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ABSTRACT. This paper consists of two parts. The first
part deals with the existence of a mild solution of a class
of instantaneous impulsive second order partial neutral dif-
ferential equations with state dependent delay. The second
part studies the non-instantaneous impulsive conditions on
the same problem. The Kuratowski measure of noncompact-
ness and Monch fixed point theorem are used to prove the
existence of the mild solution. We remove the restrictive
conditions on the priori estimation available in literature.
The compactness assumption on the associated cosine or sine
family of operators, nonlinear terms and associated impul-
sive term are also not required in this paper. The non-
compactness measure estimation, the Lipschitz conditions
and compactness on the nonlinear functions are replaced
by simple and natural assumptions. We introduce new non-
instantaneous impulses with fixed delays. In the last section,
we study examples to illustrate the result presented.

1. Introduction. Neutral differential equations are functional dif-
ferential equations in which the highest order derivative of the unknown
function appears both with and without deviations. Neutral differ-
ential equations with unbounded delay appear abundantly as math-
ematical models in mechanics, electrical engineering, medicine, biol-
ogy, ecology, etc. Hence, it is a widely studied topic in several papers
and monographs, for instance, the partial neutral differential equa-
tion with unbounded delay arises in the theory of heat conduction
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of materials with fading memory in [24]. In addition, one may see
[10, 12, 15, 21, 27, 28] and the references cited therein. Second order
neutral differential equations model variational problems in the calculus
of variation and in the study of vibrating masses attached to an electric
bar. For more details, we refer our readers to [13, 14, 18, 32, 34].

In recent times, much attention is paid to functional differential
equations with state dependent delay. We refer to [1, 2, 3, 9, 17,
20] for details. The literature related to the state dependent delay
mostly deals with functional differential equations in which the state
belongs to a finite dimensional space. As a consequence, the study of
partial functional differential equations with state dependent delay is
neglected. This is one of the motivations of our paper.

Impulsive differential equations are known for their utility in sim-
ulating processes and phenomena subject to short term perturbations
during their evolution. Discrete perturbations are negligible to the total
duration of the process. We refer to [8, 11, 16, 25, 33, 37] regarding
discrete impulses. However, in these papers, the compactness condition
on the impulsive terms, restrictive conditions on a priori estimation and
the restrictive condition on measure of noncompactness estimation are
used.

Here in this paper we study the second order partial neutral differ-
ential equation with state dependent delay modeled in the form

d2 t
G500 = Awlt) = g(t.20) + [ Ftp0.a0) bt

€0, t#£t, i=1,...,n,

g = ¢ € B, z'(0)=¢ € X,
Ax(ty) =1} (zy,,2;), i=1,2,...,n
(1.1) A/ (t) = I (v, 2p), i=1,2,...,n.

Here 0 =ty < t1 <tg,...,<t, <t,y1 = b are prefixed numbers.

We also study the second order partial neutral differential equation
with state dependent delay modeled in the form

2 t
500 = Aw(t) = g(t.00) + [ Ftpan ' (0)
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te(si,ti+1], 1=0,...,n,

To = ¢ € B,
2(0)=¢€e X,
z(t) = JHt,x(t —t1)), t€ (ti,s], i=1,2,....n
(1.2) o (t) = JEt,x(t —t1)), t€ (ti,si], i=1,2,...,n

Here 0 =ty = sg < t1 <s1 <tg,...,<t, <8, <tyy1 = b are prefixed
numbers.

In (1.1) and (1.2), A is the infinitesimal generator of a strongly
continuous cosine family {C'(¢) : t € R} of bounded linear operators
on a Banach space X and ¢t € [0,b] = J. The history-valued function
x¢ o (—00,0] = X, x:(0) = x(t + 0) belongs to some abstract phase
space B defined axiomatically and g, f, I}, 12, J}, J2, i =1,...,n, are
appropriate functions which are defined in Section 2 in the hypotheses
(Hf), (Hg), (HI) and (HJ), respectively.

The second order abstract partial neutral differential equation simi-
lar to (1.1) is extensively studied in [4, 5, 7, 35]. As a matter of fact,
in these papers, the authors assume severe conditions on the operator
family generated by A, which imply that the underlying space X has
finite dimension. Thus, the equations treated in these works are really
ordinary and not partial differential equations. Hence, motivated by
this fact and the results in [30] and their various applications we study
the existence of the mild solution of the partial neutral differential equa-
tion of second order with state delay and non-instantaneous impulses.
The contribution of this paper lies in the removal of the compactness
assumption on the associated cosine or sine family of operators and the
associated impulsive term. The noncompactness measure estimation
and the Lipschitz conditions on the nonlinear functions are replaced by
simple and natural assumptions.

2. Preliminaries. In this section, some definitions, notation and
lemmata that are used throughout this paper are stated. The family
{C(t) : t € R} of operators in B(X) is a strongly continuous cosine
family if the following are satisfied:

(a) C(0) =1 (Iis the identity operator in X);
(b) C(t+s)+C(t—s)=2C{)C(s) for all t,s € R;
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(¢) The map t — C(t)z is strongly continuous for each z € X.

The one parameter family of operators {S(t) : ¢ € R} is the sine family
associated to the strongly continuous cosine family {C(¢) : t € R}, and
it is defined as

t
S(t)z::/ C(s)xds, ze€ X, teR.
0

The operator A is the infinitesimal generator of a strongly continuous
cosine family of bounded linear operators (C(t))ter, and S(t) is the
associated sine function. Let NV, N Nl,N2 be certain constants such
that |C(t)]] < N, [|S@®)| < N, ||AS| < Ny |AC| < N, for every
t € J =10,b]. For more details, see the books by Goldstein [22] and
Fattorini [19]. In this work, we use the axiomatic definition of phase
space B, introduced by Hale and Kato [26].

PC([0,b], X) is the space formed by normalized piecewise continuous
function from [0,b] into X. In particular, it is the space PC formed
by all functions w : [O b] — X such that w is continuous at t # t;,
u(t;) = u(t;) and u(t]) exists for all i = 1,2,...,n. It is clear that PC
endowed with the norm ||z| pc = sup,c; [|(t)|| is a Banach space. For
any x € PC,

(2.1) 7(t) = {

SO, T e C([ti,ti+1],X).

PC([0,b], X) = {u € PC([0,b], X) : u' € PC([0,b], X)} is a Banach
space with respect to the norm |Jul|1 = [|ulloo + ||t']|co-

x(t), te(titiyl;
z(th), t=t;, i=1,2,...,n

7

Definition 2.1 ([26]). The phase space B is a linear space of functions
mapping (—oo, 0] into X endowed with seminorm |||l and satisfies the
following conditions:

(A)If ¢ : (—oc0,0 +b] — X, b > 0, such that z; € B and
T|jgo4t) € C(lo,0 +b] : X), then, for every t € [0,0 + b)
the following conditions hold:

(i) x; is in B,
(i) [l < Hlz |,
(i) ||lze)ls < K(t — o)sup{|lz(s)|| : 0 < s < t} + M(¢t —
o)llze]ls,
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where H > 0 is a constant K, M : [0,00) — [1,00). K is a
continuous function, M is locally bounded and the functions
H, K, M are independent of z(.).

(B) The space B is complete.

Definition 2.2 ([6]). For a bounded set B in any Banach space Y the
Kuratowski measure of noncompactness ay is defined by

ay (B) = inf{r > 0, B can be covered by

a finite number of balls with diameter r}.

Lemma 2.3 ([6]). LetY be a Banach space and B,C C 'Y be bounded.
Then the following properties hold:

(i) B is pre-compact if and only if ay (B) = 0;

(ii) ay(B) = ay(B) = ay(conv B), where B and conv B are the
closure and convex hull of B, respectively;

(iii) ay(B) < ay(C) when B C C;

iv) ay(B+C) < ay(B)4ay (C) where B+C = {z+y;x € B,y € C};

(v) ay(BUC) = max{ay (B),ay(C)}.

) ay(AB) = |May (B) for any A € R;

) If the map Q : D(Q) C Y — Z is Lipschitz continuous with
constant k, then az(Q(B)) < kay(B) for any bounded subset
B C D(Q), where Z is a Banach space.

(viil) If {W,};2 is a decreasing sequence of a bounded, closed, nonempty
subset of Y and lim,_, ooy (W) =0, then ﬁ:{i’i W, is nonempty
and compact in'Y .

Lemma 2.4 ([6]).

(i) If W c PC([0,b]; X) is bounded, then a(W(t)) < apc(W) for
any t € [0,b] where W(t) = {u(t) :ue W} C X.

(i) If W is piecewise equicontinuous on [0,b], then a(W (t)) is piece-
wise continuous for t € [0,b], and

apc(W) =sup{x(W(?)), t € [0,0]}.

(iii) If W c PC(]0,b]; X) is bounded and piecewise equicontinuous,
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then a(W (t)) is piecewise continuous for t € [0,b] and

</ W (s ) /a(W(s))ds t € 0,0].

(iv) If W c PCY([0,b],X) is bounded and the elements of W' are
equicontinuous on each J; = (t;,t;11], (1 =0,1,...,n), then

apci(W) = max{igg aW (t), ilelg a(W'(t)},

where apc1 denotes the Kuratowski measure of noncompactness
in the space PC'(J, X).

Lemma 2.5 ([6]). If the semigroup S(t) is equicontinuous and n €
L([0,b]; RT), then the set

{/ St —s)u(s)ds : ||u(s)|| <n(s), for almost every s € [O,b}}
is equicontinuous for t € [0, b].

Lemma 2.6 ([6]). Let h : [0,b] — E be an integmble function such
that h € PC. Then the function v(t fo (t — s)h(s)ds belongs to
PC?Y, the function s — AS(t—s)h(s ) is mtegmble on [0,¢] fort € [0,b],

and
— h(t) +A/tS(t—s)h(s)ds
0

= h(t) + /t AS(t — s)h(s)ds, te][0,b].

0

Lemma 2.7 ([6]). Let H = h, C L[0,b],X). If there exists
o0 € LY([0,0],]0,4+00)) such that ||h,(t)|| < o(t) for h, € H and almost
every t € [0,b], then a(H(t)) € L*([0,b], [0, +00)) and

<{/h Jds : ”EN}><2/J (H(s))ds, te]0,b].

Lemma 2.8 (Ménch [6]). Let X be a Banach space,  a bounded open
subset in X and 0 € Q. Assume that the operator F' : Q — X is
continuous and satisfies the following conditions:
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(i)  # AFz, for all A € (0,1), z € 9.
(ii) D is relatively compact if D C c6(0U F (D)) for any countable set
D C Q. Then F has a fived point in Q.

3. Main result. We define the mild solution of problem (1.1) as
follows.

Definition 3.1. A function z : (—oo,a] — X is a mild solution of
problem (1.1) if 2 = ¢, 2/(0) = &, z(.)|jp,5) € PC*(X), and

£(t) = C()6(0) + S(E + g(t,x,) — / AS(t — 8)g(s, ) ds

t s
+/ S(t — S)/ f(ra xp(T,:Er))x;) drds

(3.1) + Z Ot —t;)I} (x4, 23)) Z St —t;)I7 (24, 24).

0<t; <t 0<t; <t

To prove our result, we always assume p : J X B — (—00,aq]
is a continuous function. Let y : (—o0,a] — X be the function
defined by yo = ¢ and y(t) = C(t)(¢(0)) + S(t)(§) on [0,t1]. Clearly,
Y2l < My = Kallylla + Mal|¢ls, where [ly[|s = supg<,<p [ly(¢)]]- Let
rT=x+y

[Tz lls < My = (Ma + J9)||9llw + Kallylla + Kallz]la-

Taking the supremum of M, My as M and the supremum of y’ as M’
we define the space S(b) as

S(b) = {x: (—00,b] = X : 29 =0, 2/(0) =0, z|; € PC'}
endowed with norm ||u|l; = ||u]leo + ||t/]co-
The following hypotheses are required to prove our result.
(Hg) The function ¢ — ¢, is continuous from R(p™) = {p(s,?) :
p(s,9) < 0} into B, and there exists a continuous bounded
function J¢ : R(p~) — (0,00) such that ||¢¢|ls < J®(t)||¢]|s

for every t € R(p™).
(Hf) The function f:J x B x B — X satisfies the following:
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(1) For every z : (—o0,a] = X, 29 =0, 2/(0) =0, z|; € PC!
the function f(.,a¢, ;) : J — X is strongly measurable
and f(t,.,.) is continuous for almost every ¢ € J.

(2) There exists an integrable function p : J — [0, +00) such
that [|£(t,u,v)]| < p()(lulls + [o]ls) for all € 7 and
u,v € °B.

(3) There exists an integrable function p : J — [0,00) such
that a(f(t, D¢, D})) < u(t)(a(Dy) + a(Dy)) for almost
every t € J, where Dy = {v; : v € D}. D, = {v} :
v eD'}yCB(te ), V' c PChL

(Hg) The function g : J x B satisfies the following.

(1) g(t,.) is continuous for all t € J.

(2) For every bounded V' C S(b) the set {(vy);(t):z € V}is
uniformly equicontinuous on [t;,¢;41] for all i = 0,...,n,
where v, (t) = g(t, x¢).

(3) For any bounded set Q@ C PC, a(g(t,Q:)) < ca(Qy),
t € J, where c is a positive constant.

(HI) For the maps I} : B x B — E, I? : B x B — X, there
exist positive constants ¢!, ¢2, d!, d2 such that ||I7(t,v)| <
vlls +d?, for all j = 1,2.

(H1) There exists a Banach space (Y, ||.||y) continuously included
in X such that AS(t) € L(Y,X), for all t € J and AS(.)z €
C(J; X) for every z € Y. There exist constants Ny, N; such
that [yl < Nyllylly, for all y € ¥ and | AS(®)lcerx) < N,
for all t € J.

(H2) R(C(t) — I) is closed and dim Ker (C(t) — I) < oo, for all
0<t<b.

(HJ) (1) For the maps J}(t,¢) : J x B — X, there exist positive

constants ¢}, ¢Z, di, d? such that
1] (£, 0)[| < €] ollss +df,  for all j =1,2.

(2) The maps J}(.,9), J2(.,1) are continuous for all (.,1)) €

(ti,Sd X %,’L: 17...,’!7,.

Lemma 3.2 ([36]). Ify: (—o0,b] — X is a function such that yo = ¢
and y|; € PC(X), then
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s < (My + J9)||6]le + Ky sup{[ly(®)]; 6 € [0, max{0, s}]},
s €R(p™)U0,0],

Hyﬂ(5>yS)

where N
Jo = sup JO(t), M, = sup M(t)
teER(p™) teJ

and

Ky = max K(t).

Lemma 3.3 ([29]). Let condition (H2) be satisfied and B CY. If B
is bounded in X and the set {AS(t)y : t € [0,b],y € B} is relatively
compact in X, then B s relatively compact in X.

Proof. Since, for y € B,

C(t)y—yzA/o S(S)ydyz/o AS(s)ydy,

it follows from the mean value theorem for the Bochner integral that

Clt)ly—yetxco(AS(s)y:0<s<t,y€ B),

where co is the convex hull. Then, by hypothesis (H2), the result
follows. 0

Lemma 3.4 ([29]). A set B C PC*' is relatively compact in PC!
if and only if each set B;, i = 1,...,n, is relatively compact in
CH([ti tisa], X).

Theorem 3.5. If the hypotheses (Ho), (Hf), (Hg), (HI), (H1) and
(H2) hold and the cosine family is equicontinuous, then there exists a
mild solution of the problem (1.1).

Proof. Let us define the function z : (—00,0] — X as zp = xy,
2(t) = 2'(t), t € J, S(b) = {z : (—o0,b] - X : zo = 0,2'(0) = 0,
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2(.)|; € PC'}. Let T' = (I'y,T2) : S(b) x S(b) — S(b) be defined as:
3.2)

0, t <0;
—|—f0 AS t— s)g(s Ts+ys)ds
Fl(xﬂz)(t) = +f0 fos T, mrho(r x7)7xr + yr) dr

+ZO<t <t C(t ) (2, + yess 21, + i)
+Zo<ti<t S(t— tz)[z?(l’n + Yt 2, +y£1.)7 ted,

and Ta(z, 2)(t) = T'1(x, 2)'(t). Therefore,

(3.3)
0, t <0;
+f0 AC(t — s)g (s,ais +ys)ds

FQ(.’E,Z)(t) = +f0 t_S f() T, jp(r:nr) +yraxr+yr)dr

+ ZO<t <t AS(t —t)I; (7% + Yts 2t + yt )
+ Zo<ti<t C( )Iz(mtz + Ytis Zt; + ytl) teJ.

T' is seen to be continuous by the Lebesgue dominated convergence

theorem, axioms of phase space and the hypotheses (Ho), (Hf), (Hg)
and (HI).

Step 1. It is shown that
Qo = {(z,2) € S(b) x S(b) : (z,2) = A\'(x, 2) for some A € (0,1)}
is bounded. If ¢t € Jy = [0, ¢1], then

(@) = [IT1(z, 2)(@)]|

< ﬁ/ lie(lells + 37) + d] ds

+N/ / Yzl + ||20]| + M’ + M) drds

SM/O (EHN/Sp(r)dr) ds + Nybd
+Kb/0 <N1c+zv/ ) Jalls + [1211) ds
(3.4) +MN// r) dr ds,



IMPULSIVE INTEGRO-DIFFERENTIAL EQUATIONS 499

2] < T2 (2, 2) D) < N;/ e[zl + M) + d] ds

8 [ [ ol + b+ 20+ W

SM/O (Z/szc—l—N/ p(r)dr)ds—&-]vgbd
+Kb/0 (N2c+zv/ ) lalls + 12115) ds

(3.5) +M'N / / r) dr ds.

Therefore,

Izl + 12l < (N1 + N) b

+M[/Ot {C(M-FE)-F(N—&-]\N[)/OS;D(T)QZT} ds

+M’(K7+N)/Ot (/Osp(r)dr> ds

t o~ —~
+/ |:(N16+N20)Kb
0

(3.6) LR [ 5p(r>dr]<xns ; ||z||s>} s

Since ||z||; +||2]]: € C(Jo, X), by Gronwall’s lemma, there is a constant
Go > 0 such that ||z|¢ + ||z]lt < Go, t € J, and ||z¢]|ls < KpGo and
lz¢]]ss < KpGl, t € Jo. By condition (HI), it is observed that
1 (e, + 10, 20, + 91,2 < A (2K Go + M + M) 4 df =1
e = lle(ty) + I (ze, + Yo 200 + w2,
<Go+m
2 = ll2(t1) + I (e, +yers 20 +33,) |
(3.7) < Go + 2.

When t € J; = (tl,tQ], let
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Then u,v € C([t1, 2], X).

S

ol < [ (Fers+ 855 [ o)) el + 21, s

t s
—l—/ {Nch—FN/ p(r) dr(ﬂ—l—M’)} ds + N1bd
0 0

+NH111(xt1 +yt17zt1 +y£1)‘|
+N“Il2(xt1 +yt1v'zt1 +y£1)

t1 . s
< / (2N1chG0 + N/ 2K, Gop(r) dr) ds
0

|Ed8

+/Ot{Nch+N/ dr(M—i—M)d}

t s - s
+/ <N10Kb+NKb/ p(r) dr)
t1 0

~(sup Ju(7)[[ + sup [lo(7)])ds
t1<7<s t1<7<s

(3.8)

t1 . . —
||’U(t)H S / <2NQCK1,G0 + N/ ZKbGop(T’) dT) (M + M/) ds + Ngbd
0

+/Of[N2cM+N/ dr(M—i—M)d]

to / s
+ / <N20Kb + NKb/ p(r) dr)
t1 0

“(sup [Ju(7)[|+ sup [lo(7)]) ds
tlgtgs tlgtgs

(3.9)

Therefore, from equation (3.8) and (3.9)

sup [[u(s)[ + sup Hv( ) <er+e
t1<s<t t1<s<

S

+/tt {MC#—EC#—(N—FN)/O p(r)dr}Kb
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(3.10) x( sup Jlu(r)[[+ sup fo(r)])ds

t1<7<s t1<7<s

where e1, e5 are appropriate constants. Using Gronwall’s lemma, there
exist constants G; > 0 such that ||u(t)]| + ||lv@)|| < Gy for t €
[t1,t2]. So |lz(t)|| + ||z(®)|| < Gy, for t € Ji. Similarly, let G =
max{Go, G1,...,Gn}. Then ||(z, z)||p < G and Qp is bounded.

Let R > G and Qg = {(x,2) € S(b) x S(b) : ||(z, z)|[s < R}. Since
R > G, so

(3.11) (z,2) # X'(z,2), forall (z,2) € 0Qg.

Step 2. Suppose V C g is a countable set and V' C ©o({0,0} C
I'(V)). Let
Vi = {x € S(b) : there exists z € S(b), (x,2) € V},
= {z € S(b) : there exists z € S(b), (z,2) € V}.

(3.12) V CVixVaCao({0}UT (Vi x Va))eo ({0} UT2 (Vi x V).

From equations (3.2), (3.3) and (Hg) (ii), we get that FJ((XA/I)l X (V;)Z),
(j = 1,2) are equicontinuous on J;(i = 0,1,...,n). From (3.12), it is
implied that (V;)Z (k = 1,2) are equicontinuous.

Step 3. Now we prove that V7 and V5 are relatively compact. We
identify Vi|s, (k = 1,2) with Vi, where Vi,
on J; = (tj,tit1]. When ¢t € Jy = [0,¢1], from hypotheses (Hf) (iii),
(Hg) (v) and Lemma (2.5), we get that:

a(Vi(t)) < a(l1 (Vi x Va)(t))

¢
< 2N1/ a(g(s,Vis +ys)) ds
0

t s
+ 2N/ a/ f(?", ‘/1/)(7-7357‘) + yp(r,xr)a VQT + y;) drds
< 2/ Nlca (Vis +ys) ds

+2/ 2N/ a(Vis +ys) + a(Vas + y%)) ds
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<2 [ Fet 2N [ urydnatic-+ )+ alVac + 1)
< 2/0 {N‘;ch +2K,N /OS w(r)dr( sup a(Vi(7))

0<7<s

(3.13) + sup a(Vi(r))|ds

0<7<s

a(Va(t)) < a(Ta(Vi x Va)(t))

gt
S 2N2/ O‘(g(savls + ys)) ds
0
t S
+ 2N/ Oé/ f(ra le(T,CDr) + yp(’l“,l’r)7 ‘/2T + y:‘) d?” dS
< 2/ Noca(Vig + ys)

+2/ 2N/ (Vs +ys) + a(Vas + 44)) ds

§2/0 <Ngc+2N/ dr)

) (a(Vls + yS) + a(V2s + ys)) ds

< Q/Ot KNchb + 2KbN/ dr) (Oggsa(%(ﬂ)

(3.14) + sup oz(Vl(T)))] ds.
0<7<s
Since m;(t) := supp<s<; @(Vj(s)) (j = 1,2) are continuous and non-

decreasing functions on Jy. From equations (3.13) and (3.14), we get
that

(315) ma(0)+malt) < [ tK(c+ [ty ) o) + (s .

where K is an appropriate constant. So, by Gronwall’s lemma and

(3.15), we see that a(Vi(t)) = 0, (k = 1,2), t € Jy. By Lemma
(2.1) (i), we prove that Vj (k = ) is relatively compact in C(Jp, X).
Since

a(Vie, +yn) < a(Vj,) < Ky sup a(Vj(s)) =0,

0<s<ty
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also I7(.,.) (j = 1,2) is continuous, we can show that

oI} Vi, + 9y, Var, +41,) = (I3 (Vie, + yeys Var, +31,)) = 0.
Similarly, when t € J; = [t1, t1],

a(Vi(t)) < a1 (Vi x V2)(t))

<9 / [fv;CKb+2szv / " ur)dr( sup o(Vi(r)

0<7<s

(3.16) + sup a(Vl(T)))} ds

0<7<s

a2 [ [(Wiets s 258 [ utryar ) sup o)

t1 t1<7<s

(3.17) + sup a(Vl(T)))} ds.

t1 STSS

From equations (3.16) and (3.17) we get that

(3.18)  sup «a(Vi(s))+ sup a(Va(s))

t1<s<t t1<s<t

g/:K({c—&—/Osu(r)dr})(tlséu%t‘ﬁ(s)+tls§u§)§tV2(s))ds,

where K is the appropriate constant. So, by Gronwall’s lemma and
(3.18), we see that a(Vi(t)) = 0, (k = 1,2), t € J;. By Lemma
(2.1) (i), we prove that Vi, (k = 1,2) is relatively compact in C(Jy, X).
Since

a(‘/jtl + ytl) < O‘(V}tl) < Ky sup ()L(ij(s)) = 07

0<s<t;
also IJ(.,.) (j = 1,2) is continuous, we can show that
04(121(V1t1 + Yt Vv2t1 + yél)) = a(Ig(Vltl + yt1a‘/2t1 + y;l)) =0.

Similarly, Vi (k = 1,2) are relatively compact in C(J;,X), (i =
2,3,...,n). Thus, V}, (k= 1,2) are relatively compact in S(b). Now,
by Lemma (2.6), we can prove that I' has a fixed point in Qg. If (z, 2)
is a fixed point of I on S(b), then (z +y) is a mild solution of problem
(1.1). O
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3.1. Non-instantaneous impulsive second order neutral differ-
ential equation. In this section, we will find the conditions for the
existence of mild solution of problem (1.2). Let us define the mild
solution as follows.

Definition 3.6. A function z : (—o00,a] — X is a mild solution of
problem (1.2) if zg = ¢, 2/(0) = &, x()| 0,0 € PCHX), x(t) =
JHt,z(t —t1)), for all t € (t;, 8], i =1,. , 2 (t) = J2(tz(t — t1)),
te (tisi],i=1,2,...,n, and

z(t) = C(t)p(0) + S(t)€ — / AS(t —s)g(s,xs)ds
/ S(t—s) / S @p(s,p,), @' (1)) drds, tel0,t]
z(t) = C(t —s3)J} (s, 2(t — 1))

b8t — 5) T2 (i 2(t — 1)) — /AS(t—s)g(s,xs)ds

t S
—|—/ S(t—s)/ f(s,2p(rz,y, @' (r)) drds,
S; 0

(3.19) for t € [si,tiy1], i=1,...,n.

Let y : (—o0,a] = X be the function defined by yo = ¢ and

y(t) = C(1)(9(0)) + S(#)(€) on [0, 4]

Clearly,
lyells < Kallylla + Malllls
where
lyllo = sup [ly@)l,
0<t<b
since

S(b) = {z: (—00,b] — X : 29 = 0,2/(0) =0, =(.)|; € PC'}.

Therefore, T = x + y is a mild solution of (1.2).
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Theorem 3.7. If the hypotheses (Hg), (Hf), (Hg), (HJ), (H1) and
(H2) hold and the cosine family is equicontinuous, then there exists a
mild solution of problem (1.1).
Proof. Let us define the function z : (—00,0] — X as
20 = Zp, 2(t) =2'(t), te.

Let
I'=(T'1,T2) : S(b) x S(b) — S(b)

be defined as:

(3.20)
0, t <0;

¢
i 2)(0) = /A““” oo ) ds
/St—s /frxpm,r . +y.)dr, teJ=[0,t1].

and Ta(z, 2)(t) = T'1(x, 2)'(t). Therefore,

(3.21)
0 t<o0
Tz, ) —/AC’(t—s) (s,zs + ys)ds
2(x, 2)(t) =
Y I,
teJ; = [O,tl].
(3.22)
JH(t, x(t —t1) t € (ti, si],
Ot — si)J} (55, x(t — t1))
—5(3 — 8i)J2 (55, x(t — t1))
Li(z,2)(t) = — [ AS(t—s)g(s,xs +ys)ds

S

4 [ =) [ 0Tyt + ) dr s,
Si 0
t e Jl = (si,ti+1].
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and Ta(z, 2)(t) = T'1(x, 2)'(t). Therefore,

(3.23)
J2(t,x(t —ty) t € (ti,si]
AS(t — Si)Jil(Si, .’E(t — tl))
—C(t — SZ‘)JE(SZ', .’L'(t — tl))
t
To(x,2)(t) =& — | AC(t—s)g(s,xs +ys)ds
o s
+/ C(t — s)/ T,y @+ yy.) dre ds,
S 0
te Jz = (Si,ti+1].

It can be easily proved that I' is continuous by the Lebesgue dominated
convergence theorem, axioms of phase space and the hypotheses (Ho),
(Hf), (Hg) and (HJ).

Step 1. We show that
Qo ={(x,2) € S(b) x S(b) : (x,2) = AI'(z,2) for some X € (0,1)}
is bounded. When ¢ € Jo = [0, £,
(@) < [[Ty(x, 2)(0)]

< fv’/ lie(lells + 37 + d] ds

+N/ / Y|z llos + |20 ||es + M’ + M) drds

gﬂ/ (]Vlc-i—ﬁ/ p(r)dr)ds—f—j\fvﬁd
0
+Kb/ <N10+N/ ) s + l12]l) ds
0

(3.24) +M N/ / r)dr ds,

IO < [[Ta(z, 2) @)

< ﬁ/ lic(lells + 37) + d) ds

+N/ / Yz |l + |zr]ls + M+ M) drds



IMPULSIVE INTEGRO-DIFFERENTIAL EQUATIONS 507

SM/Ot (sz;chN/Sp(r)dr)dHﬁzbd
+Kb/0 (a8 [ oty )l + 12l s
(3.25) +MN// r) dr ds.

Therefore,

s + [|2]le < (N1 + Na)bd

+M/Ot {c(ﬁﬁ-m)—l—(l\f—&-ﬁ)/osp(r)dr} ds

+M’(J\~7+N)/Ot (/Osp(r)dr> ds

t —_—~ —_—~
+/ [(NchrNQc)Kb
0

(3.26) L+ B0y [ plrar (el + 1)) ds

Since ||zt +]|2]|+ € C(Jo, X), by Gronwall’s lemma, there is a constant
Go > 0 such that
lzlle +1Izlle < Go, teJ

and
||$t||’B < KpGy and Hzt”‘B < KpGo, te€ Jy.

By condition (HJ), it is observed that, for t € [t1, s1),
(3.27) 17 (t, 2(t = t1))l| & < ] (2KsGo + M) + d] := n].
When t € Jy = [Sl,tg],

@) < [T1(z, 2)(@)]|
< Nlej (lzs, ) + di] + N(ef |1z, | + df]

+ﬁl/[<nx< s + 31) + d) ds

+N/ / Y|zl + ||zr ]l + M’ + M) dr ds
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t s
gﬂ/ N10+N/ p(r)dr) ds
+MN// r)drds

w8 [ (e 8 [0 ar) el + 1) s
+ [N (e} Kp) + N(Z K]l + [1=21)
(3.28) + Nibd + N(d}) + N(d?).

2O < [[Ta(z, 2) @)
< Nillleills,lls +
N(c}llws, | + df

+No [ el ()l + D7) + d] ds

+ N/ / el + vl + M7+ 37) dr ds

SM/ ]Vgc—i—N/ p(r)dr) ds
+MN// r)drds

+Kb/ N20+N/ )l +1121.) ds

+ [No(c} K3) + N (K] (] + |121)
(3.29) + Nobd + N(d}) + N(d?) + Nabd.

Therefore,

Il + N12]l: < {K—&-M/()t [C(J/\\/i + ]72) + (N—i—]V) /Osp(r) dr} ds

+M'(N+N)/Ot</osp(r)dr) ds+/0t[(fvic+z%c)f<b

B30) 4R [ p) (el + 1) ds),
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where K is an appropriate constant. Since ||z|; + ||z||s € C(J1, X), by
Gronwall’s lemma, there is a constant G; > 0 such that

lzlle + 2]l < G1, teJ,
llze |l < KpGo

and
Izt < KpG1, t€ Jp.

By condition (HJ), it is observed that, for t € [t2, s2),
(3.31) || Ji(t,x(t —t)||p < SQKGL+ M) +d} :=n}, j=1,2.

Similarly, let
G = max{Gy,m,G1,m2 - Gn}.

Then ||(z, 2)|lpy < G and € is bounded.

Let R > G and

Qr ={(z,2) € S(b) x S(b) : ||(z, 2)|]s < R}

Since R > G,
(3.32) (z,2) # AXl'(z,2) for all (z,2) € OQkg.

Step 2. Suppose V C Qg be a countable set and V' C @5 ({0,0} C
I(V)). Let

Vi ={x € S(b) : there exists z € S(b), (x,z) € V},
Vo ={z€ S(b): there exists x € S(b), (z,2) € V}.

V Vi xVacco({0} Ul (Vi x 12))
(3.33) x co({0} U2 (Vi x V2)).

From equations (3.22), (3.23) and (Hg) (2), we get that F]‘((ﬁ)i X
(V2)i), (7 = 1,2) are equicontinuous on J;(i = 0,1,...,n). From (3.33),
it is seen that (V4);(k = 1,2) are equicontinuous.

Next, we prove that Vi and V> are relatively compact. We identify
Vils, (kK = 1,2) with V; where Vi|;, is the restriction of Vj on
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Ji = (sistig1]. When t € Jy = [0,1], from hypotheses (Hf)(3),
(Hg)(5)and Lemma (2.5), we get that:

a(Vi(t) < a(T'1 (Vi x V2)(1))
N t
§ 2N1/ a(g(s,VlS + ys)) ds
0
t S
+ 2N/ Oé/ f(rv ‘/lp(r,mr,») + Yp(r,zr)> Var + y;) drds

< 2/ Nlca V15+ys)d

+2/ 2N/ a(Vis +ys) + a(Vas +4)) ds
< 2/0 (N1c+2N/ ) dr) (@ (Vi + 1) + (Ve + 1)
<2 [ [Fe+ 2608 [ utr)ar( swp avi(r)
(3.34) +Oiggsoz(vl(7))) ds
and

a(Va(t)) < aTa(Vr x Va)(1))

ot
< 2N2/ a(g(s,Vis +ys))ds
0
t s
+ 2N/ a/ f(T7 ‘/1/)(7‘)$7‘) + yp(nw"‘)’ VZT‘ + y;) dr dS
< 2/ Ngca Vis + Us)
+2/ 2N/ a(Vis +ys) + a(Vas + ) ds

< 2/0 (N2c+2N/ )(a(V15+ys)+a(st+y;))d8

IN

2 [ [(eeri 2008 [ o)) smp_at(r)

0<7<s
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(3.35) + sup a(Vi(7)))|ds,
0<7r<s
since m;(t) 1= supg< <, a(Vj(s)) (j = 1,2) are continuous and non-

decreasing functions on Jy. From equations (3.34) and (3.35) we get
that

(3.36)  ma(t) +malt / Kc+/ (r)dr) (ma () + ma(5)0) ds,

where K is an appropriate constant. So, by Gronwall’s lemma and
(3.36), we see that a(Vi(t)) =0 (k =1,2), t € Jy. By Lemma (2.1) (i),
we prove that Vi, (k = 1,2) is relatively compact in C(Jy, X). Since

a(Vit, +y1,) < a(Vir,) < Ky sup a(Vj(s)) =0,

0<s<ty
also JI(.,.) (j = 1,2) is continuous, we can show that
a(Ji (Vie, +yi,)) = (7 (Vig, +y,)) = 0.
Similarly, when t € Jy = [t1, s1],

a(Vi(t)) < a(l1(Vi x V2)())

§2/ [Nchb—i—QKbN/ dr( sup a(Vi(1))
tq 0<7<s
+ sup a(Vi(r)] ds
0<7<s
¢
(3.37) —l—/ cKy sup a(Vi(s))ds
0 t1<s<t

(i) <2 [ [(Fick + 2,5 [ utryar) s aie)

t1 t1<7<s

(3.38) + sup a(Vl(T)))} ds + cKp sup «a(Va(s))ds

t1<7<s t1<s<t
From equations (3.37) and (3.38) we get that

sup a(Vi(s))+ sup a(Va(s))

t1<s<t t1<s<t
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(3.39)
< / (sefe [ nrrar} e} sup i)+ sup va(s)as,

t1 szt t1 szt

where K is the appropriate constant. So, by Gronwall’s lemma and

(3.39) we see that a(Vy(t)) =0, (k= 1,2), ¢t € J;. By Lemma (2.1) (i),

we prove that Vi (k = 1,2) is relatively compact in C(J1, X). Since
a(‘/jtl + ytl) < a(‘/jtl) < Kb sup O‘(ij(s)) = 07

0<s<t;
also JJ(.,.) (j =1,2) is continuous and we can show that
a(J21(V1t1 + yt1)) = a(JQQ(‘/ltl + ytl)) = 0.

Similarly V;, (K = 1,2) are relatively compact in C(J;,X) (i =
2,3,...,n). Thus, Vi (k = 1,2) are relatively compact in S(b). Now
by Lemma (2.6), we can prove that I' has fixed point in Qg. If (z, 2)
is a fixed point of I on S(b) then (x + y) is a mild solution of problem
(1.2). O

Remark 3.8. We can also apply the above methodology to the follow-

mng:
d2 t
Ew(t) = A(x(t) —/0 g(T,2.) dT)
+ /tf(uxp(t,mt))du t€[0,b], t #t;,
’ 1=1,....,n
To = ¢ € B,
2 (0) =€ € X,
Ax(ty) = INxy,), i=1,2,....,n
(3.40) Ax'(t) = I (zy,), i=1,2,...,n.

Here 0 =ty <t1 <ty - <t, <tnqy1 = b are prefixed numbers.

j—;m(t) = A(:E(t) — /Otg(T7 Tr) dT) + /Ot Stz p0,)) dt,

te(’siati-i-l]a i:O,...,n
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To = ¢ € B,
2 (0)=¢ € X,
x(t) = JHt, x(t —t1)), te (tisi], i=1,2,...,n
(3.41) () = JHtx(t —t1)), te€ (ti,sl], i=1,2,...,n

Here 0 =ty =50 <t1 <51 <tg-- <ty <8y <tpp1 = b are prefixed
numbers. The mild solution of (3.40) is defined as

Definition 3.9. A function z : (—o0,a] — X is a mild solution of the
problem (3.40) if zg = ¢, 2'(0) =&, z(.)|j0,5) € PC*(X), and
z(t) = C(1)$(0) + 5(1)¢

+/t g(s,zs) ds—/ C(t —s)g(s,xs)ds

/St—s/frmeM )drds

(3.42) + Y Clt—t)I () + > S(t—ti)IF(xy,).

0<t; <t 0<t; <t

We define S(b) = {z : (—o00,b] = X : o = 0,2'(0) = 0, z(.)|s €
PC'}. We define
I'=:5(b) x S(b) = S(b)

as

0, t<0;
t

+ / Clt = 5)g(s, s +y,) ds

/ g(s,zs +ys)ds

(343) T(x)(t) = / S(t — s) / f Ty Trho(r,z,)) AT

+ Z C(t N + )
o<t <t

—+ Z S J}t +yt> tEJ,
0<t; <t

and proceed as in the first case of Theorem 3.5.
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Definition 3.10. A function z : (—o0,a] — X is a mild solution
of problem (3.41) if zg = ¢, 2/(0) = &, z(.)|p,aq) € PCY(X), z(t) =
JHt,x(t —ty)) for all t € (t;,8:], i =1,...,n, 2/(t) = J2(t,z(t — t1)),
te (tysi],i=1,2,...,n, and

(3.44)
z(t) = C(t)p(0) + S(t)€ — / C(t—s)g(s,xs)ds +/0 g(s,zs)ds

/ S(t—s) / Jrwp(s,2,))drds, tel0,t],
x(t) = Ot — 8;)J} (5, w(t —t1)) + S(t — 8;) T (54, x(t — t1))

— /S C(t —s)g(s,xs)ds + /Otg(&xs)ds

t s
+/ S(tfs)/ J (8,2 p(r,2,)) drds,
Si 0

(3.45) for t € [s;,tiya], i=1,...,n.

We define I' : S(b) x S(b) — S(b) as
(3.46)
0 t <0

[(z)(t) = / C(t —s)g(s, s +ys)d5+/ g(s,xs)ds

/ tfs/f o)) teJ =0t

JHt,z(t —t1) t € (ti, sil,
C(t—s;)J} (siyz(t —t1))
=St — ) J7 (s, 2(t — 1))

t;
- / Ot — s)g(s, 2y + o) ds

+/lg(s Zs)ds

/C’t—s/frmpm,r xl. +y.)drds,
teJ, = [O,tl],

(3.47) T(z)(t) =

and proceed as in Theorem (3.5).
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4. Examples. In this section, we discuss a partial differential equa-
tion applying the abstract results of this paper. We discuss the partial
differential equation in two examples. In Example 4.1, the instanta-
neous impulsive differential system is studied, while in Example 4.2,
the non-instantaneous impulsive differential system is studied. As a re-
sult, the dynamics and solutions of these two examples will be different
as we can perceive from equations (3.9) and (3.19). In this application,
B is the phase space Cy x L2(h, X), see [31].

Example 4.1. Consider the second order neutral differential equation
with instantaneous impulses

82

2 =6 -vion(teor- [ [ tur-a
+ /t <a(x) + B(x(s,0 — h(z(s,0))))
. sin (t)> ds, t€l0,a], o€[0,7],

x(t,0) =z(t,m) =0, te€]0,qa,
(

z(s,0) = ¢(s,0), —00<s<0,0<0o<m,
0
— <og<
atm(070) &(o), 0<o<m,
ti
Am(ti)(o):/ ny(t; — s)x(s,0)ds, i=1,...,n

t;

(4.1) Aq;’(ti)(a):/ nl(ti — $)a(s,0)ds, i=1,...,m,

where ¢ € H'([0,7]), £ € X and 0 = tg = 59 < t] < 81 < tg,..., 1ty <
Sp < tp41 = a. Here,

X = L*([0,7]),

B = PCy x L*(p, X),

ACDA CX — X
is the map defined by A = (i/A — V) with domain D(A) = H?> N Hg.
It is well known that A is the infinitesimal generator of a strongly

continuous cosine function (C(t))icr on X. Also, A has a discrete
spectrum, and the following properties hold:
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(Cl) Ap= =377 A2(p, 2) 2, where ¢ € D(A), A\, 2, and n € N
are eigenvalues and eigenvectors of A.

(C2) C(t)p = Y07 cos(Aut) (¢, zn) 2, and
S(t)e = ;lsm(?j"t) <@, zn >,

for ¢ € X.
By defining the maps p,g, f : [0,a] x B x X — X by

plt,o) =0 (s,0))

gwxw:l/ /“ (5,0 — v) ds),

1) = [ (o) + B0~ hiats o sm (1) )

the system (4.2) can be transformed into system (1.1). Assume that
the functions
pi: R — [0, 00), m:R— R

are piecewise continuous. ¢(t,.), I; (i =1,...,n) f are bounded linear
operators. Also, we can prove that g is D(A)-valued. Thus, we take
Y = D(A). Therefore, if ¢ : Y — X is the inclusion, then t — AS(t) is
uniformly continuous into L(Y, X) and

AS(t)|lLev,xy <1 fort € 0,a].
Hence, by assumptions (H¢), (Hf), (Hg), (HI), (H1), (H2) and Theo-

rem (3.4), it is ensured that a mild solution to problem (4.2) exists.

Example 4.2. Consider the second order neutral differential equation
with non-instantaneous impulses

8t2 x(t,0) / / (s,0—v ds)

= (1A —iV(0))x(t,0)

+ /_; (a(x) + B(z(s,0 — h(xz(s,0)))) sin C)) ds,

te€0,a], o €0,7],
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x(t,0) = z(t,7) =0, t¢€]0,al,

x(s,0) = ¢(s,0), —00<s<0,0<o<m,

0
_ = <og<
0 20.0)=€0). 0<o<r

2(0)(0) = | nlt—t)w(s,0)ds, t€[siti], i=1,...,n

ni(t—t)x(s,0)ds, t€l[sity], i=1,...,n,

where ¢ € H'([0,7]), £ € X,
0=ty =50 <t1 <s1 <to,...,tp < sp <lpt1 = a.

Here, X = L%([0, 7)), B = PCy x L*(p, X), A C D(A) C X — X is the
map defined by A = (iA — V) with domain D(A) = H? N H{. Tt is
well known that A is the infinitesimal generator of a strongly continuous
cosine function (C(t))tcr on X. Also, A has a discrete spectrum, and
the following properties hold:

(C1)

o0

Ad) = - Z )‘37,<¢7 Zn>2n7

n=1

where ¢ € D(A), A\n, zn, n € N are eigenvalues and eigenvec-
tors of A.
(C2)

Ct)p = Z cos(Ant) (@, 2n)2n

n=1

S(t)‘bzzsm(n#t) < G, zp > 2z,, for¢e X.

n=1

By defining maps p, g, f : [0,a] x B x X — X as in Example 4.1,
system (4.2) can be transformed into system (1.2). Assume that the
functions

pi: R — [0, 00), m:R—R
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are piecewise continuous. Hence, by assumptions (H¢), (Hf), (Hg),
(HI), (H1), (H2) and Theorem (3.5), it is ensured that mild solution
to problem (4.2) exists.

5. Conclusion. In this paper, we establish the existence of the mild
solution of the non-instantaneous impulsive partial neutral second order
functional differential equation (1.1) using the Kuratowski measure of
noncompactness and the Ménch fixed point theorem. The compactness
Lipschitz condition and other restrictive conditions have been removed.
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