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Abstract: In this paper we are concerned with a neutral differential equation with
a deviated argument in an arbitrary Banach space X. To study the existence and
uniqueness of a solution of the problem considered, we use the theory of the analytic
semigroups and the fixed point arguments. Finally, we give an example to demon-
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1 Introduction

In this study we are concerned with the following neutral differential equation with a

deviated argument considered in a Banach space X:

{ #[u(®) + 9(t ula)] + Au(t) = £t u(®), ulh(u(®). ), 0<t<T<oo,
u(0) = uyp, '

where —A is the infinitesimal generator of an analytic semigroup. f, g, h and a are
suitably defined functions satisfying certain conditions to be stated later.

Initial results related to the differential equations with the deviated arguments can
be found in some research papers of the last decade but still a complete theory seems
to be missing. For the initial works on the existence, uniqueness and stability of various
types of solutions of different kinds of differential equations, we refer to [1]-[I4] and the
references cited in these papers.
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Hernandez and Henriquez [9] [10] established some results concerning the existence,
uniqueness and qualitative properties of a solution operator of the following general
partial neutral functional differential equation with the infinite delay:

d

%(u’(t) - g(tvu’t)) = Au(t) + f(tvut)v t Z 0;

uy = QDEC(),

where A generates an analytic semigroup on a Banach space B, g and f are continuous
functions from [0, 00) x Cp into B and for each u : (—o0,b] — B, b> 0 and t € [0,b], u;
represents, as usual, the mapping defined from (—o0, 0] into B by

u(0) =u(t+6) for 6 € (—o00,0].

Adimy et al [I] have studies the existence and stability of a solution of the following
general class of nonlinear partial neutral functional differential equations:

a
dt

up = ¢ € Cy, (1.2)

where the operator A is the Hille-Yosida operator not necessarily densely defined on the
Banach space B. The functions g and f are continuous from [0, 00) x Cp into B.

In this paper, we use the Banach fixed point theorem and the analytic semigroup
theory to prove the existence and uniqueness of different kinds of solutions to the prob-
lem (IIJ). The plan of the paper is as follows. In Section 3, we prove the existence and
uniqueness of a local solution and in Section 4, the existence of a global solution for the
problem (IT]) is given. In the last section, we give an example.

The results presented in this paper can be applied easily to the problem (L)) with a

nonlocal condition under some modified assumptions on the function f and the operator
A.

2 Preliminaries and Assumptions

As pointed out earlier, we note that if —A is the infinitesimal generator of an analytic
semigroup then for ¢ > 0 large enough, —(A + ¢I) is invertible and generates a bounded
analytic semigroup. This allows us to reduce the general case in which — A is the infinites-
imal generator of an analytic semigroup to the case in which the semigroup is bounded
and the generator is invertible. Hence, without loss of generality, we suppose that

IS@)| <M for t>0 and 0€ p(—A),

where p(—A) is the resolvent set of —A. It follows that for 0 < a < 1, A% can be defined
as a closed linear invertible operator with domain D(A®) and being dense in E. We have
E., — E,, for 0 < a < k and the embedding is continuous. For more details on the
fractional powers of the closed linear operators, we refer to Pazy [15].

It can be proved easily that E, := D(A®) is a Banach space with norm ||z||, = ||A%x||
and it is equivalent to the graph norm of A%. Also, for each a > 0, we define E_, = (E,)*,
the dual space of E, is a Banach space endowed with the norm ||z||_, = ||[A™%z]].
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It can be seen easily that C¢ = C([0,t]; E), for all ¢ € [0,T], is a Banach space
endowed with the supremum norm,

[¥]lt.a := sup [[¥(0)ar ¥ €C
0<n<t

We set C27' = C([0,T]; Ea—1) = {y € C3 : |ly(t) — y(s)|la—1 < L|t — 8|,V t,s € [0,T]},
where L is a suitable positive constant to be specified later and 0 < o < 1.

To proceed further, we need to assume the following assumptions on operator A and
function f, g, h,a:

(A1): 0 € p(—A) and —A is the infinitesimal generator of an analytic semi-
group {S(t) : t > 0}.

(A2): Let Uy C Dom(f) be an open subset of Ry x E, x E,_1 and for each
(t,u,v) € Uy there is a neighborhood Vi C U; of (¢, u,v). The nonlinear map
f:Ry x E, X E,_1 — FE satisfies the following condition,

1f(t,z1,y1) — F(s, 22, 92)|| < L[|t — 57 + [lz1 — 22]la + [y — y2lla=1],
where 0 < 61 < 1,0 < a <1, Ly > 0 is a constant, (¢t,z1,y1) € V1, and
(Sa Z‘17y2) € ‘/2

(A3): Let Uy € Dom(h) be an open subset of E,, xR and for each (x,t) € Us
there is a neighborhood V5 C Us of (z,t). The map h : E, xRy — Ry satisfies
the following condition

|A(w,t) = h(y, $)| < La[llz = yllo + [t = 5|1,

where 0 < 62 < 1,0 < a < 1, L, > 0 is a constant, (z,t), (y,s) € Vo and
h(.,0) = 0.

(A4): Let Us C Dom(g) be an open subset of [0,7] x E,—1 and for each
(t,x) € Us, there is a neighborhood V3 C Us of (x,t). The function g :
[0,T] X Eq—1 — Ejg is continuous for (¢,u) € [0,To] X E4—1 such that

1A%g(t,2) = APg(s, )l < Lo{lt = sl + & — ylla—1}, and

LollA*=P7H < 1,
where 0 < oo <1, Ly > 0 1is a positive constant (x,t), (y,s) € Va.
(A5): The function a : [0,T] — [0, 7] satisfies the following two conditions:

(i) a satisfies the delay property a(t) <, for all ¢ € [0,T7;

(ii) The function a is Lipschitz continuous; that is, there exists a positive
constant L, such that

la(t) — a(s)| < La|t — s|, for allt,s € [0,T] and 1> |[|[A™Y|L,.

Definition 2.1 A continuous function u € C£~' N C$ is said to be a mild solution
of equation (L)) if w is the solution of the following integral equation

ut) = S(t)[U(O)Jrg(O,uO)]—g(tw(a(b‘)))ﬂL/O AS(t = s)g(s, u(a(s)))ds

+ / S(t—s)f(s,u(s),u[h(u(s),s)])ds, t € [0,T] (2.3)
0

and satisfies the initial condition u(0) = ug.



286 DWIJENDRA N. PANDEY, AMIT UJLAYAN AND D. BAHUGUNA

Definition 2.2 A function u : [0,T] — E is called a solution of [[T]if v satisfies the
following conditions,

(i) u(-) +g(. u(a() € C27 N CH((0,T), B) N C([0,T], B),
il) u(t) € D(A), and (¢, u(t), ulh(u(t),t)]) € Uy,
[u(t) + g(t, u(a(?))] + Alu(t)] = f(t, u(t), u[h(u(t),1)]) for all t € (0,T],

3 Existence of Local Solutions

In this section, we provide an existence and uniqueness theorem for a mild solution of

(CI). We set
W= {ueCgnCqt:u(0) = uo, |Ju—uoln,a <5}

Clearly, W is a closed and bounded subset of C%_l.

Under the assumptions (A2)-(A3), 0 < a < 1 and u € Cf imply that
f(s,u(s),ulh(u(s), s)]) is continuous on [0,7p]. Therefore, we can show that there ex-
ists a positive constant IV such that

1F (s, u(s), ulh(uls), )| < N= Ly[To™ +8(1 + LLy) + LLyT5?] + No,

where Ny = || f(0, ug, up)||. Similarly, with the help of the assumptions (A4)-(A5), we
can easily show that ||4%g(t,u(a(t)))|| < Ly[To + 0] + ||9(0,u0)||a = Ni. Also, we denote
||A71H = M5 and ||A7aH = Ms.

Theorem 3.1 Let us assume that the assumptions (A1)-(A5) are satisfied and uy €
D(A%), for 0 < a < 1. Then, the differential equation (I1l) has a unique local mild
solution u(t), for t € (0,Tp), where Ty = To(wv, B,u0) > 0 is sufficiently small.

Proof For a fixed § > 0, we choose 0 < Ty = To(a, 5, u0) < T such that

Tﬁ—a 170(
Caot1- BLQB + C, Lf[2 + LLh]( ) <1-mn, (3.4)
where 7 = L,||A*#~1|| < 1 and satisfying the following
_ )
1(S(8) = 1) Ao + g(0, wo)][| + [ A7 (| Lg[To + 0] < 5 (3-5)

for all ¢ € [0, Tp] and

T,Bfa Tl «
Ca+1,3N1ﬁO + C, N 0

5
<5 (3.6)

For more details of choosing such a Ty, we refer to Theorem 2.2 of [§].
We define a map F : Cf, N C%:l — Cf N C%:l as

(Fu)(t) = S(t)[uo + g(0,up)] — g(t, u( / AS(t —s)g(s,u(a(s)))ds
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In order to prove this theorem, we need to show that Fu € C%O*l, for any u € C%O’l.
Clearly, F : C& — Cx.
IfueC%o_l, T >ty >t >0, and 0 < a < 1, then we get

[(Fu)(tz) = (Fu)(t)lla—1 < [[(S(t2) = S(E1))(uo + 9(0, uo)) a1
H[ AT A%g(t2, u(a(t2)) — A7g(tr, ula(t)))]

+/0 (St — 8) = S(ta — ) A | A%g(s, u(a(s))) | ds
+/t 1Stz — )" A% (s, ula(s)))|ds.

+Alwﬂw—$—ﬂh—$M“W
% || £ (5. u(s), ulh(u(s), 5)))|1ds
+[ 15tz — ) A1, u(s), ulh(us), )] ds. (3.8)

For the first part of the right hand side of (B8], we have
ta
1(S(t2) = S(t1))(uo + 9(0, uo))[la—1 < / |A°71S"(s) (uo + 9(0, uo))l|ds
t1
to
= [ 145 (5) o + 90, u0)) s
t1

: /t 2 1S(s)Illlwolla + 1A~ P11 1g(0, uo)lls]ds
< Cl(tg — tl), (39)

where C1 = [[[uofla + [[A*~7[|g(0, uo)|| 5] M.
For the second part of the right hand side of (B8], we can see that

AP A%g (b2, ula(t2))) — APg(tr, ula(tr))]
< AP L [ (t2 — t1)] + [[u(altz)) — ula(tr))]la—1]
< AP H[Lg + LLa]|(t2 — 1))
< Cof(t2 — )] (3.10)

where Cy = ||A*=P~1||[Ly + LL,).
To handle the third and fifth parts of the right hand side of ([B.8]), we observe that

1(S(ta = 5) = S(t1 = 5))lla—1

IA

to—1t1
[ 1aissn - s
0

IN

to—1t1
/ ISW)AS(t: — sl
0

Mca(tg —tl)(tl —S)ia. (3.11)

A

Now we use the inequality (BI) to get the bound for the third part we have

/0 (S(t2 — ) = St — ) A7 x 1A%g(s, u(a(s))])lds < Caltz —t1),  (3.12)
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1—(a—p)
where Cy = N\MC,_ ,3+1:f =F . Similarly, bound for the fifth part is given as
t1
/ [(S(t2 — ) = S(t1 = s)) A x || £ (s, u(s), u[h(u(s), 5)])||ds < C3(t2 — t1), (3.13)
0
where C3 = NM Ca 1= For the bound for the sixth part, we have
ta
/ 1S (t2 — ) A1 £ (s, uls), ulh(u(s), s)])l|ds < Cs(t2 — t1), (3.14)
t1

where C5 = || A%~1|| M N. Finally, for the fourth part we have the following

/ 1Stz — $) AP A% (s, u(a(s) ds < Co(ta — ), (3.15)

t1

where Cg = ||A0¢—B||MN1.
We use the inequalities (39), 3I0), BI3)-@BI15) in inequality B8] to get the fol-

lowing inequality
[(Fu)(tz) = (Fu)(tr)lla—1 < Lltz — 1], (3.16)

where, L = max{C;, i = 1,2,---6}. Hence, F : C;’io_l — C;’io_l follows.
Our next task is to show that F : W — W. Now, for ¢ € (0,Tp] and u € W, we have

[(Fu) () — uolla < [I(S(t) = I)A%[uo + g(0, uo)l|
+ 14277 [| A7 g (s, u(a(s))) — A%g(0, u(a(0)))]

/ IS(t = 5) A=A A% (s, u(a(s)))llds

+/ 15t — ) A%|[[[f (s, u(s), ulh(u(s), s)])||ds
0

< IS () = D) Ao + g(0, uo)]| + A" Ly[To + 4]
Tolfa 0,87(1
N a—p NN
+C 1—Oz+Cl+ 8 1ﬁ—
Hence, from inequalities (30 and B8], we get || Fu — uo||1y,o < J. Therefore, F : W —
W.
Now, if ¢t € (0,Tp] and u,v € W, then

w)(t) = (Fo)O)la < A4 g(t, ula(s))) — Ag(t, v(a(s)))]
/ IS(t = 5) AT 7| A%g(s, u(a(s))) — A%g(s, v(a(s))) | ds.

+ / 1S(t — 5)4%]

x| (s, u(s), ulh(u(s), s)]) = f(s,v(s), v[h(u(s), s)])|ds. (3.17)
We have the following inequalities

1A%g(t, u(a(s))) = A%g(t,v@®)Il < Lgll A lw = vllz 0 (3.18)

[(Fu)
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[[f (s, uls), ulh(u(s), s)]) = f(s,v(s), v[h(v(s), s)])
< Lf[2+ LLp)||lu — v||1,a- (3.19)
We use the inequalities (BI8)) and BI9) in the inequality (BI7) and get

T~
8-«

lllu = vliz0,a- (3.20)

I(Fu)(t) = (Fo)t)lla < [Lo(Il A7 + Crra—p

)

l1-a
0
(1-a)

Hence, from inequality ([B4]), we get the following inequality given below

+CoLf[2+ LLy)

[Fu = Follzy,a < u— 2|10

Therefore, the map F has a unique fixed point v € W which is given by
t
u(t) = S(t)[uo+ g(0,u0)] — g(t, ula(t))) +/ AS(t — s)g(s, u(a(s)))ds
0

+ /0 S(t—s)f(s,u(s),ulh(u(s),s)])ds t € [0,Tp]. (3.21)

Hence, the mild solution u of equation (I1l) is given by the equation (21 and belongs
to CF, N C:j'fO*l. Also, on the similar lines of the proof of Theorem 6.3.1, we can easily
check that

Ju(t +h) = u(t)|| < L'|R[Y

for some 0 < v < 1 — «. Furthermore, the inequality of (A2), implies the local Holder
continuity of the function f for ¢,s € [tg,T],0 < tog < T. Precisely for u € C%;l and
moreover, 4 € CY((0,T],E,) for 0 <y <1—a:

[1f (8 u(t), ulh(u(t), t)]) = £ (s, uls), ulh(u(s), s)])|

< Lp{|t — s + [Ju(t) — u(s)|lo + LR(u(t), t) — h(u(s), s)|}
< Lp{lt = s|” + [[u(t) — u(s)lla + LLa[|t — 5| + [[u(t) — u(s)]la]}
< Ly{|t—s|® + L't — s|" + LLy[|t — s|% + L'|t — s|"]}. (3.22)

Hence, the map t — f (¢, u(t), u[h(u(t),t)]) is locally Hélder continuous. Therefore,

£t u(t), ulh(u(t), D)) € C(0.7], B)n ¥ ((0,T], E),

where 0 < 8 < min{#;, 7, 62}. Similarly, we can prove that u(.) + g(.,u(a(.))) is also
Holder continuous on (0, Tp]. Therefore, from Theorem 3.1 pp. 110 and Corollary 3.3,
pp. 113, Pazy [15], the function u(.)+g(.,u(a(.))) € C%;l NCY((0,Ty), E) N C([0,Ty], E)
and u(.) is the unique solution of the problem (IT]) in the sense of definition (3.2) of Pazy
[15]. This completes the proof of the Theorem. O

4 Existence of Global Solutions

In order to establish the global existence of a mild solution to (IT]), we need the following
lemma.
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Lemma 4.1 Let ug(t,s) > 0 be continuous on 0 < s <t < T < oo. If there are
positive constants A, E and o such that

t
uo(t,s) < A+ B/ (t — o) tug(o, s)do, (4.1)
for 0 < s <t <T, then there is a constant C' such that ug(t,s) < C.

Proof For 0 < s <t <T, we have

L e g (1 gyers1 L@T(B)
J e e e e e (4.2)

which holds for every «, 8 > 0. Integrating (ZI) n—1 times and using ([@2]) and replacing
t—sby T, we get

wolt, 5) < Aj_io (B§a> + (Brr(i‘;)))n / (t — o)Ly (0, 5)dor (4.3)

Let n be large enough so that na > 1. We majorize (t — o)"*~! by T"*~! to obtain

t
uo(t, s) < e + 02/ uo(o, s)do. (4.4)

Application of Gronwall’s inequality leads to
uo(t,s) < c1e2(t79) < et < C. (4.5)
This completes the proof of the lemma.

Theorem 4.1 Suppose that 0 € p(—A) and the operator —A generates the analytic
semigroup S(t) with ||S(¥)|| < M, fort > 0, the conditions (A1)—(AS5) are satisfied and
uo € D(A®). If there are continuous nondecreasing real valued functions k1 (t), ka(t) and
ks(t) such that

1t 2, y)l| < k() (X + lzlla + 1ylla-), (4.6)
[h(z, )] < K2(t)(1 + [ 2]|a), (4.7)
gt 9)lls < k()1 + [[v]la-1), (4.8)

fort >0, v € E, and y € Eo_1, then the initial value problem (I1) has a unique
solution which exists for all t € [0,T].

Proof Let Ty be sufficiently small as defined in the proof of Theorem Bl and let
u(t),t € (0,Tp), be the local mild solution of (II]). To prove the global existence of u(t),
we need to show that we can continue the solution of equation (II]) as long as ||u(t)||
stays bounded. It is therefore sufficient to show that if u exists on [0,7T), then ||u(¢)|| is
bounded as ¢t 1 T.

We have the following inequality

[ulh(u(s), 5)]lla—1 [ulh(u(s), )] = w(0)[a—1 + [[uolla—1
Llh(u(s), s)| + lluolla—

Lka(T) 4 Lka(T) [[ulls,a + [[uolla—1- (4.9)

INIAIA
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For ¢t € [0,T), we have
[u@lla < [1SEA o + (0, uo)lll + [A* g (t, ula(®)) |5

+ /IIA"‘“‘BS(t—S)IIIIABQ(S,u(S)))IIdS
0

+ /IIAQS(t—S)IIIIf(SW(S)w[h(U(S),8)])||d8
0

Ml[uolla + ks(T)IA*PII{1 + A7 [[[luolla}]
+ k(DAL + A7 ulle,a)

t
b Caros [ (0= 99k + 1A ol
0

IN

+ G / (t— )L+ [ullsso + [ulh(u(s), 8)][la—1]ds

M{[[uolle + ks (T)IA*ZIH{L + A7 [[luollo}]
+ k(DAL + A7 ulle,a)

t
b ks(T)Cosrs / (t — 5)~(1+a=) g
0

IN

t
+ AT ks (T)Carrp / (t — )" H ) Ju] ads

t t
+ kl(T)Ca/ (t—s)"“ds+ ki (T)Ca/ (t — 8)" ¥ ulls,ads
0 0

4 (Lkg(T)—i—||u0||a_1)k1(T)Ca/0 (t— 5)-ds

t
+ Lkg(T)kl(T)Ca/ (t — 8)~*[[ulls ads.
0

Hence,

t
lullea = C1 +/ (Caft = 5)7" + Cs(t = 5)" "7 Julls.ads, (4.10)
0

where
Ml|luolla + k3 (M)A PI{1 + A" [lluolla}] + ks(T)[A*—7||
(1 = ks (T)[|A>=P=1])

kl(T)CaTlfa

(1= k(D) A>=P=HN(1 - @)

(LE2(T) + [[uolla—1)k: (T)CoT

(1= ks(T)[[A>=A=1 (1 — «)
k3(T)Ca+1,BTa7’B

(1 = Ks(T)A>=F= ) (e = B)’

k1 (T)Cy[1 4+ Lko(T)]

(1 = ks(T)[|A>=A=1])

A= |k3(T)Cat1-5

(1 = ks(T)||A>=P=1])

Cy

+

Cy =

C; =
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Now, we rewrite ([@I0) as follows

t
lulla < cl+/ o (t — 8)7 ulls.ads, (4.11)
0

where
Cos(t—s)™7 =2 x max[Co(t —s)~*, Cs(t — s)7 1], (4.12)
Hence, by applying Lemma 1] to the above inequality ([@IT]), we get the required results.

This completes the proof of the theorem. O

5 Example

Let E = L?(0,1). We consider the following partial differential equations with a deviated
argument,

Ow(t, =) + O f1(t, w(alt), 2))] — R[w(t, )]

3}
(t,x)),—i—f (t,z,w(t,x)), ze€(0,1),t>0, (5.1)
= te[OT],O<T<oo, ‘
x €

where

fo(z,w(t,x)) = /01 K(x, s)w(s, h(t)(ar|w(s,t)| + bi|ws(s,t)]))ds.

The function f3: R4 X [0,1] x R — R is measurable in x, locally Holder continuous in ¢,
locally Lipschitz continuous in u and uniformly continuous in z. Further, we assume that
a1,b1 > 0,(a1,b1) #(0,0), h: Ry — Ry is locally Holder continuous in ¢ with h(0) = 0
and K :[0,1] x [0,1] — R.

We define an operator A, as follows,

Au= —u" with we€ D(A) ={uec H}(0,1)N H?(0,1): v’ € E}. (5.2)
Here, clearly the operator A is self-adjoint with compact resolvent and is the infinitesimal

generator of an analytic semigroup S(t). Now we take a = 1/2, D(AY?) = H}(0,1) is
the Banach space endowed with the norm,

|2]l1j2 == [[AY?2]|, =€ D(AY?)
and we denote this space by E; /5. Also, for ¢ € [0,T], we denote
1/2
i/ = o([0,4; D(AY?)),
endowed with the sup norm

)12 = sup [[o(m]as @ €C/>
0<n<t

We observe some properties of the operators A and A'/? defined by (5.2). For u €
D(A) and X € R, with Au = —u” = Au, we have (Au, u) = (Au,u); that is,

(—u'u) = [u'[> = AlulZe,
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so A > 0. A solution u of Au = A\u is of the form
u(z) = C cos(VAx) + Dsin(VAz)

and the conditions u(0) = u(1) = 0 imply that C =0 and A\ = )\, = n?72%, n € N. Thus,
for each n € N, the corresponding solution is given by

z) = Dsin(y/\,z).

We have (uy,, um,) = 0 for n # m and (u,,u,) = 1 and hence D = /2. For u € D(A),
there exists a sequence of real numbers {a,} such that

x) = Z antn (), Z(ozn)2 < +oo and Z(An)z(an)z < 4o00.

neN neN neN

We have

AV 2u(z) = Z VA i un(z)

neN

An(an)? < +00. E_1 = HY(0,1) is a Sobolev space of

with u € D(A'/?); that is, 3, .y

negative index with the equivalent norm |.||_1 = >0 (. un)|?. For more details on
the Sobolev space of negative index, we refer to Gal [§].
The equation (1)) can be reformulated as the following abstract equation in E =

L2(0,1):

N

u(t) + g(t, u(a(t)))] + Alu(t)] [t u(t),ulh(u(t),t)]) t>0,
0) = wuo, (5.3)

dt[

e

(
where u(t) = w(t,.) that is, u(t)(z) = w(t, z), € (0,1). The function g : R+><E1/2 — F,
such that g(t,u(a(t)))(x) = 05 f1(t, w(a(t), z)) and the operator A is same as in equation

G.2).
The function f: Ry x Ey/3 x E_y/5 — F, is given by

f(tﬂ/),f)(%) :f2($7§)+f3(t7x71r/))7 (54)

where fo : [0,1] x E — Hi(0,1) is given by

2(t, &) = / K(z,y)¢(y)dy, (5.5)
and f3: R x [0,1] x H2(0,1) — H}(0,1), satisfies the following

[f3(t, 2, )l < @, ) (1 + ¢l r2(0,1)) (5.6)

with Q(.,t) € E and @ is continuous in its second argument. We can easily verify that
the function f satisfies the assumptions (A1)-(A4). For more details see [g].

For the function a we can take

(1) a(t) = kt, where t € [0,T] and 0 < k < 1;

(i) a(t) =kt" fort € I =[0,1] k€ (0,1] and n € N;

(iii) a(t) = ksint for t € I = [0, %], and k € (0,1].
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