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Existence and Approximate Controllability of
Solutions for an Impulsive Evolution Equation
with Nonlocal Conditions in Banach Space*

Lixin Sheng!?, Weimin Hu??', You-Hui Su"' and Yongzhen Yun'

Abstract In this article, we study the existence of mild solutions and approx-
imate controllability for non-autonomous impulsive evolution equations with
nonlocal conditions in Banach space. The existence of mild solutions and some
conditions for approximate controllability of these non-autonomous impulsive
evolution equations are given by using the Krasnoselskii’s fixed point theorem,
the theory of evolution family and the resolvent operator. In particular, the
impulsive functions are supposed to be continuous and the nonlocal item is
divided into Lipschitz continuous and completely bounded. An example is
given as an application of the results.

Keywords Impulsive evolution equation, approximate controllability, nonlo-
cal conditions, resolvent operator, evolution family
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1. Introduction

Recently, the evolution equation is used to describe the state or process that changes
with time in physics, mechanics or other natural sciences. It is well known that the
nonlocal problems are more widely used in applications than the classical ones.
Byszewski [1] first investigated the nonlocal problems. They obtained the existence
and uniqueness of mild solutions for nonlocal differential equations without impul-
sive conditions. Deng [3] pointed out that the nonlocal initial condition can be
applied in physics with a better effect than the classical initial condition u(0) = wug
and used the nonlocal conditions u(0) = >_7°, cxu (tx) to describe the diffusion
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phenomenon on a small amount of gas in a transparent tube. The above find-
ings have encouraged more authors to focus on differential equations with non-local
conditions. The differential equations with non-local conditions are often applied
to models of processes subject to abrupt changes in a specific time. They have
a wide range of applications in areas such as control, mechanical, electrical en-
gineering fields and so on. Fan [4] discussed the existence results for semilinear
differential equations with nonlocal and impulsive conditions. Tai [5] studied the
exact controllability of a fractional impulsive neutral functional integro-differential
systems with nonlocal conditions by using the fractional power of operators and
the Banach contraction mapping theorem. When describing some physical phe-
nomena, the nonlocal condition can be more useful than the standard initial con-
dition u(0) = wo. The importance of nonlocal conditions has also been discussed
in [1,2,5,6,14-17,19,22-28,30,31]. When discussing the problem of evolution equa-
tions, it is often necessary to explore their application and combine them with the
controllability.

The controllability and approximate controllability of evolution equations are
considered by many authors owing to their wide applications in the field of physics,
biology and medicine, see [5,6,9-14,17,21,29]. The concept of controllability, after
being first introduced by Kalman [7] in 1963, has become an active area of re-
search due to its enormous applications in physics. There are various studies on the
approximate controllability of systems represented by differential equations, inte-
gral differential equations, differential inclusion, neutral-type generalized differential
equations and integer-order impulsive differential equations in Banach spaces. Mah-
mudov [8] in 2008 studied the approximate controllability for the abstract evolution
equations with nonlocal conditions in Hilbert spaces and obtained sufficient condi-
tions for the approximate controllability of the semi-linear evolution equation. In
2018, Chen [12] discussed the approximate controllability of non-autonomous evo-
lution system with nonlocal conditions and introduced a new Green’s function to
prove the existence of mild solutions. The approximate controllability of the devel-
opment equation with impulse makes the application of the development equation
more practical and representative.

Impulsive differential equations are commonly used for modelling processes that
change abruptly at some point in time. They have a wide range of applications in
control, mechanical, electrical and other fields. These changes of state are caused
by transient forces (perturbations). Differential systems that use transient forces
as impulsive conditions appear in many applications, such as biological phenom-
ena involving thresholds, sudden rhythm models in medicine and biology, optimal
control models in economics and frequency modulation systems. For these reasons,
Herndndez and O’Regan [9] discussed on a new class of abstract impulsive differ-
ential equations, introduced a new model named as differential equations without
instantaneous impulses. It shows that the action of drugs in the blood and their
absorption into the body is a gradual and continuous process. Wang [10] studied a
general impulsive evolution equation and discussed periodic solutions and Ulam’s
type stability to a new generalized evolution equation without instantaneous im-
pulses in the infinite-dimensional spaces.

In 2018, Chen [12] studied the approximate controllability of non-autonomous
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evolution system with nonlocal conditions in Banach space X as follows.

u'(t) — A(t)u(t) = Bo(t) + f(t,u(t)), t € [0,a] := J,
w(0) = 3241, ewu (tr)

where a > 0 is a constant, A(t) is a family of (possibly unbounded) linear operators
depending on time and having the domains D(A(t)) for every ¢ € J, the control func-
tion v(t) is given in Banach space L?(.J;U) of admissible control functions, U is also
a Banach space, h(t) € C(J,J), f: J x X x X — X is a continuous nonlinear map-
ping, and B is a bounded linear operator from U to X, 0 <t; <ty < -+ < t,, < a,
m € N, ¢ are real numbers, ¢, # 0,k = 1,2,--- ,m. By using a new Green’s
function and constructing a control function involving a Gramian controllability
operator, the author studied the existence of mild solutions and approximate con-
trollability.

In 2015, Liang [13] obtained the controllability of fractional integro-differential
evolution equations with nonlocal conditions

Du(t) + Au(t) = f(t,u(t), Gu(t)) + Bou(t), t € J,
u(0) = 37kl cru (),

where D? denotes the Caputo fractional derivative of order ¢ € (0,1),—A : D(A) C
X — X is the infinitesimal generator of a Cy-semigroup 7'(¢)(t > 0) of the uniformly
bounded linear operator, the control function v is given in L2(.J,U), U is a Banach
space, B is a linear bounded operator from U to X, f is a given function which will
be specified later and

Gu(t):/o K(t,s)u(s)ds

is a Volterra integral operator with integral kernel K € C (A,R*), A = {(¢,s) :
0 < s <t < b} He used the fixed point theorem of Ménch’s type and studied
the controllability for a class of fractional integro-differential evolution equations
with nonlocal initial conditions. There is less research [12,13] on the approximate
controllability of evolution equations with both nonlocal conditions and impulses.

Motivated by all of the above-mentioned aspects, in this paper we consider the
existence of mild solutions as well as the approximate controllability for the following
non-autonomous evolution equation with nonlocal conditions

uw'(t) = A(t)u(t) + Bo(t) + f(t, u(t),u(h(t))), t € J:=[0,a],t # ty,
Au(te) =u(tf) —u(ty) =In(u(ty), k=1,2,---,m, (1.1)
u(0) = g(u) + uo,

in Banach space X, where a > 0 is a constant. A(¢) : D(A) C X — X is a family
of densely defined and closed linear operator which generates an evolution system
{H(t,s) : 0 < s <t<a}on X, D(A) is independent of ¢, the control function
v(t) is given in Banach space L?(J;U) of admissible control functions, U is also
a Banach space, h(t) € C(J,J), f: J x X x X — X is a continuous nonlinear
mapping, and B is a bounded linear operator from U to X, 0 =ty < t; < t3 <
o <ty < tpg1 = a, I,k =1,2,--- ;m are impulsive functions, m € N. The
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existence of mild solutions to non-autonomous impulsive evolution equations (1.1)
is proved by using the Krasnoselskii’'s fixed point theorem as well as the theory
of evolution family. In addition, the conditions of approximate controllability are
given by using the resolvent operator. In particular, the nonlocal item g is divided
into Lipschitz continuous and completely bounded. The approximate controllability
of the evolution equation with impulse is studied, which makes the application of
the evolution equation more universal and representative. An example is given as
an application of the results. Compared with Yang [18] and Luo [24], the equation
in this paper has more universality and generality. Yang [18] and Luo [24] can be
considered as a special case of this article.

The rest of this paper is organized as follows. In Section 2, we introduce some
basic definitions, lemmas and properties. The existence of mild solutions as well
as approximate controllability for evolution equation (1.1) is discussed by using the
nonlinear function and the control operator in Section 3. We give an example to
illustrate the feasibility of our results in the last section.

2. Preliminaries

Let X and U be two real Banach spaces with norms || - || and || - ||[y. We denote
by C(J,X) the Banach space of all continuous functions from interval J into X
equipped with the supremum norm

[ullo = supie ;s [u(®)]], w € C(J; X),

and by LP(X) the Banach space of all X-valued p-order Bochner integrable functions
on J equipped with the norm

1

1l = (Jy N5 @IPdt) " for p> 1.

We put Jy = [0,t1], and J = (g, tkt1],k=1,--- ,m. Let PC(J,X) :={u:J —
X : u be continuous on Ji, and the right limit u (tz) exists, k =1,2,--- ,m}. It is
easy to check that PC(J, X) be a Banach space endowed with the norm |ul|pc =
sup{||u(t)||,t € J} and C(J,X) C PC(J,X) C L*(J, X).

Suppose that a family of linear operators { A(t) : 0 < ¢t < a} satisfies the following
assumptions:

(A1) The family {A(¢) : 0 <¢ < a} is a closed linear operator;

(Ag) for each t € [0, a] , the resolvent R(X, A(t)) = (A — A(t))~! of linear operator
A(t) exists for all A such that Re A < 0, and there also exists K > 0 such that
[ROW AW < /(A + 1)

(A3) there exist 0 < § < 1 and K > 0 such that

|(A(t) — A(s))A~H(7)|| < K|t — s|° for all t,s and T € [0, a];

(A4) for each ¢ € [0,a] and some X € p(A(t)), the resolvent set R(A, A(t)) of linear
operator A(t) is compact.

Since these conditions, we know that the family {A(¢) : 0 < ¢t < T} generates
a unique linear evolution system, or called a linear evolution family {H(¢,s) : 0 <
s <t < T}, and there exists a family of bounded linear operators {¥(¢,7) | 0 < 7 <
t < T} with norm ||[W(t,7)|| < C|t — 7|°~! such that H(t,s) can be represented as

¢
H(t,s) = e~ t=40 —|—/ e~ AN Y (7, 5)dr, (2.1)

S
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where e~74() denotes the analytic semigroup with infinitesimal generator (—A(t)).

Lemma 2.1. [14] The family of linear operators {H(t,s) : 0 < s <t < T} satisfies
the following conditions:

(i) the mapping (t,s) — H(t, s)x is continuous, for each x € X, H(t,s) € L(X)
and 0 <s<t<T;

(i) H(t,s)H(s,7) = H(t,7) for 0 <7 <s<t<T, and H(t,t) =1I;

(iii) H(t,s) is a compact operator whenever t — s > 0;

(iv) There holds

|H(t+ h,7)— H(t, 1) < , for0<h<1l,0<vy<1landt—7>h.

By
=
Condition (A4) ensures the generated evolution operator satisfies (iii) (see [12],
Proposition 2.1). Hence, there exists a constant M > 1, such that

|H(t,s)|| <M forall0<s<t<T. (2.2)

Definition 2.1. [14] The evolution family {H(¢,s): 0 < s <t < T} is continuous
and maps bounded subsets of X into pre-compact subsets of X.

Lemma 2.2. [18] For each t € [0,a] and some X\ € p(A(t)), if the resolvent
R(\, A(t)) is a compact operator, then H(t,s) is a compact operator whenever 0 <
s<t<a.

Lemma 2.3. [18] Let {H(t,s),0 < s <t < a} be a compact evolution system in X .
Then for each s € [0,a], t — H(t,s) is continuous by operator norm fort € (s,al.

Let Y be another separable reflexive Banach space, whose norm is also denoted
by |||, in which the control function v(¢) takes its values, U is a bounded subset of Y.
Denoted by P.(Y) a class of nonempty closed and convex subsets of Y. We suppose
that the multi-valued map v : J — P.(Y) is graph-measurable, and ¢(-) C U. The
admissible control set V4 is defined by

Vaa ={v € LP(J,U) : v(t) € Y(t), aet € J}, p> 1.

Obviously, Vaq # 0 (see [20]) and Vg C LP(J,Y)(p > 1) is bounded, closed and
convex. For any r > 0, let , :={u € C(J, X) : |lu(®)| < r t e J}.

Definition 2.2. A function v € C(J, X) is said to be a mild solution of nonlocal
evolution equation (1.1), if for any v € L?(J,U), u(t) satisfies the integral equation

u(t) = H(t,0) (uo + g(u / H(t,s)[f(s,u(s),u(h(s))) + Buv(s)]|ds
+ ) H(tte) Ie (u(te), te .
0<tp<t

Lemma 2.4. [18] (Krasnoselskii’s fized point theorem). Let W be a closed, convex
and nonempty subset of Banach space X. Let operators Q1,Q2 : W — X satisfy
(i) if z,y € W, then Q12 4+ Q2y € W;
(ii) @1 is a contraction;
(iii) Q2 is compact and continuous.
Then the operator @ := @)1 + Q2 has at least one fixed point in W.
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Lemma 2.5. [18] If Q is a compact subset of a Banach space X, its convex closure
1§ compact.

Definition 2.3. Let u be a mild solution of evolution equation (1.1) correspond-
ing to the control v € L?(J,U). Nonlocal evolution equation (1.1) is said to be
approximately controllable on the interval J if IC,(f) = X, where the set

Kao(f) = {u(a) € X :v e L*(J,U)}

is called the reachable set of nonlocal evolution equation (1.1).

3. Main results

In this section, we will present and prove the approximate controllability of nonlocal
evolution euation (1.1) by using the Krasnoselskii’s fixed point theorem and the
theory of evolution system. For this purpose, we first introduce the following two
operators defined on Banach space X by

I‘gz/ H(a,s)BB*H*(a,s)ds, (3.1)
0

RATY =M +T9)", x>0, (3.2)

where B* and H*(t, s) denote the adjoint operators of B and H(t, s). Let u be the
mild solution of evolution equation (1.1) corresponding to the control v € L2(J,U).
Then, the evolution equation (1.1) is said to be approximately controllable on in-
terval [0, a] if for every desired final state u, € X and e > 0, there exists a control
v € L2(J,U) such that u satisfies ||u(a) — uq| < e.

Next, we will show that for every A > 0 and u, € X there exists a continuous
function u € C(J, X) such that

u(t) = H(t,0) (uo + g(u)) +/0 H{(t,s)[f (s, u(s), u(h(s))) + Bux(s)lds

+ Y H(tt) I (u(t)), tE (3.3)

0<tp<t

where the function vy is the control function defined by
vx = B'H*(a, ) RO\ T8)=(u(-)), (3.4)

and
z(u(’)) = uq — /Oa H(a, s) f(s,u(s), u(h(s)))ds — H(a,0)(uo + g(u)). (3.5)

First, we consider the existence of mild solutions of the non-autonomous problem
(1.1). So we further assume the following conditions:

(Hy) There exists a function ¢ € L (J,RT)such that ||Bv(t)| < ¢(¢) for all v €
L?(J,U) and t € J;



200 L. Sheng, W. Hu, Y.H Su & Y. Yun

(Hz) the function f:J x X x X — X satisfies :
(i) for every t € J , the function f(¢,-,-) : X x X — X is continuous and for
each (u,v) € X x X, the function f(-,u,v):J — X is strongly measurable;
(ii) for any r > 0, there exists a function ¢ € L' (J,RT) such that

sup {||f(t, u,w)| : ||ul| <7} < p(t), for all u € Q,., t € J and

lim; 40 lelpativller _ 5 o« o

(Hs) the function g :TPC(J7 X) — X is supposed to be g(0) = 0 and Lipschitz
continuous with a Lipschitz constant x > 0 such that

llg(u) = g(V)[| < zflu —vl[pc, Yu,v € Qy,
(Hy) for k € {1,2,--- ,m}, the function I : X — X and there exists a constant

yr > 0 such that
[k (u) — L (0)[| < yrllu — v, Yu,v € X.

Theorem 3.1. Let the evolution family {H(t,s) : 0 < s < t < T} generated by
{A(t) : 0 <t < a} be compact. Suppose that the assumption (Hy) — (Hy) are also
satisfied. Then the evolution equation (1.1) has at least one mild solution on J
provided that
Mz+Mo+M Y y,<L (3.6)
1<k<M

Proof. Defined the operator Q = Q1 + @2, where

(Quu)(t) = H(t,0)(uo + g(w) + Y H (t,tx) Ix (u(ty)), t € J, (3.7)
0<tp<t

(Qau)(t) :/0 H{(t, s)[Bv(s) + f(s,u(s), u(h(s)))lds, t € J. (3.8)

By Definition 2.2, we can know that the mild solution of evolution equation
(1.1) is equivalent to the fixed point of operator Q. In the following, we will prove
that the operator @@ admits a fixed point by applying the Krasnoselskii’s fixed point
theorem. The proof is divided into five steps.

Step 1. Q (2,.) C £, for some r > 0.

If this is not true, for each r > 0, there exists u, € Q,, ||[(Qu,)t| > r for all
t € J. From the definition of @ and hypotheses (H;) — (Hy4), we have

r < Qup)t < Il H(t,0)(uo + g(u))ll + || D7 H (t,t4) I (uy (1) |

O<tp<t
+| / H(t,5)[Bu(s) + (s, ur(s), ur (h(s) )]s

m

< Mjuol| + M(ar +lg(0) ) + M Y (yer + 114(0)]])
k=1

+ Mol + M| e

Dividing on both sides by r and taking the lower limit as » — 400, we obtain

Mx+ Mo+ M Z Y < 1,
1<k<M
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which is a contradiction to the condition in Theorem 3.1. Thus, @ (2,) C Q, for
some r >0 .

Step 2. Q7 : Q. — €, is a contraction operator.

For any ¢t € J, u,v € Q,, (3.7), (2.2), (H3) and (Hy) imply

[(@uw) (t) = (Quv) (B)]]

< (2, 0)(g(u) = g(v))I| +

O<tp<t

m
< Mzlu—v|pc+ MY yrllu—vlpc,
k=1

which yields that

Q1 — Qv pe < (kw+fW§:m>Huvbc

k=1

Hence (), is a contraction operator in £2,..
Step 3. Q2 : Q, — Q, is continuous. Let {u,} —, C C(J,X) with lim,,_, 4o up
=wu in C(J, X). Then by the continuity of f, we have

lm  f (s, un(s),un(h(s))) = f(s,u(s),u(h(s))), Vs € J. (3.9)

n—-+00

In addition, since

1S (s, un(s), un(h(s))) = f(s,u(s), u(h(s))] < 2¢(s), (3.10)

and the Lebesgue’s dominated convergence theorem follows that

[(Q2un) () — (Qau)(B)]] S/O IH (L, s)[[11f (s, un(s), un(h(s)))
—f(s,u(s),u(h(s)))l|ds
< M/ 1S (s, un(s), un(h(s))) — f(s,ul(s), u(h(s)))l|ds
0

— 0 as n — oo,

which means that

(Qun) = (Qu)lc = sup 1(Qun) () = (Qu)()|| = 0 as n — oo. (3.11)

Therefore, by (3.11), we know that Q3 : Q, — Q, is continuous.
Step 4. Q)7 is equi-continuous in €2,.. For any u € €, and 0 < t; <ty < a, by
(3.8) and (Hy) — (Hy), we have

16Qew 1)~ (@) 1) = I [ 1 t,9) 1) () + Bt
[ H 19 (o) wln ) + Bt s
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< [ Gtas) = 1 )] 1) () s
0
fAHH@@*HmﬁWWMWW
+[meﬁmuuwammmmw
+/ﬂm@JWWMﬂm

SA\WU%ﬁ*H@ﬁW
1Bus) + f(s, u(s), u(h(s))|ds
+[nﬂwmw&@wﬁ@w$mmmmw
=1 + I,

Where
f [ H (t2,s) = H (t1, )| [|Bv(s) + f (s, u(s), u(h(s)))||ds;

12 2 H (o, 5)[[||Bu(s) + £(s,u(s), u(h(s))) | ds.
If t; =0, and 0 < t5 < a, the conclusion is obvious. If 0 < t; < a, we choose
€ (0,t1) small enough, by the conditions (Hy), (H;) and (Hs), we have

hséliﬂum@— (b, )] 1 (s, u(s), u(h(s))) |ds
+11HH%J) H (11, 9)|| 1/ (5 u(s), u(h(s)))l|ds

1—€

< wp|mum@—ﬂm»mmmérﬂw@+wﬂw

GE[Otl E]
+M/ ds+M/ P(s)ds -0 as to—t; = 0 and & — 0,
12<M/ s)ds — 0,as ty —t; — 0.

Therefore, ||(Q2u) (t2) — (Q2u) (t1)]] — 0, as ¢ — t1 — 0, which means that the
operator Qs : 2, — Q, is equi-continuous.

Step 5. The set W(t) := {(Q2u) (t) : u € ,} is relatively compact in X for
each ¢t € J. Obviously, the set W(0) = {(Q2u) (0) : u € Q,.} is relatively compact in
X. Let t € (0,a], for any € Huyq,u € Q, and € € (0,¢ — s), we define an operator

Q5 by -
(Q5u) (t) 12/0 H(t,s)[Bv(s) + f(s,u(s), u(h(s)))]ds.

It follows from the boundedness of Hnq and (Hy) that the set Z. = {H (¢, s)[Bv(s) +
f(s,u(s),u(h(s)))] : 0 < s < t — €} is relatively compact and depend on the
compactness of H(t,s)(t —s > 0). Then, ¢o(W,) is a compact set depending

on Lemma 2.5. By the mean value theorem of Bochner integrals, we can get
(Q5u) (t) € (t —e)co (W) for all t € J. Thus, the set W (t) = {(Q5u) (t) : u € Q,.}
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is relatively compact in X for every ¢ € J. Moreover, by (3.8), (2.2) and (H;), we
have
1(Qzu) (t) = (Q5u) (1)]]
=||/0 H{(t,s)[Bu(s) + f(s,u(s), u(h(s)))]ds

= [ HEB) + S ule)ulhs)as]
< [N B) + 1o ute).uh(s)] s

t
<M ©(s) +Y(s)ds
t—e

which means that lim._,o ||(Q2u) (t) — (Q5u) (t)|| = 0. So we have proved that there
is a family of relatively compact sets W,(t) arbitrarily close to the set W (t). Thus,
the set W (t) is relatively compact in X for every ¢ € [0, al.

By Steps 3-5, thanks to the Ascoli-Arzela theorem, we deduce that the operator
Q2 : Q. — Q, is compact and continuous. By the Krasnoselskii’s fixed point
theorem, we can get the operator @) has at least one fixed point in €., which is
the mild solution of the evolution equation (1.1) on J. This completes the proof of
Theorem 3.1.

O

Next, we present an existence result for control problem (1.1) when the nonlocal
function g is completely continuous in PC(J, X).

(H3)" The function g : PC(J, X) — X is completely continuous.

Remark 3.1. From (H3)', the set {g(u) : u € Q,} is completely bounded. Hence

supyea, ol _

SUPyeq, Hg(u)H exists and hmr%oo -

Theorem 3.2. Let the conditions (Hy), (Hg), (H3)" and (Hy) hold. If

Mo+M > ye<l, (3.12)
1<k<M

then the control problem (1.1) has at least one mild solution in ..

Proof. For every v € V4, we define an operator P = P; + Py: Q, — PC(J, X),
where

(Pru)(t) = > H(ttx) I (u(ty), t€J,
0<tp<t
(Pou) (t) = H(t,0) (uo + g(u / H(t,s)[f(s,x(s),z(h(s))) + Bv(s)]ds, t € J.

By Definition 2.2, we can know the mild solution of (1.1) is equivalent to the fixed
point of P on J. The same is true for Theorem 3.1, we can prove that P(,) C
Q., P : Q. — Q, is a contraction operator and P, : . — ). is compact and
continuous. By Lemma 2.4, the operator P admits a fixed point in 2,.. Here, we
omit the detail. This completes the proof of Theorem 3.2.

O
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Theorem 3.3. Let the evolution family {H(t,s) : 0 < s < t < T} generated by
{A(t) : 0 < ¢t < a} be compact. If the assumptions (Hy), (Hs), (Hy) and the
following assumptions are satisfied:

(Hs)" The function f:J x X x X = X satisfies :
(i) for every t € J , the function f(t,-,-): X x X — X is continuous and for
each (u,v) € X x X , the function f(-,u,v): J — X is strongly measurable;
(ii) for any v > 0, there exists a function ¢ € L* (J,RT) such that
sup {||f(t, u,w)| : ||ul| <7} < p(t), for allu e Q,, t € J and
lim, ||¢\|L2+Hwnm oo,

(Hs) AR(A, FO) 5 0'as A — 0% in the strong operator topology.

Then the evolution equation (1.1) is approzimately controllable on J.

Proof. It is easily to know that the assumption (Hz)’ = (Hz). Therefore, by
Theorem 3.1, we know that the evolution equation (1.1) has at least one mild
solution uy € €., which means that

ux(t) =H(t,0) (uo + g(ux)) +/ H{(t, s)[f(s,ux(s), ux(h(s))) + Bua(s))ds

(3.13)
+ Z ttk 1 u,\(tk)),tEJ,
with
ox(t) = B*H* (e, )R (A, T§) = (u () (3.14)
and
Sun() =~ [ " H(a,5)f (s, ua(s), un(h(s)) ds
0 (3.15)

— > H(at) I (un (t)) = H(a,0)(uo + g(un))-

0<trp<a

Therefore, by (3.13), (3.14) and (3.15), we can combine with an easy computation
to get

ux(a) =H(a,0)(uo + g(ur)) + /Oa H{(a,s) [f (s,ux(s), ur(h(s))) + Bua(s)] ds

4 Z H(a,tk)Ik(UA(tk))

0<trp<a
g — 2 (ur(") / H(a, s)BB*H* (a, )R (A T2) = (ux () ds

=tq — 2 (ux(-)) + TGR (A, TF) 2 (ua(+))
— (M +T5) R(ATG) 2 (ur() + TGR (A, T5) 2 (ua())
o~ AR(ATY) 2 (ua()
(3.16)
According to the condition (Hs)’, one gets that

(/0 ||f(S,uA(S),UA(h(s)))szS)2 < (/0 <p2<s)ds)2 < o0.
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Then the boundedness of the sequence {f (-, ux(-),ux(:)) | A > 0} in L2(.J, X) shows
that there exists a subsequence of {f (-, ux(+),ux(:)) | A > 0} which converges weakly
to some K (-) € L*(J, X). Define

_ /0 " H(a, 5)K(s)ds. (3.17)

It follows that
|2 (ux) — w|| <[[H(a,0)(uo + g(ur))||

(3.18)
/ Ha,s)[f (s,ux(s),ux(h(s))) — K(s)]ds|| .

According to the fact, the evolution family H (¢, s) is compact operators for 0 < s <
t < a. This means that the mapping

k(t) — /t H(t,s)k(s)ds
0

is compact for ¢ € J, which implies that
a
/ H(a,s)[f (s,ux(s),ux(h(s))) — K(s)]ds — 0 as XA — 0%, (3.19)
0

Hence, from (3.16) and (3.19), we know that
|z (uy) —w|| =0 as A — 0. (3.20)

[ur(a) — uall < AR (A, TG) 2 (un)]|
< AR A TE) wl| + [[AR A TE) - [[2 (ur) — w| (3.21)
—0as\A— 0T,

(u

In the following, (3.16), (3.20) and assumption (H5) imply that
(
(

In conclution, the evolution equation (1.1) is approximately controllable. The proof

is complete.
O

4. Example

In this section, we provide a correct example to illustrate our abstract results.

Example 4.1. Consider the following non-autonomous partial differential equation
with nonlocal problem:

o 2 sin(27t) 1
Zu(x,t) = F —u(z,t) + a(t)u(,t) + THu(z,n)] T+ alzsmo)]

+ 2v(z,t),z € [0,7),t € J\{3},
u(0,t) = u(1,t) = u(m,sint) =0, t € J\{3},
u(z,0) = ug(x) + 7, ¢;fsin (u(z, t;))
—sin (v (0,%))],0 < t; < t2 < a,z € [0,7],

Au(z,3) = u(=3)|
120 24 fu(ag)]

(4.1)
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where J := [0,a], @ > 3, a(t) : J — R is a continuously differentiable function and
satisfies
Gmin := tggg]a(t) <1, (4.2)

and a > 0 is a constant, v € L? (J, L2(077T;R)). Let X = L?(0,7;R) with the norm
|| - |l2 and inner product (-,-). Consider the operator A on X defined by
82

Au:

where
D(A) :={u e L*(0,m;R),u" € L*(0,m; R),u(0) = u(r) = 0} .

The A generates a compact and analytic Cp-semigroup in C, A has a discrete
spectrum, and its eigenvalues are —n?,n € NT with the corresponding normalized

eigenvectors v, (x) = \/gsin(nx). Define the operator A(t) on A by
Alt)u = Au — a(t)u,

with domain
D(A(t)) = D(A), t €[0,1].

The family {A(t) : 0 < ¢t < a} generates an strongly continuous evolution family
{H(t,s) : 0 < s <t<a} defined by

H(t,s)u = Z e~ (J alm)drin®(i=s)) (U, )y, 0<s<t<1liueX. (4.3)
n=1

A direct calculation gives
IH (2, )l Lx) < e TFemmt=2) 0 <s <t <1
(4.2) and (4.3) mean that

M = sup ||H(t,8)||L(X) =1

0<s<t<a

(see [12])
For any ¢ € [0, a], we define

u(t)(z) = u(z, t);

ftu(t), u(h(t) = ffi’zt) 14 |u(:15 sint)]

g(u(t))(z) = Z ¢ [sin (u (2, 1)) — sin (u (0, 4))];

Bu(t)(x) = 2v(z,t);
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For any r > 0, let , := {u € PC(J,X) : ||u(t)||pc < r,t € J}. For any u,v € Q,
and t € J, we have

LGt (), ulh(e))] = | LA L <

1+ 1+ |u(x,sint)]
(D))

[u (2, 5)]| V%u9||

2l
1
gf
2

2+[u(w3)] 2+ (o

(o))

We know ¢ : PC(0,a; X) — X is a continuous function defined by

q

g(u)(z) = Zci [sin (w (¢;)) (x) —sin (u (t;)) (0)],0 < 1 < t2 < a,0 <u <,
i=1

where sin(u(t))(z) = sin(u(x,t)), 0 < ¢t < a, and 0 < = < 7. Tt follows from
|sin(a) — sin(b)| < |a — b| which holds for all a,b € R that the function g satisfies
the Lipschitz constant I = max {|¢;|,7 = 1,2}.

Based on the definition of nonlinear term f and the bounded linear operator
A combined with the above discussion, we can easily verify that the assumptions
(Hy) — (Hy) hold true when ¢(t) = 2v(t).

Therefore, the non-autonomous partial differential equation (4.1) is equivalent
to the evolution equation (1.1). According to theorem 3.1, we know that (4.1) has
at least one mild solution u € [C(0,7) x (0, a)]. By theorem 3.3, we know that (4.1)
is approximately controllable on J .
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