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Abstract. In this paper, some Ulam-Hyers stability results for matrix-valued fractional differ-
ential equations are obtained. We also establish some sufficient conditions for the stability of
matrix-valued fractional differential equations.

1. Introduction

Matrix-valued differential equations are very important in various fields which in-
cluding physics, statistics, optimization, economic, linear system and linear differential
system problems [1, 2]. Recently, stability of fractional order system has attracted in-
creasing interest due to its importance in control theory. In [3], Matignon firstly studied
the stability of linear fractional differential systems with applications to control pro-
cessing. Since then, many researchers have studied further on the stability of linear
fractional order linear systems [4, 5]. Li et al. considered the Mittag-Leffler stability
for fractional order nonlinear dynamic systems and proposed Lyapunov direct method
for the stability of fractional order nonlinear systems [6, 7]. By using Bihari’s and
Bellman-Gronwall’s inequality, Delavari et al. introduced an extension of Lyapunov
direct method for fractional order systems [8]. Senol et al. [9] presents numerical
methods for robust stability analysis of nonlinear fractional order systems.

The notion of Ulam-Hyers stability was proposed by Ulam [10]. Hyers firstly
obtained some results on the Ulam stablity in the case of Banach space [11]. Aoki
generalized Hyers’ theorem for approximately additive mappings [12]. Th.M. Rassias
provided a generalized version of Hyers’ result which allows the Cauchy difference
to be unbounded [13]. J. M. Rassias and Xu generalized the Hyers stability result
by introducing two weaker conditions controlled by a product of different powers of
norms and a mixed product-sum of powers of norms, respectively [14, 15, 16, 17].
Furthermore, Jung proved the Ulam—Hyers stability of linear functional equations [18,
19, 20]. By applying a fixed point theorem in a generalized complete metric space,
Wang et al. presented the Hyers—Ulam—Rassias stability, Hyers—Ulam stability and four
types of Mittag—Leffler—Ulam stability for fractional differential equations [21, 22, 23].
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Recently, Wang proved the Hyers—Ulam stability of additive and quadratic func-
tional equations in matrix Banach spaces [24]. By using fixed point method, Lee give
some Hyer-Ulam stablity results for the quadratic functional equation and the Cauchy
additive functional equation in matrix random normed spaces [25, 26]. In this paper, we
consider the Ulam-Hyers stability of some matrix differential equations and give some
Ulam-Hyers stability results for matrix-valued fractional differential equations. And
we also establish some sufficient conditions for the stability of matrix-valued fractional
differential equations.

2. Preliminaries

In this section, we introduce notations, definitions, and preliminary facts that will
be used in the remainder of this paper.

2.1. Fractional differential operators

There are several different definitions of the fractional derivative (see [2]). We will
use the following definitions:
(i) Riemann-Liouville fractional integral and derivative

() = s [ =0 u(rar, M)
D*u(x) = D' *u(x), )

where ¢ >0, n— 1< o <n (n€N), D is the differential operator, I is the integral
operator and fi(x) is a suitable function for x > 0.

The Riemann-Liouville derivative has some disadvantage when trying to model
the real-world phenomena. Therefore, we will introduce a modified fractional differen-
tial operator proposed by Caputo on the theory of viscoelasticity[27].

(i1) Caputo fractional differential operators

1 x (n)
Du(x)=1""*D"u(x) = T —a) /O (Xf T)Sf)nﬂdr, 3)

where ¢ >0, x>0and n— 1 <o <n (neN).
The fractional derivative of pt(x) in the Caputo sense is defined for 0 < o < 1 as

o) L * p()
D ”(x)_l“(l—oc)/o (x—r)“dr' 4)

2.2. Mittag-Leffler matrix

The exponential function ¢’ plays a very important role in the theory of integer-
order differential equations. Its two-parameter generalization is defined as [28]

Zk

Eqp(2) :kgbm’ a,B >0. (5)
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Moreover, when f3 = 1, we denote by Eq(z).

DEFINITION 1. [I] Let & > 0 and A € M,,. The Mittag-Leffler matrix Ey(A) is
defined as

Eald) = 3 F(kik—i— =t F(aA+ nt r(222+ ot ©)
k=0
DEFINITION 2. [1] For A € M,, the Mittag-Leffler function E,(At*) is defined
as oo Aktock
Ea(At“):kgbm, o > 0. (7)

Since we make use the spectral decomposition of Eq(A) and Eq(At%), then we
get the following representations:

Eq(A) = Y 50l Ea(M),  Ea(At®) =Y xyl Eq(Ar®), (8)
k=0

where {xj,x2,...,%,} and {y1,y2,...,ym} are the eigenvectors corresponding to the
eigenvalues {A1,15,...,A,} of A and A7, respectively.
The Mittag-Leffler function has the following asymptotic expression.

LEMMA 1. [2] Let 0 < o <2 and B be an arbitrary complex number. Assume
that | is an arbitrary real number such that =* < u < min{x,mo}. Then, for an
arbitrary integer p > 1, we have

Eaple) = SeiPVeg - $ _EL o), ©)
' o S T(B — k)
when |arg(z)| < 1 and |z] — oo;
—k
4 1=
Eypglz) =— ) ——=+0(|z Py, (10)

when u < |arg(z)| < 7 and |z| — .

REMARK 1. InLemma I, if 8 = o, then we have

ok
E J-a)/e, 2!/ +O(|z|7-r 11
aalz) = IZZ (o — k) (Il ), (11)
when |arg(z)| < gt and |z] — oo;
Pk -
E =—)y — T 12
OhOC(Z) kgzr(a_ (Xk) +0(‘Z| )7 ( )

when u < |arg(z)] < 7 and |z| — oo.
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LEMMA 2. Let AeM,, 0< o <2, B>0. Assume that | is such that (mo/2) <
u <min{rm, o} and that Cy > 0 is real constant. Then

C

Eqp(A)]| < ——,
IEap@) < T

(13)

where U < |arg(A(A))| < 1, A(A) represents the eigenvalues of matrix A and || - || is
the 1 -norm.

2.3. Ulam-Hyers stability

Let (Z,]|-]|) be a Banach space, % be a nonempty subset of 2" and T : % —
2" be an operator. Let us give the definition of Ulam—Hyers stability of an operator
equation due to Rus [29]. If T : % — 2~ is an operator, let us consider the operator
equation
T(x)=0, x€¢¥ (14)
and the inequation
1T <e. (15)

DEFINITION 3. The equation (14) is called Ulam—Hyers stable if for each solution
L of (15) there exists a solution v of the operator equation (14) such that

I = vi[ < ce,

where c is a constant depended on T .

DEFINITION 4. The equation (14) is called generalized Ulam—Hyers stable if there
exists y: RT — R™ increasing, continuous at 0 and y(0) =0 such that for each € >0
and for each solution u of (15) there exists a solution v of the operator equation (14)
such that

lu— vl <w(e).
3. Ulam-Hyers Stability of Matrix-valued Fractional Equations

In this section, we present our main results for Ulam—Hyers stability of some linear
matrix fractional differential equations. Firstly, we consider the stability of the non-
homogenous vector-valued fractional differential equation:

Du(r) = Au(r) + f (1),
{M$=mnimm, (16)

where A€ M,, to €M, .

THEOREM 1. Ifall the eigenvalues of A satisfy
orn
arg(A(4) > 5 a7

Then, the system (16) is Ulam-Hyers stable.



ULAM-HYERS STABILITY
Proof. 1t is easy to verify that the unique solution of the system (16) is
1
1(1) = Ea(Ar®)io+ / (1 — )% Ea(A(t — 5)%) f(5)ds.
0

Let us consider the inequation

1D u(t) —Au() — f) <e.

669

(18)

19)

A function v € M, 1 is a solution of (19) if and only if there exists a function

g €M, 1 (which depend on V) such that
) [lg@)l <&, vt €10,b),
(ii)
D%v(t)=Av(t)+ f(t)+g(t), Vr €]0,b).

Then, v is a solution of the following integral inequation

v(t)—Ea(Ata)to—/Ot(t—s)o‘_lEa(A(t—s)a)f(s)ds < Ce,

where C is a constant.
In fact, by (20) we have

v(t) = Eq(At%)1o + /Ot (t—5)* ' Eq(A(r — 9)*)(f(s) + g(s))ds.

Then, we get

V(1) —Ea(AtO‘)xo—/Ot(t—s)""lEa(A(t—s)“)f(s)ds

- /t(t—s)a_lEa(A(l—S)a)g(s)ds

0

1
/ s Eq(As®)g(1 — s)ds
0

< [ 5 Balas®) a5
0

(20)

21

(22)

(23)

Assume that all the eigenvalues of A satisfy (17). First, suppose that the matrix A is

diagonalizable, i.e. there exists an invertible matrix 7" such that
A =T AT = diag(A;, A2, ..., 4,).
Then,

Eq(As®) = TE¢(As®)T " = Tdiag[Eq(A15%), Eq(A25%), . .., Eq(Ans®)]T ",

and

1
s Eaas® s

t
— /O |Tdiag(s% ' Eq(A15),s%  Eq(Aas®), .., s*  Eq(Ans®)T~V|ds. (24)
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We will show that there exists a positive constant Cy such that
1
/ 159 Eg (As®)|ds < Cp, 1 <i < n.
0
Indeed, using (12) we find for # > 1y(> 0),
1
/ 159 Eg (A% |ds
0

1 t
_ / 5% E g (Aus®)|ds + / 5% B (A4 |ds

0 i)
_ " a1 -« g ¥ (is®)* a-1-p
_/O 5% Eq(Ass%) 2 S e+ OMRS)

)4 )L_)—ks—ak-&-a—l
= s 1E ls ds+ (l——l—
= e Ea s[5 B

ds

O(|A] 1P~ 1 | ds

T

‘ k —ak+a 1

/0 LB (| Al s%)ds + {Zx—) O(Az‘rl_ps_ap_l)}ds

N

|2l

i ak+a—1ds+ i |A'|_k
= T(ok+1)

L[ ekt 4 o) rer)
kzz‘ ( OCk)| fo

o Ml|ktak+a |Ai|—kt—ak+a p Mirkto—akﬂx

P
B 2 * T(otk +2) 2 “ (—ok+ D)|D(1—ak)| &= (—ak+ D)T(1— k)]

| | l| kto ak+a
+O(|Ni] 7 TP P) = 1§ Eq o (JAiltg) z

<Cpast — oo,
T2 —ak)|

(25)

It immediately follows that [; ||s* 'Eq(As*)|/ds < C forany ¢ > 0.

Next, assume that the matrix A is similar to a Jordan canonical form, i.e., there
exists an invertible matrix 7' such that

J =T 'AT = diag(Jy, /2, ..., J,),
where J;, 1 < i< r has the following form
Ai 1
A

>

4 niXn;

and Y, n; =n. Obviously,

Eq(As*) = Tdiag[Eq(J15%), Eq(J25%), ..., Eq(J,s*)] T~
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R < G A"
S Tlak+1) S T(ok+1)""
k—1 ni—1 k,nﬁ,l
Aik Cli )Li G Ai

B i (s*)k Ak
r Cl A,-k_l
kllk

(Ais*) (s* 19 k—1 oo (s*)k ni—1 4 k—n;j+17
2k 0Fak+1 Py 0Fak+1 GAi - Zio r(ak+1)Ck A;

(Zis®)k
B 240 T(okT 1)
oo 5Ok k—1
Yo I“(ockl-l CiAq

Ais
I 2o 1"((ak+)1)

where C;Z , 1 < j<n;—1 are the binomial coefficients.
For 1 > 19(> 0), we get
t
J

J
s%T %(%) Eq(Ais®)|ds
1o
=,

J
S‘FI% (%) Eq(Ais*)

1/
1_—! (a_ll> Ea(lisa) ds

!
ds—I—/ s

/ (k ]—i—l)M|k ;sak+a ld
0 & ST (ok+ 1) :
1/ / Lo (Ais*)* -1-
b5 GE) {‘Zﬁ”('“a' 1 p’} v
0 k=2
:ik(k—l)"'(k_j‘Fl)Mkj/tosakﬂxlds
P J'T(ak+1) 0
ot [ & GOkt Tl “lpgol-1
at1) i |—1=p—jo(=1-p)
+/zo s { & e PO )
Z (k= j+ DA
S J'T(atk+2)

Po(k+j— I)Mik*js—alwa—l e ane
n : i +O0(|A; p=igmop—1 4 4¢
1 {kz‘z JU(k— DN T(1 — k)| (14
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j .
Ea72(|a’i|t(()x) + O(M,i|_1_1’—1t—06p)

_ l)'ﬁ,_k_j t*akJrO( l()_ak+a

)! |r(l—(xk)‘ —ok+o —ok+o

ai P k—|—]—1) A iy ke
~ 105\ G Eaa) *Z (&~ )T @ — o)

I
Sk
|-
S
Ag
?QJ
—_~ N

< Cpast — oo,

where 1 < j<n;— 1. Thus, [; Hs“ YE, (As*) H ds is bounded.
Equat1on (18) and Equation (23) imply that there exists a constant C such that

() = v()ll < Ce. (26)
So the system (16) is Ulam-Hyers stable. The proof is completed. [J

THEOREM 2. Consider the initial valued problem

D*4(t) = Au() + £(1),
{u<o> c, @7

where A € My, C € My, and f(t), U(t) € My, are matrix-valued functions. If the

eigenvalues of A satisfy
an

arg(2(4)] >

then the system (27) is Ulam-Hyers stable.

(28)

Proof. By using the Vec(+)-notation in linear algebra, it is easy to obtain the solu-
tion of the system

1(t) = Eq(At%)C+ / ) EG (At — 5)®)(s)ds. 29)

Consider the inequation
[u(1) —Au@) - fO)l| <e. (30)
A function v € M, ,, is a solution of (30) if and only if there exists a function
g €M, 1 (which depend on V) such that
) llg@)]l <&, V1 €]0,b)
(i)
D*v(t)=Av(t)+ f(t) +g(1), Vi € [0,b). 31)

Then, v is a solution of the following integral inequation

< Cie, (32)

V(1) — Eq(At%)C — / Y EQ (At — ) f(s)ds

where C; is a constant.
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In fact, by (29) we have
t
V(t) = Eq(At*)C + /0 (t = )% Eq(A(t —$)*)(£(s) + g(s))ds. (33)

In view of the proof of Theorem 1, we get

V(1) — Eo(A1%)C — / VL EQ (Al —5)%) f(5)ds

- /Ot(z—s)a*lEa(A(t—s)a)g(s)ds :‘ /OtsaflEa(Asa)g(t—s)ds (34)
8/0 5% Eq(As®)||ds < Cie.
Thus,
() —v(t)| < Cie. (35)

Then, the system (27) is Ulam-Hyers stable. The proof is completed. [

THEOREM 3. Consider the following matrix fractional differential equation
Du(t) = Au(t) +u(0)B+f(t), u(0)=C, 1< (0,b), (36)

where A€ M,, BEM,,, C€M,,,, a€(0,1), and f(t),u(t) € My, are both matrix-
valued functions. Assume that b < +oo and that all the eigenvalues of A and B satisfy

larg(A(A))| > %, w>larg(A(B))| 2k (arn/2 <k <min{rm,mo}). (37)

The system (36) is Ulam-Hyers stable.

Proof. 1t is easy to vertify that the general solution of the system (36) is given as

1
w(t) = Eq(At*)CEy(Bt*) + / (t —5)* "Eq(A(t — 5)*) f(5)Eq (B(t —5)*)ds. (38)
0
Consider the following inequation

1) = Au() —u@)B—f@)| < e 39)

A function v € M, ,, is a solution of (39) if and only if there exists a function g € M), |
(which depend on V) such that
() llg)ll <&, Vi €(0,b)
(ii)
v¥(i)=Av()+v()B+ f(t)+g(t), Vi € (0,D). (40)

Then, v is a solution of the following integral inequation

<C28a
(41)

V(1) — Eq(At%)CEq(Bt%) + /0 (1 — )% B (A — 5)®) £(5)Ea (B(t — s)*)ds
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where C; is a constant. In fact, by (38) we have
1
v(t) = Eq(At*)CEy (Bt%) +/0 (t— s)O‘*lEa (At —$)*)(f(s) +g(s)Eq(B(t — 5)%)ds.

Then, by Lemma 2 we get

V(1) — Eq(Ar*)CEq(Bt%) — /0 (= )% B (At — 5)®) £(5)Eq (Bt — 5)%)ds

[ =0 Bl =9 g(5)Ea (Bl —5))ds

15
= H/ SailEa(Asa)g(t_S)EOC(BSa)dS (42)
0
! t
s / HSailEa(Asa)g(t _S)Ea(BSa)Hds < 8/ HsailEa(Asa)Ea(Bsa)Hds
0 0
t ! CiC
< 6/ 5% Eal(As®) ||| Ecr(Bs™) | ds < cls/ B (Bs)[|ds < —22 4.
’ 0 I+ 8]
Thus, if b < +oo
||IJ.(I)—V(Z)|| <C38 (43)

Then, the system (36) is Ulam-Hyers stable. And if b = +oo, the system (36) is not
Ulam-Hyers stable. The proof is completed. [
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