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Abstract. The existence, uniqueness and other properties of solutions of nonlinear second
order Volterra integrodifferential equation in a general Banach space are studied. The main
tools in our analysis is based on the theory of the strongly continuous cosine family, a modified
version of contraction mapping principle and the integral inequality established by B. G.
Pachpatte.
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1 Introduction

The problems of existence, uniqueness and other properties of solutions for the second
order systems have much attention in the recent years. It is advantageous to treat second
order abstract differential equations directly rather than to convert into first order systems
(refer, Fitzgibbon [8]). Fitzgibbon [8] used the second order abstract system for establishing
the boundedness of solutions of the equation governing the transverse motion of an extensible
beam. A useful technique for the study of abstract second order equations is the theory of
strongly continuous cosine family of operators. We will make use of some of the basic ideas
from cosine family theory [7, 9, 19, 21, 22]. Motivation for second order systems can be found
in [7, 12, 16, 19, 20].

We consider the abstract nonlinear integrodifferential equation of the type:

2" (t) = Azx(t) + f(t, (), /t k(t,s,z(s))ds), 0<t, <T (1)

to
z(to) = wo, x (to) = Yo, (2)
where A is an infinitesimal generator of a strongly continuous cosine family {C(¢) : t € R}

in Banach space X, f : [to,T] X X x X — X, k : [to,T] X [to,T] x X — X are continuous
functions and xo, yo are given elements of X.
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The equations of these types or their special forms commonly come across in almost all
phases of physics and other areas of applied mathematics, see, for example [1, 2, 3, 5] and
the references given therein. The problems of existence, uniqueness, continuation and other
properties of solutions of various special forms (1)—(2) have been extensively studied by using
different techniques during last few years see, [4, 6, 10, 13, 15, 19, 22] and the reference listed
therein. The theorems proved in this paper generalize some results obtained by A. Pazy [17],
and C. C. Travis and G. F. Webb [21]. The abstract results in this work are applicable to
“partial” second order integrodifferential equation, see Section 4.

The paper is organized as follows: In Section 2, we present the preliminaries and hypothe-
ses. Section 3 deals with the our main results. In section 4, we give an example to illustrate
the applications of some our results established in Section 3.

2 Preliminaries and Hypotheses

We introduce notations, definitions and preliminary facts that will be used throughout the
paper.

Let X be a Banach space with norm || - ||. Let B = C([to,T], X) be the Banach space of
all continuous functions from [to, 7] into X endowed with supremum norm

2]l := sup{[lz(t)[| : ¢ € [to, T]}.

Definition 1. A one parameter family {C(¢) : t € R} of bounded linear operators in the
Banach space X is called a strongly continuous cosine family if and only if

(a) C(0) =1 (I is the identity operator);
(b) C(t)x is strongly continuous in ¢ on R for each fixed = € X;
(¢) Ct+s)+C(t—s)=2C(t)C(s) for all t, s € R.
If {C(¢) : t € R} is a strongly continuous cosine family in X, then we define the associated
sine family {S(¢) : t € R} by
S(t)ﬂc:/t C(s)zds, z€X, teR. (3)
0

The infinitesimal generator A : X — X of a cosine family {C(¢) : t € R} is defined by

d2
Az = ﬁc@)xh:o, S l)(AA)7

where D(A) = {z € X : C(.)z € C*(R,X)}. Let M > 1 and N be two positive constants such
that [|C(¢)|| < M and ||S(t)|| < N for all ¢ € [0,T].

Definition 2. Let f € L'(to, T; X). The function « € B defined by
z(t) = C(t — to)xo +S(t—t0)y
/ S(t—s)f(s,z(s), / k(s,m,z(7))dT)ds, t€ [to, T (4)

is called mild solution of the initial value problem (1)—(2).

We list the following hypotheses for our convenience.
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(Hy) For t,s € [to,T] and z;,y; € X, i = 1,2, there exist nonnegative constants L, K such
that

£t 21,91) = f(E 22, 92)|| < Lllzr — 22([ + [lyr = w2l];

and
k(t, 5,1) — k(t, 5,22)]| < Kllor — o]

(H2) There exist two continuous functions p, q : [to, 7] — R such that

1f ()l < p@llzll + [[yll],

and
[k(t, s, )|l < q@)]=,

for all z,y € X and ¢, s € [to, T].

We require the following Lemmas in our further discussion.

Lemma 1 ([18], p. 196). Let X be a Banach space. Let D be an operator which maps the
elements of X into itself for which D" is a contraction, where r is positive integer. Then D
has a unique fized point in X.

Lemma 2 ([14], p. 758). Let u(t),p(t) and q(t) be real valued nonnegative continuous
functions defined on RT, for which the inequality

t s
u(t) < ug +/ p(s)[u(s) +/ q(T)u(r)dr]ds,
0 0
holds for all t € R, where ug is a nonnegative constant, then
t s
u(®) < woft+ [ p(s)exp ([ or) +a(r)ir)ds],
0 0

holds for all t € RT.

3 Existence and Uniqueness of Mild Solution
Theorem 1. Let the hypothesis (H1) be satisfied. Then for each zo,yo € X, the initial

value problem (1)—(2) has a unique mild solution x € B on [to,T]. Moreover, the mapping
(z0,y0) — x is Lipschitz continuous from X x X into B.

Proof. Define a mapping F' : B — B by
(Fz)(t) = C(t — to)wo + S(t — to)yo

/ St —s)f(s,x(s), / k(s,7,z(7))dr)ds, t € [to,T). (5)

We observe that the mild solution of the equations (1)—(2) is a fixed point of the operator
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equation Fx = z. Let , y € B and using equation (5), and the hypothesis, we obtain

uuw»u>—<Fyxwus([ Wﬂt*SHmf®¢d$7lﬁkBﬂ:wﬁDdﬁ
ff@w@p[%@mwﬁ»mm@
sw[sz—wB+Kw—mB[%ﬂw

t
SN/zMx—wB+Km—mww—mws
to

< N - to)L+ LKy (6)

Similarly by using the equations (5), (6) and the hypothesis, we get

I(F22)(t) — (F*y) (1)
= [[(F(Fz))(t) — (F(Fy)(®)l
(Fz1)(t) = (Fy) @)l

=
t

gtﬁwu—QWﬂ&me/}wadﬂMﬂ

= f(s,y1(s / k(s,7,y1(7))dr)||ds
<NL/ llz1(s) — (s )|\ds+NL/ K/ 21 (r) — g1 (7)||drds
=M%NMM—WWWHMJ /nm ~ (Fy)(s)lldrds
gNL[NL% -|—NLK( ) 1o — gl

+NLK[NL/ Md +NLK/ 7)ds]\|x—y||3

SNQ%[LQJFQL gt—to) 3 to) +L KQQHI»’C*ZUHB

<N2(ti

22 arri Sty ey,

s(“;“[Nw+LK( 5M| ~ulls. ™)

By making use of the equations (5), (7) and iteration it follows that

1m0 — E @l < CO w4 L E ey

1 LKT .,
< SN+ =55 e = ylle

which yields

n n LKT n
[F "z —F y||B<*[TN(L+7)} lz—ylls. (8)
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For n large enough, - SIITN(L + LKT)]" < 1. Thus, there exists a positive integer n such that
F™ is a contraction in B. From Lemma 1, it follows that F' has a unique fixed point, say = € B.
This fixed point z is the required mild solution of (1)—(2).

Suppose that y is another mild solution of the initial value problem (1) with y(to) =
x%0, y,(to) = y*, on [to, T]. Using the equation (4) and the hypothesis (H;), we have

() =yl < 1CE = to)lllzo — 2ol + [[S(E = to) [ llyo =yl

/ 1S(t — )11 (s (), / K(s, 7, 2(r))dr)
~ flsuls), / K(s, 7, y(r)dr) | ds

to
< [M|lzo — 20|l + Nllyo — y"oll]
/ NL[a(s) — y(s)l| + / K|lz(r) — y(r)||dr]ds. 9)

By applying Lemma 2 known as the Pachpatte’s inequality with u(t) = ||z(¢) — y(¢)|| and
uo = 0 to the inequality (9), we get

lz(t) =y < [M]lzo — "0l + Nllyo — v ]
/ N Lexp / (NL + K)dr)ds],
which yields
e —ylls < [M[lzo — "ol + Nllyo — 37|l

< [1+ /t NLexp (/S(NL + K)dr)ds)]. (10)

to

This proves that the uniqueness of z, i. e. for xzo,y0 € X, the initial value problem (1)—(2)
has a unique mild solution x € B on to <t < T and also Lipschitz continuity of the mapping
(z0,y0) — x. This completes the proof of the Theorem 1.

Theorem 2. Let the hypothesis (Hz) be satisfied. Then all solutions of (1)—(2) are bounded
on [0, T

Proof. Let
l'(t) C t— to)l‘o + S(t - to)y
/ St —s)f(s,z(s), / k(s,7,z(7))dr)ds, t€ [to,T) (11)
be a solution of (1)—(2). Using hypothesis (Hz), we have
=)l < 1C(E — to)ll[l|zoll + (1S5 — to)lllyoll

+ / 1S(t = $)III1f (s, 2(s), / k(s 7 x(r))dr) | ds
< M|zo]l + Nlyol + / Np(s)[[lz(s)]| + / ()|l | dr]ds. (12)
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Applying Lemma 2, with u(t) = ||z(t)]|, we get

(@) < [M]lzoll + Nl[yoll][1 +/t Np(S)exp(/s[Np(T) + q(7)ldr)ds]

< [M|lzo]| + NligollJ[1 + / NPexp (T[NP + Q))ds]
< [Mzo]l + Nlyol][1 + TN P exp (TINP + Q))], (13)

where

P= t d Q= t).
tg%%]p() and @ tgﬁz;]q()

Thus, the boundedness of z(t) follows from inequality (13). This completes the proof of the
Theorem 2. QED

Remark 1. It is important to note that Theorem 2 proves not only the boundedness, but
also the stability of z(t), if ||zol|, ||yo|| are small enough.

Theorem 3. Let the hypothesis (H1) be satisfied and xo,yo € X. Suppose that the func-
tions z1(t) and x2(t) satisfy the equation (1) for to <t < T with x1(to) = zo”, mll(to) ="
and x2(to) = xo™*, xlg(to) = yo™*, respectively and x1(t),z2(t) € B, then

e — ol < [Mllzo” — o'l + Nlizo™ = yo™ 11 + TN Lexp (NL + K)T)].

Proof. The continuous dependence of solutions depends upon the initial data can be proved
as in the last part of the proof of Theorem 1. Hence, we omit the details. This completes the
proof of the Theorem 3. QED

Remark 2. In general, cosine family C(¢) and sine family S(t) are not bounded in R.
They are bounded only in a finite interval, and may be exponential growth in R*. Therefore,
the all solutions (1)-(2) are need not bounded on R*.

4 Example

In order to illustrate the applications of some of our result established in previous section,
we consider the following partial nonlinear differential equation of the form:

Pw(t,u)  O*w(t,u)  w(t,u)sin(w(t,u))

or2 Ou? (1+t)(1+1¢2)
b sw(s,u) -
+/0 mds, tel0,1], wel=][0,n], (14)
w(t,0) =w(t,7) =0, te]lo,1], (15)
w(0,u) = zo(u), wel, (16)
Qb)) s = o), we, (1)

ot
Let us take X = L*([0,n]) and w(t,u)=x(t)(u). Since

¢ _ z(t)sin(z(t)) " osa(s)
f(t,x(t),/to k(t,s,z(s))ds) = (EDED) Jr/O (1 +t)ds
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and ©
SxT(S
k(t, s, = ,
(t:5,20)) =
we have
£t z1, Ka1) — f(t, 22, Kas)|
2 b sllza(s) — @a(s)|l
P P — slizals) = z2(8)ll 4
Stroarem ol +/0 i+ °
2 2
P  pe— AT
S Troar e o= mls gyl —ols
< LHxl - CC2||B,
where
L ax { 2 r } and K /tk;(t (s))d
= max , n = s, 2(s))ds.
te(0,1] (1 + t)(l + t2) 2(1 + t) to
Also, we obtain
15,2 Kol < gl + [ o2,
T = A4+ +12) o (1+1)
1 2
<o Tyl
<pt)|lzl s,
where .
1 t
p(t) = | I

+
1461+t  2(1+1)
Similarly, we can estimate for the function k:

s
k(t — k(t < — —
H ( 757$1) ( 7571"2)” = (1 +t) H'I’,l '1:2||
< K||lz1 — z2||B,
where s
K= sup {—1},

o<s<t<1 (1+1)
and for 0<s<t<1

S

k(t,s,z)|| < mllfb‘l\B <q®)lzlls,
where '
M=y

We define the operator A: D(A) C X — X by Aw = wyu, where D(A) = {w(:) € X : w(0) =
w(mw) = 0}. It is well known that A is the generator of strongly continuous cosine function
{C(t) : t € R} on X. Furthermore, A has discrete spectrum, the eigenvalues are —n? n € N,

with corresponding normalized characteristics vectors wy, (u) := \/gsin(nu), n=1,2,3...,and
the following conditions hold :

(1) {wn :n €N} is an orthonormal basis of X.
(2) If w € D(A) then Aw = =3 n® < w,w, > wy.
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(3) Forw e X, C(t)w =Y o2, cos(nt) < w, wn > wn. Moreover, from these expression, it

follows that S(t)w =Y o, w < w,wyn > wp, that S(t) is compact for every ¢ > 0
and that ||C(¢)|| <1 and ||S(¢)|| < 1 for every t € [0, 1].

(4) If H denotes the group of translations on X defined by H(¢)z(u) = Z(u + t), where &

is the extension of z with period 27, then C(¢t) = %(H(t) + H(—t)). fG: X - X is

defined by Gz =z, DG)={ze X: z € X}, then it follows that A = G2, where G
is the infinitesimal generator of the group H , see [7, 11].

With this choice of A, f and k, we observe that the equations (1)—(2) is an abstract formulation
of (14)—(17) and the reported Theorems, therefore, can be applied to guarantee the existence,
uniqueness and other properties of solutions of the nonlinear partial integrodifferential equation
(14)—(17).
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