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1 Introduction and preliminaries
Integral equation methods are very useful for solving many problems in several applied
fields like mathematical economics and optimal control theory, because these problems
are often reduced to integral equations. Since these equations usually cannot be solved
explicitly, so it is necessary to get different numerical techniques. There are numerous ad-
vanced and efficient methods, which have been focusing on the solution of integral equa-
tions.

Integral equations appear in many forms. Two distinct ways that depend on the limits
of integration are used to characterize integral equations, namely:

1. If the limits of integration are fixed, the integral equation is called a Fredholm integral

equation given in the form:

b
u(x) = f(x) + / K(x, t)u(t) dt, (1.1)

where a and b are constants.
2. If at least one limit is a variable, the equation is called a Volterra integral equation

given in the form:

u(x) = f(x) + /x K(x, t)u(t) dt. (1.2)

It is interesting to point out that any equation that includes both integrals and deriva-
tives of the unknown function u(x) is called an integro-differential equation. The Volterra
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integro-differential equation is of the form:

d"u

4" (x) =f(x) + fx K(x, t)u(t)dt, where u" = . (1.3)
p dx"

Nonlinear analysis is a remarkable confluence of topology, analysis and applied mathe-
matics. Indeed, the fixed-point theory is one of the most rapidly growing topic of nonlinear
functional analysis. It is a vast and interdisciplinary subject whose study belongs to sev-
eral mathematical domains such as: classical analysis, functional analysis, operator theory,
topology and algebraic topology, etc. This topic has grown very rapidly perhaps due to its
interesting applications in various fields within and out side the mathematics such as: in-
tegral equations, initial and boundary value problems for ordinary and partial differential
equations, game theory, optimal control, nonlinear oscillations, variational inequalities,
complementary problems, economics and others.

The celebrated Banach contraction principle is a fundamental piece both in several
branches of functional analysis and in many applications. This important fixed-point the-
orem can be stated as follows.

Theorem 1.1 [1] Let (X, d) be a complete metric space and T be a self-map of X satisfying:
d(TxTy) <kdlx,y) Vx,yedk, (1.4)
where k is a constant in (0,1). Then, T has a unique fixed point & € X.

Due to its relevance, generalizations of Banach’s fixed-point theorem have been studied
by many authors (see, e.g,, [2] and references cited therein). Many works have been done
for getting the solution of linear and nonlinear Volterra integral and integro-differential
equations using Banach’s fixed-point theorem (see Pachpatte [3, 4] and references cited
therein).

A very important fact that condition (1.4) implies continuity of T, suggests in a natural
way the question of obtaining fixed-point results for metric spaces where the involved
self-map is not necessarily continuous. This question is answered by Kirk et al. [5] and
turned the area of investigation of fixed point by introducing cyclic representations and
cyclic contractions, which can be stated as follows:

A mapping 7 : AU B — AU B is called cyclic if T(A) € B and T(B) C A, where A, B
are nonempty subsets of a metric space (X, d). Moreover, 7 is called cyclic contraction
if there exists k € (0,1) such that d(7x,Ty) < kd(x,y) for all x € A and y € B. Notice that
although a contraction is continuous, cyclic contraction need not to be. This is one of the
important gains of this theorem which motivates, in a natural way, the following notion.

Definition 1.1 (See [5, 6]) Let (X,d) be a complete metric space. Let p be a positive
integer, A, As,..., A, be nonempty subsets of X, Y = U Aiand T:Y — V. Then
Y= Uil A, is said to be a cyclic representation of ) with respect to 7 if

(i) A;,i=1,2,...,p, are nonempty closed sets, and

(i) T(A) S Az, T(Apr) € Ay, T(Ay) € A

Following [5], a number of fixed-point theorems on cyclic representation of ) with re-
spect to a self-mapping 7 have appeared (see, e.g., [6—14]).
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To continue the investigation specified in [5], a new variant of cyclic contractive map-
pings satisfying generalized altering distance function, which is followed by the existence
and uniqueness of fixed points for such mappings is discussed here. The obtained result
generalizes and improves many existing theorems in the literature. Some examples are
given in the support of our results. Finally, applications to the solutions for a class of non-
linear Volterra integral and integro-differential equation using cyclic (¢, ¥,6)-contraction

is presented.

2 Main results
In the sequel, we designate R the set of all real numbers, the set of all real nonnegative
numbers by R* and the set of all natural numbers by N.

To introduce a new variant of cyclic contraction we need the notion of different type of

altering distance function.

Definition 2.1 [15] A function ¢ : R* — R* is called an altering distance function if the
following properties are satisfied:

(a) ¢ is continuous and nondecreasing, and

(b) () =0<t=0.

Let @ denote the set of all functions ¢ : R* — R* satisfying
(a) ¢ is continuous nondecreasing;

(b) ¢7'({0}) = {0}.

Let W denote the set of all functions ¢ : R* — R* satisfying
(¢) limy_,,+ ¥ (¢) >0 (and finite) for all » > O;

(d) limy_o+ ¥ (¢) = 0.

Let © denote the set of all functions 6 : R** — R* satisfying
(e) 6 is continuous;

(f) 6(t1,t2,t3,ta) = 0 if and only if t 3384 = 0.

The examples of function ¥ are given in [14]; see also [5, 16].
Now, we give some examples of functions 6 satisfying (e) and (f).

Example 2.1 The following functions belong to O:
(1) G(tl, tz, tg, t4,) = ﬁmin{tl, tg, tg, t4};

(2) 0(t, by, 13, ta) = hitatsty;
(3) G(tl, to, 3, t4) = ln(l + t1t2t3t4);
(4:) G(tl, tz, tg, t4) = €t1t2t3t4 —1.

Now we can state the notion of cyclic (¢, ¥, 8)-contraction as the following.

Definition 2.2 Let (X, d) be a metric space. Let p be a positive integer, A;, Ay, ..., A, be
nonempty subsets of X and Y = |, A;. An operator T : Y — Y is called cyclic (¢, ¥, 0)-
contractive, if
() ¥ =", A; is a cyclic representation of ) with respect to T
(II) forany (x,y) € A; x A1, i=1,2,...,p (with Ay, = Ay),

9(d(TxTy) < ¢(dx,y) - ¥ (dx.y) +0(d(x, Tx),d(y, Ty), d(x, Ty),d(y, Tx)),

where 9 € ®, ¥ € ¥ and 6 € ©.
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Example 2.2 Let X’ = [0,1] with the usual metric. Suppose A; = [0, %] and A, = [%, 1] and
X =J2, Ai. Define T : X — X such that

(2.1)

Clearly, A; and A; are closed subsets of X'. Moreover T (A;) C A for i =1,2, so that

U?zl A, is a cyclic representation of X’ with respect to 7. Furthermore, let ¢, ¥,6 : R* —
R* defined by

t t
p(t) = 5 Y(t) = 3 and  O(ty,ty,t3,84) = Amin{ty, &y, £3, ta} Vi, b, by, b3t € RT.

Now we show that 7 satisfies cyclic (¢, ¥, 0)-contractive.
Forxe A;,ye Ay (orx e Ay, y € Ay).
« When x € [0, é] andy € [%, 1), we deduce d(Tx, Ty) = 0 and equation (II) is trivially
satisfied.
+ When x € [0, é] and y = 1, we deduce d(Tx, Ty) = %, 0(d(x, Tx),d(y, Ty),d(x,Ty),
d(y, Tx)) =0, and then equation (II) holds as it reduces to

1

— <
16 —
o(lx=11) = ¥ (lx - 1|) + 0(d(x, Tx),d(y, Ty), d(x, Ty),d(y, Tx)).

o(d(Tx,Ty)) = lx =1

| w

Example 2.3 Let X' = R with the usual metric. Suppose A4; = [-1,0] = A3 and A, = [0,1] =
Asand Y = Uil A;. Define 7 : Y — Y such that Tx = 5 for all x € ). It is clear that
Ule A, is a cyclic representation of ) with respect to 7.

Define ¢, v,6 : R* — R* by

t
» W(t) = E and 9(t1, to, 3, If4) = ttit3ty Vt, t1, Ly, L3, b4 > 0.

It can be easily shown that the map 7 is cyclic (¢, ,0)-contractive. Indeed, let L =
0(d(TxTy) = 22 and

1

R= %pc -yl =p(d®) - v (dxy)) + 0(dx, Tx),dy, Ty),dx, Ty),dy, Tx)).

« Whenx=-1and y=0, wededuce L = > and R= 2.
+ Whenx=0andy=1, wededuce L = é and R = %.

« Whenx=-landy=1,wededuce L = ; and R= 2.
Similarly other cases can be discussed. Hence, 7 is a cyclic contractive (¢,¥,0)-

condition.
Our main result is the following.

Theorem 2.1 Let (X,d) be a complete metric space, p € N, Ay, Ay, ..., A, nonempty
closed subsets of X and Y = | )\, A;. Suppose the mapping T : Y — Y is cyclic (¢, v,0)-
contractive, for some € @,V € W and 6 € ©. Then T has a unique fixed point. Moreover,
the fixed point of T belongs to (Y, A

Page 4 of 19
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Proof Let xy € A; (such a point exists since 4; # @). Define a sequence {x,} in X by:
X1 =T xy, n=0,1,2,....
If there is k € NU {0} such that x; = x¢,1, then x = x,, for all n > k, so xx is a fixed point of

T and xx € (V2 A

Then we assume that
X, #xp1 Yn e NU{0}. (2.2)
We shall prove that the sequence {d(x,,x,:1)} is nonincreasing with

lim d(x,,%,.1) = 0. (2.3)

n—00

Indeed, suppose that, for some # € N,
d(xn+1r xn+2) > d(xm xn+1)'
Using this together with the properties of functions v, ¢, 6, we get

(ﬂ(d(xn+1:xn+2)) . (p(d(xmxnﬂ)) - I;[f(d(xn’xwrl))
+0 (d(xm X41)s A K15 X12)s AKXy X142)5 A(Xpi1, xn+1))

< @(d@nsxn41)) — V(A X11))
which, in view of the fact that ¢ > 0, yields
@(dXni1s %n12)) < @AKo Xni1))
which, in turn, by condition (a) we deduce that
AXni1, %ns2) < Ay X)) Y eEN. (2.4)

Then, {d(x,.1,%4+2)} is @ nonincreasing sequence of positive real numbers. This implies
that there exists r > 0 such that

lim d(X1,%042) = 7. (2.5)
n— o0

Since

go(d(xn+hxn+2)) = q)(d(xmxnﬂ)) - I/f(d(xnr xn+1))
+ Q(d(xm xn+1)’ d(xn+1: xn+2): d(xmxn+2)v d(xn+1) xn+l))

= QD(d(xmerl)) - W(d(xn:xnﬂ)) (2.6)

we deduce, passing to the limit as # — o0 in (2.6) and using continuity of ¢, that

(P(V) S (/7(7) - hm W(d(xmxnﬂ))'

n— 00
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From condition (c) and using (2.5), we have
lim ¥ (d(xy,%411)) = lim ¥ (£) > 0.
n—00 t—rt
We get
¢(r) = p(r) = lim ¥ () < (1),
a contradiction, and thus r = 0. Hence, (2.3) is proved.

Now, we shall prove that {x,,} is a Cauchy sequence in (X, d). Suppose to the contrary that
{x,} is not a Cauchy sequence, then there exists ¢ > 0 for which we can find two sequences
of positive integers {m(k)} and {n(k)} such that for all positive integers k,

n(k) >mk) >k, dXm@Ey Xn)) = €5 AKXy Xn(io-1) < €. (2.7)

Using (2.7) and the triangle inequality, we get

& < dXn(k) Xm(k))
< AKXy Xn)-1) + AXn()-15 Xn(k))
< & + dXni) Xn(i)-1)-
Passing to the limit as k — oo in the above inequality and using (2.3), we obtain
klggo AXn(kys Xmx)) = €. (2.8)
On the other hand, for all k, there exists j(k) € {1,..., p} such that n(k) — m(k) + j(k) = 1[p].
Then x,,k)-jk) (for k large enough, m(k) > j(k)) and x,) lie in different adjacently labeled
sets A; and A;,; for certaini € {1,...,p}.

Using the triangle inequality, we get

|-t %)) — AFonys Xmi) |

< AXm()—jk)» Km(k))

<D A1 X~k +1+1)
<) AKXk +1 Xmk)-jtk)+i+1) — 0 as k — oo (from (2.3)),

which, by (2.8), implies that
klggo AKX n()—j(k)s Xni)) = €- (2.9)
Using (2.3), we have

lm a0t +1, Xm()—jt)) = 0 (2.10)

k—o00
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and

lim d (%41, Xn(i)) = 0. (2.11)

k—o00

Again, using the triangle inequality, we get
| A=) Fnth)41) = A=) %)) | < Ay Ko 1)-

Passing to the limit as k — oo in the above inequality, and using (2.11) and (2.9), we get
im d(%m(k)jck)s Xn(k)+1) = € (2.12)
k— o0

Therefore, from the inequality

|G 15 i1 1) = A=) Xn(i)+1) | < AEmi—j(k)s Xmi—jci+1)

we deduce, passing to the limit as kK — oo, and using (2.3) and (2.12), that

lim (i)t +1, Xy +1) = €. (2.13)

k—00

Hence, by the continuity of ¢ and (2.13), we get

ple) = Jim ¢ (AT %mio—jk)» T%n(i))- (2.14)
Using (II), we obtain

@ (d@m(—j(k)+1,%n(i)+1))
< (AdEm@)—itr %n(x)) = ¥ (dGmii—0> Xnr))) = 0 (A Fom@—j(h)+1, Tt~

A +1 %)) A=) 11> Xn(10))> A X415 X)) (2.15)
for all k. Now, it follows from (2.9), (2.10), (2.11) and the properties of ®, ¥, ® we get
dim (AT Xm0, Txny)) < p() = Jlim V(t) +6(,0,0,¢)
= ¢(e) = lim ¥ (1) < p(e). (2.16)
Now, combining (2.14) with the above inequality, we get

p(e) < p(e), (2.17)

a contradiction since ¢ > 0. Thus, we proved that {x,} is a Cauchy sequence in (X, d).
Since (X, d) is complete, there exists & € X’ such that

lim x, =&. (2.18)

n—00
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We shall prove that
ge()A. (2.19)

From condition (I), and since xy € A;, we have {x,,},>0 € Ai. Since A; is closed, from
(2.18), we get that £ € A;. Again, from the condition (I), we have {¥,.1},=0 S Aj. Since

A; is closed, from (2.18), we get that § € A,. Continuing this process, we obtain (2.19).
Now, we shall prove that £ is a fixed point of 7. Indeed, from (2.19), since for all #, there
exists i(n) € {1,2,...,p} such that x,, € Ay, applying (II) with x = § and y = x,,, we obtain

@ (d(TE’erl)) =@ (d(Tér Txn))
+ 9 (d(‘i:’ T‘i:)’ d(xn: xn+1): d(g:xrﬁl)r d(xm T‘i:))

= <P(d(§, xn)) +6 (d(sr Tg)’ d(xm xn+1)r d(srxnﬂ)’ d(xm Tg)) (2'20)

for all #. Passing to the limit as n — oo in (2.20), and using (2.18), we get

¢(d(&,T€)) < ¢(0) +6(d(£,T%),0,0,d(5,T¢))
=0,

which holds unless ¢(d(¢,7&)) =0, so
£E=T¢ (2.21)

that is, & is a fixed point of T.

Finally, we prove that & is the unique fixed point of 7. Assume that ¢ is another fixed
point of T, that is, 7¢ = ¢. By the condition (I), this implies that ¢ € [, A;. Then we can
apply (II) for x = £ and y = ¢. We obtain

p(dE, 1))

o(d(TE,T¢))
o(d€,0)) - v (dE Q) +6(dE, TE),d(, TE),dE, T¢),d(, TE))
o(dE,0) - v (dE, 7)),

IA

which, by the fact that ¢ > 0, implies

o(d(§,2)) < p(d(§,2)),

a contradiction, and thus d(§, ¢) = 0, that is, & = ¢. Thus, we proved the uniqueness of the
fixed point. d

In the following, we deduce some fixed-point theorems from our main result given by
Theorem 2.1.
If we take p =1 and A; = X' in Theorem 2.1, then we get immediately the following

fixed-point theorem.
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Corollary 2.1 Let (X,d) be a complete metric space and let T : X — X satisfying the
following condition: there exist ¢ € @,y € V and 6 € © in Theorem 2.1 such that

o(d(Tx,Ty) < ¢(dx,y) - ¥ (dx,y)) +6(dx, Tx),d(y, Ty),dx, Ty),d(y, Tx))
forallx,y € X. Then T has a unique fixed point.

Remark 2.1 Corollary 2.1 extends and generalizes many existing fixed-point theorems in
the literature [1, 9, 10, 15-24].

Now, it is easy to state a corollary of Theorem 2.1 involving a contraction of integral

type.

Corollary 2.2 Let T satisfy the conditions of Theorem 2.1, except that condition (1I) is
replaced by the following: there exists a positive Lebesgue integrable function u on R, such
that [; u(t)dt > 0 for each > 0 and that

@(d(TxTy)) @(d(x,y)) v (d(x))
/ u(t)dt < / u(t) dt — / u(t)de
0 0 0

fe(d(x,y),d(x,T %),dy, Ty),dxTy)d(y,Tx))

+ u(t) dt.

0

Then T has a unique fixed point. Moreover, the fixed point of T belongs to ()., A..

A number of fixed-point results may be obtained by assuming different forms for the
functions v, ¢ and 6. In particular, fixed-point results under various contractive condi-
tions may be derived from the above theorems.

For example, if we consider ¢(£) = ¢, ¥ (¢) = (1 — k)¢, we obtain the following results.

Corollary 2.3 Let (X,d) be a complete metric space, p € N, Ay, Ay, ..., A, nonempty
closed subsets of X, ) = Ule A;and T :Y — Y such that

1) Y=, A isa cyclic representation of Y with respect to T ;
(A1) for any (x,y) € A; X Ain, i=1,2,...,p (With Ay, = A1),

d(Tx,Ty) < kd(x,y) +0(d(x, Tx),d(y, Ty), d(x, Ty),d(y, Tx)), (2.22)

where k € [0,1) and 0 € ©.

Then T has a unique fixed point. Moreover, the fixed point of T belongs to ()., A..
Taking 6 = 0 in (2.22), we obtain the following.

Corollary 2.4 Let (X,d) be a complete metric space, p € N, A1, A,,..., A, nonempty
closed subsets of X, ) = Uf;l A;and T :Y — Y such that

1) Y=, Aiis a cyclic representation of Y with respect to T ;
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(A1) for any (x,y) € Ai X Ain,i=1,2,...,p (With Ay, = Ay),
d(Tx,Ty) <kd(x,y),

where k € [0,1).

Then T has a unique fixed point. Moreover, the fixed point of T belongs to ()., A..
Next, we present some examples showing how our Theorem 2.1 can be used.

Example 2.4 Considering Example 2.3, 7 satisfy all conditions of Theorem 2.1 (p = 4),
and 7 has a unique fixed point (which is x” = 0 € (), A)).
Example 2.5 Let X’ = R endowed with the usual metric. Assume A; =--- = A,, = {0, %, 1}
so that Y = (J"; A; = {0, %,1}. Define 7 : Y — Y such that 7(0) = 7(1/3) =0 and 7(1) =
1/3. It is clear that (X, d) is a complete metric space and Y = |J, A; is a cyclic repre-
sentation of ) with respect to 7. Define also ¥, ¢ : R* — R* by ¢(¢) = %, ¥(t) = £ and
V@R = R* by 0(t1, ta, t3, t) = €123 — 1 for all £, 11, £5, t3, t4 > 0.

It is easy to see that T satisfy condition of cyclic (¢, v, 0)-contraction and so all the
hypotheses of Theorem 2.1 (p = 4) are satisfied and 7 has a unique fixed point (which is

x'=0¢ milAi)'

3 An application to integro-differential equations
In this section we present an application of Corollary 2.3 to study the existence and
uniqueness of solutions to certain Volterra and Fredholm type integro-differential equa-
tions. The examples are inspired by [3].

Consider the nonlinear Volterra type integro-differential equation of the form

x(t) = g(8) + / S(t,5,x(s),%/(s)) ds (3.1)

for —0o <a <t < b < 00, where x, g, f are real functions. We shall denote J = [a, b]. The
functions g (¢ € J) and f (a <s <t < b, u,v € R) are supposed to be continuous and con-
tinuously differentiable with respect to ¢.

For a real-valued function «, ¢ € J, continuous together with its first derivative x" for
t € J, we denote |x(¢)|; = [x(£)| + |«'(¢)|. Denote by £ the space of functions which fulfill the

condition

|ac(t)|1 = O(exp()»t)), te], (3.2)
where A is a positive constant. Define the norm || - || ¢ in the space & as

|x|e = ntl?/x{ |x(t)f1 exp(—)»t)}. (3.3)

It is easy to see that £ with the norm defined in (3.3) is a Banach space. We note that the
condition (3.2) implies that there is a constant N > 0 such that |x(¢)|; < Nexp(rt), t € ].
Using this fact in (3.3), we observe that

lxle < N. (3.4)
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Define a mapping 7 : £ — £ by

(Tx)(t)=g(t)+ff(t,s,x(s),x/(s)) ds (3.5)

for x € £. Note that, if u” € £ is a fixed point of T, then " is a solution of the problem
(3.1). We shall prove the existence of a fixed point of 7 under the following conditions.
(I) There exist (a, B) € £2, (o, Bo) € R? such that

o < a(t) < B(t) < Po,

ag <a'(t)<B' () <Po, te],

and for all ¢ € J, we have
t
a(t) <g©)+ [ f(tsp,815)ds,

L9
Ol/(t) Sg/(t) +f(t’ t,ﬂ(t),ﬂ/(t)) +/ gf(trsvﬂ(s): IB/(S)) ds, te]

and
,B(t)zg(t)+/f(t,s,oc(s),oz/(s)) ds,
! / / ! a /
B'(t) =gt +f(t,t,a(t),a(t))+/ af(t,s,oz(s),o:(s))als, tel.

(I) f: ] x ] x R x R — R is continuous and satisfies for u,v e &,

ut)>v(t) and “(@)>V(t) forte]

= f(tsuls),u'(s)) <f(tsv(s),V(s)) and

%f(t, s,uls),u'(s)) < %f(t, s, v(s),V(s)), a<s<t=<b.

(III) The function f and its derivative satisfy the conditions
[f(t,s, u,v) —f(t,S,ﬁ,l_/)’ < hl(t,s)[|u —ul+v- 17|],

|%f(t,s, u,v) — %f(t,s,ﬁ,l_/) < hg(t,s)[|u—ﬁl + |v—17|]

fora<s<t<b,uv,u,ve& where h; e CJ%,R*) fori=1,2.

(IV) There exist nonnegative constants y;, ¥, such that y; + y, <1 and
t
/ hy (2, s) exp(As) ds < yy exp(rt),
t
hy (¢, £) exp(AL) + / hy (¢, 5) exp(rs) ds < y, exp(AL)

for t € J, where 1 is given in (3.2).
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(V) There exist nonnegative constants 81, d, such that

lg(®)] + /t[f(t, 5,0,0)| ds < 8, exp(rt),

ds < 8, exp(\t)

o
|g/(t)| + V(t,s,0,0)| +/ ‘&f(t,s,0,0)

for a <s <t < b, where A is given in (3.2).

We have the following result for the set
P={uecf:alt)<u()<p@),a' ) <udt)<p@®),te]}.

Theorem 3.1 Under the assumptions (1) to (V), the integro-differential problem (3.1) has
a unique solution in the set P.

Proof The proof of the theorem is divided into three parts.
(A): First, we show that 7" maps & into itself.
Differentiating both sides of (3.5) with respect to ¢, we get

t

(Tx)(6) =g (t) +f (&, £, %(0), %' (2)) + / %f(t, 5,%(5),/(s)) ds. (3.6)

Evidently, T, (Tx) are continuous on J. We verify that (3.2) is fulfilled. From (3.3), (3.6)
and using conditions (IV), (V) and (3.4), we have

[(Tx)(0)] < |g(®)] +/ If (£5,%(5),%'(5)) = f(£,5,0,0) +f(£,5,0,0)| ds
< |g(t)| +/ [f(t,s,0,0)|ds+/ hl(t,s)|x(s)|1ds

t
< 81exp(rt) + |x|g/ hy (¢, s) exp(As) ds

< [81 + Ny1]exp(irt) (3.7)

and

(Tx)@)| < |g®)] +|f (£, 6,2),%' () - f(£,£,0,0) + f£(£,£,0,0)]
—f(t,5,%(5),%'(s)) - %f(t,s, 0,0) + %f(t,s,o, 0)|ds

/
+
a

ot

<|g®|+|f(10,0)| +/ ‘%f(t,s, 0,0)|ds + hl(t,t)‘x(tﬂ1

+ / hz(t,s)|x(s)|lds

t
< §yexp(rt) + |x|ehy (L, £) exp(AL) + |x|g/ hy (¢, s) exp(As) ds

< [87 + Ny»] exp(rt). (3.8)
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Combining (3.7) and (3.8), we get

[(Tx)(®)], < [81+82 + N1 + y2) | exp(ro).

It follows from (3.9) that 7x € £. This proves that 7 maps £ into itself.

(B): Define closed subsets of £, A; and A, by

A = {u e&:ut) <B),u(t)<p'(t) fort e]}

and

Ay = {u e&:ult)>a(t),u(t)>do(t) fort 6]}.

We shall prove that

TA)C A, and T(Ay) CA,.
Let u € Aj, that is,

ult) <p@) and u'(t)<p'(t) forallte].
Using condition (II), we obtain that

Sf(ts,u(s),u'(s)) = f (£ B(s), B'(s)) and
a
ot

The inequality (3.11) with condition (I) imply that

(Tu)(t) =g(t) + / f(t,s,uls), u'(s)) ds = g(t) + / f(t.s,B(s),B'(s)) ds = a(t)

for all ¢ € J. The inequality (3.12) with condition (I) imply that

£9
(Tu) (@) =g @) +f (&t u(t),u'(£)) + / —f(t,s,uls),u/(s)) ds

ot

= g0 +£(66OF0) + [ 5556056 ds= ')

for all ¢ € J. Hence, we have Tu € A,.

Similarly, if # € Ay, it can be proved that T u € A; holds. Thus, (3.10) is fulfilled.
(C): We verify that the operator 7T is a cyclic (¢, ¥, 0)-contraction map.

Let (u,v) € A; x A,, thatis, forall £ €/,

u(t) < B(t) < Bo, u'(t) < B'(t) < Bos

v(t) = a(t) = ao, V(t) = o (t) = ap.

—f(t,s,uls),u(s) < %f(t, 5,B(s),B'(s)) fora<s=<t<b.

Page 13 0of 19
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Using the properties (3.5) and (3.6) of 7 and conditions (III), (IV) and (V), we conclude
that

[(Tu) (@) - (Tv)(©)] 5/ [f (8,5, u(s), () = £ (£,5, v(s), V' (s)) | ds
5/ In(t,5)|u(s) - v(s)|, ds

t
<|u- V|g/ hy(¢,s) exp(As) ds
a

< i~ vley exp(r) (313)

and

[(Tw) () = (Tv) ()] < |[f (&, £, u®), u' ) - f (&, £, v(),V (1))
—f(t:s,uls),u'(s)) - 3f(t, s,v(s),V/(s))| ds

/t 9
+
a ot

ot

§h1(t,t)|u(t)—v(t)|l+/ hz(t,s)‘u(s)—v(s)hds

<|u-v|gh(t t)exp(At) + lu—v|e /thz(t,s) exp(As) ds
= lu—v|gy2 exp(rt) (3.14)
for t € J. Combining (3.13) and (3.14), we get
[(Tu) (@) = (T)(@0)], < lu—vle(n +y2) exp(re). (3.15)
From (3.15) we obtain (with k = 31 + 5 < 1)

[Tu-Tvle <klu-vlg
<klu—vle+0(lu—Tule,lv-Tvle, lu—Tvle,lv-Tule). (3.16)

Using the same technique, we can show that the above inequality also holds if we take
(u,v) € Ay x A;. All other conditions of Corollary 2.3 are fulfilled for the complete metric
space (A; U Ay, | - |¢) and T restricted to 4; U A, (with p = 2).

We conclude that the operator 7 has a unique fixed point %", and hence the integro-
differential equation (3.1) has a unique solution in the set P. 0

4 An application to nonlinear Volterra integral equations in two variables
In this section, we present application of Theorem 2.1 to study the existence and unique-
ness of solutions to certain nonlinear Volterra integral equations.

Consider the nonlinear Volterra integral equation in two variables of the form [4]:

X X y
u(x,y) :f(x,y)+/0 g(x,y,“;‘,u(&,y))d“;‘+/0 /0 h(x,y,o,r,u(a,t))dtda, (4.1)

where f, g, h are given functions and u is the unknown function to be found.
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Let C(S1,S,) the class of continuous functions from the set S; to the set S;. We denote
by E=R* x R*, E; = {f(x,9,5): 0 <s<x<oo,yeR*};and E; = {f(x,9,5,£) : 0 <s<x<
00,0 <t <y<oo}

Throughout, we assume that f € C(E,R), g € C(E; x R,R), h € C(E; x R,R).

Denote by S the space of functions z € C(E,R) which fulfill the condition

|z(x,£)| = O(exp(A(x +))), (4.2)
where X is a positive constant. Define the norm in the space S as

|z|ls = sup Hz(x, t)| exp(—k(x +y))]. (4.3)
(xy)eS

It is easy to see that S with the norm defined in (4.3) is a Banach space. We note that the
condition (4.2) implies that there is a constant My > 0 such that |z(x, t)| < Mo exp(A(x+7y)).
Using this fact in (4.3), we observe that

|z|s < M. (4.4)

Define a mapping 7 : S — S by

(Tu)y) = f(5,3) + /0 (o £ ulE, ) d
x ry
+/o /0 h(x,y,0,7,u(0,7))dr do (4.5)

for u € S. Note that, if u” € S is a fixed point of T, then u is a solution of the problem
(4.1).

We shall prove the existence of a fixed point of 7 under the following conditions.

(I) There exist (a, B) € S2, (ag, Bo) € R? such that

ap <alx,t) < Bx,t) < folx, 1) €R" x R
and for all (x,£) € R* x R*, we have
alx,t) <f(xt)+ /Oxg(t,s,é,ﬁ(é,s)) dg + /Ox /Oyh(t,s,a,r,ﬁ(cr, 1)) dt do
and
B, t) > f(x,t) + /Oxg(t,s,é,a(é,s)) dg + /Ox /Oyh(t,s,o,r,oz(a,t)) drdo.
(II) The functions g, & in equation (4.1) satisfy the conditions

g (.3, &, 1) — g, y,€,70) | < (9, )|u 1,

|h(x;)’; 0,7, u) - h(xxny, 1':ﬂ)| =< hZ(x;y; o, T)|u - E|)

where h1 S C(El,R+), l’lz S C(Ez,R+).
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(III) There exist nonnegative constants §; < 1, 8, such that

/xhl(x,y,é)exp(k(x+y)) de + /x /th(x,y,a,r)exp(A(a +17))drdo
0 o Jo

< 81exp(Alx +y))

< &exp(rA(x +7)),

and
X X y
‘/(x,y)+/ g(x,y,S,O)d§+/ / h(x,y,0,7,0)dt do
0 0o Jo

where A is as given in (4.2).
(IV) There exist (o, 8) € S? such that a(t) < (t) for t € R* and that

(Ta)(x,t) < Bxt) and (TB)x ) > alxt) for(x,t) e RY x R.
We have the following result for the set

W={ueS:awy) <uly) <) ®y) eR" xR*}.

Theorem 4.1 Under the assumptions (1) to (IV), the integral problem (4.1) has a unique

solution in the set V.

Proof We proof of the theorem in three steps.
Step 1: First we show that 7 maps S into itself.

Evidently, T u is continuous on S and 7 u € R. We verify that (4.2) is fulfilled. From (4.3),

and using conditions (II), (IIT) and (4.4), we have

x X ry
[(Tu)(x,y)| < P(x,y)+/0 g(x,y,é,o)df;‘+/0 fo h(x,y,0,7,0)dt do

x
+/
0

x ry
+/ / |h(x,y,a,r,u(a,r))—h(x,y,a,r,0)|drda
o Jo

g(x,y,é,u(é,y))—/o g(x,y,é,o)‘dé

< hrexp(is ) + [ sy, ©lue. )] de
+/Ox/()yhz(x,y,a,r)}u(a,rﬂdrda
<Syexp(h(x+y)) + Iuls[/ h(x,,6) exp(r(x + ) d&
0
x pry
+/0 /0 hz(x,y,cr,t)exp()\(a,t))dtda]

< [8y + Myd] exp(k(x +y)).

It follows from (4.6) that 7u € S. This proves that 7 maps S into itself.
Step 2: Define closed subsets of S, A; and A, by

A = {ueS:u(x,t) < B(x,t) for (x,t) € R* xR*}

(4.6)
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and

Ay = {u €S :ulx,t) > alx,t) for (x,£) e R* x R*}.
We shall prove that

TA)CS A, and T(A) CA. (4.7)
Let u € Ay, that is,

u(x,t) < Bx,t) forall (x,t) e R x R".
Using condition (II), we obtain that

g8 uE 0) > g(x 1€ BE, 1)) (4.8)
and

h(x,t,0,7,u(o,7)) = h(xt,0,7, (0, 7)) (4.9)

for0<é& <x<o0,0<t<t<o00.
The inequalities (4.8) and (4.9) with conditions (I) and (IV) imply that

(Tu)s, ) = f s, 1) + /0 ¢ 0,5 ult,0) de
+ /‘x /yh(x, t,o,7,u(o, 7,')) drdo
o Jo
=ft)+ [ elonpe,n)ds
x pry
+ /(‘) /0 h(x, t,o,t,B(o, 7,')) drdo > a(x,t)
for all (x,¢) € R* x R*. Hence, we have Tu € A,.

Similarly, if u € A, it can be proved that Tu € A; holds. Thus, (4.7) is fulfilled.
Step 3: We verify that the operator 7 is a cyclic generalized y-weakly contractive map-

ping.
Let (u,v) € A; x A, thatis, forall t €],

u(x,t) =< ﬁ(x,t) SIBO! V(xrt) Z(X(x,t) ZOlo'
Using the properties (4.5) of 7 and conditions (II) and (III), we conclude that

[(Tw)(x,9) = (Tv)(x,)|

X
< / \g(x.,8,u(E,9) - g(x,9,6,v(E,)) | d&
0

X py
+/ / |h(x,3,0,7,u(0,7)) = h(%,y,0,7,v(0,7))|dT do
o Jo
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< [ oy, ©)luts.0) - vie. )| de
0
x pry
+/O /0 hg(x,y,a,r)|u(a,r)—v(o,t)’drdo
<lu- VIs[/O I (x,9,&) exp(rx + y)) d

x pry
+/0 /0 hz(x,y,a,t)exp(k(a,r))dtdoj|

<&lu-v|s exp(k(x +y)). (4.10)
From (4.10), we obtain (with k = §; < 1)
|Tu—-Tvls <klu-vl|s. (4.11)
Considering the functions v, 9,6 : R* — R* defined by
et)=t and () =0-k),
we get

o(ITu-Tvls) <e(lu-vis) - ¥ (lu-vls)
+0(lu—Tuls,|v-"Tls, lu-Tvls,[v-Tuls).

Using the same technique, we can show that the above inequality also holds if we take
(u,v) € Ay x A;. All other conditions of Theorem 2.1 are fulfilled for the complete metric
space (A; U A, | -|s) and T restricted to A; U A, (with p = 2).

We conclude that the operator 7 has a unique fixed point " and, hence, the integro-

differential equation (4.1) has a unique solution in the set WV. d
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