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ON FREDHOLM TYPE INTEGRODIFFERENTIAL EQUATION

B. G. PACHPATTE

Abstract. In this paper we study the existence, uniqueness and other properties of solutions of a Fredholm type
integrodifferential equation. The main tools employed in the analysis are based on the applications of the Banach

fixed point theorem and a certain integral inequality with explicit estimate.

1. Introduction

Consider the nonlinear Fredholm type integrodifferential equation

b
x(t):g(t)+f Ft,5x09,%(5),...,x" 7V (s)) ds, (1.1)
a

for a < t < b, where x, g, f are real valued functions and n = 2 is an integer. Let R denote the
set of real numbers, E = R x--- x R (n times) be the product space and I = [a, b], R+ = [0,00) be
the given subsets of R. Let C(A, B) denotes the class of continuous functions from the set A
to the set B. We assume that ge C(I,R),f€C (12 x E, R) and are continuously (n — 1) -times
differentiable with respect to t, on the respective domains of their definitions.

Many papers have been devoted to the study of special versions of equation (1.1) when n =
1 by using different techniques, see [5, 6, 7] and the references given therein. In a recent paper
[1] , the authors have studied the existence, uniqueness and approximation of solutions of
equation (1.1) in Banach spaces when n = 2 by using Perov’s fixed point theorem, the method
of successive approximations and trapezoidal quadrature rule. The main objective of this
paper is to study the existence, uniqueness and other properties of the solutions of equation
(1.1) under various assumptions on the functions involved therein. The well known Banach
fixed point theorem ( see [5, p.37]) coupled with Bielecki type norm (see [2]) and the integral
inequality with explicit estimate established by Pachpatte (see [9, p.41]) are used to establish
the results.
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2. Existence and uniqueness

For continuous functions u(/) (£): I — R(j =0,1,...,n— 1), we denote by |« (£)| g = Z;?:—é |u(f) (t)|.
Let S be a space of those continuous functions u(#) : I — R which are (n — 1)-times continu-
ously differentiable, (u (1), (2),...,u™ 1V (1) € E and fulfil the condition

lu(0)g = o(exp (A1), 2.1)
for t € I, where A is a positive constant. In the space S we define the norm (see (2, 4, 8, 10])
lulg = :Zpl{lu(t)lEeXp(—/lt)}. 2.2)
Itis easy to see that S with norm defined in (2.2) is a Banach space. We note that the condition
(2.1) implies that there exists a nonnegative constant N such that
|u(t)lgp < Nexp (At).
Using this fact in (2.2) we observe that
luls < N. 2.3

By a solution of equation (1.1) we mean a continuous function x (), t € I which is con-
tinuously (n —1) -times differentiable with respect to ¢ and satisfies the equation (1.1). It is
easy to observe that the solution x(#) of equation (1.1) and its derivatives satisfy the integral
equations (see [3, p. 318])

, : b i
x(])(t)=g(])(t)+f %f(t,s,x(s),x'(s),...,x(”_l)(s))ds, 2.4
a

forj=0,1,...,n—-1.
We need the following special version of the integral inequality established by Pachpatte
(see [9, p.41]). We shall state it in the following lemma for completeness.

Lemma. Let u(t),p(t),q(t),r (t) € C(I,R:) and suppose that

b
u(t) < p(t)+q(t)f r(s)u(s)ds,
a

fortel If
b
dzf r(s)gq(s)ds<1,
a
then
1 b
u(l‘)Sp(t)+6/(t){—f r(s)p(s)ds},
1-dJa
fortel.

The following theorem concerning the existence of a unique solution of equation (1.1)
holds.

Theorem 1. Assume that
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(i) the function f in equation (1.1) and its derivatives with respect to t satisfy the conditions

J o/
—f(t, S, Uy, UL, ..., Up-1)— — [ (£,S, V0, V1., Un—
6tlf( 0, U1 n-1) atlf( 0, V1 n-1)
n-1
<rj(t,s) Y lui—vil, (2.5)
i=0

forj=0,1,...,n—-1, whererj(t,s)EC(IZ,R+),

(i) for j=0,1,...,n—1 there exist nonnegative constants a; such thatz;l;é aj<1 and

b
f rj(t,s)exp(/ls)dssajexp(/lt), (2.6)
a

forte I, where A is as given in (2.1),

(iii) for j=0,1,...,n—1 there exist nonnegative constants P; such that

‘ b i
‘g(])(t)‘+f ‘a—.f(t,s,0,0,...,O) ds<Pjexp (A1), @.7)
o« |00

where g, f are as given in equation (1.1) and A is as given in (2.1).
Then equation (1.1) has a unique solution x(¢) in S on I.

Proof. Let x (f) € S and define the operator

b
(Tx)(t)zg(t)+f f(t5x(8),%(s),...,x" "V (s) ds. (2.8)

a

Differentiating both sides of (2.8) with respect to ¢ (see [3, p.318]) we have
. . b i
T ) =gW +f S (65,x(9,X' (9, 7V ) ds, 2.9)
a

for j =0,1,...,n—1. Now, we show that (Tx)(f) for j =0,1,...,n—1, maps S into itself. Evi-
dently, (T'x) (/) are continuous on I and (Tx) (1) € R. We verify that (2.1) is fulfilled. From (2.8),
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(2.9), using the hypotheses and (2.3) we have

n-1 .
(T Ol = Y [(T00 1)
j=0

o/
57 (Bsx(9,2(9),0, 20 ()

n-1 . n-1 rb
< z1gmm1+zf
j=o j=0’a

o) n-1 pb
—— (£,50,0,...,0)|ds+ ¥
ot’ j=0Ja

o/
Ef(t,s,O,O,...,O) ds

n-1 prb

n-1
< Y Piexp(An)+ ) | rj(t,9)x(9leds
“ =Ja

S~
— O

n-1 pb

< Y Piexp(An) +Ixls Y | rj(t,s)exp(As)ds
j=0 j=0Ja

n-1

n—1
Y P+ N Y aj]expan. 2.10)
j=0 j=0

=

From (2.10) it follows that (T'x) € S. This proves that T maps S into itself.

Now, we verify that the operator T is a contraction map. Let x(¢), y (¢) € S. From (2.8), (2.9)
and using the hypotheses we have

n_l . .
(00 - (1Y) 0= ¥ [T0D @ -(19)Y @)
Jj=0

J

-1 rb
SN
j=0Ja

atif(t’ 5,%(5), X (5),..., x"V(9)

o/
—ﬁf(t,s,y(S),y'(S),...,y(”_” (9)|ds

n-1 pb
< Zf rj(t,s)|x(s)—y(s)|Eds
j=0va
n-1 pb
< |x—y|5 Z rj(t,s)exp(/ls)ds
j=0va

n-1
< |x-y|g Y ajexpA0). (2.11)
=0

From (2.11) we obtain

|Tx=Tylg= X ajlx-yls.

Jj=0

Since Z;?:_& aj<l, it follows from Banach fixed point theorem (see [5, p.37]) that T has a

unique fixed point in S. The fixed point of T is however a solution of equation (1.1). The
proofis complete.
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Remark 1. We note that in 1956 A. Bielecki [2] first used the norm defined in (2.2) for
proving global existence and uniqueness of solutions of ordinary differential equations. For
developments related to this topic, see [4].

Indeed, the following theorem is true concerning the uniqueness of solutions of equation
(1.1) without existence part.

Theorem 2. Assume that the function f in equation (1.1) and its derivatives satisfy the
conditions (2.5) with ri(t,s) = k(1) ej(s) forj=0,1,...,n—1, wherek, ej€ C(ILRy). Lete(t) =
Z;’;& e;j (1) and suppose that

b
d; =f e(s)k(s)ds<1. (2.12)
a
Then the equation (1.1) has at most one solution on I.

Proof. Let x(t) and y(¢) be two solutions of equation (1.1). Then from (2.4) we have

n-1, . n-1 rb| 5j
Y ‘x(]) (t)— yU) (t)‘ <Y [ |S=f(6sx(9,2 ()., x" D (s)
j=0 j=0Ja ot/

oJ
—Ef(t,s,y(S),y’(S),...,y(”‘” ()| ds

b n-1 . .
< k(t)f e Y. [x 9 -yW (s ds. 2.13)
a j=0

Now, an application of Lemma (when p(f) =0) to (2.13) yields

n_l . .

Z ‘x(J) 63 _y(J) (t)‘ <0,

j=0
and hence x(¢#) = y(t), which proves the uniqueness of solutions of equation (1.1) on I.

3. Estimates on the solutions

In this section we obtain estimates on the solutions of equation (1.1) under some suitable
conditions on the functions involved therein.

The following theorem concerning the estimate on the solution of equation (1.1) holds.

Theorem 3. Assume that the functions g, f in equation (1.1) and their derivatives with
respect to t satisfy the conditions

n-1 .
Y g @|<nw, (3.1
i=0

n-1
sc(ej(s) ) luil, (3.2)
0

i=

o/
ﬁf(ty S, UO»ul;---,un—l)
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or j=0,1,...,n—1, whereh,c,e; € C(I,Ry). Lete(t) = Z e (t) and suppose that
J J J pp

b
do =f e(s)c(s)ds<1. (3.3)
a

Ifx (1), t € I is any solution of equation (1.1), then

1 b
2 f e(s)h(s) ds}, (3.4)

n-1 X

Y (x(f)(t)|sh(t)+c(t){
j=0 1- 2 Ja
fortel

Proof. Using the fact that x(t),¢ € I. is a solution of equation (1.1) and hypotheses we
have

(t,5,x(5),x'(s),. L, xD (9)|ds

Z |x(1)(t)‘ Z |g(])(t)|

< h(t)+ Z C(t)ej(s) Z (x“') (s)(ds
j:() a i=0
b n-1 X
= h(t)+c(t)f e() Y. |+ 9)]ds. 3.5)
a j=0

Now an application of Lemma to (3.5) yields (3.4).

Remark 2. It is interesting to note that the estimate obtained in (3.4) yields not only the
bound on the solution of equation (1.1) but also the bound on their derivatives. It is obvi-
ous that the solution x(#) of equation (1.1) and its derivatives x() (n,j=12,...,n—1, are
bounded, since they are continuous on the closed and finite interval I.

Next, we shall obtain the estimate on the solution of equation (1.1) assuming that the
function f and its derivatives with respect to ¢ satisfy the Lipschitz type conditions.

Theorem 4. Assume that the hypotheses of Theorem 2 hold and let

a(= Z (,5,8(5),8(5),...,g" V(s)|ds, (3.6)
fortel Ifx(t), t €1, is any solution of equation (1.1), then
n-1 . . 1 b
Y [+ - g (o) Sa(t)+k(t){—f e(s)a(s)ds}, 3.7)
j=0 1_dl a

fortel.
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Proof. Since x(t) is a solution of equation (1.1), from (2.4) and using the hypotheses we
have

b| 5J
—f(t,5x(5),% (5),...,x"V(9)

"‘1‘ () ) (o) (Sl
xV () -gV(n)| =

o/
-—f(t,58(9,8'(),....§" V()

ds
ot
n-1 eb| 5J
+Zf —f(t,58(,8(s),....g"V(9)|ds

j=0Ja ot/

b n-1 . .
< a(t)+k(t)f e(s) Y |xV(9)-gW (5] ds. (3.8)

a j=0

Now an application of Lemma to (3.8) yields (3.7).

4. Continuous dependence
Consider the equation (1.1) and the following Fredholm integrodifferential equation

b
y (1) =G(1) +f F(t,5y(5),Y (5),....y" V() ds, (4.1)
a

for t € I and n = 2 is an integer, where y, G, F are real valued functions. We assume that G €
C(I,R),FeC (IZ,R) and are continuously (n — 1) -times differentiable with respect to ¢.
The following theorem deals with the continuous dependence of solution of equation (1.1)

on the functions involved therein.

Theorem 5. Assume that the hypotheses of Theorem 2 hold. Suppose that

o/
7 65y, ()., ¥V (9)

n-1 . . n-1
Z ‘g(]) (1) yelt) (t)‘ + Z
j=0 j=0

o/
——f(t,57(5),Y(9),...,y" V(s)

7 ds<p(1), 4.2)

where g, f and G, F are the functions involved in equations (1.1) and (4.1), € C(I,R;) and y(?)
is a solution of equation (4.1) for t € I. Then the solution x(t), t € I of equation (1.1) depends
continuously on the functions involved on the right hand side of equation (1.1).

Proof. Using the facts that x(#) and y(¢) are the solutions of equations (1.1) and (4.1) and
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the hypotheses we have

n-1 . X n-1 , ,
Z ‘x(J) 63 _y(J) (t)| < Z |g(1) (1) - G(J) (t)‘
j=0 j=0

aJ’

Z

(£,5,x(5), % (8),...,x" "V (s))

——f(t,s,y(s) Y (8),...,y" V()| ds

6t1
aJ’
yoD
Z o flt,sy(9),y (), (s)
—a—F(t 57,5 (8),...,y"V(s))|ds
ot/
b n-1 i i
< ﬁ(t)+k(t)[ es) Y. |x(]) (s)—yW (s)|ds. (4.3)
a j=0

Now an application of Lemma to (4.3) yields
n—1 X . 1 b
Z ‘x(]) 1) _y(J) (t)‘ <B()+ k(t){—f e(s)B(s) ds}. (4.4)
j=0 1-di Ja

From (4.4) it follows that the solutions of equation (1.1) depend continuously on the functions

involved on the right hand side of equation (1.1).

Next, we consider the following Fredholm type integrodifferential equations

b
z(H=g(t) +f (520,72 (5),...,2" Y (s), 1) ds, (4.5)
a

and

b
Z(t)zg(t)+f (520,72 (),...,2" 7V (s),10) ds, (4.6)
a

for t € I and n = 2 is an integer, where z, g, f are real valued functions and g, uo are real pa-
rameters. We assume that ge C(I,R), feC (12 x E x R,R) and are continuously (n—1) -times
differentiable with respect to t.

Finally, we present the following theorem which deals with the dependency of solutions
of equations (4.5) and (4.6) on parameters.

Theorem 6. Assume that the function f in equations (4.5) and (4.6) and its derivatives with
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respect to t satisfy the conditions

9l 0/ o i
ﬁf(tyS)MOyul)---)un—lyu)_ﬁf(tysy uOyul)---)un—l)N)‘
n-1
<qwe;(s Y lu—ul, 4.7
i=0
il il

f(tys) uOyul)---)un—l)N) f(tysy uOyul)""un—l’NO)

arl Y
<y (t,9) |- ol 4.8)

forj=0,1,...,n—1, whereg,éj € C(I,R;),y; € C(I>,Ry). Leté(t) =z;?;(} e, ym= ffyj (t,8)ds
and suppose that

b
dzzf é(s)G(s)ds<1. (4.9)
a

Let z1 (1) and z, (t) are the solutions of equations (4.5) and (4.6) respectively. Then

ESINOPNENG) L[’
Z|z11 (1) -z’ (t)|s|,u—,u0|[y(t)+c_](t){ f é(s)y(s)ds} : (4.10)
j=0 1-dy Ja

fortel

Proof. Using the facts that z; (#) and zp (f) are the solutions of equations (4.5) and (4.6)
and the hypotheses we have

b| 5i
a—.f(r, 521(9,2,(9),-, 2"V (5), 1

L0 () (S
;)‘Zl (1) -z, (r)(s];o BErs

o/ -
_ﬁf(tys)zz (S),Zé (S))---)Zén 2 (S),ﬂ)

ds
n—1 b a]
— ! (n-1)
+,§ba atjf(t,s,zz(s),zz(s),...,zz (s),ﬂ)

o/ -
—Ef(t,s,ZZ(S),Zé(s),...,zén b (S),,UO) ds

bn-1 n-1 X .
=g | Ye®) ‘zi” (s) - 2" (s)‘ds
a j=o i=0

bn-1
+lu—wol | D vyjts)ds
a j=o
PP WO PN()
= |'u—,u0|y(t)+6_](t)f é(s)Z‘zlj (s) -z, (s)(ds. (4.11)
a j=0

Now an application of Lemma to (4.11) yields (4.10), which shows the dependency of solutions
of equations (4.5) and (4.6) on parameters.
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Remark 3. We note that our approach to the study of equation (1.1) is different from the

one used in [1] and we believe that the results given here are of independent interest.
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