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EXISTENCE OF MILD SOLUTIONS FOR QUASILINEAR
INTEGRODIFFERENTIAL EQUATIONS WITH
IMPULSIVE CONDITIONS

KRISHNAN BALACHANDRAN, FRANCIS PAUL SAMUEL

ABSTRACT. We prove the existence and uniqueness of mild solutions of quasi-
linear integrodifferential equations with nonlocal and impulsive conditions in
Banach spaces. The results are obtained by using a fixed point technique and
semigroup theory. Examples are provided to illustrate the theory.

1. INTRODUCTION

Many evolution process are characterized by the fact that at certain moments
of time they experience a change of state abruptly. These processes are subject
to short-term perturbations whose duration is negligible in comparison with the
duration of the process. Consequently, it is natural to assume that these perturba-
tions act instantaneously, that is, in the form of impulses. It is known, for exam-
ple, that many biological phenomena involving thresholds, bursting rhythm models
in medicine and biology, optimal control model in economics, pharmacokinetics
and frequency modulated systems, do exhibit impulsive effects. Thus differential
equations involving impulsive effects appear as a natural description of observed
evolution phenomena of several real world problems.

Existence of solutions of impulsive differential equation of the form

u'(t) = Au(t) + f(t,u(t)), t€(0,a] (1.1)
u(0) + g(u) = uo, (1.2)
Au(ti):IZ(u(tl)), 1 =1,2,3,...,p, 0 <t <o <,...tp<(l (13)

has been studied by Liang et al [§]. The impulsive condition is the combination of
traditional initial value problem and short-term perturbations whose duration can
be negligible in comparison with the duration of process. They have advantages over
traditional initial value problem because they can be used to model phenomena that
cannot be modelled by traditional initial value problem. Recently, the study of the
impulsive differential equations has attracted a great deal of attention. The theory
of impulsive differential equations is an important branch of differential equations
[, [T, 13} [15), [16].
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Several authors have studied the existence of solutions of abstract quasilinear
evolution equations in Banach space [1} 2 [3] 4, [5 14]. Bahuguna [I], Oka [9] and
Oka and Tanaka [10] discussed the existence of solutions of quasilinear integrodiffer-
ential equations in Banach spaces. Kato [6] studied the nonhomogeneous evolution
equations where as Chandrasekaran [4] proved the existence of mild solutions of the
nonlocal Cauchy problem for a nonlinear integrodifferential equation. An equation
of this type occurs in a nonlinear conversation law with memory

t
w(t,n) + Wut.o) = [ b= ) Wulta)), ds+ f(to) te0.T) (1)
0
u(0,2) = ¢(z), =xeR. (1.5)
It is clear that if nonlocal condition (|1.2)) is introduced to (1.4)), then it will also
have better effect than the classical condition u(0,x) = ¢(x).

The aim of this paper is to prove the existence and uniqueness of mild solutions
of quasilinear impulsive evolution integrodifferential equation of the form

' (t) + At w)u(t) = f(t,u(t)) —|—/O g(t, s,u(s))ds, (1.6)
u(0) 4+ h(u) = ug, (1.7)
Au(tl) :Ii(u(ti)), 1=1,2,3,....m, 0<t] <ta < ...t <T. (18)

Let A(t,u) be the infinitesimal generator of a Cy-semigroup in a Banach space
X. Let PC([0,T];X) consist of functions u from [0,7] into X, such that wu(t) is
continuous at t # t; and left continuous at ¢ = ¢;, and the right limit u(t;") exists
for i =1,2,3,...m. Evidently PC([0,T],X) is a Banach space with the norm

lullpc = sup [u(t)]].
t€[0,T
Let up € X, f:[0,T]xX - X,¢9:QxX — X h:PC(0,T] : X) —» X and
Au(t;) = u(t]) — u(t;) constitutes an impulsive condition. Here [0,7] = J and
Q={(t,s) : 0 < s <t<T}. The results obtained in this paper are generalizations
of the results given by Balachandran and Uchiyama [3] and Pazy [12].

2. PRELIMINARIES

Let X and Y be two Banach spaces such that Y is densely and continuously
embedded in X. For any Banach spaces Z the norm of Z is denoted by || - || or
I1lz. The space of all bounded linear operators from X to Y is denoted by B(X,Y)
and B(X, X) is written as B(X). We recall some definitions and known facts from
Pazy [12].

Definition 2.1. Let S be a linear operator in X and let Y be a subspace of X.
The operator S defined by D(S) = {z € D(S)NY : Sz € Y} and Sz = Sx for

x € D(S) is called the part of S in Y.

Definition 2.2. Let B be a subset of X and for every 0 < ¢ < T and b € B,
let A(t,b) be the infinitesimal generator of a Cy semigroup Si,p (s),s > 0, on X.
The family of operators {A(t,b)}, (t,b) € [0,T] x B, is stable if there are constants
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M > 1 and w such that
p(A(t,b)) O (w,00) for (t,b) € [0,T] x B,
k
ITT RO : Aty b)) < M(A—w)™*
j=1
for A > w every finite sequences 0 < t; <ty <--- <, <T,b; € B, 1 <5<k
The stability of {A(¢,b)}, (t,b) € [0,T] x B implies (see [12]) that

k k
||HStj,bj(Sj)||SMeXp{szj}7 3].20
j=1 =

and any finite sequences 0 <t; <to <--- <, <T,b; € B,1<j<k. k=1,2,...

Definition 2.3. Let S;;(s),s > 0 be the Cy-semigroup generatated by A(t,b),
(t,b) € J x B. A subspace Y of X is called A(t,b)-admissible if ¥ is invariant
subspace of Sy ;(s) and the restriction of S;;(s) to Y is a Cy-semigroup in Y.

Let B C X be a subset of X such that for every (¢,b) € [0,T] x B, A(t,b) is
the infinitesimal generator of a Cp-semigroup S¢p(s),s > 0 on X. We make the
following assumptions:
(H1) The family {A(¢,b)}, (t,b) € [0, T] x B is stable.
(H2) Y is A(t, b)-admissible for (t,b) € [0,T] x B and the family {A(t,b)}, (t,b) €
[0,T] x B of parts A(t,b) of A(t,b) in Y, is stable in Y.

(H3) For (t,b) € [0,T] x B, D(A(t,b)) DY, A(t,b) is a bounded linear operator
from Y to X and t — A(t,b) is continuous in the B(Y, X) norm ||.|| for
every b € B.

(H4) There is a constant L > 0 such that

[A(t, b1) — A(t, b2)[ly -~ x < Llby — bof x
holds for every b1,b0 € Band 0 <t < T.
Let B be a subset of X and {A(¢,0)}, (t,b) € [0,T] x B be a family of operators
satisfying the conditions (H1)—(H4). If w € PC([0,T] : X) has values in B then
there is a unique evolution system U(t, s;u),0 < s <t < T, in X satisfying, (see
[12, Theorem 5.3.1 and Lemma 6.4.2, pp. 135, 201-202]
(1) U, s;u)|| < Me*(t=3) for 0 < s < t < T. where M and w are stability
co+nstants.
(ii) %—tU(t, s;u)y = A(s,u(s))U(t, s;u)y fory e Y, for 0 <s <t <T.
(iii) %U(t, s;u)y = =U(t, s;u)A(s,u(s))y fory € Y, for 0 < s <t <T.
Further we assume that
(H5) For every uw € PC([0,T] : X) satisfying u(t) € B for 0 <t < T, we have
Ult,s;u)Y CY, 0<s<t<T
and U (¢, s;u) is strongly continuous in Y for 0 < s <¢ < T.
(H6) Closed bounded convex subsets of Y are closed in X.
(H7) For every (t,b) € J x B, f(t,b) € Y and ((¢,s),b) € Q x B, g(t,s,b) € Y.
(H8) h : PC([0,T] : B) — Y is Lipschitz continuous in X and bounded in Y,
that is, there exist constant H > 0 such that

[h(u) = h()lly < Hllu—vllpc, u,ve PC([0,T]; X).
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For the conditions (H9) and (H10) let Z be taken as both X and Y.
(H9) g: Q x Z — Z is continuous and there exist constants G > 0 and G; > 0
such that

t
/ llg(t, s,u) — g(t,s,v)||zds < G|lu —v|z), u,veX,
0

t
G, = max{/ llg(t,s,0)||z ds: (t,s) € 2}
0
(H10) f:[0,T]x Z — Z is continuous and there exist constants F' > 0 and Fy > 0
such that
1f(t;u) = f(0)llz < Fllu=vllz, w0 € X,

= o, 1£(t,0)]z-

Let us take Mo = max{||U(t, s;u)||p(z),0 < s <t <T, u e B}.

(H11) I; : X — X is continuous and there exist constant [; > 0,
1 =1,2,3,...,m such that

[i(u) = L[| < Liflu —of|, uw,0eX.
(H12) There exist a positive constant r > 0 such that

Mo lluolly + Hr + [|A(0) | + TTr(EF + G) + Fi +Ga) + Y _(lr + [LO))] <7 and
i=1
a = {KT[luolly + Hr+ [hO)]| + T[r(F +C) + Fy + Gl + 3l + L))

+M0[H+T(F+G)+Zm:li} <1

i=1
Definition 2.4. A function v € PC([0,7] : X) is a mild solution of equations

(1.6)—(1.8) if it satisfies

t
ult) = Ut 0; uyug — U(t,0;u)h(us) + / Ut s5)[ (5. u(s))
) 0 (2.1)
+/ g(s7T7u(T))dT} ds+ Y Ulttsuwult;)), 0<t<T
0 0<t;<t
Definition 2.5. A function u € PC([0,T] : X) such that u(t) € D(A(t,u(t)) for
t € (0,T),u € CH(0,T)\{t1,t2, .-, tm} : X) and satisfies (1.6)—(1.8) in X is called
a classical solution of (|1.6)—(1.8)) on [0, 7],

Further there exists a constant K > 0 such that for every u,v € PC([0,T] : X)
and every y € Y we have

[U(t, s;u)y = U(t, s;0)yl| < KTyl lu—vllpc. (2.2)

3. EXISTENCE RESULT

Theorem 3.1. Let up € Y and let B = {u € X : |Jullx < r}, r > 0. If the
assumptions (H1)—(H12) are satisfied, then (1.6)—(1.8) has a unique mild solution
we PC([0,T]:Y).
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Proof. Let S be a nonempty closed subset of PC([0,7T] : X) defined by
S={u:uePC(0,T]: X),|lu)||pc <rfor0<t<T}.

Consider a mapping ® on S defined by

(Pu)(t) =U(t,0;u)ug — U(t,0;u)h / Utsu f(s,u(s))
; (3.1)
+/O g(s,T,u(T))dT} ds+ > Ut tiu)l(ulty).

0<t; <t

We claim that ® maps S into S. For u € S, we have

[Pu(®)ly
< U, 0; w)uoll + [[U (2, 0; u)h(u)]]

+ [ 1o sl 1. uts) = 5,001 + 15,0

1 [ lotovmutr) = gt r,00arl 41 [ o7, 00trl ] as
£ Y Wt L)

o<t;<t
t
< Moljuolly + Mo [Hl1ul + [AO)I] + Mo [ Fllu(s)]ds + T
0
t m
+ [ Glutsas+Gir] + 340 3 (1l + 110}
=1
< My [[luoly + Hr + [hO)]| + T[r(F + G) + Fy + Gi| + 3 (tr + 1LO)])-
i=1

From assumption (H12), one gets ||®u(t)|ly < r. Therefore ® maps S into itself.
Moreover, if u,v € S, then

[Pu(t) — o(t)]|
< |U(t,0; u)ug — U(t 0; v)ugl|| + ||U (¢, 0; w)h(u) — U(t,0; v)h(v)]|

/ WU (L, s;u)| f(s,u(s ))—i—/o g(s,T,u(T))dT] + Z U(t, ti;u) L (u(t;))

o<t; <t

U(t,s;v)[f(s,v(s))+/osg(sm ] N Ut tio)L(o(t) | ds

0<ti<t
Using assumptions (H8)-(H12), one can get

|@u(t) - v (o)
< KT oy |u = vllpe + KT [Hljull + [(O0)]]| |u =~ ] pc
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t
+ MoH||u —v||pc + KT||u — v||pc[/ (Fllu(s)|| + F1)ds
0
t m
+ [[(@luts)l + Gr)ds] + KT~ vlo Y- (1 + 1:0)])
0 i=1

+ My [/0 Fllu(s) —v(s)||ds +/0 Gllu(s) — v(s)||ds] + M, ZZZHU —v||pe
< {KT[IIUOIIY + Hr + [h(0)|| + Tr(F +G) + Fy + ]

+Z Lir + || L (0) } +M0[H+T(F+G +Zl]}||u—v||pc
= qHu —v|lpe, w,v € PC([0,T]; X)
where 0 < ¢ < 1. From this inequality it follows that for any ¢ € [0, 7],
[Pu(t) — v@)]| < qllu —vlpc,

so that ® is a contraction on S. From the contraction mapping theorem it follows
that ® has a unique fixed point v € S which is the mild solution of f

n [0,7]. Note that u(t) is in PC([0,T] : Y) by (H6) see [12| pp. 135, 201-202
lemma 7.4]. In fact, u(t) is weakly continuous as a Y-valued function. This implies
that w(t) is separably valued in Y, hence it is strongly measurable. Then ||u(t)||pc
is bounded and measurable function in ¢. Using the relation w(t) = Pu(t), we
conclude that u(¢) is in PC([0,T]:Y). O

Remark. Using the additional assumption A(t,b)ug,b € B is bounded in Y one
can establish a unique local classical solution for the equations ([1.6)—(1.8).

4. QUASILINEAR DELAY INTEGRODIFFERENTIAL EQUATION

Next we consider the following quasilinear delay integrodifferential equation with
impulsive nonlocal conditions ([1.7)) and (1.8]

o' (t) + A(t,w)u(t) = f(t,u(a(t))) —I—/ g(t,s,u(B(s)))ds, te][0,T], (4.1)

0
where A, f and h are as before. Assume the following additional conditions:

(H13) «,(: [0,T] — [0,T] are absolutely continuous and there exists constants
81,02 > 0 and such that o/(t) > 6, and ['(¢t) > o for 0 <t < T.
(H14) There exist a positive constant k& > 0 such that

My [luolly + HE + [1(0) | + T [k/6182(Fé + Gor) + Fy + Ga

+Z(lk+||] ) <k

and p = {KT[HuoHy + HE + [|1(0)]| + T[k/6162(F6; + Gb1) + Fy + G

+Z 1k + I1:(0) )] + Mo[H +T/8165(Fo; + Ga) +Zz}}
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For a mild solution of the equation (4.I)) and we mean a function u €
PC([0,T] : X) and ug € X satisfying the mtegral equatlon

u(t) = U(t, 05 w)uo — U, 0; u)h(u) +/O U(t, 5:u) [f(s,u(a(s)))
. (4.2)
—|—/0 g(s, 7, u(B(7) dT:| ds + Z (t, ti;u);(u(t;)), 0<t<T.

0<t; <t

Theorem 4.1. If the assumptions (H1)—(H11) and (H13)—(H14) are satisfied, then
the equation (4.1) with nonlocal and impulsive conditions (1.7)-(1.8)) has a unique
mild solution v € PC([0,T]:Y).

Proof. Let S be a nonempty closed subset of PC([0,7] : X) defined by S = {u :
u e PC([0,T]: X),||u(t)||pc <k for 0<t<T}.
Consider a mapping ¥ on .S defined by

(Va)(0) = Ut 000 — U0:)h(a) + [ Ut (s, afa(s)
+ /0 o(s.mu(BE)dr]ds + 3 UGt u())

o<t; <t
Obviously ¥ maps S into S, by (H14) and
[Wu(t) — Yo(t)|| < pllu —vl|lpc.
Since p < 1, ¥ is a contraction on S and so ¥ has a unique fixed point u € S which

is the mild bOluthIl of the problem ([4.1)) and (1.7)-(L.8) on [0, T7.
O

Remark. Using the additional assumption A(t,b)ug,b € B is bounded in YV a
unique local classical solution for the equations (4.1)), (1.7), (1.8)) can be established.

5. EXAMPLES
In this section we shall give two examples to illustrate the theorems.

Example 5.1. Consider the nonlinear partial integrodifferential equation

3
%Z(t,y) 883 (t,y) +=(t, y)aay (t,y) o
= sin z 1 te_z(s’y) s,
ko(y) sin z(t, y) + k /0 d
2(0,y) + Zciz(ti,y) =2(y), yeER, (5.2)
i=1
Azl = Li(2(y)) = (ulz(y)| + ;)7 1<i<m (5.3)

where the constants ¢; and «; are small and ko(y) is continuous on R, and k1 > 0.

Let H® be the Hilbert space introduced in [12]. Take X = L?(R) = H°(R) and
Y = H%(R), s > 3. Define an operator Ay by D(Ag) = H3(R) and Agz = D3z
for z € D(Ap) where D = d/dy. Then Ag is the infinitesimal generator of a Cp-
group of isometries on X. Next we define for every v € Y an operator A;(v)
D(A1(v)) = HYR) and 2 € D(A;1(v)),A1(v)z2 = vDz. Then we have for
every v € Y the operator A(v) = Ag + A1(v) is the infinitesimal generator of Cy
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semigroup U(t,0;v) on X satisfying |[U(t,0;v)|| < €7 for every 3 > cq||v||s where
co is a constant independent of v € Y. Let B, be the ball of radius r > 0 in Y
and it is proved that the family of operators A(v),v € B, satisfies the conditions
(H1)—(HT7) (see [12]).

Put u(t) = 2(t,-), h(u) =3 %, ¢;iz(t;,-) and

flt,u) = ko(+)sinz(t,), g(t,s,u) = k‘le_z(s").
With this choice of A(u), I;, f, g, h we see that the equation (5.1)—(5.3) is an

abstract formulation of . .

Further other conditions (H8)—(H11) are obviously satisfied and it is possible to
choose ¢;, oy, ko, k1 in such a way that the constant ¢ < 1. Hence by Theorem
the equation ([5.1)—(5.3)) has a unique mild solution on J.

Example 5.2. Consider the delay partial integrodifferential equation
0 83 8
ot 8 8
: 4 (5.4)
= ko(y) arctan z(sint, y) + k1 / e ISy g,
0

with the same impulsive and nonlocal conditions as in Example Here f(t,u) =
ko(-) arctan z(sint, -) and «(t) = B(t) = sint. With the same A(u),I;,g,h we see

that the equations (5.4) with (5.2)—(5.3) is an abstract formulation of (4.1)) with
(1.7)—(1.8). Note that (H1)—(H11) are already satisfied and it is possible to choose

the constants so that the conditions (H13) and (H14) are also satisfied. Now by
Theorem the equation (5.4 has a unique mild solution on J.
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