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On Time-space Fractional Reaction-diffusion
Equations with Nonlocal Initial Conditions*
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Abstract This paper investigates the nonlinear time-space fractional reaction-
diffusion equations with nonlocal initial conditions. Based on the operator
semigroup theory, we transform the time-space fractional reaction-diffusion e-
quation into an abstract evolution equation. The existence and uniqueness of
mild solution to the reaction-diffusion equation are obtained by solving the
abstract evolution equation. Finally, we verify the Mittag-Leffler-Ulam sta-
bilities of the nonlinear time-space fractional reaction-diffusion equations with
nonlocal initial conditions. The results in this paper improve and extend some
related conclusions to this topic.
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1. Introduction

In this paper, we study the nonlocal initial-boundary value problem for the time-
space fractional reaction-diffusion equations (FRDE for short) with fractional Lapla-
cian

CD&u(x,t) + (—A)Pu(z, t) = f(x,t,u(z, 1)), (x,t) € Q x[0,T],
u(z,t) =0, (z,t) € 9Q x [0, T, (1.1)
u(z, 0) = uo(x) + é culz,ty), () € Qx [0, T,

where D¢ is the Caputo fractional derivative of the order a € (0,1), (—A)? is
a fractional Laplacian with 8 € (0,1), © is an open bounded domain in R™ with
the smooth boundary 09, 0 < t; < ts < --- < t, < T, T > 0 is a constant,
p €N, ¢, #0(k=1,2,...,p) are real numbers, ug : @ — R, and the nonlinear term
f:9x10,T] x R — R is Carathéodory continuous.

FRDE is a subject of extensive research on fractional calculus, which has a wide
range of applications in modeling such as mechanics of materials, fluid mechanics,
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signal processing and control as well as biology (see [4, 10, 15,22, 28, 32-34] for
details). In recent years, many scholars have been committed to the research of
time-fractional or space-fractional partial differential equation (see [11-13,38-40,
43]). On the other hand, there are numerous works that have been devoted to
fractional diffusion equations. We only list a number of the numerous papers on the
analysis for fractional diffusion equation. Eidelman and Kochubei [16] considered
an evolution equation with the regularized fractional derivative of an order a €
(0,1). Jia and Li [19] obtained the Maximum principles of time-space fractional
diffusion equation with Riemann-Liouville time-fractional derivative. Kemppainen,
Siljander and Zacher [21] studied the Cauchy problem for a nonlocal heat equation,
which is of fractional order both in space and time. In [23], Li, Liu and Wang
established L" — L? estimates and weighted estimates of the fundamental solutions,
and obtained the existence and uniqueness of mild solutions to Keller-Segel type
time-space fractional diffusion equation. The paper [24] constructed the iterative
sequence of mild solution for time-space fractional diffusion equation with delay. A
class of time fractional diffusion equation representation of solutions was derived by
using Laplace transform in [35].

In 1990, Byszewski and Lakshmikantham [8] first investigated the existence of
mild solution for nonlocal differential equations. Since the nonlocal initial condi-
tions had been applied physics with better effect than the classical initial conditions,
researchers began to study differential equations with nonlocal conditions and ob-
tained some fundamental results (see [5, 6,8, 14, 25, 41] for more comments and
citations). As some results are in relation to the time-space FRDE (1.1), when
e, =0, k=1,2,...,p, one can see [24] and [30]. Whereas, there are few articles
studying time-space FRDEs with nonlocal initial conditions. The aim of this paper
is to extend the current results of the classical initial conditions considered into
time-space fractional diffusion equations with nonlocal initial conditions. This ex-
tension is not just a mathematical problem, but is caused by numerous physical
applications. As there are multitudinous works describing the significance of frac-
tional and nonlocal models in the anomalous diffusion, one can refer to [30] and its
references for details.

In the theory of functional equations, there are some special kinds of data de-
pendence such as Ulam-Hyers, Ulam-Hyers-Rassias, Ulam-Hyers-Bourgin and Aoki-
Rassias [9,18,20]. Motivated by the results of [36], we further study the Mittag-
leffler-Ulam stability of the time-space FRDE (1.1), and obtain some new and in-
teresting stability results.

The main results with respect to the time-space FRDE (1.1) involving nonlocal
initial conditions of this paper are as follows.

Theorem 1.1. Assuming that the nonlinear function f : Qx[0, T] xR — R satisfies
the Carathéodory type condition and the following hypotheses,
(H1) there exist a constant q € [0, ) and a function m(x,t) satisfying [[m(t)|lus o) €
LYa([0, T),R*) with M = ([ [m(#)l|i g, dt)* such that |f(x,t,u)| < m(z,t) for
all v € Q, t €[0,T)], u € R, and the norm || - |lgsq) of Sobolev space HP(K2) is
introduced in the following section;

P
(H2) ¢, > 0, k = 1,2,...,p and Y, ¢ < 1 are satisfied, then FRDE (1.1) has at

1
least one mild solution u € C(Q x [0,T],R).

Theorem 1.2. Assuming that the nonlinear function f : Qx[0, T] xR — R satisfies
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condition (H2) and the following condition (H3),

(H3) there exists a positive constant L < (=2 eTletD) phere I'(:) is Gamma
function, such that |f(xz,t,u) — f(x,t,v)] < Llu —v| for all z € Q, t € [0,T],
u,v € R, then FRDE (1.1) has a unique mild solution uw € C(2 x [0,T],R).

Theorem 1.3. Assuming that all assumptions of Theorem 1.2 are satisfied, then
FRDE (1.1) is Mittag-Leffler-Ulam-Hyers stable.

Theorem 1.4. Suppose that the function ¢ € C([0,T],R") is increasing, and there
exists 1 > 0 such that

I )

— | -5 ds < ne(t), telo,T),

| =) ds <), re0.7)

where T'(+) is Gamma function. If the conditions of Theorem 1.2 are satisfied, then
FRDE (1.1) is generalized Mittag-Leffler-Ulam-Hyers-Rassias stablity with respect
to nE,, where E, is Mittag-Leffler function.

The paper is organized as follows. In Section 2, we first introduce some notations
and preliminaries which are used to prove our main results. In Section 3, we prove
the existence and uniqueness of the mild solutions of FRDE (1.1), namely, Theorem
1.1 and Theorem 1.2. In Section 4, we verify the Mittag-Leffler-Ulam-Hyers stability
of FRDE (1.1), namely, Theorem 1.3 and Theorem 1.4.

2. Preliminaries

In this section, we briefly give some notations and definitions for the sake of readers’
convenience.

We adopt the 8 € (0,1) order Dirichlet Laplacian (—A)” by Balakrishnan for-
mula [3]. Let us begin by reviewing the classical spectral Laplacian —A with zero
Dirichlet boundary condition. As is known to all, —A : D(—A) C L*(Q) — L*(Q)
is unbounded, positive and closed with dense domain D(—A) = H}(Q) N H%(Q).
Moreover, from [2], one knows that —A has a compact resolvent in L?(£2), and there
exists a non-decreasing sequence 0 < Ay < Ag < --- < \; < -+ called eigenvalues
for —A, A\j — oo as j — oo. Denoting the orthonormal eigenfunctions {¢;};en
associated with {);};en is an orthonormal basis of L?({2) as well as an orthogonal
basis of H}(Q). That is,

7A¢j = Ajd)j, S Q,
$; =0, x€dN.

Thus, we introduce the fractional power Dirichlet Laplacian.

Definition 2.1. The spectral fractional Laplacian is defined on the space C§°(2)
as

(7A)ﬂu = Z)\?Ujgf)j, ’ll,j = LUQﬁj dCL', ] S N
j=1

The fractional power Laplacian from spectral theory and the semigroups theory
is
(AYPy = SBOT / ML — A)~Y (= A)u dA
0

s
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by Balakrishnan formula in [3]. It can be seen from [7] that the spectral definition
is equivalent to the Balakrishnan definition in L?().

We introduce the following definitions related to fractional-order Sobolev space
on 2 C R™, which can be found in [2,27,29]. We denote the norm of L%(2) by || - |2
and the 8 € (0,1) order Sobolev space

|u(z) — u(y)|?

|x _ y|n+26

HA(Q) = {u € L2(Q) : /

dx dy<oo}
QJo

endowed with the natural norm

1

2
lullmocey = (Il + [ulda ) s we BA(Q),

where the seminorm |u|3,5 () 1s defined as follows
2
u(z) —u
|u|§{ﬁ(9) = / () = uly) |7 dr dy, u<€ HP(Q).

\x _y|n+2ﬁ

Let
H(Q) :={ue H*(Q) : Au(z)|sn = 0}
e H%(Q) — QH%(Q). /uZ(z)d <
0005 = " Jq dist(z, 02) s
with the norm

u(x)

2
= 2 ——d .
Il (||u||H5(Q)+ [ ) o

From [2], we also define the fractional Sobolev space

HP(Q) := {u =Y b, € L(Q) ¢ ullfs ) =D Auf < oo},
j=1

j=1

where A; are the eigenvalues of —A with zero Dirichlet boundary conditions on €2,
and ¢; are eigenfunctions with respect to A\; and

u; = / ug; dx.
Q

The characterization of the Sobolev space H?(Q) is as follows

Let C([0,T],H?(2)) be a Banach space of all H?(2)-value continuous functions
on [0, 7] with the norms |[ulc = sup;c(o 7y [|u(t)[lms (@) and Au = —Au, u € HA ().
It is well-known that a positive, uniformly bounded analytic semigroup T'(¢)(¢t > 0)
has been generated by —A from [1] and [31], since —A has compact resolvent in
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L?(€2), and then T'(¢)(t > 0) is also a compact semigroup. From [42], based on the
equivalence of spectral definition and Balakrishnan definition, we know that —A?
generates a positive, compact and uniformly bounded analytic semigroup Tz(t)(t >
0). Moreover, T(t)(t > 0) is a contractive semigroup.

For u € HA(Q), define the two operators 7, (t)(t > 0) and .%, 5(t)(t > 0) by

T pt)u = / ha(s)Ta(t%s)u ds, Fapt)u = a/ sha(8)Tp(t%s)u ds,
0 0
where

1 — 1
— Z - Lpa+1) '+ ) sin(nma), s € (0,00)
Ta n!

is a function of Wright type defined on (0, co) satisfying

ha(s) =20, s € (0,00), / ha(s)ds =1,
0

and

_r _ Td+9)
/03ha(S)dS_I‘(l—i—av)’rYE[O’l]'

The following lemma can be found in [17,37].

Lemma 2.1. The operators T, g(t)(t > 0) and %, g(t)(t = 0) have the following
properties.

(i) The operators T g(t)(t > 0) and S, p(t)(t = 0) are strongly continuous,
which means that for any v € H?(Q) and 0 < t; <to < T, asty —t; — 0,

| Tap(te)u — Tap(ti)ullus @) — 0, [|Fa,p(t2)u — Lo g(t1)ullus o) — 0.

(i1) If Co-semigroup Ta(t)(t > 0) is uniformly bounded and contractive, then for
any fived t > 0, T, 3(t) and S, g(t) are linear and bounded operators, which
means that for any u € HP(Q),

1
||<7a7ﬂ( )U||HB(Q) HUHW(Q ||ya,ﬂ(t)u||Hﬂ(Q) < mHUHHB(Q)

(111) If Co-semigroup Ta(t)(t > 0) is compact, then T 5(t) and %, g(t) are compact
operators for every t > 0.

(iv) If Cy-semigroup Tp(t)(t > 0) is continuous by operator norm for every t > 0,
then T, 5(t) and S, 5(t) are uniformly continuous for every t > 0.

By the contraction of semigroup T(t)(¢t > 0) and condition (H2), we have

p
DL S

According to the operator spectral theorem, we know that the operator

B = (I - ick%ﬁ(tkD_I

k=1
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exists and is bounded. Moreover, by Neumann expression, Z can be expressed by

o0 p

#2=3" (ch%,ﬁ(tk))”. (2.1)
n=0 k=1
Therefore,
o p . )
|%W@<ZMZ¥MM@mMW=1”2%%%Mmmm)
1

< 2.2
1- 22:1 Ck (22)

Lemma 2.2. For o € (0,1] and 0 < a < b, we have
la® — b < (b—a)°.

Theorem 2.1 (Theorem 1.4, [26]). For anyt € [0,T), if

where not all the functions are negative continuous. The constants «; > 0, b;(i =
1,2,...,n) are the bounded and monotonic increasing functions on [0,T), then

> LB @OT )] [t sk )
u(t) < t—s)ei=1%""q(s) ds |.
i k=1 (1',2';19'—1 F(Zle o) /0 ( ) )

Remark 2.1. For n = 2, if the constants by, by > 0, a1, a9 > 0, a(t) is nonnegative
and locally intergrable on 0 < ¢ < T', and u(t) is nonnegative and locally integrable
on 0 <t < T with

u(t) < a(t) + by /0 (t — s)* " u(s) ds + by /0 (t — s)*2 7 Lu(s) ds.

Then,
S M t —s)k=1g(s) ds M t—s’mz_las s
) <o+ | St [o-9 et as+ St [ <ml

Remark 2.2. Under the hypothesis of Remark 2.1, let a(t) be a nondecreasing
function on 0 < ¢ < T'. Then, we have

u(t) < a(t)(Eq, [01T (1)t ] + Eg, [baT (a2)t*?]),

k

where E,[-] is the Mittag-Leffler function defined by E,[z] = >_77, et 2 €C
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3. Existence and uniqueness of mild solutions

In this section, we will give a proof of the existence and uniqueness of mild solutions
to the time-space FRDE (1.1). That is to say, we will prove Theorem 1.1 and

Theorem 1.2. Let u(t) = u(-,t), f(t,u(t)) = f(.t,u(-t)), uo + D p_q crulty) =

uo(-) + > %_; cku(-,tx). Then, FRDE (1.1) can be rewritten as an abstract form in

C([0,T],HA(£2)) of the fractional evolution equation with nonlocal conditions
“Diu(t) + APu(t) = f(t,u(t), te0,T],

u(0) = up + kil cru(ty). 3.1)

Definition 3.1. A function v € C([0,T],H?(9)) is a mild solution to (3.1), if it
satisfies

u(t) = %uwzckﬂ @/ e — )71 S ot — 5)f (s, u(s)) ds
+ / (t —5)* LT 5t — 5)f(s,u(s)) ds. (3.2)
0

Proof of Theorem 1.1. From the above, we know that FRDE (1.1) can be
transformed into the abstract nonlocal evolution (3.1). In what follows, we prove
the existence of the mild solution to the nonlocal problem (3.1) by applying fixed
point theorem. We set

Brr = {u e C((0,T),H7(Q) | Jullc < R,R > 0}

as a nonempty, closed and convex subset in C([0,7],H?(2)). Then, for any u €
Br,r, we consider the operator P on C([0, 7], H?(Q2)) defined by

(Pu)(t) =T p(t ,%’uo—l—chf 93/ (ty — 8)* T 0 p(te — 5)f(s,u(s)) ds

+ / (t— )% y(t — ) f (s, us)) ds. (3.3)
0

From Definition 3.1, the mild solution of the nonlocal problem (3.1) on [0,7T] is
equivalent to the fixed point of the operator P defined by (3.3). Next, we prove
that the operator P has a fixed point via Schauder fixed point theorem.

First, we demonstrate that P is continuous on Br 7. Let {u, }5; C C([0,T],H(2))
be a sequence and lim,, ;o u, = u in C([0,T],H?(Q)). Owing to the continuity of
f, we know lim,,—, o f(s,un(s)) = f(s,u(s)) for all s € [0,T]. Therefore,

sup || f(s,un(s)) — f(s,u(s))HHg(Q) —0 as n — oo. (3.4)
s€[0,T]

Then, for t € [0,T], we have
[(Pun)(t) = (Pu)(t)[ms 0

P_ 1 tr B
ST ), O I un(s) = sy ul)scey ds
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1

+ @A (- S)a_lnf(s,un(s)) — f(s, U(S))HHB(Q) ds

Zk Lo
s S = )P+ a) s:E(I)?T] 175, n(s)) = £, u()) o )

[e3%

T
iy S 1 un) = Flsu(s) oo

Tot
TOE St ) iy e e

which means

T“ sup [1£(5un(5)) — £(5,u(5)) 120

Pu,) — (Pu)|lc <
1(Pun) — (Pu)llc 11— 27 )DL+ Q) sepor

By (3.4), we conclude
|(Puy) — (Pu)llc =0 as n— oo.

Namely, P is continuous on Bg 1.

Next, we show that there exists a constant R > 0 being determined latter such
that P(Br,r) C Brr. For any u € Brr and ¢ € 0,71, following condition (H1),
we have

1(Pu)(®)lle )

1 [ o
<P lus () - lwollms () + ch | ||ms Q)F( ] / (tx —s) 1Hf(s,u(8))||Hﬁ(Q) ds
k=1

1 ! a—1
+m/0 (t =) f (s, u(s))|lme () ds

lluolles (@) Sk 1 /tk i—q , [tk "
< + ( tr. — s = q dS) (/ m q )
1-— Z 1ck 1_Zk 1Ck (k ) 0 ” ( )”HB (Q)
1 a—1 1—q 1/
+ 711(0[) (/0 (t — s T=q ds / [lm(s ||HB’IQ) )

1 MT*9 1—q. 1,
—_— _— = R. 3.5
1—>7%_ck (HuO”Hﬁ(Q) + I'(a) (a — q) ) (3:5)

<
Hence, P : Br,r — Bgr,r is bounded.

In what follows, we prove that the P(Bg 1) is equicontinuous. For any v € B 1
and 0 < t; <ty < T, we have

(Pu)(t2) — (Pu)(t1)
= 3 (tg)%Uo - % ﬁ(tl)%UO

+ch = Tupt) [ (=) st = () s
+ /t Z(tQ — )97 S a(te — 8) £ (s, u(s)) ds

T / (b2 — 9% — (01 — 9% )T plts — 5)f (s uls)) ds
0
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* /011((’51 = 8)* T (Fapltz = 5) = Sap(ts — 9))f (s, u(s)) ds

=D+ o+ Jds+ I+ Js.

Owing to
5

[(Pu)(t2) — (Pu)(t1)[lme o) < Z”J”HB @)
we just need to examine that [|.J;|lms) — 0(i = 1,2,...,5) is independent of u €
BR,T7 as to —t1 — 0.
According to (i) of Lemma 2.1, ||J1us () < | Ta.p(t2) — Ta5(t1)llus @) Puo — 0,
| J2llas (@) <l Tap(t2) — Tap(t1) lus @)

X ch%’ /tk (ty — 8)* 10 p(te — 5)f(s,u(s)) ds — 0,
0

and ||J3|ms () — 0 are available as t — ;.
For Jy, using the Lemma 2.1, Lemma 2.2 and the Hélder inequality,

| Jallms () %O‘)/o 1 ((tz —8)*t —(t — s)o‘_l)||m(s)||H5(Q) ds
ST </ (-9 = ) )

tl
1
([ I a )

rﬁ(/ot ((t — 5) 57 = (ta — 5)T=7) ds)l_q

'1‘
_

N

~—

1_(] 1-q ?:q %:q a=g\1—gq
<o R A
F(a)(a—q) (1 2 "t = 1))
M /1—qg\l-4 a—q
<—— 2(ty —t —0 to — t7.
F(a)(a—q) ( (t2 1)) as !

It is conspicuous that ||J5|ms(q) = 0, when t; = 0, 0 < t < T. Now, we consider
t1 >0 and 0 < € < 1, and based on the equicontinuity of the semigroup Tz (¢)(t >
0), we have

| J5 |5 ()

tl £
</ (tr = 5)* 7S a8tz — 5) = Fap(ts = 8) s () - 1 (s, u(s)) s o) ds
0
t1
+/ (tr = 8)* S a5tz = 8) = Fap(ts = 8)llus o) - [1f(5,u(s)) e o) ds
t1—e

t1—¢
< sup  [[Hap(ta —s) — Loty — S)||Hﬂ(9)/ (tr = )27 m(s)llms o ds
0

s€[0,t1—¢]

2 " a—1
ol BCRE OB
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—q\1¢ $=q a—qg\ 1—4q
< swp [ Faplts —8) — Faslts — )l o) - M( ) (-

s€[0,t1 —¢] a—q
2M 1 —qg\1—4¢
—( q) e 1 =0 as ty—t;,e—0.
MNa)\a—gq

Therefore, ||(Pu)(t2) — (Pu)(t1)|[ms ) — 0 as tz — t1, and it is not dependent on
u € Bg,r, which means that P : Brr — Bg,r is equicontinuous.

Finally, we prove that the set (PBgr,r)(t) is relatively compact in Brp. For
€ > 0, we define a set

(PeBr.r)(t) = {(Peu)(t) | u € Brr,t €[0,T]},

where P.u is defined as follows

(Peu)(t) =Ta st +€)Bug + > cxTuplt + €) B

k=1

X /0 k(tk — s)"‘*lymﬁ(tk +e—s)f(s,u(s)) ds
+/O (t— ) y(t + € — 5) (5, uls)) ds

=T%0,8(€) T0,5(t) Buo + To g chy Bt

y /0 (b — )7 S st — ) (s, uls)) ds
+ Sa,5(€) /0 (t— s)o‘_lya,g(t —5)f(s,u(s)) ds,

for every ¢ € [0,T]. Since the operators 7, s(€) and .7, s(€) are compact in HA(Q),
then the set (P.Bgr)(t) is relatively compact in H?(Q). Since

[(Pu)(t) = (Pew)(®)[lms o)
< o, p(t) Buo — Ta,p(€) Ta5(t) Buo|lus o)

+

> enTaplt @/ (tr — 5)* L S0 p(te — 8) (5, u(s)) ds

k=1

—yﬁ 75 chg @/ (tp — ) aﬁ(tk_S)f(S,u(S)) ds

HA ()

" ‘ /ot(t = 5)* 7 st = 5)f (s, u(s)) ds

e / (t— )L 5(t — 5) (5, u(s)) ds

HA ()
—0, as e€—0,

which yields that (PBg r)(t) is relatively compact. By the Arzela-Ascoli theorem,
P is a compact continuous operator on Bg 7.



Time-Space Fractional Reaction-Diffusion Equations 801

Therefore, P : Brr — Bgr,r has at least one fixed point via the Schauder
fixed point theorem, which means the nonlocal problem (3.1) has mild solution
u € C([0,T],HA(£2)). Following the time-space FRDE (1.1), it can be transformed
into the abstract evolution equation (3.1). Thus, FRDE (1.1) has at least one mild
solution u(z,t) € C'(2 x [0, T],R). This completes the proof of Theorem 1.1. O

Proof of Theorem 1.2. From the proof of Theorem 1.1, we know that FRDE (1.1)
can be transformed into the abstract nonlocal evolution equation (3.1) in Sobolev s-
pace H?(€2), and the mild solutions of the abstract nonlocal evolution equation (3.1)
are equivalent to the fixed point of operator P : C([0,T],H?(2)) — C([0, T], H?(2))
defined by (3.3). By condition (H3), we get

1
2

U — v 8 < 3 A ;U — , U j dx ’
£, u(®) = £(t,0(E) s (Q)<(;AJ( /Q [t u(®)) = F(t0(t)]6; d ))

< <ZA?(/QL|u(t) —v(t)|o; dx)2> ’
= Lllu(t) — v(#)|lus(q)-
Then, for every ¢ € [0, 7] and any u,v € C([0,T], H?(Q2)),
[(Pu)(t) — (Pv)(t)llms o)
D b1 Ck 1 e a—1
ST [ s ) — 5,006 o
I )
g (= 9 s u(5) = 0060 o s
ZP:I CkTa Ta
ST et et
L
1-3F el(a+1)
which means

[Pu—Polc = sup [|(Pu)(t) = (Pv)(t)|lns ) < llu—vlc-
te[0,T]
Hence, P : C([0,T],H?(Q)) — C([0,T],H?(R)) is a contraction operator, and we
know that P has a unique fixed point u € C([0,T],H?(Q2)). That is, the nonlocal
problem (3.1) has a unique mild solution on [0, 7], then FRDE (1.1) has a unique
mild solution u(z,t) € C(2x [0,T],R). This completes the proof of Theorem 1.2.07

Ljju=vlle

<7 Tu = vlle < flu=vle,

4. Mittag-Leffler-Ulam stabilities

In this section, we consider the Mittag-leffler-Ulam stability of FRDE (1.1). From
the discussion of the previous parts, we only need to study the stability of the
nonlocal problem (3.1). Letting € > 0 and ¢ € C([0,T],R"), we consider the
following inequalities

[€Dyo(t) + APu(t) — f(t,v(t)lus) <€, t€0,T) (4.1)
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1€ Dgu(t) + APo(t) — F(t, v() s o) < 9(8), € [0,T]; (4.2)
1€ Dgo(t) + APo(t) — F(t v(t) sy < ep(t), te 0,1 (4.3)

Definition 4.1. Equation (3.1) is Mittag-Leffler-Ulam-Hyers stable with respect
to E,, if there exists a real number ¢ > 0 such that for each ¢ > 0, and for
each solution v € C1([0,T],H?(Q)) of inequality (4.1), there exists a mild solution
u € C([0,T],H?(Q)) of equation (3.1) with [[v(t) — u(t)||ms o) < ceEalt], t € [0,T].

Definition 4.2. Equation (3.1) is generalized Mittag-Leffler-Ulam-Hyers stablity
with respect to E,, if there exists ¢ € C(RT,RT), 1(0) = 0 such that for each
solution v € C*([0, T],HA()) of inequality (4.1), there exists a mild solution u €
C([0,T],H?(2)) of equation (3.1) with [[v(t) — u(t)||ms ) < ¥(e)Ea[t], t € [0,T].

Definition 4.3. Equation (3.1) is Mittag-Leffler-Ulam-Hyers-Rassias stable with
respect to @FE,, if there exists C;;, > 0 such that for each ¢ > 0, and for each
solution v € C*([0,T],HA(2)) of inequality (4.3), there exists a mild solution u €
C([0,T],H?(2)) of equation (3.1) with [[v(£) —u(t)|lms ) < Coep(t)Eu[t], t € [0,T).

Definition 4.4. Equation (3.1) is generalized Mittag-Leffler-Ulam-Hyers-Rassias
stablity with respect to ¢FE,, if there exists C, > 0 such that for each solu-
tion v € CL([0,T],H?(Q)) of inequality (4.2), there exists a mild solution u €
C([0,T],HA(2)) of equation (3.1) with |Jv(t) —u(t)|lus o) < Cpp(t)Eqlt], t € [0,T7].

Remark 4.1. It is clear that: (i) Definition 4.1 = Definition 4.2; (ii) Definition
4.3 = Definition 4.4.

Remark 4.2. A function v € C*([0,7],H?()) is a solution of inequality (4.1), if
and only if there exists a function g € C([0,T],H?(Q2)) (which depend on v) such
that

(i) Nl (t) sy < e, for all £ € [0, T);

(i) “Dgu(t) + APu(t) = f(t,u(t)) + g(t), t € [0, T7).

We have similar remarks for inequalities (4.2) and (4.3).

Remark 4.3. If v € C'([0,T],H?(Q)) is a solution of inequation (4.1), then v
satisfies the following inequality

v(t) = Tas(t)Buo — Y Ckya,ﬁ(t)‘@/ k(tk = 8)* "0 stk — 8)f(s,0(s)) ds
k=1 0

_ / (t— )" st — 5)f(s,0(s)) ds

HA (Q)
t
<e [ (= 5" 1 Fuslt = 5) oo .
0

We have similar remarks for the solutions of inequations (4.2) and (4.3).

Now, we give the proof of Mittag-Leffler-Ulam stabilities of FRDE (1.1).
Proof of Theorem 1.3. Let v € C*([0,7T],H?(2)) be a solution of the inequation
(4.1), and denoted by u € C([0,T], H?(9)), the unique mild solution of the problem
is as follows

“Dju(t) + APu(t) = f(t,u(t), te0,T],
u(0) = v(0).

(4.4)
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We have

u(t) =Ja,5(t)Bvo + chy e@/tk (tr — 8)* 1 Fu sty — 5)f(s,u(s)) ds
k=1

+ / (t— )2 S 5t — 5)f (s, u(s)) ds,

and by Remark 4.2, we get

v(t) — T st ,@vonckyag ,@/k te — 8)2 L0ty — 5) f(s,0(s)) ds

k=1

= [ = St = 9 f0()) s

HA ()

t T
a—1
<6/0 (t=9) ||ya”6(t a S)”Hﬁ(ﬂ) ds < INGES 1)6.

From these relations, we have

o) — u(t)lms o)

v(t) — T p(t) @vo—zck%ﬂ %/k (tr — 8)* LT p(tr — 5)f(s,u(s)) ds

k=1

- [ St = ) ute)) s

HA ()
<|(t) — Tap(t %’UO—chﬂ ,%’/ ty — 8)* LS sty — 8) f(s,0(s)) ds
- / (t— )2 T (t — 5) (5, 0(s)) ds
0 HA (Q)
- 502 / (i — 5)* 1 T oty — 5)[ (5, 0(5)) — (s, u(s))] ds
HA ()
n ' / (= ) T gt — ) (5, 0(s)) — F(s,u(s))] ds
0 HP (Q)
Ta D L " —5)* Ywv(s)) — u(s s
T TS w9 vt u o d
" ﬁ / (t — )*o(s)) — u(s) s e . (4.5)

Applying Remark 2.1 and Remark 2.2 to inequality (4.5), we get

Io(6) = ooy < gy (Ba [ tt] + Buft])e

1 - k 1%k

Hence, by Definition 4.1, the nonlocal problem (3.1) is Mittag-Leffler-Ulam-Hyers
stable. This completes the proof of Theorem 1.3. O
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Proof of Theorem 1.4. Let v € C*([0,7],H?(Q)) be a solution of inequation
4.2. By Remark 4.2, we get

o(t) — @vo_zckg,ﬁ 93/ (tx — )2 T st — 5) f (5, 0(s)) ds

- /0 (t—s)*"Fap(t—s)f(s,0(s) ds

HA ()
t 1 t

< / (£ — ) St — )l o) ds < — / (t— )% Lo(s) ds < mol(t).
0 F(Oé) 0

Letting us be denoted by u € C([0,T],H?(Q)), the unique mild solution of problem
(4.4), we have

u(t) =Tt %’vo—i—chﬂ 93/ (ty — 8)*  Fn pte — 5)f(s,v(s)) ds

+ /0 (t— s)a_lyaﬁ(t —8)f(s,v(s)) ds.

Estimating [|v(t) — u(t)|lms (o) in the same manner as (4.5), from Remark 2.1 and
Remark 2.2, we have

[v(t) — w(t) lme ) < np(t) (E { b L ol }+Ea[Lt“]>.

1- k1k

By Definition 4.4, then the nonlocal problem (3.1) is generalized Mittag-Leffler-
Ulam-Hyers-Rassias stable. This completes the proof of Theorem 1.4. O
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