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1. Introduction

Let X be a Hilbert space, whose norm is denoted by || - ||. We consider the fractional
evolution equation of sobolev type with the Riemann-Liouville derivative of the form

{ LDy (Ex(t)) = Ax(t) + f(t,x(t)) + Bu(t),
I} (Ex(t)) =0 + g(x) = x0,

te] :=(0,0], @

where LD¥ is the Riemann-Liouville fractional derivative operator of order a € (0,1), I tlf”‘
is the fractional integral operator of order 1 —«, A: D(A) C X - Xand E: D(E) C X —
X are linear operators, B is a linear bounded operator from U to X; here U is another Hilbert
space, the control function u € LP(J,U) for pa > 1, xyg € X, f is the nonlinear function and
g represents the nonlocal function which satisfies specific conditions.

Fractional differential equations, including of the Caputo type and Riemann-Liouville
type, have been proved to be crucial tools in portraying the hereditary and memory
property of various materials and processes. In 2011, Du et al. [1] pointed out that Riemann-
Liouville fractional derivatives are more suitable to describe certain characteristics of
viscoelastic materials than Caputo ones. Therefore, it is significant to study Riemann-—
Liouville fractional differential systems. In 2013, Zhou et al. [2], applying the Laplace
transform technique and probability density functions, presented a suitable concept of mild
solutions of Riemann-Liouville fractional evolution equations, and proved the existence of
mild solutions for the fractional Cauchy problems under the cases that the Cy-semigroup
is compact or noncompact. For the existence of mild solutions of fractional evolution
equations, we refer to [3-8] and the references therein. In these papers, the compactness
of operator semigroup or the measure of non-compactness conditions on nonlinearity are
required. Sometimes, in order to obtain the uniqueness of mild solutions, the Lipschitz
condition is also assumed.

In recent years, the controllability of fractional evolution equations has gained consid-
erable attention. Generally speaking, the controllability of fractional evolution equations in
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abstract spaces includes two cases: the exact controllability and the approximate controlla-
bility. When we study the exact controllability of fractional evolution systems in abstract
spaces, we assume that the control operator has a bounded inverse operator in a quotient
space. However, if the state space is infinite dimensional and the operator semigroup is
compact, the inverse of the control operator may not exist, see [9]. Hence, the assumptions
for the exact controllability are too strong. Contrasting with the exact controllability, ap-
proximate controllability is more suitable to describe the natural phenomena. There are
many research works focusing on the approximate controllability of fractional evolution
systems, see [10-12] and the references therein. In [10], Chang et al. investigated the
approximate controllability of fractional differential systems of Sobolev type in Banach
spaces under the assumption that the resolvent operators, generated by the linear part, are
compact. Sakthivel et al. [11] studied the approximate controllability of nonlinear fractional
stochastic evolution systems when the linear part generates a compact semigroup. Recently,
In [12], Yang demonstrated the existence and approximate controllability of mild solutions
for a € (1,2)-order fractional evolution equations of Sobolev type when the pair (A, E)
generates a compact resolvent family.

Inspired by the above mentioned papers, the aim of this work is to investigate the
existence and approximate controllability of Riemann-Liouville fractional evolution system
(1) in Hilbert space X. By using the Schauder fixed point theorem and the operator
semigroup theory, we first prove the existence of mild solutions of the considered system
without the compactness of operator semigroup and the measure of non-compactness
conditions on nonlinearity. Then the approximate controllability is studied under the
assumption that the corresponding linear system is approximate controllability. It is
emphasized that the compactness of the operator semigroup and the Lipschitz continuity
of nonlinearity are deleted in our work. The redundant assumptions on the linear operator
E, such as the conditions [C;]| and [Cy4] of [13], are removed in this paper.

2. Preliminaries

Let ] = [0,b] and C(J, X) be the continuous function space. Denote by
Ci-o(], X) :={x:17%(:) € C(], X)}.

Then C;_,(J, X) is a Banach space endowed with the norm | x||c, , = sup ! ~%||x(#)].
te]
At first, for any h € LP(], X) with pa > 1, we consider the following linear fractional
initial value problem

{LDf‘(Ex(tD:Ax(tHh(t), tey, 2

I (Ex(t)) |1=o0 + g(x) = xo.

Throughout this paper, we suppose the following assumptions on A and E.

(A1) The linear operator A is densely defined and closed.

(A2) D(E) C D(A) and E is bijective.

(A3) The linear operator E~! : X — D(E) C X is compact.

By (A1)-(A3), the linear operator AE ! : X — X is bounded due to the closed graph
theorem. Hence, AE~! generates a Cy-semigroup T(t)(t > 0), which is expressed by

T(t) = eAE 't for t > 0. We suppose that M := sup || T(t)|| < +co.
£>0

Remark 1. Contrasting with [13], we delete the redundant conditions [Cy] and [Cy4] of [13] in our
paper. Hence, the results obtained in this work extends the results of [13].

Applying the Riemann-Liouville fractional integral operator on both sides of (2),
we obtain
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tlx—l

Ex(t) = () I} (Ex(t))]i=o + If Ax(t) + Ifh(t)

a—1
= ﬁ[xo —g(x)]+ F(l) /Ot(t — )" 1[Ax(s) + h(s)]ds.

o

Let A > 0. Taking the Laplace transform

F(A) = /O Ve My(t)dt

and .
W(A) = / e Mh(t)dt
0

on both sides of the above equality, we can obtain

ES(t) = 50— ()] + 35 AEER(A) + 25h(A)

= (A*I—AE ") Vxg—g(x)] + (A*T — AE"H)"Th(A)

_ /0 " ST (s) [xg — g(x)]ds + /0 NS (s)R(A)ds,

where (A*] — AE~1) "1 = [° e~ ST (s)ds. Consider the one-side stable probability density

function
Cayptg-ona Lo 1)

o sin(nna), 6 € (0, +00),

hgk

1
s

gzx(e) =

n=1

whose Laplace transform is given by
/O'm e e (0)d0 = e, e (0,1).
A similar argument as in [2] shows that
EZ(A) = /0 Tt /O " 008 (0)T(10) 1 1 [xo — g(x)]A0dt
+ /Ooo oM /Ot /000 w0z, (0)T((t — 5)%6) (t — s)* 'h(s)dbdsdt,
where &,(0) = 19*1*5@(9*% ). This fact implies that
Ex(t) = [ ab2u(e)T(r0)P " [xo — g(x)ld
+ /Ot /Ow w0E(O)T((t — 5)*0) (£ — s)* h(s)dds.
Thus, we obtain
x() = £ Tg (1) [xg — g(x)] + /Ot(t — )T (¢ — s)h(s)ds,

where -
Te(t) = E*l/o w0z, (6)T(#6)do.

Remark 2. When E = I, I : X — X is the identity operator, we have

Ty(t) = /Ooo w8z, (6)T(£°0)d8, t > 0.
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Therefore, Tg(t) = E~1Ty(t) forall t > 0.

From the above arguments, we introduce the definition of mild solution of the
system (1) as follows.

Definition 1. Foreachu € LP(J,U), pa > 1, a function x € C1_, (], X) is called a mild solution
of the system (1) if I} ™(Ex(t))|t=0 + g(x) = xo and

K1) = # T x0 — 0]+ [ (= ) Tt = 9)[f(5,3(6)) + Bu(s)lds, 1€ T ()

For the operator family {Tg(t) };>0, we have the following lemma.

Lemma 1. Let the assumptions (A1)—(A3) hold. Then {Tg(t) }+>0 has the following properties:
(i) For fixed t > 0, Tg(t) is a linear and bounded operator, i.e., for any x € X,

-1
ITe (]| < M}'fﬂ

I
(i) {Tg(t) }+>0 is continuous in the uniform operator topology for t > 0.
(iii) {Te(t) } >0 is compact.

Proof. From Proposition 3.1 of [2] and Remark 2, it is easy to verify that (i) holds. By virtue
of the definition of the operator T(t)(t > 0) and the Lebesgue dominated convergence
theorem, we can deduce (ii). Next, we prove (iii). For any r > 0, x € X with [[x| <,
we have

ITioxl < aM [~ o2 (e)dsx]
aM
< gl
Mr
= Ty

This fact means that T;(#) maps bounded subset of X into the bounded set. Then E~1Tj(t)
maps the bounded subset of X into relatively compact set due to the compactness of E~1.
Thus, {TE(t) }¢>0 is compact. [

Definition 2. Let K¢(b) = {x(b) : x be a mild solution of the system (1) for some u € LF(],U)}.
If K¢(b) = X, the system (1) is said to be approximate controllability on J.

We consider the linear fractional control system corresponding to (1) in the form

{ Dff(Ex(t)) = Ax(t) + Bu(t), te], @

I}7*(Ex(t)) = xo.
Define two operators I} and R(e, IT5) by
b
Hg:/o (b— ) 1Tg(b — s)BB* TS (b — 5)ds,

R(e, T1) = (eI +118)71, e>0,

where B* and T} (t) denote the adjoint operators of B and T (t), respectively. Then, IT} is a
linear operator. From [14], we obtain the following result.
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Lemma 2. The following conditions are equivalent:
(i) The linear fractional control system (4) is approximately controllable on J.
(ii) The operator T1} is positive, that is, (x*,TIx*) > 0 for all nonzero x* € X*.
(iii) For any x € X, ||eR(e, I1)x|| — Oas e — 0.

3. Existence and Approximate Controllability

In order to study the approximate controllability of the fractional control system (1),
we first investigate the existence of solutions for the following integral system

x(t) = 47 ITg(8)[xo — g(x)] + [y (t — $)* 1 Te(t — 5)[f (s, x(s)) + Bu(s;x)lds, te T,
u(t;x) = B*TE(b — t)R(e, TI5)P(x), (5)

P(x) = x, = b 1T (b) (x0 — (%)) — Ji (b — )" 1 Te(b —5)f (s, x(5))ds,

where xj, is an arbitrary element in X which is different from xy. By Definition 1, the mild
solution of the system (1) is equivalent to the solution of the integral system (5) for u(-; x) €
LP (], X).

For this purpose, we make the following assumptions.

(A4) f : ] x X — X satisfies the following conditions.

(i) Foreach x € X, f(-,x) : ] — X is strongly measurable, and forevery t € J, f(-,x) :
X — X is continuous.

(ii) For any r > 0, there is a function ¢ € L?(J,R"), pa > 1 such that

£ (82 < ¢(8)

forany t € J and x € X with ||x|| <.
(A5) g : C1_4(J, X) — X is continuous and maps bounded subset of C;_,(], X) into
the bounded set.
(A6) B: U — X is a bounded linear operator, i.e., 3 Mg > 0 such that || B|| < Mp.
(A7) |R(e, I13)|| < Lforalle > 0.

For any r > 0, let B, = {x € Cio(],X) : [Ixllc,_, < r}. Then B, is a nonempty

bounded, closed and convex subset of C1_, (], X). By the assumption (A5) we know that
there exists a constant M; > 0 such that ||g(x)|| < M; for any x € B,. From the assumption
(A6) we deduce that Bu € LP(], X) for any u € LP(], X) with pa > 1.

Lemma 3. Forany F € LFP(], X), the operator X : LP (], X) — C(J, X), defined by
(WF)() =17 [ (=) Tl =) F(s)ds
is compact.

Proof. Denote by

(RoF)(F) = 12 /Ot(t — )Ty (t — 5) F(s)ds.

It follows from Lemma 1 that

M (bp—b
I'(a) pa—1

IR F) (B < R P

So, owing to the compactness of E —1 we conclude that the set
{(RF)(t) = ET'(RoF)(t) : F € LP(], X),t € ]}

is relatively compact in X.
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Next, we will prove that the set {NF : F € LF(], X)} is equi-continuous in C(], X).
For t1,t; € Jwith0 < t; < tp < b, we have

I0F) 1) = () )] < (6 =A%) [ =) Tl =) F(s)s|
b A M= 9 = (= 9 T — ) F ()|
b A [ = Tl = 5) ~ Teh — 9L F ()5

)
B [ = s Tt — ) F(s)as|
1

Obviously, if t; — t; — 0, we have

t
ho= B0 [ =) et = ) F(s)as|
MIEY , p—1 11 1—a
< Z -
S T (P“—l) PN F e (ta — 1)
- 0,
1 i 1 1
L = fl_“\l/o [(t2 —8)*" = (t1 —8)" | Te(t2 — 8) F (s)ds||
M||E71||b17“ h a—1 a—1
< _ _ _
< T =9 = (=) Fls)ds
— 0
and
ty
L = t}—*n/t (b — 8) 1 Tx (£ — 5)F(s)ds||
1
< MIEZIT (=L yidy 2y - 1)
- ['(a) pa—1 k2 A
— 0.

Since Tg(t) is continuous in the uniform operator topology for t > 0, we obtain that

51
L= 87 [ (=) Teltz —5) = Te(t = )| F(s)as |
bp—b,1-1
< sup || Telts —5) = Te(t = )| (CE—)" 7)1 Flus
se€0,4] px —
—- 0

as tp — t; — 0. Consequently, we have
I(RF)(t2) = (RF) ()] = 0 (t2 =t = 0).

This fact yields that the set {RF : F € LF(], X)} is equi-continuous in C(J, X). Accord-
ing to the Ascoli-Arzela theorem, the set {NF : F € LP(], X)} is relatively compact in
C(J,x). O
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Theorem 1. Let the assumptions (A1)—(A7) hold. Then, the system (1) has at least one mild
solution on J.

Proof. For any € > 0, let r > 0 be large enough such that

MI|[E”Y|
I'(w)

— 1
where N* = Z(MN?(!E i )z(ppaill)lfﬁ. Define an operator @ : B, — C1_,(], X) by

M||E71|| (bp —b

I'(x) pafl)k%(HCI’HLP(N*%—l), (6)

r > N¥lxll + (N0~ + 1) (Ilxoll + My) +

(@3)(1) = £ Te ()0 ~ 0] + [ (= 9)* Te(t ~ 9)[F(5,x(5)) + Buls; 1)lds,

where
u(s;x) = B*TE(b —s)R(e, HS)P(X)I

P(x) =xp — b“*lTE(b)(xo —g(x)) — /Oh(b — s)“ilTE(b —5)f(s,x(s))ds.

Step 1. We will prove @ : B, — B;.
For any € > 0, by assumptions (A4)-(A7) and Lemma 1, we have

MM3g| E~Y| ,
. < 20 1
lu(tx)| < = p 1P x€ By te]
and
M| E~jpt M|E7Y bp—b1-1
< ki e | D '
[P ()| < [l + () (My + [|xol]) + () (W_l) Pllpllr, x € B

Together this fact with (6), for any € > 0, we have

BI@N] < Tl — @I+ [ (6= 9Tt~ 5)[£(5,x(5) + Bu(s) s
< ME M )+ 01 ME S0+ Mo
< ME N g )+ MLE L2213 g+ M)
< Nl + ME vl + )
ML) v + )
< 7

Thus, ||®x||c, , = supt! 7% (®x)(t)| < r, which implies @ : B, — B,.
te]

Step 2. ® : B, — B, is continuous.
Let {x,} C B, with x, — X as n — oco. From the continuity of f and g, we have

fltxa(t) = f(£%(H), te]

and
g(xn) — 8(x)

as n — oo. Since

(=) [Fs,x0a(5)) — Fls, TG < 20— ) p(s) € L' (L RY),



Fractal Fract. 2022, 6, 56 8 of 12

it follows from the Lebesgue dominated convergence theorem that

H8 (@) (1) — (@7) (1)

-1 t
< Tl — g + 6 MEL [ 9 s () 15,7060 s

Hence,
| Px, — <IDY||CH‘ —0

asn — oo and @ : B, — B, is continuous.
Step 3. The set {®x : x € B, } is relatively compact in C;_,(J, X).
In order to prove the relative compactness of {CIJx X € Br} in Cy_4(], X), we prove
that the set {-1=*®x(-) : x € B,} is relatively compact in C(J, X).
Denote by
(@1x)(t) = Te(t)(x0 —g(x)), te]
and

(Dpx)(t) = 7 /Ot(t —8)* 1T (t —s)[f(s,x(s)) + Bu(s)]ds, te].

Then for any ¢ € ], we have
tl""fbx(t) = (P1x) () + (Dox) ().

It is sufficient to prove that {®1x : x € B, } and {®,x : x € B, } are relatively compact
in C(J, X).
For any x € B; and t € ], by virtue of

IT(6) (0 — g ()| < (]| + My),

I'(a)
we obtain that {(®1x)(t) : x € B, t € J} is relatively compact in X owing to the compact-
ness of E~1. It is obvious that the set {®;x : x € B, } is equi-continuous in C(J, X) because
Tg(t) is continuous in the uniform operator topology for t > 0. Hence, it follows from the
Ascoli-Arzela theorem that the set {®1x : x € B, } is relatively compact in C(], X).
By assumptions (A4) and (A6), we know that

f(t,x(t)) + Bu(t) € LP (], X).

By Lemma 3, the set {®,x : x € B, } is relatively compact in C(], X). Consequently,
the set {®x : x € B, } is relatively compact in C;_,(], X).

Hence, ® is completely continuous in C1_,(J, X). By the Schauder fixed point theorem,
® has at least one fixed point in B,, which is the mild solution of the system (1). O

Remark 3. In [15], Lian et al. proved the existence of mild solutions of fractional evolution
equations under the assumption that the nonlocal function g is continuous, uniformly bounded and
satisfies some other conditions. In [2], Zhou et al. investigated the existence of mild solutions of
fractional evolution equations when the nonlocal function g is Lipschitz continuous or completely
continuous. In our Theorem 1, we only assume that the nonlocal function g is continuous and maps
bounded subset into bounded set, without the Lipschitz continuity and the complete continuity
and any other extra conditions we obtain the existence of mild solutions of the fractional evolution
Equation (1). Hence, Theorem 1 greatly extends the main results in [2,15].

If the assumptions (A4) and (A5) are replaced by the following conditions:
(A4)" f: ] x X — X satisfies the following conditions.
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(i) Foreachx € X, f(-,x) : ] — X is strongly measurable, and for every t € J, f(-,x) :
X — X is continuous.
(ii) There exists a function ¢ € LP(J,R"), pa > 1 and a constant p > 0 such that

If(E ) <) +pt x|, te], xeX.

(A5) ¢ : C1_4(J, X) — X is continuous and there exists a constant M, > 0 such that
lg(x)|l < M; forany x € C1_,(], X).
then by Theorem 1 we can obtain the following existence theorem.

Theorem 2. Let the assumptions (A1)—(A3), (A4)’,(A5)', (A6) and (A7) hold. Then the
system (1) has at least one mild solution in C1_, (], X).

Proof. It is clear that (A5)' = (A5) and (A4)" = (A4) with ¢(-) = ¢(-) +rp-17% €
LP(],X) for any r > 0 and x € B,. Therefore, by Theorem 1 we can prove that the system
(1) has a mild solution x € C;_,(J, X). O

Now, we state and prove the approximate controllability of the fractional control
system (1).

Theorem 3. Let the conditions (A1)-(A3), (A4)", (A5)" and (A6) be satisfied, where

(A4)" f: ] x X — X satisfies the following conditions.

(i) Foreach x € X, f(-,x) : ] — X is strongly measurable, and for every t € |, f(-,x) :
X — X is continuous.

(ii) There exist a function ¢ € LP(]J,R™) with pa > 1 such that

(&)l < o(t), Vic], xeX

In addition, the linear fractional control system (4) is approximately controllable on J. Then the
fractional control system (1) is approximately controllable on |.

Proof. It is clear that (A4)"” = (A4) and (A5)" = (A5). By Lemma 2 we know that the
condition (H7) holds. It follows from Theorem 1 that the system (1) has a mild solution
Xe € C1_4(], X) for every € > 0, which is expressed by

xe(t) = #71Tg(8)[xo — g(x)] + /Of(t Tt — ) (s, xa(e))s
+ /Ot(t — 5)* T (t — s)BB* Ty (b — s)R(e, T18) [x, — b* ' Te (b) (xo — g(x))
B /ob(b —0)“ ' Te(b— 0) £(6, xe(6) )d6] ds.
In view of I — IT}(el +I15)~! = eR(e, I14), we have

xXe(b) = xp — €R(€rH8)P(xe)/

where
b
p(xe) = xp — b Te(b) (x0 — g(xe)) — /O (b—s)*'Te(b—5)f(s,xe(s))ds.

By the assumption (A5)’, we have

1%~ (x0 — g (xe)) | < b* 7 (Jlxol| + Ma).
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Then the set {b* 1 Tg(b)(xo — g(xe))} is relatively compact since Tg(b) is a compact opera-
tor. There exists a subsequence of {b* 1 Tg(b)(xg — g(x¢))}, still denoted by itself, and a
function g* such that

P ITE(b) (x0 — g(xe)) — &° (e — 0T).

By means of (A4)” we have

IFCreCD e = () 1 xe()IPds)? < lglor

Hence, the set {f(-,x¢(+))} is bounded in L?(], X). So there is a subsequence, still
denoted by {f (-, xc(-))}, converges weakly to some f*(-) € LP(], X), that s,

f(s,xe(s)) == f*(s), ae.s€]

as € — 0. By Lemma 3 and the Lebesgue dominated convergence theorem, we can obtain

/Ob(b — ) LTR (b — 8) f(s, xe(s))ds — /Ob(b — )T (b — 8) f*(s)ds

as € — 0. Denote by

h=x,—g" — /Ob(b —8)* e (b — ) f*(s)ds.
Then by the definition of p(x¢), we obtain that
p(xe) = h (e = 0).
Consequently, we have

Ixe(0) = x| = [leR(e, 1Tg)p(xe)|
= leR(e,T19)(p(xe) — h)|| + |eR(e, TTR)|
— 0 (e—0).

By Definition 2, the fractional control system (1) is approximately controllable on J. O

4. An Example

Consider the Sobolev-type partial differential equation with Riemann-Liouville frac-
tional derivatives

3 =3t /sin ,
LI (1= Z)x(t )] = Zx(ty) + Fappr +ult), (Ly) € (0,1 x [0, 7,

x(t,0) = x(t,m) =0, t€[0,1], (7)

Ié:“[([ — %)x(t,y)“tzo + -il C; {’/Sin(tlﬂxx(t,y)) 7= xO(]/)z

wherec; > 0,i =1,2,--- ,m are given positive constants.

Let X = U := L?[0,nr]. Denote D(A) = D(E) := {x € X : x,x are absolutely
continuous, x” € X and x(t,0) = x(t, r) = 0}. We define two operators A : D(A) C X —
Xand E:D(E) C X — X by

02 02

Ax:Wx, xe€D(A); Ex=(I- x, x € D(E).

)
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Lete,(y) = \/% sinny, n € N be the orthonormal set of eigenvectors of A. By [4,16],

we have
Ax = =X n®(x,e,)en, x € D(A)

and
Ex =X (14 n*)(x,eq)en, x € D(E).

This implies, for any x € H, that

_ o 1
E 1x: n:1m<x,en>en,
2
_ w —N
AE x = 1T X en)en

and
*712

T(t)x = Z;’f’zlemt<x, en)en,
where T(t)x = eAE 'y, t > 0. Then E~!is a linear operator which is compact and
|[E71|| < 1. Hence,

Te(f) = Z/OOO E~102: (0)T(t10)d6

with 1
ITe(8)x]] < ) ]I,
where 3
&5 (0) = % Z(—l)”_l(r%”_lr(%'—i_l)sin(Znﬂ), 6 (0, +c0).
n=1 :
Let x(¢)(y) = x(t,y). Denote

e /sinx(t,y)
f(tx(t)(y) = Bty

and

() = Y ai{/sin(t1-2x(t,y)) + 7.

o

i=1
Then the problem (7) can be rewritten as the abstract control system (1). Moreover, the
m
assumptions (A1)—(A6) are fulfilled with [|f(f,x)||x = % and ||g(x)||x <2 ¥ ¢;. If the lin-
i=1

ear system corresponding to (7) is approximately controllable on [0, 1], then f)y Theorem 3,
the fractional partial differential equation of (7) is approximately controllable on [0, 1].

5. Conclusions

In this paper, with the aid of the compactness of the operator E~!, we prove the
existence of mild solutions of the fractional evolution system (1) without the compactness
of operator semigroup. The Lipschitz continuity and the compactness of the nonlocal
function g are not needed in our main results. Under the assumption that the associate
linear control system (4) is approximately controllable, the approximate controllability of
the fractional evolution system (1) is also studied.
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