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1 Introduction

We consider the following neutral differential equation with deviated argument in a Banach space
X:
() + g(t,u(a(t)] + Alu(t) + g(t, u(a(t)))]
= f(t,u(t),u[h(u(t),t)]), 0<t<T < oo, (1.1)
u(0) = uy,

where —A is the infinitesimal generators of an analytic semigroup. f, g, h and a are suitably
defined functions satisfying certain conditions to be specified later.
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Initial results related to the differential equations with 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 existence, uniqueness and stability of various types of solutions of different kind of
differential equations, we refer to [1]-[10] and the references cited in these papers.

Adimy et al [1] have studies the existence and stability of solutions of the following general class
of nonlinear partial neutral functional differential equations:

S ut) —g(tu)) = Alwlt) — g(t.u)) + f(tu), 120

ug = ¢ € Co, (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 C into B.

In this paper, we use the Banach fixed point theorem and analytic semigroup theory to prove
existence and uniqueness of different kind of solutions to the given problem (1.1). The plan of the
paper is as follows. In Section 3, we prove the existence and uniqueness of local solutions and in
Section 4, the existence of global solution for the problem (1.1) is given. In the last section, we
have given an example.

The results presented in this paper easily can be apply to the same problem (1.1) with nonlocal
condition under some modified assumptions on the function f and operator A.

2 Preliminaries and Assumptions

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 infinitesimal 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(—4),

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®) being dense in X. We have X, — X, for0 < a < k
and the embedding is continuous. For more details on the fractional powers of closed linear operators
we refer to Pazy [11]. It can be proved easily that X, := D(A®) is a Banach space with norm
|z]la = [|A%z|| and it is equivalent to the graph norm of A“. Also, for each o > 0, we define
X_o = (X4)*, the dual space of X, is a Banach space endowed with the norm ||z||_, = ||[A™%z]|.

It can be seen easily that Cf* = C([0,t]; X,,), for all ¢ € [0,T7], is a Banach space endowed with
the supremum norm,

[¥llt.0 == sup [[¥(M)]la. ¥ €CF.
0<n<t
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We set,
Ce ' =C((0,T); Xa—1) = {y € CF : ly(t) — y(s)lla—1 < LIt — 5|,V t,5 € [0, T]},

where L is a suitable positive constant to be specified later and 0 < o < 1.
We assume the following conditions:

(A1): 0 € p(—A) and —A is the infinitesimal generator of an analytic semigroup {S(¢) :
t>

0}.

(A2): Let Uy € Dom(f) be an open subset of Ry x X, x X,_1 and for each (¢,u,v) € U;
there is a neighborhood V; C Uy of (t,u,v). The nonlinear map f : Ry x X x X417 — X
satisfies the following condition,

It 2,9) — f(s,9,0)|| < Lyllt — 51 + ||z = ylla + | — Plla-1],

where 0 < 6 < 1,0 < a < 1, Ly > 0 is a positive constant, (t,z,7) € Vq, and
($7y7¢) S Vl-

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

|h(x,t) = h(y, s)] < Lylllz = ylla + |t = 5|™],

where 0 < 0 < 1,0 < a <1, L, > 0 is a positive constant, (z,t), (y,s) € V2 and
h(.,0) = 0.

(A4): Let U3 C Dom(g) be an open subset of [0,7] x X,—1 and for each (t,z) € Us
there is a neighborhood V3 C Us of (z,t). The function g : [0,7] X Xq—1 — X, is
continuous for (¢,u) € [0,T] x X,—1 such that

[A%g(t, ) = A%(s,y)|| < Lof|t — 5|+ [z = ylla—1},
where 0 < o < 1, Ly > 0 is a positive constant and (x,t), (y,s) € V3.
(A5): The function a : [0,7] — [0, T] satisfies the following two conditions:

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

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

la(t) — a(s)| < Lg|t — s|, for allt,s € [0,T] and 1> ||A™Y|L,.
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Definition 2.1 A continuous function u € C'%_l N C$ is said to be a mild solution of equation (1.1)
if u is the solution of the following integral equation

u(t) (t)[u(0) + g(0,u0)] — g(t, u(a(t)))
/ S(t— 8)f (s, u(s), u[h(u(s), s)])ds, ¢ € [0,T] (2.1)

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

Definition 2.2 By a solution of the problem (1.1), we mean a function u : [0,T] — X, satisfying
the following four conditions:

(i) u(-) + g(-,u(a()) € CE7I N CH(0,T), X) N C([0,T], X),

(ii) u(t) € D(A), and (t,u(t),ulh(u(t),t)]) € Un,

(i) £[ut) + g(t, u(a(®)))] + Afu(t) + g(t, u(a(®))] = £(t,u(t), ula(u(t),£)) for all t € (0,7},
(iv) u(0) = up.

3 Existence of Local Solutions

We can prove that assumptions (A2)—(A3), for 0 <a<1,0< Ty <T,and u € C%, imply that
f(s,u(s),ulh(u(s),s)]) is continuous on [0, Tp]. Therefore, we can show that there exists a positive
constant N such that

“f(‘s?u(s)vu[h(u(s)? S)])H < N= Lf[Toel + 5(1 + LLh) + LLhTOGQ] + No,

where Ny = || f(0, ug,up)||. Similarly with the help of the assumptions (A4)—(A5), we can show
easily that ||A%(t,u(a(t)))|| < Lg[To + 6] + ||g(0,uo)|la = Ni. Also, we denote ||[A~L|| = M, and
[ A= = M.

Theorem 3.1 Let us assume that the assumptions (A1)-(A5) are hold and uy € D(A%) for 0 <
a < 1. Then, the differential equation (1.1) has a unique local mild solution if

( + Caly2 4+ LIy Ty a) <1 (3.1)

Proof. Now for a fixed § > 0, we choose 0 < Ty < T such that

|(S(t) — I)A%[uo + g(0, uo)]|| + Lg[To + 6] < Y for all ¢ € [0, Tp] (3.2)
and
. NT1 0 (3.3)
—a = 2 ’
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We set
W={ueCfn C'%;l cu(0) = ug, |Ju—uol|lmy,a <0}

Clearly, W is a closed and bounded subset of C%fl.
We define a map F : W — W given by

(Fu)(t) = )uo + 9(0,u0)] — g(t, u(a(t)))
/ S(t = ) f(s, uls), ulb(u(s), s)))ds, ¢ € [0,T]. (3.4)
In order to proved this theorem first we need to show that Fu € C%;l for any u € C%;l. Clearly,

F :C¢ — C§.
IquC%;l, T >ty >t >0, and 0 < a < 1, then we get

[(Fu)(t2) = (Fu)(t1)lla
< [1(S(t2) = 5(t1)) (w0 + 9(0,u0))lla—1
HIATH A% (2, ulalt2))) — A%g(tr, u(a(tr)))]

+/ (St — ) = S(t — $) A1 (s, u(s), ulh(uls), ) ds
0

+/ 1Stz — )47 £ (s, u(s), ulhu(s), s))ds. (3.5)

t1

We have,

I(S(t2) = Ste)(uo + g0, w)as < [ 1A% (5)(uo + 9(0. wo)ds

t1

/ " 1A%S(5) (o + 9(0, up)) ds

t1

< / 1Sl + 1900, o) alds
< Ci(ta —t1), (3.6)

where C = [[|luo[la + [l9(0, uo)lla] M
Also, we can see that
1A% g(t2, u(a(tz))) — A* (th (a(t)))ll
< AT A%g(t2, ulaltz))) — A%(t1, u(a(tr)) ]
< |ATYILg[(t2 — t1) + [[u(a(t )) u(a(t1))lla-1]
< || ALy + LLa)(t2 — t1). (3.7)

We observe that,

1(S(ts — 5) = St — $)lla 1 < /0 AL WSt — sl
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IN

to—t1
/ IS A*S (21 — sl
0
< Mca(tg — tl)(tl — S)ia.

Now we use the inequality (3.8) to get the inequality given below,

/O (St — 8) = S(ts — ) A1, u(s), ulh(u(s), s)])|ds < Calta 1),

11—«
where Cy = NMC'O{T1

0_ o
Similarly,

/ 1St — )AL £(s, uls), ulh(u(s), ) llds < C(ta — 1),

t1

where C3 = [|A*L||M N.

(3.8)

(3.9)

(3.10)

We use the inequalities (3.6) (3.7) (3.9) and (3.10) in inequality (3.5) and get the following

inequality,

[(Fu)(t2) = (Fu)(tr)lla—r < Ltz = ta],

_ C14Ca+Cs+||AY L, . pa—1 a—1
where, L = 1—[A-T|La . Hence, F: Cp, 7" — Cp -

Our next task is to show that F : W — W. Now, for ¢t € (0,Tp] and u € W, we have

[(Fu)(®) = uolla
< [I(S(#) = 1) A%[uo + g(0, uo)]|
+[[A% (s, u(a(s))) — A%(0, u(a(0)))]

+ [ = 94 (s, u(s).ulhuls). ) s
0

Tl—oz
< [[(S(8) = DA ug + 9(0, uo) )| + Ly[To + 8] + CaN 72—

Hence, from inequalities (3.2) and (3.3), we get

| Fu — uollmy,0 < 0.

Therefore, 7 : W — W.
Now, if ¢t € (0,Tp] and u,v € W, then

[(Fu) (@) = (Fo)(t) o
< [|A%(t, u(a(t))) — A%(t, v(a(t))) ]l

+ /0 15(t = s)A%[[[|f (s, u(s), ulh(u(s), s)]) = f(s,v(s), v[h(u(s), s)])||ds.

(3.11)

(3.12)
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We have the following inequalities,

1A%g(t, u(a(t))) — A%(t,v(@®))] < LgllA lllu — vllz o

[1f (s, uls), ulh(u(s), 5)]) = f(s,v(s), v[h(v(s),s))I < Ls[2+ LLa]llu = vz a-

We use the inequalities (3.13) and (3.14) in the inequality (3.12) and get

1—
I =~ Fo)a < (A7 + Calyf2 + LT = vl

Hence from inequality (3.1), we get the following inequality given below
| Fu — Fvllry.a < l|lu— 01,0

Therefore, the map F has a unique fixed point v € W which is given by,
u(t) )uo + 9(0,u0)] — g(t, u(a(t)))

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

(3.13)

(3.14)

(3.15)

(3.16)

Hence, the mild solution u of equation (1.1) is given by the equation (3.16) and belong to C; N Cj‘iofl.

Theorem 3.2 Let us assume that the assumptions (A1)-(A5) are hold and ug € D(A®) for0 < a <
1. Then, the differential equation (1.1) has a unique local solution in the sense of the Definition 2.2.

Proof. In order to prove this theorem, we first need to prove that the mild solution w is Holder
continuous on (0,7p]. From Theorem 2.6.13 in Pazy [11], it follows that for every 0 < f < 1 — a,

t>s>0andevery 0 < h <1, we have

1(S(h) = DA%S(t - s)]| Cph?|| A0S (t — s)]|
Chﬁ(t _ 8)—(044-5)’
where C' = C3Cphy 3.

For 0 <t <t+ h <1y, we have

[u(t +h) = u(t)]|a
< [I((S(h) = D)S(#)(uo + 9(0,u0))l|a
+[|A%(t2, u(a(tz))) — A%(tr, u(a(tr)))|

/ 1(S “S(t = )l f (s, uls), ulh(u(s), s)])lds

t+h
+/t 1St + h — ) A%[[[| f (s, uls), ulh(u(s), 5)])|ds.

(3.17)

(3.18)
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We calculate the first term of the above inequality (3.18) as follows;

1(S(h) = 1)S(£) A% (ug + g(0,u0))|| < Ot~ {JJug|| + [|g(0, uo) | } 1
< ML, (3.19)

where My = Ct~ (@8 {|lug]|| + ||g(0,u0)||} depends on t and blows up as ¢ decreases to zero.
Second term of the above inequality (3.18) we calculate as follows,

[A%(t + h, u(a(t + h))) — A%(t, u(a(t)))]

< [|A%g(t + R, ua(t + h))) — A% (L, u(a(?)))]]

< Lglh + [[Allllu(a(t + ) = w(a(t))lla—1]

< Lglh + || Al LLqh]

< Msh, (3.20)

where My = Ly[1 + ||A||LL,] is a constant independent of ¢.
Third and the fourth term of the inequality (3.18) can be calculated as follows:

/ 1(S(h) = DAYS(E = s)[I[1f (s, u(s), ulh(u(s), s)])||ds

< Ch’N / (t —s)~(@+Fgs
0

< Msh”, (3.21)

t+h t+h
L’ 1A9S(E + B — $)[[1 (s, u(s), ulb(u(s), ) ds, < cav[ (t+h—s)°ds

< MyhP, (3.22)

where M3 and My can be chosen to be independent of t.
Therefore,
lu(t + h) = u(t)]lo < C'H,
where C' is a positive constant. Thus, u is locally Holder continuous on (0, 7).
Hence,

1t u(t), ulh(u(t), 0)]) = (s, uls), ulh(u(s), )]l

< Ly{lt = s + llult) = u(s)lla + Llk(u(t),t) = h(u(s), s)}

< Lp{lt = sl + u(t) — u(s)lla + LLp[jt — s|” + [Ju(t) — u(s)|la]}

< Lt —s|" + C'[t — s + LLu [t — s + C't — 5|7]}. (3.23)
Hence, the map ¢ — f(¢,u(t), u[h(u(t),t)]) is locally Holder continuous. Therefore,

F(tult), ulh(u(t). 1) € C([0.7],X) 1 C7 (0,71, X),

where 0 < < min{6;, 3, 63}. Similarly, we can prove that u(.) + g(.,u(a(.))) is also Holder
continuous on (0, 7p]. Therefore from Theorem 3.1 pp. 110 and Corollary 3.3, pp. 113, Pazy [11], the
function u(.) + g(.,u(a(.))) € C’%O_l NCY(0,Tp), X) N C([0,Tp], X) and u(.) is the unique solution
of the problem (1.1) in the sense of Definition 2.2. This completes the proof of the Theorem. [
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4 Existence of Global Solutions

Theorem 4.1 Suppose that 0 € p(—A) and the operator —A generates the analytic semigroup S(t)
with [|S(t)|| < M, fort >0, the conditions (A1)—(A4) are satisfied and ug € D(A%). If there are
continuous nondecreasing real valued function ki(t), ko(t) and ks(t) such that
If (2, )l < k(@) A+ lzlla + ylla—1), forall t=0, z€Xa, y€Xaoa,  (41)
|h(z,t)| < ko(t)(1 + [|2]|a), forall t >0, ze€X,, .
g€t 0)la < Rs(O)(1 + [0ar), for all >0, ve Xo s, (13)

then the initial value problem (1.1) has a unique solution which exists for all t € [0,T].

Proof: By theorem (3.1) we can continue the solution of equation (1.1) as long as ||u(t)|| stays
bounded. It is therefore sufficient to show that if u exists on [0, 7] then |lu(t)|q is bounded as ¢ T T
We have the following inequality,

[ulh(u(s), 8)][la—1 [ulh(u(s), 8)] = w(0)[la—1 + [[uolla—
Llh(u(s), s)| + [[uolla—

Lka(T) + Lka(T)|ulls,a] + lluolla—1- (4.4)

VANVANVAN

For ¢ € [0, T, we have
@l < ISOA 0 + 900, w0l + lglt, u(a(®))

b [ 1A= 0o ulh(uts), ) s
Mol -+ E5(T) 1+ uolla}] + (D)L + 4~ [l

b Co [ (0= RO+ [l + b)),
Mol + Es(T)1 + uolla}] + E5(T) + k(T A~ [l

t t
+ /ﬁ(T)ca/ (t—s)_o‘ds—i—kl(T)Ca/ (t = 5)°|fulls ods
0 0

IN

IN

b Lhy(T)ky(T)C, /0 (1t — $)-2ds -+ [luolla_r La(T)r (T)C /0 (t— s)-ads

t
" Lk:g(T)k:l(T)Ca/ (t = 5)[lulls ads.
0

Hence,

t
[ullta < 01+C2/(t—5)°‘||UHs,ad5, (4.5)
0

l1-a 1-a
where 01 = r=gy llluolla + ks(T){1 + [luolla}] + 5505 + (25 + “H o e

Lko(T)k1(T)Co T~ k1(T)Cx[1+Lko(T
+ ||u0Ha71 (21(7]131(5—‘)3(1704) and CZ - 1( )17][63(7*) 2( )]

to the above inequality (4.5), we get the required results. This completes the proof of the theorem.
O

. Hence by applying the Gronwall’s lemma
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5 Examples

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

8t[w(t7 1‘) + 8$f1(t7 w(a(t)7 .%'))] - aﬂ%[w(t7 .%') + fl(t7 w(a(t)v 1‘))]
= fo(z,w(t, @) + f3(t,z,w(t, z)), =€ (0,1), t>0,
w(t,0) =w(t,1) =0,t€[0,T], 0 <T < o0,

w(0,z) = ug, z € (0,1),

(5.1)

where

fo(z,w(t,z)) = /093 K(z,s)w(s,h(t)(a1|w(s,t)| + bi|ws(s,t)]))ds.

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

We define an operator A, as follows,

Au = —u" with e D(A) = {uec H}0,1)NH?(0,1): v’ € X}. (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(AY2) = H{}(0,1) is the Banach space
endowed with the norm,

2|1 /2 = |AY?2]|, @ e D(AY?)
and we denote this space by X /5. Also, for ¢ € [0,7T7], we denote
C/* = (0,1 D(4Y2),

endowed with the sup norm

Dlleaje = sup [[()]a, @ €C’>
0<n<t

We observe some properties of the operators A and A'/? defined by (5.2). For v € D(A) and
A € R, with Au = —u” = Au, we have (Au,u) = (Au,u); that is,
(=u" u) = |u'[F2 = A7
so A > 0. A solution u of Au = Au is of the form
u(z) = Ccos(VAz) + Dsin(VAz)

and the conditions u(0) = u(1) = 0 imply that C = 0 and A = A\, = n?7%, n € N. Thus, for each
n € N, the corresponding solution is given by

un(z) = Dsin(y/ Anz).
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We have (t,, ) = 0 for n # m and (u,,u,) = 1 and hence D = /2. For u € D(A), there exists
a sequence of real numbers {«, } such that

u(z) = Z Qptn (), Z(an)2 < 400 and Z()\,L)Q(om)2 < +400.

neN neN neN
We have
AV y(z) = Z V An o up ()
neN
with u € D(AY?); that is, 3, .y An(an)? < +oo. X_1 = H'(0,1) is a Sobolev space of negative
2
index with the equivalent norm ||.||_1 = >"°° |(.,u,)|?. For more details on the Sobolev space of

negative index, we refer to Gal [6].
The equation (5.1) can be reformulated as the following abstract equation in X = L?(0,1):

%[u(f) + gt u(a(®)] + Alu(t) + gt u(a(t)))] = F&ut), ulb(u(t),t)]) >0,
w(0) = uo, (5.3)
where u(t) = w(t,.) that is u(t)(z) = w(t,x), = € (0,1). The function g : Ry x X;/5 — X, such

t
that g(t,u(a(t)))(x) = . f1(t,w(a(t),z)) and the operator A is same as in equation (5.2).
The function f: Ry x X5 x X_1/5 — X, is given by

f(t7¢7§)(x) = f2(x7§) + fg(t,%‘,l/]), (54)
where f2 : [0,1] x X — H}(0,1) is given by

falt,€) = /0 " K (. y)E)dy, (5.5)
and

1f3(t 2, )| < Qa, ) (1 + (|9l 2(0,1)) (5.6)
with Q(.,t) € X and @ is continuous in its second argument. We can easily verify that the function
f satisfies the assumptions (H1)-(H4). For more details see [6].

For the function a we can take

(i) a(t) = kt, where t € [0,7] and 0 < k < 1.

(ii) a(t) = kt™ for t € I = [0,1] k€ (0,1] and n € N;
(iii) a(t) = ksint for t € I = [0, F], and k € (0, 1].
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ematics for providing the financial support to carry out this work under its research project No.
NBHM/2001/R&D-II. The same author also would like to thank the UGC for their support to the
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