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IMPLICIT TYPE VOLTERRA INTEGRODIFFERENTIAL
EQUATION

B. G. PACHPATTE

Abstract. In this paper we study the existence, uniqueness and other properties of
solutions of a certain nonlinear implicit type Volterra integrodifferential equation.
The Banach fixed point theorem and a certain integral inequality with explicit
estimate are used to establish the results.

1. Introduction

Let R™ denotes the real n-dimensional Euclidean space with appropriate norm de-
noted by | - |. We denote by Ry = [0,00) the given subset of R, the set of real numbers
and E = R™ x R™ and C(A4, B) the class of continuous functions from the set A to
the set B. In 1996 A. Constantin [3] studied the global existence of solution of the
integrodifferential equation

2 (t) = F(t,:c(t),/OtK(t,s,m(s))ds>, 2(0) =0, (1.1)

by using the topological transversality argument and a certain integral inequality with
explicit estimate on the unknown function (see also [7, 10]). In (author?) [5, p.185] C.
Corduneanu dealt with the Volterra functional-differential equation of the form

o' () + (La') (1) + f (z () = g (1), (1.2)
in which the operator L is defined by

(La) (1) = /O k(t, )@ (s) ds, (1.3)

for t € Ry. Many higher order differential equations of considerable interest can be
reduced to the equation of the form (1.2). An important example of this is the Liénard
equation with memory in the restoring force which we write as

" + f ()2 +/O C(t,s)g(z(s))ds=e(t). (1.4)
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Integrating both sides of equation (1.4) from 0 to ¢ € R4, one may arrive at a slight
variant of equation of the form (1.2). The vast literature exists dealing with the special
and even more general versions of equations (1.1), (1.2) and (1.4) by using different
techniques (see [1, 5, 6, 9, 10]). Owing to the importance of equations of the forms
(1.1), (1.2) and (1.4) arising in many physical problems, the simple, unified and concise
treatment of these equations is desired. The main objective of the present paper is to
study the existence, uniqueness and other properties of solutions of the following general
implicit type Volterra integrodifferential equation

J (1) = f (t,y<t> A0 [ atoyio)y <a>>da) , (15)

with the given initial condition

y (0) = yo, (1.6)
for t € Ry, where f € C(Ry x R" x R" X R*,R™) and for 0 < s < t < o0, g €
C (R?Ir X R™ x R", R”) . The main tools employed in the analysis are based on the appli-
cations of the well known Banach fixed point theorem (see (author?) [5, p. 37]) coupled

with Bielecki type norm [2] and a suitable integral inequality with explicit estimate (see
(author?) [8, Theorems 1.4.1 and 3.5.5]).

2. Existence and uniqueness

For a function y(t) and its derivative 3’ (t) in C' (R4, R™) we denote by |y (t)|, =
ly (6)] + |y’ ()] . Let S be the space of those functions (¢ (t), ¢’ (t)) € E which are con-
tinuous for ¢t € Ry and fulfil the condition

¢ (t)|p = O (exp (A1), (2.1)
for t € Ry, where A > 0 is a constant. In the space S we define the norm
[¢lg = sup [|¢ (t)] g exp (=AL)] . (2.2)
teER|

It is 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 constant N > 0 such that |¢ (t)|; < N exp (At)
for t € Ry. Using this fact in (2.2) we observe that

|¢lg < N. (2.3)

We need the following integral inequality similar to those of given in (author?) [8,
Theorems 1.4.1 and 3.3.5]. We shall give it in the following lemma for completeness.

Lemma. Letu(t), f (t) € C(Ry, Ry) and for0 < s <t < oo, e(t,s), Ze(t,s),k(t,s) €
C (Ri,RJr) and ¢ > 0 is a constant. If

u(t)§c+/0 [f(s)u(s)+e(t,s)u(s)+/Osk(s,a)u(a)da ds, (2.4)
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fort € Ry, then
u(t) < cexp (/0 [f(s)+ A(s)] ds) , (2.5)

fort € Ry, where

Alt) =e(t,t) + /Ot {k (t.o) + %e (t, a)}do. (2.6)

Proof. Define a function w(t) by the right hand side of (2.4). Then w (¢) > 0,w (0) =
c,u(t) <w(t), w(t) is nondecreasing in ¢ and

w’(t):f(t)u(t)+e(t,t)u(t)+/0 %e(t,s)u(s)der/o k(t,o)u(o)do
gf(t)w(t)—i—e(t,t)w(t)—i—/o %e(t,s)w(s)ds—i—/o k(t,0)w (o) do

<@ +A®]w(®). (2.7)

The inequality (2.7) implies the estimate

w(ty <con ([ 176+ 4()as). 28)

Using (2.8) in u (t) < w (t) we get the required inequality in (2.5).
Now we are in a position to formulate the main result of this section.

Theorem 1. Assume that

(i) the functions f, g in equation (1.5) satisfy the conditions

|f(t,y,2,u) - f(t

0, Z,0)| < k(ly — g+ 12— 2] + Ju— 1l (2.9)
|g(tasay7z) _g(t,S

92| <h(ts)lly =l + |z = 2], (2.10)

where k >0 is a constant and h € C (R%, Ry),
(ii) for X\ as in (2.1)

(a) there exists a nonnegative constant o such that o < 1 and
t
H (t) +/ H (s)ds < acexp (At), (2.11)
0
fort € Ry, where

H (t) = kexp (\t) —|—/O h(t,o)exp (A\o)do, (2.12)
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(b) there exists a nonnegative constant 3 such that

t
|y0|+ f<ta070a/ g(t,O’,0,0) d0>
0

t s
+/ f <5a070a/ g(s,a,0,0)dU)
0 0

Then the initial value problem (IVP for short) (1.5)—(1.6) has a unique solution
on Ry.

ds < Bexp (At). (2.13)

Proof. Let y (t) € S and define the operator T' by

t s
@O =+ [ 1 (50606 [ alono) s @hdo)is @)
0 0
Differentiating both sides of (2.14) with respect to ¢ we get
t
(Ty)' (t) = f (tvy(t) Y (t),/ g(t,oy(o),y (0))d0)- (2.15)
0
First we shall show that Ty maps S into itself. Evidently Ty is continuous on R and

Ty € R™. We verify that (2.1) is fulfilled. From (2.14), (2.15), using the hypotheses and
(2.3), we have

(Ty) ()] + [(Ty)" (1)]

< Iyo|+/0t f(s,y(S),y’(5)7/89(8,0,y(0),y’(U))dU)

0

—f (3,0,0’/‘9!](5,0,0,0)(10)
0
t s
+/O f<570a07/0 9(8,0,0,0)d0>
+‘f <tay(t)vy'(t)7/ g(t,oy(0),y (0))d0)
0
- ,0,0, ,0,0,0)do
f<t /Og(t ) >
d
+ f(rf,o,o,/0 4(t,0,0,0) U)‘

< pexp () + [ {k o)+l @1+ [ "1 (,0) [ly (@) + Iy (0)] da} s

ds

ds

+hlly (O] + 1y @] +/O h(t,o)[ly (@)l + 1y (o)l do

< Bexp (M) + |ylg {/0 H(s)derH(t)}
< [B+ Najexp (At). (2.16)
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From (2.16), we observe that
Tyls < [8+ Nal,

and hence it follows that Ty € S. This proves that 7" maps S into itself.
Next, we verify that the operator T is a contraction map. Let y (t),z (¢) € S. From
(2.14), (2.15) and using the hypotheses, we have

(Ty) (1) — (T2 |+\Ty'(t (T2)" (1)]

S/Otf( /Ogsay y'(a))da)

—f (() (5), / 9(6.0:5(0). ' (0)) do

ds

+‘f <t,y(t)7y’ (t)a/tg(t,a,y(g)7y’(0))d0)

0

(12070 [ gtz ) )
s/ot{kny(s)—z(sn+|y'<s>—z'<s>|]

+/O h(s,0)[ly(o) =z (o) + |y (o) — 2 (U)l]da}ds
+k(ly () — =@ + 1y ) — 2" (#)]
+/0 h(t,o)[ly (o) =z (@) + 1y (o) = 2" (0)[] do
<-dAo{ [ B0}
< |y —z|gaexp (). (2.17)
From (2.17), we observe that
[Ty —Tzlg < aly—zlg.

Since o < 1, it follows from Banach fixed point theorem (see (author?) [5, p.37]) that
T has a unique fixed point in S. The fixed point of T is however a solution of IVP
(1.5)—(1.6). The proof is complete.

Remark 1. The norm | - |g defined in (2.2) was first used by Bielecki [2] for proving
global existence and uniqueness of solutions of ordinary differential equations. For a
detailed discussion related to this topic, see [4] and the references cited therein.

The following theorem deals with the uniqueness of solutions of IVP (1.5)—(1.6) in
the whole space R™, without existence part.
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Theorem 2. Assume that the functions f, g in equation (1.5) satisfy the conditions

lg (t,s,y,2) — g(t 59,2 |<7“(t s)[ly — gl + |z = 2], (2.19)

where d is a nonnegative constant such that d < 1 and for 0 < s < t<oo,r (t,s), 27 (t,s)
€ C(R%,Ry). Then the IVP (1.5)—(1.6) has at most one solution on R..

Proof. Let y; (t) and ys (t) be two solutions of IVP (1.5)—(1.6) and u (t) = |y1 (t) —y2 (¢)]
+ |yi (t) — 4 ()] . Then by hypotheses, we have

u@)géthwn<>mw>/wasam<>yuwww)

(5260026 [ (900 0) (o)) o

‘f(tyl o ( /Ogtay1 y’l(a))da)
f(t ya ( tg t,o,ys2 ( (a))da)‘

0

ds

SA{MMG%WAM+WH@—%®M

[ r s, 1) = 2 @)1+ 1 (0) = v ()l s
dllys (1) — 2 ()] + 1y (1) — v (8]

+/ r(t,0) [ly1 (o) = y2 (o) + [y (0) — w3 (o) do- (2.20)
0
From (2.20), we observe that

w(t) < %d 0 {du (s) £ 7 (¢, s)u(s)+/Osr(s,0)u(0)da}ds. (2.21)

Now a suitable application of Lemma (with e(t, s) = k(¢,s) = r(t,s) and ¢ = 0) to (2.21)

yields

1 (8) = y2 ()] + |y (8) — w2 ()] <0,
which implies y; (¢) = y2 (¢) for t € Ry. Thus there is at most one solution to the IVP
(1.5)—(1.6) on R.

3. Boundedness and continuous dependence

In this section we shall study the boundedness of solutions of IVP (1.5)—(1.6) and
the continuous dependence of solutions of equation (1.5) on the given initial data and
the functions involved therein.

The following theorem contains the estimate on the solution of IVP (1.5)—(1.6).
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Theorem 3. Assume that the functions f,g in equation (1.5) satisfy the conditions

|f Gy, 2wl < yllyl + |20 + [ul, (3.1)
g (t,s,y,2)] < q(t, ) [Jyl + |=]],

where v is a nonnegative constant such that v < 1 and for 0 < s < t<oo, q(t,s), %q (t,s)
€ C(R%,Ry). Ify(t), t € Ry is any solution of IVP (1.5)—(1.6), then

ly ()| + |y (t)] < % exp (/Ot [% + fl(s)} ds) : (3.3)

fort € Ry, where

A(t) = ﬁ [q (t,t) + /Ot {q(t,a) + %q(t,a)} da] : (3.4)

Proof. Using the fact that y(¢) is a solution of IVP (1.5)—(1.6), the hypotheses and
following closely the proof of Theorem 2, we have

ly ()] + 1y ()] < lwol + / {7 Iy ()] + I/ ()] + / C4(5,0) Iy ()] + o/ <a>|]da}ds

+y[ly O+ 1y @] +/O q(t,0) [ly (o)| + Iy’ (o) [)do- (3.5)

From (3.5), we observe that

O+ @01 < 12+ o [ I+ @+ 0w Dy )]+ 1y @]

+ L4 @)+ @] da} ds. (3.6)

0

Now a suitable application of Lemma to (3.6) yields (3.3).

Remark 2. We note that the estimate obtained in (3.3) yields not only the bound on the
solution y(¢) of IVP (1.5)—(1.6) but also the bound on ¢’ (¢) for ¢ € R.. If the estimate
on the right hand side in (3.3) is bounded, then the solution y(t) of IVP (1.5)—(1.6) and
also y' (t) are bounded on R.

The next theorem deals with the continuous dependence of solutions of equation (1.5)
on given initial values.

Theorem 4. Assume that the functions f,g in equation (1.5) satisfy the conditions
(2.18), (2.19). Let y1 (t) and y=2 (t) be the solutions of equation (1.5) with the given
witial conditions

y1(0) = c1, (3.7)
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and
Y2 (0) = Co, (38)
respectively, where c1, co are constants. Then

@) - 01+ 101 0 -0 < 22 e ([ [ 4 Be)]as). 69

fort € Ry, where

B(t) = 1id [7‘ (t,t)+/0t {r(t,a) + %r(t,a)}da] . (3.10)

Proof. Let u(t) = |y1 (t) — y2 ()| + |y} (t) — y5 (¢)] for t € Ry. Following the proof of
Theorem 3 and using the hypotheses, we have

uwswrwﬂ+A{amwwwﬂw+wuw—%@m
+Aﬁwmmmw>yﬂwuwu@%wmw}@
[y (1) — 2 (O] + W (1) — v (1))
+Armwmmw—mwnﬂmwwwuwwa (3.11)
From (3.11), we observe that

|Cl —Cgl 1

u(t) < T4 1d/ot{du(s)+7“(t,s)u(s)+/Osr(s,a)u(a)da}ds. (3.12)

Now an application of Lemma to (3.12) yields the bound in (3.9), which shows the
dependency of solutions of equation (1.5) on given initial values.
Next, we consider the IVP (1.5)—(1.6) and the corresponding IVP

Z(t)=F (t,z (t),2'(t) ,/0 G(t,0,2(0),2 (0)) da) : 2(0) = zo, (3.13)

for t € Ry, where F € C (Rt Xx R" x R" x R",R™) and for 0 < s < ¢t < o0, G €
C(R% x R"x R",R").

The following theorem deals with the continuous dependence of solutions of IVP
(1.5)—(1.6) on the functions involved therein.

Theorem 5. Assume that the functions f,g in equation (1.5) satisfy the conditions
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(2.18), (2.19). Let z(t) be a solution of equation (3.13) and suppose that

t
|yo—Zo|+/
0

—F <s,z (s),2' (s),/os G (s,0,2(0),7 (J))d0>

P (5550, [ a0z, @) dn)

ds

+'f (t,z(t),z’(t),/otg(t,a,z(a),z’ (0))do>
—F <t,z(t),z’ (t),/OtG(t,a,z(o),z’ (0))d0>

<,

105

(3.14)

where yo, f,9 and zo, F, G are as in IVP (1.5)—(1.6) and IVP (3.13), € > 0 is an arbitrary
small constant. Then the solution y(t) of IVP (1.5)—(1.6) depends continuously on the

functions involved therein.

Proof. Let u(t) = |y (t) — 2z (¢)| + |y (t) — 2/ (t)] for t € R4. From the hypotheses, we

have

U(t)§|yozo|+/0t
f <<> Ol R TCCSTCN <a>>da)

/
0

_F (s,z(s),z' (s),/OsG(s,a,z(U),z' (a))da)

ds

P (556,50, [ a0z, @) dn)

ds

+‘f (t,y(t),y’ (t),/ g(t,oy(0),y (U))da)

0

-f <t,z(t),z’ (t),/tg(t,a,z(o),z' (J))da)

0

0

+dlly (@) —z(@) + 1y () = 2" (D)]]

+ / r(t,0) [y (0) — 2 (@)] + |y (o) — ' (o) Jdo

7 (s /@) [ a0 (o). (0o

(3.15)
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From (3.15), we observe that

u(t) < 1Ed-i-l—ld/ot{du(s)+r(t,s)u(s)—i—/osr(s,a)u(a)da}ds. (3.16)

Now a suitable application of Lemma to (3.16) yields

u(t) € 2 exp (/Ot Lidua(s)] ds), (3.17)

for t € R4, where B(t) is given by (3.10). From (3.17) it follows that the solutions of
IVP (1.5)—(1.6) depends continuously on the functions involved therein.

Remark 3. We note that our approach to the study of IVP (1.5)—(1.6) is different from
those in [3,5,7,10] and we believe that the results given here are of independent interest.
We also note that the idea employed here can be extended to the study of higher order
integrodifferential equation of the form

Y (0 = £ (L () y " (0,5 (1), Qu (), (3.18)
with the given initial conditions
y® (0) = e, k=0,1,...,n—1, (3.19)
where .
Qy(t) = /0 g (t, oy (@), ..,y (), y™ (a)) do. (3.20)

Naturally, these considerations will make the analysis more complicated. However, the
detailed discussion of such results is left to another place.
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