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On some existence and uniqueness theorems for
Fredholm and Volterra equations with modified
argument

MONICA LAURAN

ABSTRACT. In this paper some existence and uniqueness theorems for a Fredholm, respectively, a
Volterra integral equation, are given by using the contraction mapping principle and the generalized
contraction principle, respectively. These integral equations arise in several concrete applications such
as theory of optimal control, economics and etc.

1. INTRODUCTION

In the paper [7], the authors study a Volterra type integral equation of the form

w(t) = g(t.x(0) + f [ 1 / K (t, 5, 2(5))ds, 2(a(t)) (L1)
0

using Darbo‘s fixed point theorem and several others concepts, like the Kura-
towski measure of noncompactness. Their main result may be stated as follows:

Theorem 1.1. Assume that the following conditions are satisfied:

(H1) g : [0,a] x R — Rand f : [0,a] x R x R — R are continuous and there exist
nonnegative constants i, v, A such that

l9(t,0)| < p,
£ (£, 0, ()] < v+ A-|2(t)]
fort € [0, a.
(H2) there exist the continuous functions a1, az, as : [0, a] — [0, a] such that

lg(t,z1) — g(t,22)| < ai(t) |21 — 22|,
|f(t,y1,$) - f(t,y2,$)| < aQ(t) |y1 - y2| )
|f(t,y,$1) - f(tayva)l < a3(t) |J)1 - J"Ql ’
forall z;,y; € R, =1,2and ¢t € [0,a] and let k = max {|a;(t)| : t € [0,a]}
J
forj =1,2,3.
(H3) K(t,s,x) : [0,a] x [0,a] x R — R is continuous and satisfies a sublinear
condition, that is there exist the constant « and 3 such that

[K(t,s,2)] < a+ Bz,
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forallt,s € [0,a]and z € R
(H4)
1—A
k< —————
~ 2(1+4ap)
Then equation (1.1) has at least one solution in the Banach algebra C[0, a].

Starting from this theorem, in the present paper, we obtain a similar result for
a simpler Fredholm integral equation of the form:

z(t) = f(t,z()) + /K(t,s,x(s))ds, t €10,d] (1.2)
0

using the mapping contraction principle. For other similar existence and unique-
ness results for Fredholm integral equations based on the technique of Picard
operators or weakly Picard operators, see for example, the recent papers [4], [5]
and references therein.

2. AN EXISTENCE AND UNIQUENESS THEOREM FOR A FREDHOLM INTEGRAL
EQUATION

In this section we recall some basic results which we will need in the following
section.
Let (X, d) be a metric space, where X be a nonempty set, 7 : X — X an operator
and let us denote Fpr := {x € X/Tx = x}, the fixed point set of T'.

Definition 2.1. An operator T' : X — X is called a Picard operator if then exists
z* € X such that

(i) Fr ={z"};

(ii) the sequence {77 (x0)},,c cOnverges to z*, for all 7y € X.

Definition 2.2. A mapping T : X — X is said to be:

(i) Lipschitzian if there exist L > 0 such that d(T'z,Ty) < L - d(x,y), for all
z,y € X,
(ii) contraction if it is Lipschitzian with L < 1.

The next theorem is the main tool used in this paper, see for example [2].

Theorem 2.2. (Contraction mapping principle) Let (X,d) be a complete metric
space and 7' : X — X be a given a-contraction, that is an operator satisfying

d(T2,Ty) < ad(z, y),

forany z,y € X with a € [0, 1) fixed.
Then

(i) T has a unique fixed point x*, that is, Fpr = z*;
(ii) the Picard iteration associated to T, i.e., the sequence {z,, },, -, defined by

T = T(ty1) = T"(x0), n=1,2,...

converge to z*, for any initial guess =y € X
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(iii) The priori and a posteriori error estimates

an

d(xn; .7)*) S

~d(zg,x1), n=0,1,2, ...

—_

—a

d(mn;m*) S a

o d(zp_1,Tn), n=0,1,2, ...

hold.
(iv) The rate of convergence is given by

d(xp,2*) <a-d(xp_1,2") <a”-d(zg,z*), n=1,2,...

Now, we shall study the integral equation (1.2) and we shall establish a result
concerning the existence and uniqueness of solutions of this equation in the set
C0,qa] .

Assume that the following assumptions are satisfied:

(i) f:[0,a] xR—=R, K:[0,a] x R xR — R are continuous functions;
(i) there exist the continuous functions ay, az : [0, a] — Ry such that:

|f(t, 1) = f(t 22)| < au(t) w1 — 2],
|K(t7 57.1?1) - K(t7 57x2)| < GQ(t) |J)1 - J"Ql ;
(iii) there exist the real numbers k;, k2 such that a1(t) < ky,a2(t) < ko, for
€ [0,al;
(iv) k1 +a- ke < 1.

Theorem 2.3. Under the assumptions (i)-(iv) above the equation (1.2) has a unique
solution in C|0, a] and the iterative approximations sequence associated to the Fredholm
operator that is,

o (t) = F(t,zn(t)) + /K(t,s,xn(s))ds, n>0

converge to 2*,Vz € C0, a], and we have the estimate
(k?l +a- k?g)n
1— k —a- k‘g

Proof. The proof of this result uses Theorem 2.2 as the main tool. We define the
operator H on the space C|[0, a], in the following way: H : C[0,a] — C|0, a],

lzn —2*| < Nlzr = xoll,m > 1.

(Hz)(t) = f(t,z(t)) + /K(t,s,x(s))ds t € [0,al.
0
Let us fix =,y € C|0, a], then using our assumptions for ¢ € [0, a], we get:

(Hz)(t) — (Hy)(0)] = | (¢ /Kts x(s))ds — £(t,y(t) /Kts y(s

< £t (1) — F(ty(t)] + / K (t,5,2(5)) — K(t, 5, y(s))| ds
0
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< ax(t)-fa(t) — y(t)|+a2(t)-/ [z(s) —y(s)|ds < ky-|z(t) — y(t)|+k2~/ l2(s) — y(s)| ds
0 0

Applying the norm in the previous inequality, we obtain
|Hx — Hyl| < (k1 +a- ko) [z — y]|.
In view of the assumptions above we have:
|Hx— Hy|| < L-||lz—y|l, L=ki+a-k2 <1,
so the operator H is a contraction and the conclusion follows by Theorem 2.2.

O

Theorem 2.4. If the hypothesis (ii) in Theorem 2.3 is replaced by
(ii*) there exist the continuous functions ay, as : [0,a] — R such that

|f(t7$1) - f(t,$2)| < a’l(t) |£C1 - (E2|

|K(t,s,21) — K(t,8,22)| < aa(s)|z1 — x2|,

forany t,s € [0, a
and (iii) is replaced by
(iii*) there exists a real number k, such that

a

aq(t) + /ag(s)ds <k<1,
0

then the equation (1.2) has a unique solution in C[0, a.

Proof. With H in the proof of theorem 2.3, we have for z,y € C[0, a]:

a

(Hx)(t) — (Hy)(b)] = ‘f(t,x(t)) + / K(t,s,2(s))ds — f(t,y(t)) - / K(t,5,y(s))ds
0

0

< |f( () = (& y(®)] +/|K(ta8a$(5)) — K(t,5,y(s))| ds
0

a

< ay(t) - |z(t) —y(t)] + /az(s) lz(s)) — y(s)| ds
0
Using the norm in the previous inequality and the assumption (iii‘), we get:

a

|Ha — Hyl < (m(t) + / a2<s>ds) Nz =yl < k-l -yl

0

Then H is a contraction operator and now apply again Theorem 2.2. O
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Remark 2.1. Similary to Theorem 2.3 the iterative approximations sequence, that
is,

i (t) = F(t,2n(t)) + / K(t,5,20(s))ds, n> 0
0

converge to z*, Vz, € C[0, a], and we have the estimate

n

-k

lzn = 2"l < 7=~ |1 = zoll,n 2 1.

3. AN EXISTENCE AND UNIQUENESS THEOREM FOR A VOLTERRA INTEGRAL
EQUATION

Definition 3.1. A function ¢ : R, — R which satisfies:

(i) ¢ is monotone increasing (t; <ty = ¢(t1) < ¢(t2));

(ii) ¢™(t) — Oforany ¢ > 0;
is called a comparison function.
Definition 3.2. A function ¢ which satisfies:

(i) ¢ is monotone increasing (t; <ty = ¢(t1) < ¢(t2));

(i) > ¢*(t) is convergent for ¢ > 0 is called ¢ - comparison function.

i=1
Definition 3.3. Let (X, d) metric space. A application T : X — X issaidtobea ¢
- contraction if there exist a comparison function ¢ : R, — R, such that
d(Tx,Ty) < ¢(d(z,y))
forany z,y € X
The following theorems and corollaries were given in [2].

Theorem 3.1. Let us consider (X, d) is a metric spaceandthemap 7 : X — X isa ¢ -
contraction. Then T is an Picard operator.

Corollary 3.1. Let us suppose (X, d) is a complete metric spaceand themap 7' : X — X
for which 3k € N* such that T* is a ¢ - contraction. Then Fip = {z*}.

Theorem 3.2. Let (X, d) be acomplete metric spaceand 7' : X — X isa ¢ - contraction,
with ¢ an c- comparison function. Then

() Fr={z"}
(2) thePicard iteration z,, = {T"x0},, oy CONVerge to z* asn — oo forany zp € X;
(3) d(zn,x*) < s(d(zn,Tnt1)), n=0,1,2...

o0

where s(t) = Y ¢*(t) is the sum of the series of comparison.
i=1

Now, we shall study the integral equation with modified argument

2(t) = () + A/K(t, 5, 2(5), 2(g(s)))ds (3.1)

fort e [-T,T), T >0, A € Ry.
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We shall establish one result concerning the existence and uniqueness of solu-
tion of this equation in C[—T, T, using the ¢- contraction principle. This equation
has been studied in [4], [5] using the Chebisev norm. In this paper, our result shall
be obtained by using a Bielecki type norm.

Assume that the following conditions are satisfied:

(i) K € C([-T,T) x [-T,T] x R?)
(i) feCl-T,T)

(i) K(x,s,e,0):[-T,T] x [-T,T] — Rincreasing for any z,s € [-T,T]

(iv) there exists the comparison function ¢ : Ry — R with ¢(at) < a¢é(t) for

anyt e [-T,T], « > 1 such that

|K($,S,U1,U1) - K(J),S,Ug,?}g” S ¢(|U1 - U2| + |U1 - U2|)
foranyt,s € [-T,T], u1,u2,v1,v2 € Ryu; <v;yi=1,2

Theorem 3.3. Suppose (i)-(iv) are satisfied. Then the integral equation (3.1) has a
unique solution z* in C[—T, T] and the iterative approximations sequences, defined by

T (t) = £(8) + A / K (t,5,2n(s), 2n(g(s)))ds

converges to x*, for each ¢ € C[-T,T],
and the following estimate
C2)
<=
1

[E 1 = ol

_ 2
T

holds.

Proof. We attach to the integral equation (3.1) the operator A : C[-T,T] —
C[-T,T], defined by:

(Az)(t) := f(t) + A/K(t, s,2(s),x(g(s)))ds t € C[=T,T].

We consider the Bielecki norm ||z||; = max |z(t)e"7=D)|, 7 > 0. The set of
te[-T,

the solutions of the integral equation (3.1) coincides with the set of fixed points
of the operator A.
By (iv) we have:

|(Az1)(t) — (Azg)(t)] < |A|ftt (K (t,5,01(5), 21(9(5))) = K (L, 5, 22(s), 22(9(5)))| ds

t
=\ [ |K(t s,21(5),21(9(5))) — K (t, 5,22(5), 22(g(5)))] - e 7T . e7(t=T) (s,
Then
|Azy — Ay cd(l|lwy — o) (e =T — =T (DY)

A2
B2 g(Jlar — o]} - em®=T).

IA A
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So,
Al -2
Ay — o]0 < PUZ 0y
Applying maximum in inequalities, we obtained:

Al-2
Iy — Azl < P2 gy —

In this case A is an a- Lipschitzian operator with o = @ If we take 7 such

that @ <1<« |\ < %, then Ais a- contraction and applying the Contraction
Mapping Principle, equation (3.1) has a unique solution. O

4. APPLICATIONS

In this section we present some examples of classical integral and functional
equations considered in nonlinear analysis which are particular cases of (1.2).

Example4.1. Letustake f: [0,1] x R - Rand K : [0,1] x [0,1] x R — R defined
by
[t (1)) = sin 245,

K(t,s,z(s)) = 2 -sina(s),a € [0,1]

These functions are continuous and satisfy hypothesis (i)-(iv) with a; = 0,a2 =
g, max{a; +a-as} = é < 1. Applying the result obtained in Theorem 2.3 ,we

deduce that the equation (1.2) has a unique solution in C[0, 1] which can be ob-
tained by the sequence of successive approximation

Toir(t) = F(t,zn(t)) + /K(t,s,xn(s))ds, n>0
0

For xp = 0, we get K (¢, s,z0(s)) =0and z; = f(¢,0).
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