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Abstract. This paper is concerned with the existence, uniqueness and continuous dependence
of mild solution of second order mixed Volterra-Fredholm functional integrodifferential equations.
The results are established by an application of the topological transversality theorem, Pachpatte’s
inequality and the theory of strongly continuous cosine family of operators.
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1. Introduction

In this paper, we prove the existence, uniqueness and continuous dependence of mild
solution of second order mixed Volterra-Fredholm functional integrodifferential equations
of the form:

t b
2" (t) = Ax(t) + f <t, Ty, x/(t),/o g(s,xs,x/(s))ds,/o h(ijs,x/(s))ds) ,ted, (1)
zo=¢eC, /(0)=¢e X, (2)

where J = [0,b], A is the infinitesimal generator of a strongly continuous cosine family
{C(t) : t € R} of bounded linear operators in a Banach space X with the norm || - ||, and
f:iIxOxXxXxX =X, g, h:JxCxX — X are given functions. Here C =
C([-r,0],X), 0 < r < oo, is the Banach space of all continuous functions ¢ : [—r,0] = X
endowed with supremum norm

Yl = sup [[¥(0)].
—r<0<0

For any = € C([-r,b],X) and t € J, z; denotes the element of C' given by z(6) =
xz(t+0) for 6 € [—r,0].
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There have appeared a series of research results concerning the problem of existence
for various special forms of (1)-(2), see for example, Balachandran et al. [1, 2], Ntouyas
[14], R. Ye and G. Zhang [21], Tidke and Dhakne [17, 16] and the references cited therein.

Authors [4, 6, 13] have obtained the results pertaining to existence and qualitative
properties of mild solutions for semilinear mixed functional integrodifferential equations
of first and second order using different approaches. Further the controllability results for
second order equations [11, 12] and non-densely defined systems [10] have been established.

Using the tool of Pachpatte’s inequality given in the Lemma 3 we prove the exis-
tence, uniqueness and continuous dependence of mild solution of second order initial value
problem (1)-(2) with minimum restrictions on the functions f, g and h.

The special forms of equations (1)-(2) serve as an abstract formulation of partial dif-
ferential equations or partial integrodifferential equations which are appearing in different
physical problems, such as the transverse motion of an extensible beam, the vibration of
hinged bars, and many other physical phenomena [3, 9].

2. Preliminaries and Hypotheses

To study the system (1)-(2), we consider the space B = C([—r,b], X) N CL([0, ], X)
with the norm
z]|p = max{[|z[1, |z}, = € B,

where ||z||1 = sup{||z(t)|| : —r <t < b} and ||z||2 = sup{||2’(¢)]| : 0 < ¢ < b}.
Here we introduce some definitions and preliminaries from [8, 18, 19] and hypotheses
that will be used in our subsequent discussion.

Definition 1. A one parameter family {C(t) : t € R} of bounded linear operators mapping
the Banach space X into itself is called strongly continuous cosine family if

(a) C(0) =1 (I is the identity operator);
(b) C(t)x is strongly continuous in t on R for each fized x € X;
(c) C(t+s)+ C(t—s)=2C(t)C(s) for all t,s € R.

The associated strongly continuous sine family {S(¢) : ¢t € R} is defined by
t
S(t)x = / C(s)xds, x € X, t € R.
0
The infinitesimal generator of a strongly continuous cosine family {C(t) : t € R} is the

operator A : X — X defined by

d2
Ar = @C(t)x‘t:(y x € D(A),
where

D(A) = {z € X : C(t)z is twice continuously differentiable in ¢}.
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Throughout this paper, we assume that A is a linear infinitesimal generator of a
strongly continuous cosine family {C(¢) : t € R} of bounded linear operators in a Ba-
nach space X, and the adjoint operator A* is densely defined, that is, D(A*) = X*.

Lemma 1 ([19]). Let C(t), (resp. S(t)), t € R be a strongly continuous cosine (resp.
sine) family on X. Then:

(i) there exist constants N > 1 and w > 0 such that

IC(t)]| < Ne“, fort € R,

to
/ eIslgs|
t1

(i1) £C(t)x = AC(t)z forz € E = {y € X : C(t)y is once continuously differentiable int}.

|S(t1) = S(t2)|| < N for ti,ty € R.

Definition 2. A mild solution of second-order abstract Cauchy problem (see[18, 19])

2"(t) = Az(t) +w(t), o <t < p (3)
z(0) = 21, 7/(0) = 29, (4)

where w : [o, ] — X is an integrable function, is the function x(.) given by
t
2(t) = C(t — o)21 + S(t — 0)2 +/ S(t— syw(s)ds, o <t < pu.

Comparing with the abstract Cauchy problem (3)-(4), we have the following definition
of mild solution for the initial value problem (1)-(2).

Definition 3. Let f € L*(0,b; X). Then we say that x € B = C([—r,b], X)NC([0,b], X)
is a mild solution of the problem (1)-(2) if zo = ¢ and the integral equation

z(t) = C(t)p(0) + S(t)¢
/ S(t—s) <s Ts, T (s),/o g(7, 2,2 (7))dr, /Ob h(r, .TT,l'/(T))dT> ds, t € J,

is satisfied.

To establish our main results, we will use the following Lemmas.

Lemma 2 ([7], p. 61). Let S be a convex subset of a normed linear space E and assume
0eS. Let F: S — S be a completely continuous operator, and let

e(F)={x €S :2=\Fz for some () <\ < 1}.

Then either e(F') is unbounded or F has a fixed point.
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Lemma 3 ([15], p-47). Let z(t), u(t), v(t), w(t) € C(lev, B], R+), k > 0 be a real constant
and

B

2(t) < k‘Jr/:u(s) [Z(SH/:U(U)Z(U)CZM/

«

w(a)z(o)da] ds, fort € [a,f].

If

= /j w(o) exp </:[u(7) + U(T)]d7> do <1,

then

2(t) < 1 _kr* exp ( [u(s) + v(s)]d5> , fort e la,p].

We list the following hypotheses.

(H1) There exist continuous functions k, [, m : J — Ry such that

@) 1f @ vz, y,2)| < k@¢lle + =] + vl + [121);
(i) Nlg(t, s, o)l < UE)lle + [l]]);
(ili) [[h(t, ¢, 2) | <m@)([¢llc + []);
foreveryt € J, v € C'and z, y, z € X.

(Hjy) For each t € J the function f(t,-,-,+,-) : C x X x X x X — X is continuous and
for each (¢, z, y, 2z) € C x X x X x X the function f(-, ¢, z, y, 2) : J = X is
strongly measurable.

(Hs) For each t € J the functions g(t,-,-), h(t,-,-) : C x X — X are continuous and for
each (¢, ) € C x X the functions g(.,v, z),h(.,v, x): C x X — X are strongly
measurable.

(Hy) For each positive integer m > 0, there exists oy, € L'(J,R ) such that

£, 2, y, 2)|| < am(t), forall [[¢flc <m, |lz]| <m, [ly| <m, ||lz] <m

and for almost all ¢t € J.

(Hs) C(t), t >0 is compact.
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3. Existence Results

Theorem 1. If the hypotheses (Hi)-(Hs) are satisfied, then the system (1)-(2) has at
least one mild solution on [—r,b], provided

r= /Obm(a) exp </OU[M(1 +b)k(T) + Z(T)]dT) do <1, (5)

where M = sup{||C(t)| : t € J}.

Proof. In view of Lemma 2, firstly we obtain the priori bounds for the mild solution
of the equation

z(t) = AFz(t), 0 < A < 1, (6)
where the operator F': B — B is defined by

¢(t)7 te [_T’ O]a
(Fz)(t) = { C(t)p(0) + S(t)E + [7S(t — s)x (7)
f (3, x5, 2'(s), [y g(7, 7,2/ (7))dT, fé) h(r, xT,m'(T))dT> ds, t € J.

Using the hypothesis (Hy), from the equation (6), for each ¢ € J, we have
t
=@ <[[C@OI[[[¢O)] + [ISEIE] +/0 15(t = s)|x

Hf <s, Zs, x’(s),/osg(T,xT,x’(T))dT, /Obh@,xﬂx'(f))df)’ ds

t
SMWM+MWﬂfAMM@X

s b
[stlcher'(S)!Jr/o l(T)(Ilﬂfrlchr||»”L"(T)H)d7+/0 m(7)(|lz-lc + [|l2'(7)|))dr| ds.

Consider the function py given by
pi(t) = sup{||z(s)|| : —r < s <t}, t e

Let t* € [—r,t] be such that ui(t) = ||z(t*)||. If t* € [0,t], by the previous inequality we
have

M@SMWb+MWﬂﬁAMM@X
s b
u1<s>+—na/<sn|+—J/ 1) (a () + |x'cr>n>dr~+b/" m(r)ua(7) + | () )dr | ds
0 0

t
SMWM+MWﬂﬁAMM®X
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s b
[ms) T pials) + / 1) (a () + pia(r))dr + / m(r)(ua(7) + pa(r))dr | ds, (8)
0 0
where po(t) = sup{||2’(s)]| : 0 < s < t}, ¢t € J. If t* € [—r,0] then u1(t) < ||¢|lc and the

previous inequality obviously holds since M > 1. But for ¢ € J, using the equation (6)
and (7) we have

2'(t) = AS(t)p(0) + C(t)€ + /Ot C(t — s)x

f (5, zs, 7' (8), /Os g(r, 27,2/ (7))dr, /Ob h(r, IT,:L‘/(T))dT> ds,

and using hypothesis (H;), we obtain
¢
12" (I < [AS@ )] + IC@11€]l +/0 1Ot — s)[|k(s)

s b
[HﬂfslchrHﬂf’(S)lH/o l(T)(IIfErIIch||93'(T)H)d7+/0 m(T)(walchrHﬂf’(T)H)dT} ds.

Let t** € [0, ] be such that pa(t) = ||x(¢**)]|, and let L = sup{||AS(¢)|| : t € J}. Then we
have

ua(t) < Ll + MIjEl| + /0 Mk(s)
s b
[ 9+ ale) + [ 10 r) + i + | m<7><m<¢>+m<¢)>dr] ds. (9)

From (8) and (9), we obtain

pa(t) + pa(t)

< (L+ M)|[¢llc+ M1+ b)[]] +M(1+b)/0 k(s)x

s b
[M1(3)+M2(5)+/0 l(T)(ul(T)+u2(T))dT+/0 m(7)(p(7) +u2(7))d7] ds.  (10)

By applying Pachpatte’s inequality given in Lemma 3 with z(¢) = u1(t) + pe(t) and using
condition (5), we obtain

1—r 0

o L+M)[llc+MA+D)E]
1—7r

</ob[M(1 +0)k(s) + 1(8)]ds> = K.

Therefore ||z(t)||1 < p1(t) < K and ||2/(¢)||2 < pe(t) < K, t € J, and hence ||z||p < K.
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Now we prove that the operator F' defined in (7) is completely continuous. Let By =
{r € B:|z|p <k, t € J} for k > 1. Firstly we show that F' maps Bj into an
equicontinuous family. Let x € By, t1,t2 € J. Then if 0 < t; < to < b, from (7), using
the hypothesis (H;), we get

[(Fa)(t1) = (Fz)(t2)]
< C(t) = CE)ID(O) | + [[[S(81) — S(E2)IE]l

N ’ /Otl[S(tl —5) = S(ts — 5)]

x f <s, x5, 7'(8), /OS g(1, 27,2/ (7))dr, /Ob h(r, J}T,LL’/(T))dT> ds

to
‘|

S(ts— 5 <s, 24, 2'(s), /0 g, 2e, 2 (7)), / e, xT,x'(T))dT> ds

0

t1

< |[C(t) = C(E)lI@lle + [15(t) — S(E)llIE]l

- St = ) = S(t2 — ) am(s)ds + / St — )]l (s)ds

and
[(Fay (h) — (Fa) (1)
< JAIS(t2) - SE)GO] + [C(r) - Cle)le]
4 ‘ /0 Y — ) — Clts— 9]
s b
x f <5, Ts, x/(s),/o g(T, xT,x/(T))dT,/O h(r, J:T,x/(T))d7'> ds
+ ‘ : Clts— 9)f (s, zs, 2/(5), /Osg(r, 2 2 (7))dr, /Obh(T, - x'(T))dT> ds
< A[S(t) - S8l + 1CG) - Cle)lE]
+ [ 10t = 5) - 0t )l ()ds + [ O(t2 — ) lam (5)ds,
where

mo = 2kmax{1 +1(t) + m(t) : t € J}.

We know C'(t), S(t) are uniformly continuous for ¢t € J and the compactness of C(t), S(t)
for t > 0 implies the continuity in the uniform operator topology. The compactness of S(t)
follows from that of C'(¢), Lemma 2.1 and Lemma 2.5 of [20]. Further the right hand sides
of the above inequalities are independent of € By. Therefore ||(Fz)(t1) — (Fx)(t2)| — 0
and || (Fx)' (t1) — (Fz)'(t2)|] = 0 as (tg —t1) — 0. Thus F' maps By, into an equicontinuous
family of functions. The equicontinuity for the cases t1 < to < 0 and t; < 0 < t9 follows
from the uniform continuity of ¢ on [—r,0] and from the relation

I(Fy)(t1) — (Fy)(t2)]| < [lo(t1) — ()] + [[(Fy)(0) = (Fy)(t2)]),
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respectively.

It is easy to verify that F'Bj is uniformly bounded and hence the details are omitted.
Since we have proved that F By, is an equicontinuous family, to prove FBj, is compact, in
view of the Arzela-Ascoli theorem, it suffices to show that the set V(t) = {(Fx)(t) : = €
By} is precompact in X for each ¢ € [—r,b]. This is trivial for ¢t € [—r, 0], since in this case
V(t) = {¢(t)} is singleton set. So let 0 < ¢ < b be fixed and € be a real number satisfying
0 < e <t. For z € By, we define

(Fex)(t) = C(t)p(0) + S(t)§
t—e s b
+ [ sa— sy (s, za) x'(s),/g o(r, xT,x’(T))dT,/O Wi, xT,x'(T))dT) ds.t e J.

0

Since C'(t) and S(t) are compact operators, the set Ve(t) = {(Fex)(t) : ¢ € By} is relatively
compact in X for every ¢, 0 < e < t. Moreover, by making use of hypothesis (Hy), for
every x € By, we have

[(Fz)(t) — (Fex)(1)]
= /t; S(t—s)f (3, T, $/(S),/Osg(7‘, 2., 2’ (7))dr, /Ob h(r, xT,:U’(T))dT> H ds
< [ 180 = sl s)ds

and
[(Fa)'(t) — (Fex)'(t)]
:/t: Clt—s)f (s, s, x/(s),/Osg(T,xT,a:/(T))dT,/Ubh(T,a:T,x/(T))dT)Hds
< [ 16t = 9lan ()t

Therefore there are precompact sets arbitrarily close to the set V(¢); hence the set V(t)
is also precompact in X. Finally we prove that F' : B — B is continuous. Let {x,} C B
with x,, — = in B. By using hypotheses (H3) and (H3), we have

f(t, xnt,m;(t),/ot (5,2, 2 (s))ds / W(s,n, @ ))ds>
—>f<t T, T (t),/otg(s,xs, ‘(s ))ds,/o h(s,xs,x'(s))d8> as n — oo,

for each t € J and since

7 (1o, a,0), [ gt 2ty (s))ds, [ Do, o, 2 (5)ds
i / / )
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< 2am0 (5),

—f <t, e, 7' (1), /Otg(s,xs,x/(s))ds, /Obh(s,:vs,x'(s))ds>

where mg = 2k max{1 +[(t) +m(t) : t € J}, we have by dominated convergence theorem,

[(Fzn)(t) — (Fz) (@)

/HSt—s H Hf( s 29, [t o, [0
—f(s Ts, /(3),/0 g(r, 2,2 (1 ))dT,/Obh(T,l‘T,I/(T))dT)Hds

—0 as n— oo,

and

I(F2) ) ~ (P
< [1ee - Hf( s 29, [t i, [t 7

—f(s ve, '(s),/o (a3 dT/ hr, 20,7 (T))dT)HdS

—0 as n — oo.

Therefore, |[Fa, — Fx||p — 0 as n — oo and hence F' is continuous. This completes the
proof that F' is completely continuous operator.

Moreover, the set ¢(F) = {y € B : 2z = AFz,0 < A < 1} is bounded, as we proved
in the first part. Consequently, by Lemma 2, the operator F' has a fixed point Z in B.
This means that the initial value problem peoblem (1)-(2) has a mild solution on [—7,b],
completing the proof of the theorem. <«

4. Continuous Dependence and Uniqueness

Theorem 2. Suppose that the functions f, g and h in (1) satisfy the following conditions:
(1) [1f (0,2, 2) = f(E 0, u,0,w) | <p(O) (1Y = @lle + [l = ull + [ly — vl + [lz = wl]);
(ii) Nlg(t, b, 2) — gt o, u)l| < q() (¢ = ello + llz = ull);
(1) [[h(t, b, 2) = h(t, o, w)|| < r(®)([¢ = el + [z —ul),

where ¥, p € C, x,y,z,u,v,z € X and p, q, r: J — [0,00) are continuous functions. Let
x and y be the mild solutions of (1) corresponding to initial conditions xg = ¢, z'(0) = &,

and yo = ¢y, y'(0) = &, respectively, where (¢pg, &), (Py, &) € C x X. Then

Iz —ylls < QUL+ M)|¢e — ¢yllc + M1+ b)[|& — &ll] (11)
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where
~exp ([yIM(L+b)p(s) + q(s)]ds)
1-¢ ’

¢= / o) exp </ 14+ b)p(T) + q(7)]dr> do <1, (12)

M =sup{||C(t)|| : t € J} and L = sup{||AS(¢t)| : t € J}.

Proof. Using the conditions (i)-(7i7), for t € J we get

() =y <NC@Illl¢2(0) = ¢y O + [[S@) €z — &yl + /0 1S = )|

(Hf (s, s, x'(S),/Osg(T w2 (7))dr, /bh(T 2., a?'(T))dr>
R H‘f (S’ Yo y/(s)’/ 7, yr,y/ (7))dr, / (T, yry )

<Mig, — dyllc + Mble — &
t
+ [ 3099l = lle + ') =y )
+ [ am s = e+ 1'(7) = (7 ar
0

) as

b
T / r()(lzr — elle + 12 (7) — o/ (7))dr | ds.

Define 91(t) = sup{|[(x —y)(s)|| : = < s < t},t € J and let o € [—r,t] be such that
1(t) = |[(x — y)(o)]]. If o € [0,t], by the previous inequality we have

01(t) < Mll¢e = @yllc + Mb[&: = &|

N /0 " Mbp(s) [01(5) + Il = v (1)

n /0 Cg(n) @ () + @ — ) (7))

+ [ @011+ - ] as

< M|y — dyllc + Mb||E, — & || + /Ot Mbp(s)x

s b
[191(8)+/0 Q(T)(ﬁ1(7)+192(7))d7+/0 r(T)(01(7) + Da(7))d7 | ds, (13

where ¥ (t) = sup{||(z —y)'(s)]| : 0 < s < t}, t € J. If o € [-7,0], then 91 (t) < ||pz — @yl
and the previous inequality obviously holds since M > 1.
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But we see that for ¢t € J we have

Iz =) (Ol < 1ASBll|¢2(0) = ¢y (O] + ICONIx — &l + /Ot |C(t — s)]| %
<Hf <5, s, x’(s),/osg(r,:vf,m’(f))dn /Obh(f,xﬂx’(f))d7> ’
- Hf (s, Yss y'(s),/osg(r,yﬁy’(r))dr, /Obh(T,yT,y'(T))dT) D ds

t
< Dloe =yl + Mg =&+ | 305l =l + () = o 0]

+ /0 a)(|zr — yrllc + 12" (1) — ' ()| dr
b
+ [ roles — vl + ') - y'(7)||)d7'] s

If o* € [0,¢] is such that ¥2(t) = ||z (c*)]|, then we get

t
95(t) < Lligw — dyllc + M|&s — & + /0 M p(s)x

s b
[191(5) + Ya(s) + / q(7)(V1(1) 4+ 2(7))dT + / r(7)(91(7) + 92(7))dT| ds.
0 0
(14)
From equations (13) and (14), we get
V1(t) + J2(t)

t
< (L4 M)dw — yllc + M1+ b)[€ — & + M(1+ b)/0 p(s)x

s b
[791(3) + Y2(s) —i—/o q(m) (01 (1) || + V2(7))dr —i—/o r(7)(91(7)|| + ﬂg(r))dr] ds. (15)

An application of Pachpatte’s inequality given in Lemma 3 to (15) with z(t) = 91 (¢)+92(t)
and condition (12) yields

(L + M)|lpz — pyllc + M(1+b)[[& — &l t
= ¢ = exp (/0 [M(1+b)p(s) + q(S)]ds>

< QUL+ M)|lgx — ¢yllc + M(1 +b)[|€ — &ll] -

th(t) + da(t) <

This implies
[z =y) @)l < 01(t) < QL+ M)l[¢a — dyllc + M1 +b)[[& — &yll]

and

Iz =) ()2 < 92(t) < QUL + M)ll¢e — dyllo + ML+ D)I& — &ylll,
and hence inequality (11) holds.«
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Remark 1. Note that the Theorem 2 not only gives the continuous dependence of mild
solutions of initial value problem (1)-(2) on initial data, but also gives the uniqueness of
mild solutions, as (¢z, &) = (Py, &) € C x X in (11) gives ||z — y||p = 0.

5. Example

Consider the following nonlinear mixed partial integrodifferential equation:

8—22( t)—a—zz( )+ F(tzyt—r) Qz( t) /tG s, 2(y,s — ) 2z( s) | ds
8t2 y’ - 8y2 y? ) y7 78t y7 ) o ) y’ 788 y’ )

b
/0 H (s,z(y7s —r), gsz(%s))) ds, t€10,b], y € (0,m), (16)
2(0,t) = z(m,t) =0, t € J, (17)
Z(ya t) = ¢(yat)7 Yy € (Ov ﬂ-)’ te [_T7 O]’ (18)
£ ,0) = 20(y), y € 0,), (19)

where ¢ : [—7,0] x (0, 7) — (0, ) is continuous, and the functions F, G and H are specified
below.

Consider the space X = L?[0, 7] with usual norm | - |;2 and the operator A : X — X
defined by Aw = w", where w € D(A) = {w € X : w, w are absolutely continuous, w" €
X and w(0) = w(w) = 0}. It is well known that Aw = >0 | —n?(w, w,)w,, w € D(A),
where wy,(s) = (y/2/m)sinns, n = 1,2,3,... is the orthogonal set of eigenvectors of A.
Then A is the infinitesimal generator of a strongly continuous cosine family C(t), ¢t € R,

in X which is given by (see[18])

oo
Ctyw = Z cos nt(w, wy)wy, w € X,

n=1

and the associated sine family is given by S(t)w = 300 | L sinnt(w, wp)wn, w € X.
To formulate the above partial differential equations (16)-(19) as an abstract form

(1)-(2), we define the function f:J x C x X x X x X — X by
f 0, pw,y)(0) = F @t p(=r)(v), p(v), 2(v), y(v)), v € (0,7),

where F : [0,b] x (0,7) x (0,7) x (0,7) x (0,7) — (0,7) is continuous and strongly
measurable.

Further we define g,h: J x C x X — X, by

9(t, ¥, p)(v) = G(t, (=r)(v), p(v)),
h(t, 4, p)(v) = H(t, p(=r)(v), p(v)),
where G, H : [0,b] x (0,7) x (0,7) — (0,7) are continuous and strongly measurable.

We assume that the functions F : [0,b] x (0,7) x (0,7) x (0,7) x (0,7) — (0,7) and
G,H :[0,b] x (0,7) x (0,7) — (0,7) satisfy the following assumptions:
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(A1) There exist continuous functions ki, I3, mq : [0,b] — (0,7) such that

(W) [F(t 02,9, 2)] < k(@) (lo| + |2 + [yl + [2]);
(i) Gz y)]| < L) (el + lyl);
(i) |[H (¢, 2, y) || < ma(®)(|z] + [y));

for every t € [0,0] and o, z,y,z € (0,7).

(As) For each positive integer mj > 0, there exists a,,, € L(0,b) such that

|F(ta O',.Z‘,y,Z)| S aml(t)7 for all |U| S my, ‘$| S mi, |y| S my, |Z| S mi

and for almost all ¢ € [0, b].

With the functions f,g,h and the operator A chosen above, the problem (1)-(2) is

an abstract formulation of a(16)-(19). Note that all the assumptions of Theorem 3.1 are
satisfied and hence (16)-(19) has a solution on [—r, b].
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