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Abstract

This article is concerned with impulsive semilinear differential equations with
nonlocal initial conditions in Banach spaces. The approach used is fixed point
theorem combined with the technique of operator transformation. Existence results
are obtained when the nonlocal item is Lipschitz continuous. An example is also
given to illustrate the obtained theorem.
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1 Introduction
In this article, we deal with the existence of mild solutions for the following impulsive
semilinear nonlocal problem

u'(t) =Au(t) + f(t,u(t)), te[0,T], t#¢,
u(0) = g(u), (1.1)
Au(ty) = Li(u(t)), i=1,2,...,pp O<ti<th<---<t<T,

where A: D(A) € X — X is the infinitesimal generator of strongly continuous semi-
group S(t) for £ > 0 in a real Banach space X, Au(t;) = u(t]) — u(t;") constitutes an
impulsive condition. fand g are X -valued functions to be given later.

In recent years, the theory of impulsive differential inclusions has become an impor-
tant object of investigation because of its wide applicability in biology, medicine,
mechanics, control and in more and more fields. The impulsive conditions are the
appropriate model for describing some phenomena. For example, at certain moments,
the system changes their state rapidly, which cannot be modeled by traditional initial
value problems. For more detailed bibliography and exposition on this subject, we
refer to [1-6].

Here we first recall the study of nonlocal semilinear initial value problems. It was
first considered by Byszewski. Because it has better effect in the applications than the
classical initial condition, more and more authors have studied the following type of
semilinear differential equation under various conditions on S(£), f, and g,

(1) = Au(t) + (&, u(t)), ¢ € [0,T],
{ u(0) = g(u). 12
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For instance, Byszewski and Lakshmikantham [7] proved the existence and unique-
ness of mild solutions for nonlocal semilinear differential equations when f and g
satisfy Lipschitz type conditions. In [8], Ntouyas and Tsamatos studied the case with
compactness conditions. Byszewski and Akca [9] established the existence of solution
to functional-differential equation when the semigroup is compact, and g is convex
and compact on a given ball. Subsequently, Benchohra and Ntouyas [10] discussed sec-
ond order differential equation under compact conditions. Recently, Dong and Li [11]
study the semilinear differential inclusion when g is compact. By making full use of the
measure of noncompactness, Obukhovski and Zecca [12] discuss the controllability for
semilinear differential inclusions with a noncompact semigroup, Xue [13-15] estab-
lished new existence theorems for semilinear and nonlinear nonlocal problem,
respectively.

Next, we focus on the study of impulsive problems. Liu [5] discuss the classic initial
problem when fis Lipschitz continuous with respect to its second variable and the
impulsive functions I; are Lipschitz continuous. Cardinali and Rubbioni [3] study the
multivalued impulsive semilinear differential equation by means of the Hausdorff mea-
sure of noncompactness. Liang et al. [16] investigate the nonlocal impulsive problems
under the assumptions of g is compact, Lipschitz, and g is not compact and not
Lipschitz, respectively.

The goal of this article is to make use of the Hausdorff measure of noncompactness
and the fixed point theory to deal with the impulsive semilinear differential equation
(1.1). We obtain the existence of mild solution of the nonlocal problem (1.1) when g is
Lipschitz continuous. In particular, in our proof, we do not need the Lipschitz continu-
ity of f. Thus the compactness of S(¢) or fand the Lipschitz continuity of f are the spe-
cial case of our results.

This article is organized as follows. In Section 2, we recall some facts about the mea-
sure of noncompactness, fixed point theorem and semilinear differential equations. In
Section 3, we give the existence result of the problem (1.1) when g is Lipschitz contin-
uous. In Section 4, an example is given to illustrate our abstract results.

2 Preliminaries
Let E be a real Banach space, we introduce the Hausdorff measure of noncompactness
o defined on each bounded subset Q) of E by

a(2) = inf{r > 0; there are finite points x1,x,, ..., x, € E with Q C UL, B(x;, 1)}.

Now, we recall some basic properties of the Hausdorff measure of noncompactness.

Lemma 2.1 [17]. For all bounded subsets Q, Q1, Q, of E, the following properties are
satisfied:

(1) Q is precompact if and only if a(Q) = 0;

(2) a(R) = a(RQ) = a(convQ), where § and convC) mean the closure and convex hull
of Q, respectively;

(3) (Q1) < a(Qy) when Q1 € Qo

(4) o(Qq U Q) < max{o(Qy), a(Qo)};

(5) UAQ) = |A]|a(Q), for any L € R;

(6) a(Q1 + Q) < (1) + (), where Q1 + Qp = {x +y;6€ Qrye Qok;
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(7) if {Wa};2lis a decreasing sequence of nonempty bounded closed subsets of E and
nlgglo a(Wn) =0, then N'2IW, is nonempty and compact in E.

The map Q: D € E — E is said to be an a-contraction, if there exists a positive con-
stant k < 1 such that a(QB) <ka(B) for every bounded closed subset B € D (see [18]).

Lemma 2.2 ([17]: Darbo-Sadovskii). If D € E is bounded closed and convex, the con-
tinuous map Q: D — D is an o-contraction, then the map Q has at least one fixed
point in D.

Throughout this article, let (X, ||.||) be a real Banach space. We denote by C([0, 77; X)
the Banach space of all continuous functions from [0, 7] to X with the norm ||u«|| = sup
{||u(®) ||, te [0, T1} and by L" ([0, T]; X) the Banach space of all X-valued Bochner integr-
able functions defined on [0, 7] with the norm |u|, = fOT ||u(t) || dt. Let PC([0, T]; X) =
{u: [0, T] = X: u(t) be continuous at ¢ = ¢; and left continuous at ¢ = ¢; and the right limit
u(t]) exists for i = 1, 2,... ,p}. It is easy to check that PC([0, T); X) is a Banach space with
the norm |[u]|pc = sup{||u (9]], £< [0, T]} and C([0, TI; X) € PC(0, % X) € LX([0, T]; X).
Moreover, we denote 3 by the Hausdorff measure of noncompactness of X, denote f3. by
the Hausdorff measure of noncompactness of C ([0, 77; X) and denote f3,,. by the Haus-
dorff measure of noncompactness of PC([0, T]; X).

Co-semigroup S(¢) is said to be equicontinuous if {S(£)x: x € B} is equicontinuous for
t > 0 for all bounded set B © E. Consequently, the following lemma is easily verified.

Lemma 2.3 If the semigroup S(t) is equicontinuous and w € L'([0, T); R*), then the

set { [y S(t — s)u(s)ds,
forte [0, T].
Lemma 2.4 If W € PC([0, T1; X) is bounded, then we have

sup B(W(1)) < Bpe(W),
te[0,T]

u(s)” < w(s), ||u(s)|| < wis) for a.e. s € [0, T} is equicontinuous

where W(t) = {u(t); ue W} C X.
Proof. For arbitrary ¢ > 0, there exists W; & PC([0, T]; X), i = 1, 2,..., n, such that
W C UL, W; and

diam(W;) < 2B, (W) +e, i=1,2,...,n.

Hence, for every t € [0, T], W(t) € UL, Wi(t), and diam(W,(¢)) < diam(W,), i = 1,
2,..., 1, that is

2B(W(t)) < max diam(W;(t)) < max diam(W;) < 28pc(W) + ¢,

and therefore,

sup B(W(1)) < Bype(W).

te[0,T]

To discuss the problem (1.1), we also need the following lemma.
Lemma 2.5 [4]. If W € C([0, T]; X) is bounded, then for all t € [0, T),

BW(1)) < Be(W),

where WA(t) = {u(t);u € W} € X. Furthermore, if W is equicontinuous on [0, T, then 3
(WAt)) is continuous on [0, T| and
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Be(W) = sup{(W (1)) : t € [0, T]}.

We will also use the sequential measure of noncompactness 3, generated by j, that
is, for any bounded subset Q2 € X, we define

Bo(2) = sup{B({xn, : n > 1}) : {x,};,2] is a sequence in Q}.

It follows that
Bo(2) < B(R) < 2B0(R2). (2.1)

In addition, when X is separable, we have B,(Q) = S(Q).

For the above related results on the sequential measure of noncompactness, we refer
to [17].

Definition 2.1 A function u € C([0, T]; X) is said to be a mild solution of the nonlo-
cal problem (1.2), if

t

u(t) = S(t)g(u) + / S(t — s)f (s, u(s))ds

0

for all t € [0, T].
Let I'f be the only mild solution of the following semilinear system

u'(t) = Au(t) + f(t), aete]0,T],
u(0) = up.

Now, we give the following result about f-estimation of mild solutions (see [19]),
similarly, see also [20,21].

Lemma 2.6 Let {f¢};3 be a sequence of functions in LY[0, T1; X). Assume that there
exists ¢ € L'([0, T); R+) satisfying

Ife(@®)] < ¢(t) a.eon [0, T] for all k> 1.

Then for all t € [0, T, we have
BUTAYO k= 1)) =2 [ BUAL) : k= 1ds.
0

Definition 2.2 A function u € PC([0, T]; X) is said to be a mild solution of the non-
local problem (1.1), if it satisfies

t

u(t) = S(t)g(u) + / S(t — s)f (s, u(s))ds + Z S(t—t)Li(u(t)), 0<t<T.

0 O<tj<t

Since {S(¢): t € [0, T} is a strongly continuous semigroup of bounded linear opera-
tors, we may assume ||S(¢)|| < M for all £ € [0, T]. In addition, let  be a finite positive
constant, and set B,: = x € X: ||x|| < r} and W,: = {u € PC([0, T]; X): u(t) € B, V te
[0, T1}.

Page 4 of 11
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3 Main results
In this section, by using the method and technique of operator transformation, Haus-
dorff measure of noncompactness and fixed point, we give the existence result for the
nonlocal problem (1.1). First, we give the following hypotheses:

(H4) The Cy semigroup S() generated by A is equicontinuous;

(Hy £ [0, T] x X — X satisfies the following conditions:

(1) f-, x): [0, T] — X is measurable for all x € X,
(2) fit, -): X > X is continuous for a.e. t € [0, 17,
(3) there exists I(t) e LY0, T: R") such that

B(f(t, D) < I(1)(D),

for a.e. t € [0, T] and every bounded subset D € X;

(Hj) Iz X - X is Lipschitz continuous with Lipschitz constant k;, for i = 1, 2,...p;

(H,) There exists a constant k € (0, 1/M — Zp . ki) such that
i=

|g(m) —g)|| < kllu—vl, foru,ve PC([0,T];X);

(H) M([g)] + > [1(0)] + TS [t u(@)]) < (1 =M+ Y k)r,

T]uew,
Theorem 3.1 Assume that the conditions (H,), (Hp(1)-(3), (H)), (Hy), and (H,) are
satisfied. Then the nonlocal problem (1.1) has at least one mild solution on [0, T] pro-

. p
vided that M(4l, + k + Zi:] ki) < 1, where |, = fOT I(s)ds -
Define the operator R: PC([0, T]; X) — C([0, T]; X) by

Ru(t) = / S(t—s)f(s,u(s))ds, 0<t=<T.
0

Using the dominated convergence theorem, it is easy to check that R is continuous
on PC([0, T]; X) by the continuity of f with respect to the second argument. Further-
more, by the assumption (H,) and Lemma 2.3, we know R(W,) is bounded and equi-
continuous on [0, 7.

To prove the above theorem, we first give the following lemma.

Lemma 3.1 If the condition (H,) holds, then for arbitrary bounded set W < W,, we
have

pEW () = aM [ B W te[0,T]

Proof. For any t € [0, 7], due to the inequality (2.1), we obtain that for arbitrary

given ¢ > 0, there exists a sequence {v};2 C W such that

BRW (1)) < 2B({Rui(t) : = 1)) +e. (3.1)
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Since
(TG ve()))(2) = S(H)uo + / S(t — s)f (s, v(s))ds forall t € [0, T],
0

we obtain

t

BUTF( w(:)))(1) - k = 1}) = BU(S(t)uo +/S(t—5)f(5/ vi(s))ds) : k= 1})
0

= B({Ru(t) : k > 1}).

On the other hand, it follows from Lemma 2.6 that
t
BUTSCove()))(0) : k= 1}) < 2Mfﬂ({f(5r ve(s)) + k = 1})ds.
0
Hence, we have
t
B{Rup(t) : k> 1}) < ZM/ﬁ({f(s, ve(s)) : k> 1})ds.
0
By applying (3.1), we can derive that
t
B(RW (1)) < 4M / BUf (s, vr(s)))ds : k> 1}ds + €.
0

Since
BUf (s vk(s))) : k= 1} < B(f(s, W(5))),

we infer that
t
B(RW (1)) < 4M / B(f(s, W(s))ds + e.
0
Since the above inequality holds for arbitrary ¢ > 0, it follows that
t
BEW () < 4 [ (7G5 W)
0

This completes the proof.
Proof of Theorem 3.1 Define the operator Q: PC([0, T]; X) — PC([0, T]; X) by

(Qu)(t) = u(t) — S(t)g(u) — Z S(t—t)i(u(t)), 0<t<T.

O<ti<t

Obviously, the fixed point of Q" R is the mild solution of the nonlocal impulsive pro-
blem (1.1). Subsequently, we will prove that Q" R has a fixed point by Lemma 2.2.
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At first, we prove that Q is Lipschitz continuous with constant 1+ M(k+ Y7 k). In
fact, by using the conditions (H,) and (H)), for uy,u, € PC([0, T]; X), we have

[ (Qui)(6) = (Qu2)(®)]| < ur(e) —ua2() | + |S(D)8(w1) — S(1)g(u2) |
p
+ )  [18( = )i () = S(t — )i (ua (1)) |

i=1

p
< llur — wallpe + MElluy — uallpe + MY killuy — uallpe
i=1

p
= (L+M(k+ Y ki))llur — allpe
i=1
Secondly, we show that Q is bijective. For this purpose, for any fixed v € PC([0,T];
X), we consider the following equation:

(Qu)(¢) = u(t) — S(0)g(w) — D S(t — t)i(u(t:)) = v(t), 0 <t < T.

O<ti<t

Now define the operator L: PC([0, T]; X) — PC([0, T]; X) by

(Lu)(t) = S(t)g(u) + Z S(t—t)Li(u(t)) +v(t),0 <t <T.
O<ti<t
It is easy to see that the existence and uniqueness of the fixed point of L for any v €
PC([0, TT; X) implies that Q is bijective. In the following, we will prove that L has a
unique fixed point in PC([0, T]; X). Indeed, for u,, u, € PC([0, T); X),

| (L) (©) = (Lu2)(0)] < [S()g(w) = S()g(wa) |
p
+ 3 [[S(e = )i (un () — S(t = t)i(ua (1)) |

i=1
p
< MEfluy — usllpe + M Y killuy — uallpc
i=1

p
< M(k+ Y ki) lluy — uallpe.
i=1
From the condition (H,), we find that M(k + le ki) < 1, that is, L is a contraction
operator on PC([0, T]; X). According to Banach’s fixed point theorem, L has a unique
fixed point. Thus, Q is bijective.

Third, we prove that Q' is Lipschitz continuous with constant
1/(1 — M(k+ le ki)). In fact, for v,, v, € PC([0, T]; X),
[(Q v (®) = (Q7'w) ()] =< [ (1) = v2 ()] + [S(DZ(QH (1)) = S(D8(Q™" (v2)) ]
P
Y S( = QT (v)(1)) = S(t — )H(Q ™ (v2) (1))

i1
< 1 = vallpe + ME| Q7' (v1) — Q7' (v2)

PC

p
# MY QT (1) = Q7N w2) e

i=1

p
<1 = vallpc + M(k + Zki))“Qil(Vl) - Qil(VZ)”pc'

i=1

Page 7 of 11
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Next, we claim that (Q'R)W, € W,. Actually, for any u € W, € PC([0, T]; X), let v =
(Q'R)u, from the hypotheses (H)) and (H,), we have

[v@] = sz + Zp: [SG = w)E@)@)]

i=1

0,T]ueW,

+/ HS(t—s)nL [sup If (s, u(s) | ds
0

P P
< M((k+ > k)llvllpe + [g(0)] + > J1:(0)]
i=1 i=1
+T- sup ||f(tu()]).
w,

te[0,T), uew,

By the condition (H,), we infer that ||v||pc < r. Thus, (Q' )W, S W,

At last, we prove that Q'R is a Bpe-contraction. As Q' is Lipschitz continuous and R
is continuous on PC([0,T]; X), we have Q" R is continuous on PC([0,T]; X). Actually,
since R(W,) is bounded and equicontinuous on [0, T], we can even deduce that Q' R
(W,) € PC([0, T]; X) is equicontinuous on J;, i = 0, 1, 2,..., p, where J; = (0, t1], /1 = (¢,
L]y Jpo1 = (Epo1s £, Jp = (t, T]. Because Q' is Lipschitz continuous with constant

1/(1 = M(k+ 3, k) for W E W, we obtain that

P
Bpe(Q'RW) < Bpe(RW) / (1 -M (k+ Zk,—)).
i=1

Noting that RW & C([0, T]; X) & PC([0, T]; X), the following conclusion is obvious:
Bre(RW) < B(RW).

Thus,

p
Bpe(Q7'RW) < B(RW)/(1 — M(k + Y _ k).

i=1

On the other hand, from Lemma 3.1, for t € [0, T], we know that

BRW(1)) < 4M f B(f(s, W(s))ds
0

<4M | I(s)B(W(s))ds.
[

From Lemmas 2.4 and 2.5, we have

B:(RW) < 41, MBoe(W).

Consequently,

p
Bpe(QT'RW) < dLMBpe(W)/(1 = M+ ) _ ki),

i=1
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Since M(4l; +k+ Y 0, k) < 1, the mapping Q"' R ia a f8,.-contraction in W,. By
Lemma 2.2, the operator Q' R has a fixed point in W,, which is just the mild solution
of nonlocal impulsive problem (1.1). This completes the proof.

Remark 3.1 In many previous articles, such as [4,11,14,16,19,22-24], the authors
obtain the existence results under many different conditions. However, they need the
compactness of the semigroup S(¢) or nonlocal item g, or the Lipschitz continuity of f.
Here, we make use of the technique of operator transformation and the Hausdorff
measure of noncompactness to obtain the existence result, without the compactness
condition of nonlocal item g and Lipschitz assumption on f. Therefore, our result has
wide applications. Furthermore, we also have the following conclusions.

First, we list the following hypotheses:

(H),) The C, semigroup S(¢) is compact;

(H)(3) fit, -): X — X is compact for ae. t € [0, T1.

(Hp(3”) fit, -): X — X is Lipschitz continuous, i.e., there exists a constant &’ > 0 such
that ||fit, x)-Ait, ¥)|| < K||x - y|| for ae. £€ [0, T], xy € X.

Theorem 3.2 Assume that the conditions (H)), (H)(1)-(3), (H)), (Hp), and (H,) are
satisfied. Then the nonlocal problem (1.1) has at least one mild solution on [0, T].

Theorem 3.3 Assume that the conditions (Hy), (Hy)(1)(2)(3), (H)), (Hy), and (H,) are
satisfied. Then the nonlocal problem (1.1) has at least one mild solution on [0, T).

Moreover, if the condition (H)(3) in Theorem 3.1 is replaced by (H)(3”), then we
obtain the existence result (Theorem 2.1) of [16].

4 An example
As an application of Theorem 3.1, we consider the following semilinear impulsive
parabolic equation:

;tw(t, x) = —A(x, D)w(t,x) + F(t,w(t,x)), te[0,T], xe 82, t#¢,

Dw(t,x)=0,t€[0,T], x€dR2 for |a| <m,
q

w(0, x) + chw(sj,x) =up(x), O0<s1<---<sg<T,xe2,
j=1

w(ty, x) —w(t, x) = L(w(t,x),i=1,2,...,p,

where Q is a bounded domain in R"(n > 1) with smooth boundary 0Q, A(x, D)u = X
al<2mba(®) D%u is strongly elliptic, u, € L*(Q), F: [0, T) x R — R and ¢; are given real
numbers for j = 1, 2,....q.

Take X = L*(Q) and define the operator A: D(A) € X — X by

D(A) = H*™(2) N HY($2),
Au = —A(x, D)u.

It is turned out that the operator A generates an equicontinuous Cy-semigroup on X.
More details about the fact can be found in the monograph of Pazy [25]. This implies
that the semigroup {7(¢), t > 0} generated by A satisfies the condition (H,).

Now, we assume that:

Page 9 of 11
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(1) £ [0, T]x X —>X is defined by
fLy)(x) = F(t,y(x)), t€[0,T]xe .
(2) g PC([0, T; X]) > X is a continuous function defined by
q
g(u)(x) = uop(x) — chu(sj)(x),o <si<---<s;<T, xe4,
j=1

where u(s)(x) = w(s, x),0 <s <T, x € Q.
(3) Iz X > X is a continuous function for each i = 1, 2,... ,p, defined by

li(y)(x) = Li(y(x))-

Under these assumptions, the above partial differential system (4.1) can be reformu-
lated as the abstract semilinear impulsive problem (1.1), and conditions (H)), (H,), and

(H,) are satisfied with k= Z;Ll |cj|,

g(0)|| = |lupll. In addition, if the inequality

M4l + Z]q:l |cj{ + Zle ki) < 1 holds, then due to Theorem 3.1, the problem (4.1) has
at least one mild solution u € C([0,T]; L*(Q)).
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