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Abstract. The approximate controllability of fractional linear evolution systems is considered in this
paper. Firstly, the definitions of the mild solution and the approximate controllability of fractional linear
evolution systems are obtained by using the theory of C—semigroups. Secondly, a new set of necessary and
sufficient conditions are established to examine that linear system is approximately controllable with the
help of symmetric operator. Moreover, the restricted condition of the state space is weakened by means of
the dual mapping. Finally, as applications, the approximate controllability of nonlinear evolution systems
are derived under the assumption that the corresponding linear system is approximately controllable.

Our work essentially improves and generalized the corresponding results which are based on strongly
continuous semigroups.

1. Introduction

The concept of controllability in finite dimensional spaces has been proposed by Kalman in 1960, and
aroused close attention among scholars. Some of them generalized the definition to infinite dimensional
spaces. Controllability is the core problem in mathematical control theory. The significance of the controlla-
bility depends on the fact that it can steer a control system from an arbitrary initial state to arbitrary final state
using the set of admissible controls. Recently, Herndndez and O’Regan [9] indicated that in the cases the
semigroup or the control function is compact, the controllability results would apply only to finite dimen-
sional space. Hence, a relatively weaker concept of controllability, namely approximate controllability, has
received a great deal of attention, and it is completely adequate in applications [1, 2, 5, 6, 10, 13, 16-18, 23, 26].

The necessary and sufficient conditions for linear evolution systems have been derived mostly based
on strongly continuous semigroups in the sense of integer order. Zhou [28] investigated the inequality
conditions of approximate controllability for linear system. Naito [24] considered the approximate control-
lability of the linear system under the range condition of the control operator. Mahmudov [20] derived
the necessary and sufficient conditions in a resolvent form for the approximate controllability of the linear
system. As a generation of strongly continuous semigroups, exponentially bounded C-semigroups which
was introduced by Davies and Pang [7] and extended by Tanaka and Miyadera [27], have received a great
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deal of attention, see [3, 11, 15, 21, 22, 25, 30, 31]. In fact, there are many differential operators that generate
C—semigroups rather than strongly continuous semigroups. A typical example is that the Schridinger
oprator A in the space L? (p # 2), see [8].

Fractional differential equations have been served as efficient mathematical models in applied areas,
such as in biology, signal processing, control theory and so on. For more details, we refer to the book [12],
and the reference therein. However, to the best of our knowledge, the study of the necessary and sufficient
conditions for fractional linear systems based on C—semigroups is an untreated topic in the literature. In
order to fill this gap, in this paper, we are devoted to investigating the approximate controllability of the
following fractional linear evolution system:

CD%(t) = Ax(t) + Bu(t), t € ] = [0, b], 1
x(0)=xp € X, @)

where 1 < & < 1; the state x takes values in a reflexive Banach space X; A : D(A) C X — X is the generator
of an exponentially bounded C—semigroup {S(#)}i0; C € B(X) is injective. the control function u is given
in L2(J, Y), Y is a Hilbert space; B is a bounded linear operator from Y to X. We establish four necessary
and sufficient conditions of approximate controllability in the resolvent form for system (1). The proof is
based on the characterization of the symmetric operator as well as the duality mapping. Moreover, the
approximate controllability of the corresponding nonlinear system is obtained under the assumption that
linear system (1) is approximately controllable. The results in our paper are new, and some of our results
are also new ever in the case of strongly continuous semigroups, which improve the related results on this
topic.

The rest of the paper is organized as follows. In section 2, we recall some definitions of Caputo
fractional derivatives and C—semigroups. We also obtain the definitions of mild solutions and approximate
controllability of system (1). The corresponding nonnegative and symmetric operator and duality mapping
are also introduced. We establish the new set of necessary and sufficient conditions for the approximate
controllability in a resolvent form of fractional linear system (1) in section 3. Section 4 solves the approximate
controllability of a class of fractional nonlinear differential systems provided that the corresponding linear
system is approximately controllable.

2. Preliminaries

Throughout this paper, we assume that the state space X is a reflexive Banach space, and the control
space Y is a Hilbert space. Let b > 0 be fixed. IN, R and R* denote the set of positive integer, real number,
and nonnegative real number, respectively. We denote by C(J, X) the space of X-valued continuous functions
on ] with the norm ||x|| = sup{|x(¢)I], t € J}, and denote by L*(J, X) the space of X-valued Bochner integrable

functions on | with the norm ||f||rr = ( fob IIf (BIPAHYP, where 1 < p < 0. We also denote by B(X) the space
of all bounded linear operators from X to X endowed with the operator norm || - ||. Let C be an injective
operator in B(X). Let T be a bounded linear operator in B(X). We denote by R(T) be the range of the
operator T. In this paper, we always suppose that A is a closed and densely defined linear operator on X.
First let us recall the following basic definitions and results about fractional derivative and resolvent.

Definition 2.1. [12] The Riemann-Liouville fractional integral of order o > 0 with the lower limit zero for a function
f() € LY([0, c0), R) is defined as

1 t
*f(t) = @ fo (t—5)"1f(s)ds, t >0,

provided the right side is point-wisely defined on [0, o), where I'(-) is the Gamma function.

Definition 2.2. [12] The Riemann-Liouville fractional derivative of order a > 0 with the lower limit zero for a
function f(-) € LY([0, c0), R) is defined as

D) =

d” t n—a-1
I’(n—a)@fo(t_s) f(s)ds, t>0, n—1<a<n.
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Definition 2.3. [12] The Caputo fractional derivative of order o« > 0 with the lower limit zero for a function
£(-) € LY([0, ), R) is defined as
n—-1 tk

k!
k=0

Df(t) ="D(f(b) - ), t>0, n-1<a<n.

If f(-) € C"[0, 00), then

1

D) =I"1106) = 7o

¢
f (t—9)"* 1 f()ds, t>0, n—1<a<n.
0

If f is an abstract function with values in X, the integrals which appear in the above three definitions are
taken in Bochner’s sence.

Definition 2.4. [27] Let C € B(X) be injective. A strongly continuous family {S(t)}i=0 € B(X) is said to be a
C—semigroup, if it fufills

1. S(t+5)C = S(HS(s), £,5 > 0;
2. 500)=C;
3. |IS()I| < Me®* for some constants M, w and all t > 0.

The generator A : D(A) € X — X is the operator
Ax = C1lim 22y € D(A),

t—0*

D(A) = {x € X| tlirg} &[C’C exists, and contains in R(C)}.

Lemma 2.5. [14] Let M > 0, w € R and A be a linear operator on X. Then the following conditions are equivalent:

1. {S(#)}i=0 is a C—semigroup generated by A, and ||S(t)|| < Me™, t > 0.
2. (w, ) C pc(A), CTAC = A. There exists a family of strongly continuous operators {S(t)}i=0 € B(X) such
that ||S()|| < Me“*, t > 0, and the C—resolvent of A satisfies

Re(A;A)x = (AI - A)7IC = f e MS(t)xdt, A > w, x € X, )
0

where pc(A) := {r : R(C) C R(r — A) and r — A is injective} is the C—resolvent of A. D(C'AC) = {x € X :
Cx € D(A), ACx € R(C)}. Furthermore, if condition 2 holds, then A is the infinitesimal generator of C—semigroup
{S(B)}e0-

Now, we give the mild solution of system (1) by using the Laplace transformation, some proper density
function as well as the definition and properties of C—semigroup.
Applying Laplace transform to (1), we have

CDax(A) = A%(A) + Bi(A),
AY%(A) — A% Lx(0) = A%(A) + Bi(A),

(AST — A)R(A) = A% xg + Ba(A).
That is
£(A) = A% YA = A)xg + (AT — A)7'Ba(A).
It follows from the fact S(f)C = CS(¢) that
C#(A) = A YT = A)2Cxp + (A°T — A)LCBAa(A). (3)
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(2) together with (3) lead to the conclusion that

C(A) = A97! f e NS (H)xodt + f e~ MS(HBa(A)dt.

0 0
If @ =1, (4) indicates that

Cx(A) = §(A)xg + S(A)Ba(A).

Take advantage of the inversion of Laplace transform, one gets
¢
Cx(t) = S(t)xo + f S(t — s)Bu(s)ds.
0

If 0 < a < 1, similar to construction in [29], consider the one-sided stable probability density [19]

@a(6) = Z( 1y-1g-na- 1Msm(nna) 0 € (0, ),
n=1

whose Laplace transform is given by
fo ) e M%,(0)d0 = e, ae(0,1).
Using (4) and (6), one has
Cx(A) = f ) e M( f a)a(G)S(—)xon)dt

+ “f M(ff a(G)S( S)a)(t a)a 1Bu(s)deds)dt

Employing the inversion of Laplace transform, one gets

f ma)a(G)S(—)xod6+a f f 7,05 S)a)(t S)a_lBu(s)des

Cx(t)

9(1

f ) ha(0)S(1°0)x0d 0
0

t 00
+a f f O(t — 5)" 1 h,(0)S((t — s)* 1 6)Bu(s)dOds,

where h,(0) = %6‘17%5“(6‘%) > 0,0 € (0, ) is a probability density function satisfying

e 3 . _ I'l+o)
fo ha(0)dO = 1, fo 0°ha(0)40 = oo 0 € [0,1]

Due to the argument above, we give the following definition of the mild solution of (1).

1454

Definition 2.6. A function x € C(J, X) is called a mild solution of (1) if it satisfies the following integral equation:

¢
Cx(t) = Ta(t)xo + f (t = 5)* LS, (t — 5)Bu(s)ds
0
fort € ], where

_[ [T ha(0)S@t0)do, 0<a<1,
7'(t)_{SO(t) a=1,

_ [ a [ 0h.(0)S(t*0)do, 0<a<1,
Salt) = { S(tg, a=1.
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Remark 2.7. Fort € |, set
t
o(t) = Ta(b)xo + f (t — 5)* LS, (t — s)Bu(s)ds.
0

Then, Definition 2.6 implies that
Cx(t) = v(1).

1455

)

Lemma 2.8. [29] For any fixed t € ], T,(t) and S,(t) are linear and bounded operators on X. Moreover, for any

xeX,

Ma
T2 (t)x]l < Milxl, ISa ()]l < I(1+a)

where M is the constant such that sup ||S(t)|| = M.
te]

llxll,

Define the operator Qj : L*(J,Y) — X as

b
Qpu = f(; (b —5)""LS, (b — s)Bu(s)ds.

Since 1 < a < 1, by means of the Hilder inequality, we can deduce that

1Qpull

Ma ! 2a-1)) 305
mIIBII(f0 |(b = 5)7"Ids)> |lull.»

pa=1)+1

Mao
lIBII(

1
v o) PG —py ) e

for each u € L*(J, Y), which means that Q, € B(L?(J, Y), X). Denote by Q,
Qp. Then

(Qpu, x*)

b
f (b —5)* HS4(b - 5)Bu(s), x*)ds
0

b
f (u(s), (b —s)*'B*S;(b — s)x*)ds
0
= (u,Qyx"),
for each u € L?(J,Y) and x* € X*, that is
QX' ()= (- )'B'S,(b - )x,
and
b 1
101 = ([ =518, 0 - 9cEas),
0
for every x* € X".

Definition 2.9. We say that fractional linear system (1) is

(®)

: X* > L%(J,Y) the dual operator of

(10)

(11)

1. approximately controllable on | if for any xo,x1 € X and & > 0, there exists a control u € L*(J,Y) such that

[[o(b) — Cxql| < €, ice., || Ta(b)xo + Qpu — Cxq]| < €.

2. approximately null controllable on ] if for any xo € X and € > 0, there exists a control u € L*(],Y) such that

o)l < ¢, ie., [|Ta(b)xo + Quull < €.
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Remark 2.10. Definition 2.9 implies the following conclusions:

1. fractional linear system (1) is approximately controllable on | if and only if R(C) U R(T (b)) € R(Qp).
2. fractional linear system (1) is approximately null controllable on | if and only if R(T (b)) € R(Qp).

Throughout the paper, without loss of generality, we may assume that X and X" are strictly convex. For
each x € X, define the duality mapping F : X — X* as

F(x) = {x" € X" : (¢, x) = |l = %),

By virtue of Barbu [4], F is bijective, demicontinuous and strictly monotonic. Moreover, F1:X* > Xis
also a duality mapping.

Remark 2.11. For each A > 0, the operator AI + ASF : X — X is bijective, where A} = QpQ;, is a nonnegative
symmetric operator. In fact, on one hand, if

—1 % b.x _ —1 % b %
AF ™ x] + Agxy = AF x5 + Agx;,
for some x}, X, € X5, then
ME'x = Fhg, o — x) = (Ab (g — ), x5 — x5).
By virtue of the fact that F~' is a duality mapping and Al is nonnegative and symmetric, we have
0 < Al = lIxl)* = =lIQpx; = Qi

which implies that ||x}1| = |lx3|| and Qx5 = Q;x7, i.e., x| = x5, which implies that it is injective.
On the other hand, by Lemma 2.2 of [20], we have that for every A > 0 and x € X, the equation

Azy + AbF(z) = Ax

has a unique solution zy = A(Al + ASF)™'x. That is, the operator AI + ALF is surjective.

3. Approximate controllability and approximate null controllability for linear system (1)

In this section, we give the necessary and sufficient conditions in a resolvent form of approximate
controllability and approximate null controllability for fractional linear system (1).

Lemma 3.1. For every A > 0 and x € X, one has
AIF(AT + ASF) x| < |JI.
Proof. For every A > 0 and x € X, set
ya = FAL+ AbF) 7k,

that is
x=AFy, + AgyA.

Then

MF Y ya, ya) + <A8ym ya)
Mllyall® + 1Q;yall*
Allyall?,

which implies that Allya|* < [lyallllxll, i-e., Allyall < llx|l. This completes the proof. [J

X,y

\%
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Lemma 3.2. Forevery A > 0 and x* € X*, we have
IFAL+ AGE) ' Al < [l

Proof. For every x* € X", set

zy = F(AT + ASF) ' Abxr,
thatis

Abx = AF 'z + Az,
Then

0 < (x" =2, AY(¥" = 22)) = Ax", F'20) = Mz, F'2),

which implies that
llzal? < llzalll’ll
that is,
IAF + AT ALl < I

This completes the proof. [
Remark 3.3. Exploiting Lemma 3.2, we can deduce that
AF(AL+ AJF)™'x — 0, (12)

as A — 07 for every x € R(QpQ;}). This together with Lemma 3.1 gives that (12) holds for every x € R(QpQ;). Taking
into account the fact R(QpQ;) = N(Q;)* = R(Qy), one gets that (12) holds for every x € R(Qy).

Theorem 3.4. Fractional linear system (1) is approximately controllable if and only if one of the following conditions
holds:
1. AF(R(A, —ASF)C) — 0and AF(R(A, —ALF)T o (b)) — 0as A — 0% in the strong topology, where R(A, —AbF) =
(AL + AR
2. AR(A, —ASF)C — 0and AR(A, —AgF)Ta(b) — 0as A — 0" in the strong topology.
3. AF(R(A,—ASF)C) — 0 and AF(R(A, —AF)T o (b)) = 0as A — 07 in the weak topology.
4. AR(A, —ASF)C — 0and AR(A, —AgF)‘Ta(b) — 0as A — 0% in the weak topology.

Proof. In view of Remark 2.11, linear system (1) is approximately controllable if and only if
R(C) U R(T4(b)) € R(Qp). This together with Remark 3.3 yields that condition 1 holds.

The definition of duality mapping F gives that condition 1 implies condition 2. Moreover, it is obvious
that condition 1 implies condition 3 and condition 2 implies condition 4. Now, we prove that if condition 3
holds, then condition 2 also holds. Owing to condition 3 and the reflexivity of X, one has

(x, AF(R(A, —=A§F)Cx) — 0 (13)

as A — 0" for every x € X. Set R(A, —~ASF)Cx = x;. Then, Cx = Ax; + AbFx;, and

(Cx,Fxyy = Al + (AjFxy, Fxy)
> AP,
which implies that
A2llxall* < (Cx, AFx;). (14)
This yields Allx,|| = 0 as A — 0" since (13) holds, in other words,
AAT + AJF)™'Cx — 0. (15)
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With analogous arguments as above, we can prove that A(AI + ASF)™17,(b)x — 0 as A — 0* provided that

AF(R(A, —AgF)‘Ta(b)) — 0as A — 0" in the weak topology. This gives that condition 2 holds.
Finally, we verify that condition 4 implies that (1) is approximately controllable on J. For every A > 0
and x € X, let y) = (A + ASF)™'Cx. Then, Cx = Ay, + AjFy,. By virtue of condition 4,

(Ayr, x) =0 (16)

for every x* € X*. Morover, for every x* € N(Q;),

(Cx,x")y = (Aypx)+ (AngA,x*>
= (Ayr,x). 17)
(16) and (17) yields
(y,x') =0, (18)

for every x* € N(Q;) and y € R(C). Next, we prove that R(C) € R(Qy). If not, with the help of Hahn-Banach

theorem, there exist an xg € R(C)\R(Qp) and some y* € X* such that
(xo, =1, (19)
and

v,y =0, (20)

for every y € R(Qp). By virtue of the fact that R(Qp) = R(QpQ}), together with (20) gives
(QeQpx", y) =0,

for x* € X*. Especially,

Qv y) =0,
which implies that Q;y* = 0, that is, y* € N(Q;). We now turn back to (18) and (19), which implies that the
assumption is not true, and R(C) € R(Qy). A similar manner utilized above gives that R(7,(b)) € R(Qp),

which means that R(C) | R(7,(b)) € R(Qp), that is (1) is approximately controllable on J. This completes
the proof. O

Remark 3.5. The restricted condition of state space is weakened by taking full advantage of the dual mapping. Here,
the state space just satisfies the reflexivity condition. Therefore, the results in our paper essentially generalize those in
[20, 24, 28], and the references therein, where the state space must be a Hilbert space.

Corollary 3.6. Fractional linear system (1) is approximately null controllable on | if and only if one of the following
conditions holds:

1. AF(R(A, —ASF)T (b)) — 0as A — 0* in the strong topology.

2. AR(A, —ALF)To(b) = 0as A — 0% in the strong topology.

3. AF(R(A, —=ASF)T (b)) — 0as A — 0F in the weak topology.

4. AR(A, —ASF)T“(b) — 0as A — 0" in the weak topology.

Corollary 3.7. If C = I, then fractional linear system (1) is approximately controllable on | if and only if one of the
following conditions holds:

1. AF(R(A, —ASF)) — 0as A — 0" in the strong topology.

2. AR(A, —ALF) — 0as A — 0% in the strong topology.

3. AF(R(A, —AZF)) — 0as A — 0% in the weak topology.

4. AR(A, —AbF) — 0as A — 07 in the weak topology.

Remark 3.8. Theorem 2.3 of Mahmudov[20] is conditions 2 and 3 of Corollary 18 in the case of a« = 1.
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4. Applications

Consider the approximate controllability of the following fractional nonautonomous differential system:

(21)

CDo(t) = Ax(t) + Bu(t) + f(t), t € ] = [0, b],
x(0) =xp € X,

where % <a <1 x(-) € X. Xis a reflexive Banach space. A : D(A) € X — X is a infinitesimal generator of
an exponentially bounded C—semigroup {S(f)}iz0. C € B(X) is injective. The control functionu € L(J, Y). Y
is a Hilbert space, B € 8(X) and f € L!(J, X).

Definition 4.1. A function x € C(J, X) is called a mild solution of fractional nonautonomous differential system (21)
if
Cx(t)=y(t), te]
{ y(t) = Talt)xo + fot(t —5)* 18, (t — s)[Bu(s) + f(s)lds, te€],
foreacht € J.

Definition 4.2. System (21) is said to be approximately controllable on | if for each xo, x1 € X and & > O small
enough, there exists an u € L*(J, Y) such that |ly(b) — Cx1| < e.

Theorem 4.3. Let one of the conditions of Theorem 3.4 be satisfied. Assume that xo € R(C), and f(t) € R(C),
Bu(t) € R(C) for 0 <t < b. Then, fractional nonautonomous differential system (21) is approximately controllable on

.

Proof. It follows from the facts xop € R(C), and f(t) € R(C), Bu(t) € R(C) for 0 < t < b that the function y(t)
defined in Definition 4.1 satisfies that y(f) € R(C) for 0 <t < b, i.e., the mild of system (21) is well defined.
In view of Theorem 3.4, one can obtain that

AF(R(A, =ASF)Cx) = 0,  AF(R(A, —ASF)T(b)x) — 0,
as A — 0% for each x € X. For each xp, x1 € X, A >0and a.e. t € ], set
uA(t) = (b-1H*"'B'S;b - HIFR(A, —ALF)Cyo) — FR(A, —ASF)To(b)x0)], (22)

where yo = x1 — CTI([['(b - )*1S,(b - 5)f(s)ds) € X. Notice that () € R(C) indicates [, (b - 5)"~' S, (b -
s)f(s)ds) € R(C), i.e., yo is well defined. We will verify that ||y, (b) — Cx1]| = 0 as A — 0* through the control
function u,. In fact,

yab) = Tab)xo + AJIF(R(A, —AGF)Cyo) — FR(A, =AGF) T a(b)x0)]
+ fb(b —5)* LS, (b - s)f(s)ds)
= Ta(omxo + Cyo — AR(A, =ASF)Cyo) — Ta(b)xo
+A(R(A, —AgF)’/~ «(b)xg) + fo b(b —5)"718, (b —5s) f(s)ds)
= Cx; — AR(A, —=A§F)Cyo + AR(A, —ALF)T o (b)xo.
Moreover,
lya®) = Cxall = NIAR(A, =A§F)Cyo — AR(A, ~A§F)To(b)xo)l

IN

IAR(A, =AGF)Cyoll + IAR(A, =AGF)T o (b)xol-

It follows from Theorem 3.4 that,
lyA(b) — Cx1l| = O,

as A — 0*. This completes the proof. [
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