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Abstract In this article, we establish common fixed point results for a class of pair of Cirié’s type
mappings assuming weakly compatibility, which is a minimal noncommuting notion for contractive pair
of mappings. Additionally, we prove existence and uniqueness common of fixed points for this pair
of mappings satisfying alternative properties as the so-called property E.A., reciprocal continuity and
CLRg-property. Those results allow us to analyze the existence of solutions for some system of nonlinear

integral equations on (not necessarily complete) metric spaces.
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1. INTRODUCTION AND PRELIMINARY NOTIONS

In 1976, G. Jungck [14] began the study of common fixed points for a pair of mappings,
by generalizing the Banach-Caccioppoli contraction principle through the consideration
of two commuting mappings, proving a common fixed point theorem for these mappings.
Afterwards, the commutative property of the mappings assumed by Jungck has been
relaxed by introducing “weak” alternative notions as weak commutating, (non-) com-
patibility, R-weak commutativity and weak compatibility among others, which allowed to
extend several well-known common fixed point results for Lipschitz type of mapping pairs.

Here, firstly, we are going to establish existence and uniqueness results of common
fixed point for a pair of contractive-type of mappings, whose contractive parameters are
non-constants and its contractive inequality is controlled by a positive function satisfying
a stability condition at 0 (see (2.2)). As a particular case, our results are valid if we
control the mentioned inequality by using the well-known altering distance functions,
which have been used to solve several problems in the metric fixed point theory (see, e.g.,
[10, 11, 13,22, 23, 25, 26, 32]). Then, with those results and relation (4.2), we can analyze
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the existence of solutions for a system of nonlinear integral equations defined on a not
necessarily complete metric space.

To attain our goals, we will assume that the mappings under consideration are weakly
compatible, which is a minimal noncommuting notion for contractive type of mapping
pairs (see, Section (5)). Also, alternatively, we are going to assume that the pair of
mappings satisfy some conditions like property E. A. introduced in 2002 by Aamri and
Moutawaki [1], reciprocal continuous introduced by R. Pant [29] in 1998 and the so-called
CLRg-property given by Sintunavarat and Kumam in 2011 [33].

1.1. PRELIMINARY NOTIONS AND RESULTS

A point x € M is called a coincidence point (CP) of S and T if Sz = Txz. The
set of coincidence points of S and T' will be denoted by C(S,T). If z € C(S,T), then
w = Sz = Tz is called a point of coincidence (POC) of S and T. In order to establish
our results the following notions will be needed: A pair of mappings (S,7") on a metric
space (M, d) is said to be
Non-trivially weakly compatible (WC), [16]: if they commute at their coincidence
points, that is, STu = T'Su whenever Su = T'u, for some u € M.

Occasionally weakly compatible (OWC), [3]: if there exists some z € C(S,T) such
that STx =T Sx.

Compatible, [15]: if and ouly if lim, o, d(T'Sx,, STx,) = 0, for whenever sequence
(n)n C M is such that

lim Sz, = lim Tz, =t
n—oo n—oo

for some t € M.
Noncompatible, [1]: if there exits at least one sequence (z,,), C M such that lim,_, Sz, =
lim,, o Tx,, =t for some t € M, but
lim d(STxy,, TSx,)
n—oo

is either nonzero or non-existent.
For more details on comparisons of the early notions, we refer to [17, 24].
The following notion is a generalization of noncompatibility: A pair of self mappings
(S,T) is said to satisfy the property E.A., [1], if there exists a sequence (z,,), C M such
that

lim Sz, = lim Tx, =t,
n—oo n—oo

for some t € M. If two maps are noncompatible, they satisfy property E.A., the converse
however is not true [1]. It is important to point out that property E.A. requires either
completeness of the whole space or any of the range spaces or continuity of the maps.
But, on the contrary, the following notion does not need such conditions. A pair of self-
mappings (S, 7T) is said to satisfy the common limit in the range property with respect to

S (in short CLRg) [33], if there exists a sequence (), C M such that
lim Sz, = lim T=x, = St,
n—oo n—oo

for some t € M. Notice that a pair (S,T') satisfying property E.A. along with closedness
of the subspace S(M) always enjoy CLRg-property, (see [33]). It may be observed that
the CLRg-property avoids the requirement of the condition of closedness of the ranges of
the involved mappings.



Generalized Cirié’s Pairs of Maps and Some Systems of Nonlinear Integral Equations 613

Two maps S and T are called reciprocal continuous (RC) if lim, o0 STz, = Sz and
lim,, o, T'Sx,, = Tz, whenever (x,,), is a sequence such that lim,,_, Sz, = lim, o T, =
z, for some z € M. If S and T are both continuous, then they are reciprocal continuous,
but the converse is not true [29]. As an application of this concept, in 1998, R. Pant
[29] obtained the first result that establish a situation in which a collection of mappings
has a fixed point which is a point of discontinuity for all the mappings. In 2011, Pant et
al [31] generalized the notion of reciprocal continuity by introducing a new concept, the
weak reciprocal continuity, as follows: Two self mappings S and T are weak reciprocal
continuous (WRQC) if lim,,_,o STz, = Sz or lim, . T'Sx, = Tz, whenever (z,), is a
sequence such that lim,, ., Sz, = lim, o Tz, = z, for some z € M. If S and T are
reciprocally continuous, they are weakly reciprocally continuous but the converse is not
true [31].

On the other hand, the following results in will be useful in the sequel.

Lemma 1.1 ([5]). Let (M,d) be a metric space. Let (z,,)n be a sequence in M such that

lim d(z,,zn+1) =0.
n—oo

If (xp)n is not a Cauchy sequence in M, then there exist an €9 > 0 and sequences of
integers positive (m(k))x and (n(k))x with
m(k) > n(k) >k
such that,
AT (k) Tr)) = €05 ATmk)—1, Tnr)) < €0
and
(i) klggo d(Zrm(k)—15 Tn(k)+1) = €0,
5 _
(ii) kggod(xm(k)wn(k)) €0,

(i) lim_ d(@mk)-1; Tn(r) = €o0-

Lemma 1.2 ([2]). Let S and T be self mappings of a metric space (M,d). If the pair
(S,T) is WC and has a unique POC, then it has a unique common fized point.

2. THE GENERALIZED CIRIG-TYPE CLASS OF MAPPINGS

In order to introduce the class of mappings which will be the focus of study in this
paper, as in [20], we are going to use the functions a, § : Ry — [0,1) which satisfy that
a(t)+ B(t) <1, for all t € Ry, and

limsupa(s) <1

s—0t
lmsup —2) <1, wiso0 (2.1)
st L—=PB(s) 7 ' '

In the sequel, by ¥ we mean the class of all functions ¢ : R, — R continuous satisfying
that

¥ (t) — 0 implies that ¢, — 0. (2.2)
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Remark 2.1. Since every non decreasing map v satisfies (2.2) (but the converse is not
true), then all the results that we are going to prove here are valid, in particular, if we
replace functions satisfying the condition (2.2) for functions belonging to the well-known
class of altering distance functions [18, 34].

Now, we introduce the following class of pair of contraction-type of mappings which
generalizes several classes of mappings, by considering «, 8 constants functions, as well
as 1, T be the identity map.

Definition 2.2. Let (M,d) be a metric space and let S,T : M — M be mappings.
Then, the pair (S,7) es called ¢ — (o, 8)-Cirié¢ generalized contraction pair (¢ — (, 8)-
Cge) if for all z,y € M

P(d(Sz, Sy)) < a(d(Tx,Ty)) Y (d(T2,Ty)) + B (d(Tz,Ty)) ¥ (M(z,y))  (2.3)
where ¢ € ¥, «, 8 satisfy (2.1) and

M (z,y) = max {d(Tx, Ty),d(Sz, Tz),d(Sy, Ty), d(Sz,Ty) + d(Sy, T'x) } .

2
(2.4)

The next result shows that a ¥ — («, 8)-Cgc map can has, at most, one POC.

Proposition 2.3. Let S and T two self mappings of a metric space (M,d). Assume that
the pair (S,T) is a Y — («a, 8)-Cyc pair. If S and T have a POC in M, then it is unique.

Proof. Let w € M be aPOC of S and T'. Then there exists x € M such that Sx = Tx = w.
Suppose that for some y € M, Sy = Ty = v and w # v. From (2.3) we have that

P(d(w,v)) =¢ (d(Sz, Sy)) < a(d(Tz, Ty)) ¢ (d(Tz, Ty))
+ 4 (d(Tz, Ty)) ¢ (M(x,y)) - (2.5)
It follows that,
P(d(w,v)) = a(dw,v)) ¢ (d(w,v)) + B (d(w,v)) P (M(w,v)) .
Using (2.4) we obtain M (w,v) = d(w,v) and substituting it into (2.5) we obtain
P(d(w, ) < [a(d(w,v)) + B (d(w, V)Y (d(w, v)) < (d(w,v)).

Since ¢ € ¥ we conclude that d(w,v) < d(w,v) which is a contradiction. Thus, w = v. m

In the next section, we will use the following proposition to prove the existence of a
unique common fixed point of a ¥ — («, 8)-Cgc pair.

Proposition 2.4. Let (M,d) be a metric space and let S and T be self mappings of M
with SM C TM. If the pair (S,T) is a ¥ — («, B8)-Cygc pair, then for any xo € M the
sequence defined by

Yn = STy = Tapy1, n=0,1,...
satisfies

(1) limy, 00 d(yna yn+1) =0.
(i) (yn)n @s a Cauchy sequence in M.

Proof.
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(i) Let xo be an arbitrary point. Since SM C T'M, there exits an 1 € M such that Sxg =
Txy. In this way we construct a sequence y, € M by the formula y,, = Sz, = Txp41,
n=0,.... From (2.3) we have that

Y (d(Tons1, TTny2)) =
Y (d(San, Tany1)) < o (d(Tan, Tang)) ¥ (d(Ton, Tong1))
+ B(d(T2n, Trnt1)) Y (M(Tn, Tntr))
Using (2.4) we obtain
M (2, Tni1)

1
= max {d(Txn, T2pt1), d(Txn, Txpi1), d(TTni1, TThni2), §d(Txn, Txn+2)} .
On the other hand,

%d(Tgcn7 TZpi1) §%[d(Txn, Ttpi1) + d(Txpi1, Tnia)]
<max{d(Txn,Txnt1),d(Txpnr1,TTni2)}.
Therefore,
M (2, xpny1) = max{d(Txp, Txny1), d(Txpi1, TThio)}
If M(zp,2nt1) = d(Txn, Txpi1), then
Y (d(T2n1, TTny2))
< [ (AT, Tins1)) + B (A(Tn, T 1))} (AT, T 1) (2.6)

and when M (2, pt1) = d(Txps1, TTnas), we have

a(d(Tzn, Trpi1))
VAT, Tont2)) < 75 G, )

In both cases, from inequalities (2.6) and (2.7) we conclude that
Y (d(Trns1, Trny2)) < (d(T2n, TTni1)),

since ¢ € W it follows that (d(Txy,Txn41)), is a monotone sequence of positive real
numbers and consequently there exits L > 0 such that lim, oo d(Txp, T2pt1) = L.
Notice that

0 <y(L) = lim 4 (d(Ta 11, Tans2))
<lim sup (d(T:L’n, Txn+1)) ¢(L) + lim sup B (d(T.’[n, Tanrl)) 1/1(L)

n— oo n—0o0

Y (d(Tzn, Trny1)) - (2.7)

From here, L should be identically equal to 0.

(ii) We shall prove that (Sxy,)n = (T%p41)r is a Cauchy sequence in T(M). Suppose that
it is not true. Then there exists an € > 0 and there exist sequences (m(k)); and (n(k))x
with m(k) > n(k) > k such that

d(‘rnz(k)a ‘rn(k)) > &, d(x’m(k)—h zn(k)) <e.

From Lemma 1.1 we have

0 < ¥(e) =limsup ¢ (d(T 2y, Tney)) = limsup ¥ (d(STpmy—1, TTn(r)—1))

k—o0 k—o0
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<limsup a (d(TTm )1, TTn(ky—1)) ¥ (A(TT 00 —1, TTn () —1))

k—o0

+ limsup B (AT )1, TTnk)-1)) ¥ (M (Zm(k)—1, Tnr)-1))

k—o0

where,
M (% (k=15 Tr(k)—1)
=max {d(TZx)—1, TTn()—1)s AS T (k)—15 ST (k) —1);

1
d(STmk)—1, TTp(ry—1), 3 [A(SZpk)—1, TTn(k)=1) + AT T (k)—1, TTr () —1)] }

=max {d(T Ty )—1, TTn()=1)s AT T (1), STr(ky—1),

1
ATy TTp(r)—1)s 3 (AT 2y, T (iy—1) + AT (k) =1, T (1)-1)] } .
It follows that limg_,cc M (Zpm(k)—1, Tn(k)—1) = max{e,0,0,e} = e. Therefore,
0 < ¥(e) = limsup (a (d(Tzp)—1, TTn(ky-1)) + B (AT —1, TZne)-1))) ¥(e)
— 00

<y(e),
Which is a contradiction. Hence (T'(x,,)), is a Cauchy sequence in TM. L]

Now, we prove that the (S, T)-Picard iteration scheme given in Proposition 2.4, con-
verges to the common fixed point of the pair (S, T).

Proposition 2.5. Let (M,d) be a metric space and let S and T be self mappings of M
with SM C TM and TM closed. If the pair (S,T) is a v — («, 8)-Cygc pair with a common
fized point, then for any xo € M the sequence defined by

Yn = STy = Txpy1, n=0,1,...
converges to the common fized point of (S,T).

Proof. Let xp be an arbitrary point. Since SM C T'M, there exits an 1 € M such that
Szo = Txy. In this way we construct a sequence y,, € TM by the formula y, = Sz, =
Tzp41,n =0,.... Since (yn)n is a Cauchy sequence and T'M is closed, y, — y € TM
asn — 0o. Let p € M be a common fixed point of (S,T) such that p # y, from (2.3) we
have that

¢ (d(Swn, Sp)) < a(d(Txn, Tp)) ¢ (d(Txn, Tp))
+ B (d(Txn, Tp)) ¢ (M (2, p)) -

Using (2.4) we obtain
M (2, p)

= max {d(TJ:n7 Tp),d(Sxpn, Txy),d(Sp, Tp), %(d(Szn, Tp) + d(Sp, T:cn))} .
Notice that lim, e ¥ (M (2, p)) = ¢ (d(y, p)). Therefore,
W(d(y,p)) = lim < (d(Szn, Sp)) <lim suple (d(Twn, Tp)) v (d(T2n, Tp))

+ B (d(Tzn, Tp)) ¥ (M (zn,p))]
=limsup|a (d(Tzn, Tp))

n—oo
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+ B(d(Txy, Tp))|Y (d(y,p))
<% (d(y,p)) -

Which is a contradiction, thus

lim Sz, = lim Tx,y 1 =y=p=Sp="Tp.
n— o0

n— oo

That is, the (S, T)-Picard iteration process converges to the common fixed point of (S, T).
|

3. CoMMON FIXED POINTS FOR ¢ — (o, §)-CGC PAIR OF MAPPINGS

In this section we prove our main results concerning to the existence and uniqueness of
common fixed points for a ¥ — («, 3)-Cgc pair of mappings. We are going to give common
fixed point results assuming the completeness only on a specific subspace of the space M
and the maps S and T are not necessarily continuous.

Theorem 3.1. Let S and T be WC self mappings of a metric space (M,d) such that
(i) SM c TM.
(i) TM C TM is a complete subspace of M.
(iii) The pair (S,T) is a ¢ — (o, 5)-Cyc pair.
Then, S and T have a unique common fized point.

Proof. Let xyp € M be an arbitrary point. Since SM C TM, as before we construct
the sequence y, = S, = Txn41, n =0,.... By Proposition 2.4 we have that (y,)n is a
Cauchy sequence in T'M which is complete, so there exists z € M such that lim,,_,, Sz, =
limy,, 00 Txp+1 = 2z and therefore we can find an v € M such that Tu = z. Now, we shall
prove that Su = Tu. Suppose that Su # Tu. Using (iii) we obtain

P (d(Szny1, Su)) a(d(Tzpir, Tu) ¢ (d(Ton 1, Tu))
+ B(d(Teny1, Tu) § (M (2n11, u)) (3.1)

where

M(zpi1,u) =max {d(Txpt41, Tu), d(Stpi1, Tni1), d(Su, Tu),

2
Letting n — oo in (3.1) and (3.2) we obtain
¥ (d(z, Su)) <limsup a (d(Teni1, Tu) ¢ (d(z, Tu))

n—oo

+ limsup B (d(T2n 1, Tu)) ¥ (d(Su, Tu)) < o (d(z, Su))

n— oo

which is a contradiction, thus Su = Tu = z. Therefore z is a POC of S and T. By
Proposition 2.3 z is the unique POC. Now, due to the fact that (S,T) is WC, from
Lemma 1.2, z is the unique common fixed point of S and T ]

l[d(Su,Txn+1 + d(an+1,Tu))]} . (3.2)

Example 3.2. Let M = [1,00) C R with the usual metric d(x,y) = |z — y|. Define
S,T:M — Mby St =2z —1and Tz =22, ¢ : Ry — Ry, ¢(t) = 3%, t € R} and
a(t) = B(t) = Exp,1)(t), where x[o17(t) is the characteristic function of the interval [0, 1]
of the interval [0, 1]. Then:

(i) aft)+B(t) < 1.
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(ii) Sz =Tz, iff x = 1.
(iii) S and T are WC since they commute at the coincidence point x = 1.
(iv) The pair (S,T) is a ¢ — («, §)-Cgc pair.
Theorem 3.1 guarantees that £ = 1 is the unique common fixed point of S and T (]

We can relax the condition “T'’M C M be a complete subspace” for the condition
“T'M C M is closed”, as follows.

Theorem 3.3. Let (M, d) be a metric space and let S,T : M — M be WC self mappings
satisfying property E.A. Let us assume that the pair (S,T) is a ¥ — (o, §)-Cyc pair. If
TM C M is closed, then S and T have a unique common fixed point.

Proof. Since the pair (S, T) satisfies property E.A., there exists a sequence (x,), C M
such that lim,_, Sz, = Txy11 = 2z for some z € M. Since TM C M is closed, then
z € TM and z = Tu for some u € M. As in the proof of Theorem 3.1 we can prove that
z =Tu = Su and z is the unique POC of S and T'. Finally, since the pair (5,T) is WC,
then z is the unique fixed point of S and T. [

Now, since two noncompatible self mappings of a metric space (M, d) satisfy property
E.A., we obtain the following result:

Corollary 3.4. Let S and T be two noncompatible WC mappings of a metric space (M, d)
satisfying

(i) The pair (S,T) is a ¢ — (a, B)-Cgc pair.

(il) If TM C M is closed.
Then, S and T have a unique common fized point.

Example 3.5. Let M = [0,00) C R. Define S,7: M — M by Sz = 1z and Tz = 22
for all x € M. Using the sequence z,, = % we can prove that S and T satisfy property
E.A. TM = [0,00) is closed in R and C(S,T) = {0}, thus S and T are WC mappings.
Moreover, the pair (S,T) is a ¥ — (o, 8)-Cgc pair. The unique common fixed point is
= 0.

The next results prove the existence of a unique common fixed point for ¢ — («, 5)-Cgc
pairs by using alternative notions to the noncompatibility.

Theorem 3.6. Let S and T be RC compatible self mappings of a metric space (M, d)
such that the pair (S,T) satisfies property E.A. and moreover (S,T) is a ¥ — («, 8)-Cgc
pair. If TM C M is closed, then S and T have a unique common fixed point.

Proof. Since T and S satisfy property E.A., there exists (z,), in M such that

lim Sz, = lim Tx,,1 =t, for some t € M.
n—oo n— oo

Since the pair (S,T) is compatible, then lim,_ o d(STz,,TSz,) = 0. The reciprocal
continuity of S and T implies that STz, — Tt. The last two limits together imply
St =Tt. Thus tis a CP of S and T. The compatibility of the mappings S and T implies
the commutativity at the coincidence points, that is STt = T'St. Therefore, the pair
(S,T) is weakly compatible. Now, applying Theorem 3.1 we conclude that S and T have
a unique common fixed point. ]

Theorem 3.7. Let S and T be WRC' compatible self mappings of a metric space (M, d)
satisfying
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(i) SMcTM.
(ii) TM C M is a complete subspace of M.
(iii) The pair (S,T) is a ¥ — («a, 8)-Cgc pair.

Then, S and T have a unique common fized point.

Proof. Let xp € M be an arbitrary point. Since SM C T M, as before, we construct the
Cauchy sequence in TM, y,, = Sx,, = Txp41, n =0,1,.... Due to the fact that TM is
complete, there exits ¢t € M such that

lim y, = lim Sz, = lim Tz, 1 =t.
n—oo n—o0 n—oo

Suppose that S and T are compatible mapping, from the fact that S and T are WRC,
then lim,,_,o, STx, =Tt or lim,_, ., T'Sx, = Tt.
Let lim,,_yoo T'Sx,, = T't. Then, the compatibility of S and T gives that

lim d(STx,,Tt) =0.
n—oo
Hence lim,, ,o, STz, = Tt. By construction we have

lim STz, = lim SSz, =Tt.
n— oo

Using (ii) we get
where
M (t, Sx,,)

1
= max {d(Tt, TSxz,),d(St,Tt),d(SSz,, TSx,), §[d(Tt, TSxy,) 4+ d(SSzy, Tt)}} )

Letting n — oo, we obtain M (¢, Sz,,) = d(St,Tt) and
¥ (d(St,Tt)) <limsup a (d(Tt,TSx,)) ¢ (d(Tt, T Sx,))
n—oo

+ limsup B (d(Tt, TSx,)) ¥ (d(St, Tt)) < ¢ (d(St, Tt))

n—oo
which is contradiction, so St = Tt. Again, the compatibility of S and T implies com-
mutativity at a PC, hence that pair (5,7) is WC. By Theorem 3.1 S and T have a
unique common fixed point. Now, suppose that lim,_,., STz, = St, then from the fact
SM C TM, there exists u € M such that St = Tu and lim,, o, STx,, = T'u. The compat-
ibility of S and T implies lim,, o d(STx,, T'Sx,) = 0, hence lim, o d(Tu, T'Sx,) = 0.
Therefore, lim,, o, T'Sx, = Tu, equivalently,

lim STx,y; = lim SSx, = Tu.
n—oo n—oo

In a similar way, as above, using (i) we get St = T't and the rest of the proof is similar.
Consequently, S and T have a unique common fixed point. [

Due to the fact that if two mappings S and T are RC, then they are WRC we have
the following result.

Corollary 3.8. Let S and T be RC compatible self mappings of a metric space (M,d)
satisfying

(i) SMcCcTM.

(i) TM C M is a complete subspace of M.
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(iii) The pair (S,T) is a ¥ — (o, 8)-Cyc pair.

Then, S and T have a unique common fized point.

We can drop the completeness of the subspace T'M by using CLRg-property or CLR -
property.

Theorem 3.9. Let S and T be two WC self mappings defined on a metric space (M, d)
such that

(i) SM C TM.
(i1) The pair (S,T) satisfies the CLRg-property or the CLRr-property.
(iil) The pair (S,T) is a ¥ — («, 8)-Cgc pair.

Then, S and T have a unique common fized point.

Proof. First suppose that the pair (S, T) has the the CLR g-property, so there exists (x,, ),
in M such that lim,,_, o Sz, = lim, o T2, =t for some t € SM. Since SM C TM we
have t € T M, thus there exists u € M such that ¢t = T'u, that is, Sx = Tu. We shall to
show that Su = Tu. If it is false, then from hypothesis (iii) with 2 = u, y = x,, we obtain

¥ (d(Su, Szy)) < a(d(Tu, Tay)) ¢ (d(Tu, Ty)) + B (d(Tu, Tayn)) b (M(u, )
where
M (u,xy,)

= max {d(Tu, Txy),d(Su, Tu), d(Szy, Txy), %[d(Su, Txy,) + d(Sxn, Tu)]} .

Notice that lim, o M (u, z,,) = d(Su, Tu), thus

¥ (d(Su, Tu)) <limsup a (d(Tu, Tx,)) ¥ (d(Tu, Su))

n—oo

+ limsup B (d(Tu, Txy,)) ¥ (d(Su, Tu)) < ¥ (d(Su,Tu)).

n—oo
It follows that ¢ (d(Su, Tu)) < 9 (d(Su,Tu)), implying that d(Sw, Tu) < d(Su,Tu) which
is a contradcition, so Su = T'u = t. t is the unique POC (see the proof of Theorem 3.1)
of S and T. now, since (S,T') is a WC pair, Lemma 1.2 guarantees that ¢ is the unique

common fixed point of S and T'. In the case when the pair (S, T) has the CLRp-property
its is similar. -

4. EXISTENCE OF SOLUTIONS FOR A SYSTEM OF NONLINEAR INTEGRAL
EQuATION

We are going to study the existence of a unique solution for a system of nonlinear
integral equations, posed on normed spaces of real-valued functions, through the results
proved in the past section.

Let (X,] -||) be a normed space of functions v : D C R — R whose norm is ordering
preserving; that is, || f|| < ||lg|| whenever |f(x)| < |g(x)| for all x € D. We are interested
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in find solutions on X of the following system of equations.

b
ut) = A+ [ o1(s)h(tu(s)ds = Su(t)
a (4.1)

u(®) = falt)+de [ ga(o)hat uls))ds = Tult)

where, —o00 < a < b < 00, A\; € R, i =1,2. In the operator theory framework, the problem
is equivalent to find common fixed points for the pair (S, T). Equations as the given in the
system (4.1) are widely studied since they appear in different problems and applications;
for instance, in the analysis of the radial solutions of a nonlinear elliptic equation (see
e.g., [19] and references therein). When the equations are posed on a concrete normed
space (X, || - ||), it is necessary to assume adequate growth conditions on the functions
fi, g; or h;, in order to guarantee the existence of at least one solution for the integral
equations

b
u(t) = fi(t) + N /gi(s)hi(t,u(s))ds.

See, for instance, [7-9, 21, 28] and references in the topic. Here we will assume that the
following relation between the equations holds:

b

b
A / 01(8) [ (t,u(s)) — b (£, 0(s)))ds| < |Ao / 92(5) [ha(t,u(s)) — ha(t, o(s))ds

(4.2)

for all u,v € X. Notice that this condition is a comparative one, not a growth-type one,
and it is independent of the normed space under consideration.

Now, are are going to use some functional associated with h-concave and quasilinear
functions. This kind of functionals are introduced in [27]. Let C' a convex cone in the
linear space X over R and let L be a real number L # 0. A functional F': C — R is
called L-superadditive in C' if

f(x+y) = L(f(2) + f(y)), for any z,y € C.

Let K be a real non-negative function, a functional f satisfying
ftz) = K(t)f(x)

for any ¢t > 0 and = € C, is called K-positive homogeneous. Notice that K (1) = 1. We
are going to prove that condition (4.2) guarantees that the pair (S,T) is a ¢ — («, 5)-Cgc
pair. To attain such a goal next lemma will be useful.

Lemma 4.1 ([27]). Let z,y € C and f : C — R be a non-negative, L-superadditive
and K -positive homogeneous functional on C. If M > m > 0 are such that x — my and
My —x € C, then
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Proposition 4.2. Under condition (4.2), the pair (S,T) given in (4.1) is a v—(«, 5)-Cygc
pair.

Proof. From condition (4.2) for all u,v € X we have that
[Su(t) — Sv(t)| < |Tu(t) —To(t)|, forallteR.
Then, from the preserving property of the norm we have that
|Su — Sv|| < ||Tu —Tv]|.
Moreover, there exists 0 > m < 1 depending of u and v such that
m||Tu — To|| < ||Su— Sv|| < ||[Tu— Tv||. (4.3)

Now, let ¢ be a L-superadditive and K-positive homogeneous functional in ¥, from (4.3),
we are in the hypotheses of Lemma 4.1. Thus,

1
¥ ([Su = Svll) < 79 (ITu = Tol)).
Let o, 3 : Ry — [0,1) satisfying (2.1) with 1+ < a(t) for any ¢ € R;. Hence, we obtain

1
b (I1Su = Soll) <z ¢ (ITu = Tvl)
<t ([|Su = Svl)) ¢ ([[Tw — Tv[]) + B ([|[Tu — Twl[) o (M (u,v)).
Therefore, (S5,T) is a ¢ — (a, §)-Cgc pair. [

Remark 4.3. Notice that condition (4.2) is not sufficient to guarantee that the pair
(S,T) below be a Ciri¢ pair, but for a preserving distance, L-superdditive and K-positive
mapping as 1 below, the pair (S,7) is a i-Jungck contractive pair (-JC pair), see
Definition 2.1 in [22]. However, in order to guarantee the existence of common fixed
points for ¥-JC pairs, is required that the underlying space be a complete metric space,
hence, the results of this paper extend the given in [22]. In Example 4.7 we analyze a
siystem of nonlinear integral equations on a normed (no Banach) space, thus this example
cannot be analyzed within the results of [22].

We would like to recall that the weakly compatible property is a necessary property
for the existence of common fixed point for ¢ — («, 3)-Cgc pairs, in Section 5 we discuss
it with details. Therefore, we will require that the WC property holds for the mappings
(S,T) given in (4.1).

On the other hand, we will assume that

Rgo(A1g1(-)h1(;+)) € Rgo(A2g2(-)ha(, ). (4.4)
Notice that this condition implies that SX C TX and its is compatible with (4.2).
Assuming that the functions h; : R x R — R are continuous and satisfy

lim h;(t,u) =0, forallteR, (i=1,2) (4.5)

uU—r 00

we obtain the following result.

Proposition 4.4. Under condition (4.5), the pair (S,T) given in (4.1) has the property
E.A.
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Proof. Let (uyn), C X such that w, — 0o as n — co. Then, from condition (4.5) we get
that
Lm h(t,un) =0, i=1,2.

n—oo
Consequently, we obtain
b
lim )\i/gi(s)hi(t,un(s))ds =0, =12

n—oo
a

Since T0 = S0 = 0, we conclude

lim TSu, = lim STu, = 0.
n—oo n—oo

That is, the pair (S,7T) has the property E.A. [

Since all compatible pair satisfies the property E.A. we obtain the immediate conse-
quence: Under condition (4.5), the pair (S,T) given in (4.1) is noncompatible.
On the other hand, note that the functions

b
L=\ /gi(s)hi(t,u(s))ds i=1,2

a

are continuous if the following conditions are satisfy
The functions g;(s)h;(t,u) : R x R x R — R are continuous. (4.6)

Due to the fact that a pair of continuous functions are reciprocal continuous, the following
result holds.

Proposition 4.5. Under condition (4.6), the pair (S,T) given in (4.1) is RC.

Also, we have the next immediate consequence: Under conditions (4.6), the pair (S, T)
given in (4.1) is WRC.

Now, by applying the results given in the previous sections we can establish conditions
for the existence of solutions for system (4.1).

Theorem 4.6. System (4.1) has a unique solution if conditions (4.2) and (4.4) are satisfy
and one of the following conditions hold:

(i) The pair (S,T) is WC, and TX C X is complete.
(ii) (4.6) and TX C X is complete.
(iii) (4.5) and TX C X is closed.

Proof. The proof of (i) follows from Proposition 4.2 and Theorem 3.1. To prove (ii) we
have from condition (4.2) and Proposition 4.2 that the pair (S,T) is a («, 8)-Cgc pair.
Moreover, from (4.4) we have that SX C TX. Now, condition (4.6) assure the the pair
(5,T) is RC or WRC (Proposition 4.5). Therefore the conclusion follows from Theorem
3.7 or Corollary 3.8. Finally we will prove (iii). The proof follows from Theorem 3.3 or
Corollary 3.4 since (4.5) implies that (S,T) has the property E.A. or is noncompatible
(Proposition 4.4). ]
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Example 4.7. Let us consider the space C((0,1), || - ||) of all continuous functions u :
(0,1) — R endowed with the maximum norm |ju|| = max |u(t)|. At is known, this space
is not a Banach space. We are going to analize the existence of a solution of the following
system on integral equations

1
u(t) = %/tzs sin(u(s))ds =: Su(t),
0
u(t) = Z/\/gu(s)ds =: Tu(t).
0

First, we prove that the pair (S,T) satisfies (4.2). To attain such a goal we use the
following estimate:
t —
2sin (u( )

9 sin (u(t) — W))’

|sin(u(t)) — sin(v(t))] =

<

Thus we obtain that

[Su(t) — Sv(t)| = t2s[sin(u(s)) — sin(v(t))]ds

|t?s|| sin(u(s)) — sin(v(t))|ds

1
/t25|u(s) —o(t)|ds, s,te€(0,1).
0
On the other hand, for the operator 1" we have
1
|Tu(t) — To(t)| = % /\/Q(u(s) —v(s))ds|.
0

Consequently, from the estimate (4.7) and the fact that /z < 2", for all x € (0,1) and
all n € N, we conclude that

[Su(t) — Sv(t)| < |Tu(t) — To(t)|, for all u,v € C(0,1).

Therefore, the pair (S,T') satisfies (4.2). Thus, from Proposition 4.2, the pair (S,T) is a
(a, B)-Cgc pair.

Now we are going to prove that T'C(0,1) is a closed subspace of C(0,1). Let f be
a continuous function in the closure T'C(0, 1) of the set TC(0,1), and suppose that f ¢
TC(0,1). Therefore, there is not exists a sequence u,, in TC(0, 1) such that u, () = f(t),
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t € (0,1), as n — oo. However, notice that

£(t) = Tim i/ls—l/4f(t) (1+i) ds

n—00
0

1

.3 s 1/4 1

—nli)n;oz/\/st ot f(@) <1+n) ds.
0

Notice that the functions
1
3 s—1/4 1
un(t) == [ Vst t)|1+—)ds, n=1,...
0=> / 10 (14 7)

belong to T'C(0,1), since the functions

s—1/4

=10 (1 + 711)

are continuous for each s € (0,1) and for all ¢ € (0,1), which contradicts the assumption
f ¢ TC(0,1), thus TC(0,1) € TC(0, 1).
Finally, due to the fact that the pair (S,7T) is RC, then from Theorem 4.6(iii) the

system has a unique solution, namely u(t) = 0.

5. FINAL REMARKS

First, we would like to show that weak compatibility is a necessary, hence minimal,
condition for the existence of common fixed points of contractive type mapping pairs.
Suppose S and T be a contractive type pair of self-mappings of a metric space (M, d)
having a common fixed point, say z then z = Sz =Tzand STz =TSz=5Sz=Tz=z. If
it is possible, suppose that S and T are not weakly compatible. Then there exists a point
w in M such that Sw = Tw while STw # T'Sw, we thus have Sw = Tw and Sz = Tz
with Sw # Sz. This is not possible in view of contractive conditions. For example, in
this case

P (d(Sz,Sw)) <a(d(Tz,Tw)) Y (d(Tz,Tw)) + B(d(Tz,Tw)) Y (M(z,w))
=a (d(Sz, Sw)) P (d(Sz, Sw)) + B (d(Sz, Sw)) ¢ (M (2, w))

where
M (z,w) = max {d(Sz7 Sz),d(Sz,Sz),d(Sw, Sw), %[d(Sz7 Sw) + d(Sz, Sw)]}

=d(Sz, Sw)

thus, 9 (d(Sz,Sw)) < 9 (d(Sz,Sw)) which is a contradiction. This shows that weak
compatibility is a necessary, hence minimal, condition for the existence of common fixed
points of contractive type mappings pairs.

On the other hand, notice that in Theorem 3.1 we cannot replace non-trivially weakly
compatible mappings by OWC. In fact, under the hypothesis (S,7T) is a ¥ — («a, §)-Cgc
pair in Theorem 3.1, assumption of OWC and the existence of a unique common fixed
point are equivalent conditions. To see this, first suppose that (S,T) is a ¢ — (a, §)-Cgc
pair. If S and T have a common fixed point, say z, then z =Tz = Sz, TSz = STz =z
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and S and T are, therefore, OWC mappings. On the other hand, if S and 7" are OWC
mappings such that Tx = Sz and TSz = STx =TTz = 5SSz for some x then, using the
¥ — (a, 8)-Cgc pair inequality, we get

Y (d(Sxz,SSx)) <a(d(Tx,TSxz))y (d(Tx, TSz))+ B (d(Tx, TSx)) v (M(x,Sx)),
where

M(z, Sz)
= max {d(Tx, TSz),d(Sz,Tx),d(SSz, TSx), %[d(SJ:, TSz) + d(SSz, Tx)]} .

Then, ¢ (d(Sz, SSx)) < ¢ (d(Sz,SSz)), so we conclude that Sx = SSz. Since (o, f)-
Cgc pair condition exclude the existence of two coincidence points z,y for S and T,
we get Sz = SSx(= T'Sz). This means that Sz = T is a common fixed point of S
and T. Therefore, one should be really careful before using OWC under any contractive
conditions (see also, [30]).

Finally, we would like to point out that due to the minor restrictions on the functions
involved in the definition of the class of ¥ — («, 8)-Cgc pairs and the minimal commutative
requirements of the mappings, our results extend several common fixed point theorems for
classes of well-known contractive type of mappings, including various classes of contractive
mappings with inequalities controlled by altering distance functions as well as contractive
mappings of the integral type which were started by A. Branciari [6] in 2002, who extended
the Banach contraction principle by using some Lebesgue integrable functions. However,
we would like point out that in 2009, J. Jachymski [12] showed that some contractive
conditions of integral type are consequences of the classical known ones (see [12] and
references therein).
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