﬁ,n =2,3,...}). Wetakex =1 — ﬁ 1-
m),)bl— 5 (1-55),m=2,3,.... Then

2n+1

1 2
= <1_ 2(n+1))

1 1
= l-—+1-—), =2,3,...
¢1ﬂp< 2(n+1) 2n> "

or

1 1
p(F<1_ 2n+1)+ 1>’F<1_ 2n+1>)

1 1
= 1- ,1— , =2,3,....
¢p< 2m+1)+1 2n+1) "

Case2.Letx=1landye{l- zl—n,n =2,3,...} ({1- ﬁ,n =2,3,...}). It follows that

wp<F1,F(l—i)>:1—l<1:¢1pp(1,1—i>

2n n 2n
F1,F|1 ; =1 l 1= 1,1 !

p( ’ <_2n+l)>_ R —¢p<, _2n+1>'

Case 3. Let y = 0. It follows that

Fi1 1 FO 1 1 1 LY’ opl(1 1 0
-—, =l-—-<[1-—) = -—, or
p 2n n 2n p 2n

3
p(FL,FO) = 1 <1=¢p(1,0), or

1 1 1 \? 1
plFl1-—— ), F0)=1-=<(1- =p(1-——,0).
2n+1 n 2n+1 2n+1

or
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Case 4. Letxe{l - 315,m=23,..} ({1- %,n=23,.. ) andy e {1 - +,n=2,3,.. }
(1- 55,n=2,3,...}). It follows that

2n+

1 1
p|F(1- 1 - —
2n+1 2n
=1 1 1 1 2—¢ 1 1 1 L
- n< wm+1) P 2n+1 2n

2(n+1) 2n+1
ISR SO IS S (1 LI
- _n+1<( _2(r1+1)> =P\l 3o+ _2n+1)'

Case 5. Let x € {2,4,6,...}. We choose x =21, n =1,2,.... It follows that

or

1

p(Fx,FO)=1< + 3

= $(2n) = ¢ (p(x, 0)),

S T AU S S A L1
=2 <g\Urnmg ) rg=oliran—g ) =elp(=1-5,))

< %(1 +2n1) + 3" ¢ +2n) = ¢(p(x,1)),

For(1- L o1 2142 1 1 _s T
X, - ) )=2-=<=(1+2n- + == x1- ,
P mrl n 3 m+1) 370 M+l

2=p(Fx,F2(n-1)) < %(4n—2)+ % =¢(2n+2(n-1)), n=2,3,....

Consequently,
P(Fx,Fy) <¢(p(x,y)), x€{2,4,6,...},x>y.

Considering all the above cases, F has a unique fixed point by an application of Theo-

rem 3.1.

In Example 4.5, ¥ (x) = x does not meet the requirement and hence we take a different
function to alter the distances.

Example 4.5 Let X = [0,1] U {2,3,...}, where (X,d, <) is a complete partially ordered
metric space with a metric d and the usual order <. We define p: X x X — [0, +00) by
p(x,y) = max{x,y}. Set

ﬁ} 071 7
Fa)=13 x € [0,1]
x?, x€{2,3,4,...).

We note that (3.2) fails to hold when ¥ (£) = ¢. In fact, for x € {2,3,4,...}, we see that
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does not hold. Choose

x, x€[0,1],
l, x>1
X

Yx) =

and
2
o(x) = gx, xeX.

Without loss of generality, we put x > y, and consider the following cases:
Case 1. x € [0,1]. Then

¥ (p(Fx, Fy)) = Fx = = 2

3 < 3" ¢1/f(P(x’y))-

Case 2. x €{2,3,4,...}. It follows that

1 2
Up(Ex, Fy) = yFx = — < — = ¢y (p(x,)).
x*  3x
That is (3.2) holds. Thus, Theorem 3.1 implies that F has a unique fixed point 0 € X.

In the following, we apply the results of Section 3 to study the existence and uniqueness
of positive solution for a nonlinear integral equation.

In order to compare our results to the ones in [26, 40], we shall consider the same inte-
gral equation, that is,

b
x(t) = / (Ki(t,5) + K (t,9)) (f (s,%(5)) + g(s,%(5))) ds + h(e), tel=]a,b]. (4.2)

Let W denote the set of all functions v : [0, +00) — [0, +00) satisfying
(i) ¢ is nondecreasing;
(ii) there exists a Jachymski function ¢ : [0, +00) — [0, +00) with ¢(r) < r forallr >0
such that ¥ (r) = ¢(r/2).
We will analyze (4.2) under the following assumptions:
(i) Ki,Ky € CI x I,R), Kq(t,s) > 0, and K;(t,s) < 0;
(i) h(t) € CU,R);
(ili) there exist positive numbers p, v such that for all x,y € R, with x > y, the following
Lipschitzian type conditions hold:

0=<f(t,x)-f(t,y) < uy(x-y)

and

—vir(x —y) < g(t,x) —g(t,y) < 0;

(iv) there exist p > 1 and g > 0 with 1/p + 1/g =1 such that

1/p

b
(u+ v)sup(/ (Ki(t, ) - Ka(t,9))” ds) b-a)1<1;

tel
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(v) apair (a, B8) € X? with X = C(I, R) is called a coupled lower-upper solution of (4.2)
if, forall t € I,

b
a(t) < / Ki(6:9)[f (s, () + g (s, B(s)) ] ds
b
+ / Ky(t, s)D‘(s, ﬁ(s)) +g(s,a(s))] ds + h(t)
and
b
pO = [ K9l (580) + gls.a)] s
b
+ / K(t,8)[f (s,(s)) +g(s, B(s)) ] ds + h(z).
Theorem 4.1 Under assumptions (1)-(v), (4.2) has a unique solution in C(I,R).
Proof Consider on X = C(/,R) the natural partial order relation, that is, for x,y € X,
x<y <= «x(t)<yt), Vtel

It is well known that X is a complete metric space with respect to the sup metric

d(x,y) = stu}a\x(t) -y(0)], xyeCUR).

It is obviously that for any (x, y) € X2, the functions max{x, y}, min{x, y} are the upper and
lower bounded of x, y, respectively. Therefore, for every (x, ), (u,v) € X2, there exists the
element (max{x, y}, min{x, y}) which is comparable to (x,y) and (i, v).

Now, define the mapping F: X x X — X by

b
F(x,y)(t) = / Kl(t,s)[f(s,x(s)) +g(s,y(s))] ds

b
+ / K(t,8)[f (s:9(5)) + g(s,x(s)) | ds + h(t) forallzel.

It is not difficult to prove that F has the mixed monotone property. Now, for x,y,u,v € X
with ¥ > u and y < v, we have

d(F(x,y),F(u, V)) = sup’F(x,y)(t)—F(u, v)(t)‘

tel

= sup
tel

b
/ Ki(&:9)[f (5,%(5)) —f (s, u(s)) + g(s,5(5)) — g (s, v(s)) ] ds

b
- / K (¢, s)[f(s, v(s)) —f (s,(s)) +g(s, uls)) —g(s,x(s))] ds

< sup
tel

b
/ Ki(6, 9)[ i (x(s) — uls)) + v (v(s) - y(s)) ] ds

b
- / Ko(t,8) [ (v(s) = y(s)) + vipr (x(s) — u(s))] ds
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It follows from the monotonicity of ¥ and K, (¢,s) < 0 that

d(F(x,y), F(u,v)) < sup

tel

b
/ Ki(6,9) [ (d(x,u)) + v (d(y,v))] ds

b
—/ K (¢, s)[;uﬂ(d(v,y)) + v (d(x, u))] ds|. (4.3)

Similarly, we have

d(F(y,x),F(v,u)) < sup

tel

b
/ Kl(t,s)[vw(d(x, u)) + ,LLW(d(y, v))] ds

b
—/ K (t,8) vy (dv,9) + i (d(x,w))] ds|. (4.4)

By summing (4.3) and (4.4), and using the condition (iv), we obtain

d(F(x,y), F(u,v)) + d(F(y,x), F(v, u))
2

Y (d(x,u)) + ¢ (d(v,y))
2

b 1/p
<sup Ki(t,s) - Ky(t,8))ds)  (b-a)i(u+v)
[ )

tel

_ V1) + Y (d(v,y)
< . .

Since ¥ is non-increasing, we have

Y(dexu) + ¥ (d,v) _
5 <

Y (d(x, u) +d(y,v)).
Combining the definition ¥, we finally obtain

d(F(x,), F(u,v)) + d(F(y, %), F (v u))
2

< ¥ (dxu)+dy,v)) = ¢>(

dx,u) +d(y,v)
2 )

which is just the contractive condition (3.13) in Corollary 3.1.

Now, the condition (v) implies that
at) < F(a(t), ﬂ(t)) and f(t) > F(ﬁ(t),a(t)) foralltel,
which show that all hypotheses of Corollary 3.1 hold. This proves that F has a unique
coupled fixed point (%, %) in X2. Since a < B, it follows that X = 3. Thus ¥ € C(I,R) is the

unique solution of the integral equation (4.2). d

Finally, we show the existence of solution for the following initial-value problem:

(%, ) = U (%, 8) + f (0, &, 0, 1) + g, 61, 1y), —00<x<00,0<t<T, 45)
u(x,0) = p(x), —00<x<o00, '
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where ¢ is continuously differentiable and that ¢ and ¢’ are bounded and f, g are contin-
uous functions.

Now, we consider the space

Q= {V(x, t):v, v, € C(R x [0, T]) and ||v| < oo},

where
lvi= sup |v(x8)|+ sup |valx0)].
x€R,te[0,T] x€R,te[0,T]
The set 2 with the norm || - || is a Banach space. Obviously, the space with metric given by

dw,v) = sup |u(x,t) —v(x )|+ sup  |ux(xt) - vi(x 0)|
xeR,te[0,T] xeR,te[0,T]

is a complete metric space. The set 2 can also equipped with a partial order given by
u,ve, u<v <= ulxt) <vixt), uy(x,t) <velx,t), xeR,te[0,T].

Definition 4.1 ([41]) A pair u,v € Q x Q is called a coupled lower-upper solution of (4.5)

if
U, 8) <ty t) + f(, 8, 1, uy) + glx, £, v,v,), —00<x<00,0<t<T,
u(x,0) < @(x), —-o0o<x<00

and
Ve(%,8) > Vi (3, 8) + (%, 8, v, vi) + g, b 1, 1,), —00<x<00,0<t<T,
v(x,0) > p(x), —00<x<o00.

Theorem 4.2 Counsider the problem (4.5) with f,g : R x [0,T] x R x R — R continuous
and assume that the following conditions are satisfied:
(i) for any ¢ > 0 with |&| < c and |n| < c, the functions f(x,t,&,1), gx,t,&,n) are
uniformly Holder continuous in x and t for each compact subset of Q x [0, T';
(ii) for all (&,m) and (&3,12) in R x R with & < & and n; < ny, there exist two positive
constants cy and ¢y such that

0 Sf(xr t, ‘5;:2’ 772) _f(x’ t» gl’ 771) < Cf¢(w>,

2

_ng)(w) Eg(xr t¢ 52’ 772) _g(x7 trél’ 771) =< 0)

where ¢(t) : [0, +00) — [0, +00) is a nondecreasing Jachymski function with ¢(t) < t
forall t > 0;
(ili) f, g are bounded for bounded & and n;
(iv) ¢ +cg < (T +2x712712)7L,
Then the existence of coupled lower-upper solution for the initial-value problem (4.5) pro-
vides the existence of the unique solution of the problem (4.5).
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Proof The problem (4.5) is equivalent to the integral equation

) = [ kg, 00(6) ds + /0 | Kot =0lf (e, ute, o) te )

oo

+8(5, T ul§, 1), u(€, 7)) | dé dr

forallx e Rand 0 <t < T, where

exp{ _—xZ } (4.6)

k(x, t) = v

1
JAmt

for all x € R and ¢ > 0. The initial-value problem (4.5) possesses a unique solution if and
only if the above integral-differential equation possesses a unique solution # such that u
and u, are continuous and bounded forallxe Rand 0<t<T.

Define a mapping F: Q2 x Q — Q by

[e¢]

Flu,v)(n,) = f k(- &, )0 (8) di

—00

kgt - e » V) Ux\S)
+_/0/_oo =&t =D (& 7 uE 1), ulE,7))
+g(§, T, V(i", T); Vx('i:r T))] d%' dt

for all x € R and ¢ € [0, T']. Note that, if (z,v) € Q x Q is a fixed point of F, then (i, v) is a
solution of the problem (4.5).
From the condition (ii) of Theorem 4.2, It is not difficult to prove that F has the mixed

monotone property. Now, for uy, vi, us, vy € Q with 13 > u; and v; < vy, we have

|Fur, v1)(x, £) = F (2, v2) (%, 2) |
< / f k(x—é,t—r)[f(é,r, Ml(é»f)x (ul)x(s:f)) +f($rf:u2($)r)’(MZ)x(%-:T))
0 J-oo

+g(§:f,V1(§:7)r (Vl)x(é’f)) _g(é’ 7,v2(€,7), (VZ)x(ng))] dé dv
< /t/mk(x—?,-',t— r)[chb(ul(g’f) —ur(§,7) + (m)x(§,7) - (Mz)x(é,f)>
0 J-o0

2

+Cg¢<v2($7‘[)_Vl(‘i::f)+(12/2)x(%-:7:)_(Vl)x(s:f))}dsdt‘

Since the function ¢ is nondecreasing, we have

(ul(s,ﬂ ~ (6, 7) + ()6, 7) - <u2>x<s,r>)
¢ 2

- ¢<Sup§eR,fg[0,T] [1(€,7) —ua(&,7)| + SUP: R tef0,T] [(201)x (&, T) — (u2)x(&, 1')|)

2
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and

(Vz(é, 7) =& 1) + (1), 1) — ()6, T))
¢ 2

- ¢<SupéeR,re[0,T] [v2(§,7) = vi(§, T)I + SuPgep refo, ) 1 (v2)x(§, T) = (Vl)x(E,T)|>
- 2

S ¢(d(1/22, V1)>.

Hence, by (4.6), we obtain

|Fu1,v1) (@, 1) = F (4, v) (%, 1) |

[ s 2552) (252 v
< T[chb( (Mlzyuz)) g¢< (va, V1)>:|. (4.7)

Furthermore, we have

(%, 8) — (x,8)

0x 0x
o052 ) e (572

t oo
5// ‘8—k(x—s,t—r)
0 J-o0 dx

< 2T I T |:cf¢<d(u12’ u2)) + cg¢<d(V22’ Vl))]. (4.8)

Combining (4.7) with (4.8), we obtain

‘ AF (u1,v1) OF (1, v2)

d(F(u, v), F(uz, o)) < (T + 2777 T%)[cf¢(d(”12’ “”) ¥ cg¢<d(v22’ Vl))]. (4.9)

Similarly, we obtain

d(F(vl, u1), F(vs, l/lz)) < (T +273 T%) |:cg¢(d(u12' u2)> +cr (@)] (4.10)
By summing (4.9) and (4.10), we get

A(F(u1, 1), F(u2,v2)) + d(F(vi, 1), F(va, u3))
2

< (T+27T%T%)(Cf;'cg)[(p(d(ulz,lfﬂ)) +¢<d(v22,v1)):|.

Now, since ¢ is nonincreasing, we have

d(uy, us) d(vy, 1) d(u1,u) + d(va, v1)
o5 ) o5 ) o et un2)

Page 23 of 25
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Thus, by using the condition (iv) of Theorem 4.2, we finally get

A(F(ur, 1), F(u2, v2)) + d(F(v1, 1), F(va, u3)) - ¢(d(u1, ), d(vs, V1)>
2 - 2 )

Now, let (z,v) € Q2 x Q be a coupled lower-upper solution of (4.5). Then we have
u(x,t) < F(u(x, 1), v(x, t)) and v(x,t) > F(V(x, t), u(x, t)) forallx e R,t € [0, T],
which show that all hypotheses of Corollary 3.1 are satisfied. O

Remark 4.1 Gordji et al. [41] considered the initial-value problem (4.5) when g(x,¢,
u, u,) = 0. Notice that if take ¢(x) = In(1 + x), then we derive Theorem 3.3 in [41].
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