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1. Introduction

Currently, a variety of scientific fields are successfully using the latest advances in fractional
calculus and fractional differential equations. For a good introduction in the theory of fractional
calculus and fractional differential equations see Kilbas et al. [1], Kiryakova [2] and Podlubny [3].
The distributed order fractional differential equations is discussed in Jiao et al. [4] and for an application
oriented exposition see Diethelm [5]. We refer also the monograph of Stamova, Stamov [6] where
impulsive fractional differential and functional differential equations as well as several applications
are considered.

It is well known that the stability of a process is the ability of the process to withstand previously
unknown, small influences (perturbations). If such perturbations do not substantially change the
process, then it is called stable. We emphasize that this property proves to be extremely important and
becomes an “evergreen” research topic. As in the integer case, the study of the stability of fractional
differential equations and systems with delay is more complicated compared with fractional differential
equations and system without delay. We point out that this is due to the fact that, in fractional delay
differential equations, the dependence on the past evolution history of the processes described by such
equations is inspired by two sources. First of them is the impact conditioned by the delays and the
other one the impact conditioned from the availability of Volterra type integral in the definitions of
the fractional derivatives, i.e., the memory of the fractional derivative. It must be noted that the first
of them (conditioned by the delays) is independent from the derivative type (integer or fractional).
Different types fractional differential equations and systems with delays (retarded and neutral) or
without delays are studied for several types of stability. As works related to this theme we refer
to [7-23].
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In this article, first a general case of nonlinear delayed fractional system with linear neutral
part and variable delays is considered. The fractional derivatives of the system are in Caputo sense
with incommensurate orders a; € (0,1), k =1,...,n. The incommensurate order of the fractional
derivatives means that, unlike many fractional systems studied, the order of the fractional derivative is
not the same for the whole system, and moreover, the different orders of the fractional derivatives are
not rational numbers, which would allow a common denominator to be found (such approach has also
been widely used in some studies). For this type systems, we prove existence and uniqueness of the
solutions of an initial problem (IP) with piecewise continuous initial conditions. We know only a few
results for Cauchy problem for fractional delay differential equations with initial functions which are
not continuous (see [24-26]).

Then we have two main goals. First of them is to obtain sufficient conditions which guarantee
that the zero solution of a neutral linear system with nonlinear perturbation is globally asymptotically
stable if the zero solution of the unperturbed neutral linear system is globally asymptotically stable.
The second one is to study the influence of the memory on the asymptotic nature of the solutions of
the these systems, which is generated by the fractional derivatives and the time delays in the systems.
Since the conditions and the obtained results are similar as these in the case of delayed systems with
integer derivatives we can conclude that the influence from the memory generated by the time delays
in the systems has more determining influence for the evolution of the process in compare with this
generated by the fractional derivatives.

It must be noted that for the study of the stability properties described above, a formula for
integral representation of the general solution of a linear autonomous neutral system with several
delays is proved. For papers, related to such problems we refer to [24,27-29].

The paper is organized as follows. In Section 2 we give definitions and needed properties of
Riemann-Liouville and Caputo fractional derivatives and introduce some notations. In Section 3 we
prove existence and uniqueness of the solutions of the initial problem for neutral nonlinear differential
system with incommensurate order Caputo fractional derivatives and with piecewise continuous
initial function. In Section 4 we establish a formula for integral presentation of the general solution of
a linear autonomous neutral system with several delays which is needed in our investigations below.
Note that the obtained result are an immediate generalization of the results obtained in [27]. Section 5
is devoted to the study of a neutral autonomous nonlinear perturbed linear fractional differential
system in the case of Caputo type derivatives with incommensurate differential orders. Using the
formula obtained in the previous section, some natural sufficient conditions are found to ensure that
from global asymptotic stability of the zero solution of the linear part of a nonlinearly perturbed system
it follows global asymptotic stability of the zero solution of the whole nonlinearly perturbed system.

2. Preliminaries

Let 7 € (0,1) be an arbitrary number and denote by LI°(R,R) the linear space of all locally
Lebesgue integrable functions f : R — R. Then fora € R, each t > aand f € LI°°(R,R) the left-sided
fractional integral operator, the left-sided Riemann-Liouville and Caputo fractional derivative of order
7 are defined by

t
OIN0 = s [ =97 70ds wDLAO = s 5 (PES0),

cDi f(t) =re D, [f(t) — f(a)] (t) =re DI, f(t) — m(t —a)7

respectively (see [1]).
We will use the following relations (see again [1]):

(@) (DR, f)(t) = f(t); (b) Dy DT f(t) = f(t); (o) D, [c Dy f(t) = f(t) — f(a).
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Concerning the Laplace transform (.Zf)(p f e PHf(t)dt, p € C we need the properties:
@) (LD f)(p) =p " (L)(p);

(i) (£ DY, F)(p fe MDY, f(1)dt = p1(Zf)(p) = DI (D]

t=0
(iii) (£ Dy, f)(p fe PieDg, f(t)dt = p7(Zf)(p) — p7~ ' £(0).

In this article we will use only one-side Laplace transform. The main criterion that we use for the
existence of a Laplace transform is the exponential boundedness of the functions. For more details on
Laplace transform see [30].

Everywhere below we will use the notations R} = (0,00), R = [0,00), Cy = {p € C[Re p > 0},
Ci={peClRep>0}, C_=C\Cy, Jo=[a,0), acR, ken)={1...,n}, neN,
(n)g=(n)u{0}, I, ecR"™" denote the identity and zero matrix respectively and

n
0 € R" is the zero element. For Y(t) € R™" we have [Y(t)|= ¥ |y(t)| for t€ ],
k=1

X(t) = (x1(t),..., x, ()T : ], — R", Z(p) = (z1(p),...,za(p))T : C = C", peC and
B=(B1,---,Bn), Bx € [-1,1], k € (n). We will use also the notations

IgY (1) = diag((y1(t))P, ..., (yu(1)P") and IpZ(p) = diag((z1(p))P, ..., (zu(p))P").

As usual for arbitrary fixed # > 0 a vector function ® = (¢1,...,¢n)7 : [~h,0] — R" will
be called piecewise continuous on [—h,0] (and noted ® € PC([—h,0],R")) if ® has finite many
jumps of first kind and has finite left and right limits at the jump points. We will denote the
set of all jump points of ® € PC([—h,0],R")) with Sp. With C* we denote the Banach space
of all right continuous in the interval [—h,0] vector functions ® € PC([—h,0],R")) with norm
||®|| = sup |P(s)|= sup Z |px(s)] < o0, by C = C([—h,0],R") the subspace of all continuous

s€[—h,0] s€[—h,0] k=
functions, i.e., C C C* and E* = ]a x C*.

3. Existence and Uniqueness of the Solutions of the Cauchy Problem for Neutral Nonlinear
Fractional Differential System

Consider the nonlinear delayed system of neutral type with incommensurate Caputo
fractional derivatives

D5 (X ZA’ X(t—7(t)) = F(t, X]) Q)

or described in more detailed form
D% |2 2 Zak] i(t—a()| = filt,xbo..,xl), ke (n),

where X:J, - R", a e R, F:E* - R", D“" = CD (left side Caputo fractional derivative),
Ds, = diag(DSL,..., D), D%, X(f) = (DRl (e),..., DX ()T, w=(ay,..., ), a5 € (0,1),
ke (n), XF(0) = (x1(8),...,x1(6)), xk(0) := xF(t + 9) for teJ,, —h <0 <0, h>0be an arbitrary
fixed constant. As previously explained we consider x(0) for every fixed t € J, as the restriction of
the function x*(t) on the interval [t — &, t] (see [31,32]).

Introduce for arbitrary ® € C* the following initial condition for both types of delays

Xo=X(a+0)=P(a+6) for —h<0<0

X(t—7(t)=o(t—1(t)) for t—7(t) <a, ler), @
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ie, for each ke (n) we have that xK(0)=x"(a+0)=¢"0) for —h<6<0 and
XK(E— (1)) = ¢kt — (1)) for t = (1) < a, 1 € (1),

For the neutral part of the system (1) we say that the conditions (A) are fulfilled if the following
conditions hold:

(A1) The matrices Al (t) = {uk]( )} j=1 € CUJa, R™") forevery I € (r).
(A2) The delays 7(t) € C(]a,RJr) 7(a) > 0and sup 7y(t) < hforevery Il € (r).
t€]a

(A3) Theset S§, = {t € J,|t — 1(t) € Sg,I € (r)} do not have limit points.
Consider the following auxiliary system

X(0) = Co+ L A'OX(—1(0) + 11(T@) [ La(t = 9)FGs XD )as, ®
I=1 ¢

or described in more detailed form for k € (n)

wlt) = b+ 1 L a0 = m0) + s [0 il s

r

where Co = ®(a) — Y~ A(a)®(a — 1(a)), c = (a) — Y- Y aby(@)¢/ (a — 1(a)),

I=1 I=1j=1

Definition 1. The function X(t) € C([a,a+ M],R"), M € R (X(t) € C(Ja,R")), is a solution of the
IP (1) and (2) or of the IP (3) and (2) in [a,a + M] (]a), if it satisfies the system (1) or respectively (3) for all
t € (a, M] (t € (a,0)) and the initial condition (2) too.

We say that for the vector valued functional F : E* — R” the ((H)/Caratheodory/conditions are
fulfilled in E* if the following conditions hold:

(H1) For almost all fixed t € J, the function (t,'¥) — F(t,¥) is continuous in arbitrary ¥ € C*
and for each fixed function ¥ € C* the function (+,'¥) — F(t,'¥) is Lebesgue measurable and locally
bounded for t € J,.

(H2) (Local Lipschitz condition) For each (¢, ¥) € E* and for some its neighborhood O(t,'¥) C E*
there exists a locally bounded, Lebesgue measurable function ¢ € L1°(],,R..) such that the inequalities

|[F(L¥D)] < £(b),

4)
|F(t, Y1) — F(t,¥37)| < €(1)[[¥1 — Y2

hold for every ¥1,%¥,, ¥« € O(t,¥) and t € J,.

Remark 1. Note that the Lipschitz conditions (4) in (H2) imply that for each t € ], we have F(t,07) = 0.
Furthermore, the function ¢ € LI°(J,, R+ in (H2) can depend from the neighborhood of the chosen point
(t,'¥) € E*. For more details about Lipschitz functions see [33].

Lemma 1. Let the conditions (A) be fulfilled and the condition (H1) holds in E*.
Then every solution X(t) of IP (1) and (2) is a solution of the IP (3) and (2) and vice versa.

Proof. The proof is almost the same as the proof of the Lemma 1 in [34] for the case of continuous
initial function but for completeness we will sketch it.
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Let X(t) = (x1(t),...,xu(t))T be a solution of the IP (1) and (2) in J,. Then condition (H1) implies
that F(t, X}) is Lebesgue integrable function. Applying the operator D, ¥, k € (n) to both sides of (1)
and using formula (c) we obtain that for the left side of (1) the following equality holds

DD k(1) = (1) — Y Y al () (¢ — (b)) — . )
1=1j=1

where the constant lep is calculated by the use of the initial conditions (2). Then from (1) and (2) and (5)
it follows that X () is a solution of the IP (3) and (2).

Conversely if X(t) is a solution of the IP (3) and (2) then we apply the operator D,*, k € (n),
to both sides of (3) and taking into account (b) and (5) we obtain that X(t) is a solution of the IP (1)
and (2). O

For arbitrary fixed ® € C* we introduce the following set
W ={G=(¢"...,¢") " :[a—h,c0) = R"|G|}, € C(Jo,R"),Gs = G(a+8) = P(a+0),—h <0 <0}
and for arbitrary M € R the sets
Im={W:la—ho00) 5 R" | W =Glj_peimp, G €I, W(t) = W(M),t € [a+ M,o0)]}.

Obviously 3% C 3,?. Since for each G € Jg’ we have that G; € C* for every fixed t € ], then for
arbitrary M € R we have that

I = {We(8) : [t —h,t] - R" | Wi(0) := W(t+0) for each fixed t € J;,0 € [-h,0], W € Iy}
C 3 ={G(0) : [t—h] = R" | G(0) := G(t +0) for each fixed t € J,,0 € [—h,0],G € 3}

and hence E}; = {(t, Wy)[t € Jo, Wr € 33} CEj = {(t,Gt)|t € ], Gt € J;;} C E too.
Let (t1,'¥1), (t2, ¥2) € E} be arbitrary and introduce in E} the following distance function

d((t1, Y1), (t2,¥2)) = [t1 — b2| + [|[F1 — T2,

where ¥; = ¥, fort; > a+hand fort; € [a,a+ h|,i = 1,2 we define respectively

= Y:(0) a—t<6<0
\YG — 1 7 - =
i(0) { Yi(a—t), —-h<0<a—t.

Itis simply to check that the sets E}; and E; are complete metric spaces in respect to the introduced
distance function.

Theorem 1. Let the following conditions be fulfilled:

1. For the vector valued functional F : E* — R" the conditions (H) hold in E* and the conditions (A) hold too.
2. The initial function ® € C* has at most one jump point te € [a — h,a| and is right continuous on Se.

Then there exists My € Ry such that the IP (3) and (2) has a unique solution in the interval [a,a + Mo].

Proof. (a) Lettp = a.

Condition (A2) implies that there exists ¢* € Ry such that for t € [g,a+c*] and all
I € (r) the inequalities t— Tj(t) <a hold. Without loss of generality we can assume that
c¢* <min{1,h}. Let M € (0,c*], t* € [a,a+ M)] be arbitrary and then for an arbitrary function
Wi = (wh., ..., wk)T € 3}, define the operator (RW;) = ((Rw}.), ..., (Rwi))T point wise for every
t € [t* — h,t*] as follows:
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(RW) () = Co + Zr: Al(t)W(t —7(t) +11(T(a)) /at Li_1(t—s)F(s,Wl)ds, t € (a,t*), (6)

=1
(RW)(£) = B(H), te [t —hal, @)
(MW (H") = tiiﬁfﬂo(mwt*)(t) (8)

or for k € (n) in more detailed form:

Rk ) (1) = ey + 3 Y ab (Ot —m(0) + i [ (-5 (s ks, e (at)
=13 T(ax) Ja

(k) () = 5(t), tE [ —hal,
(Raf) () = lim (Rya0k) (8).

t—t*—0

First we will prove that R(J},) € J3, for every M € (0,c*].

Let M € (0,c*], t* € [a,a+ M] be arbitrary and consider the case when t € [t* —h,a]. If t =a
then from (7) it follows that (RW;+)(a) = ®(a).

For the second addend in (6) from Condition 1 of the theorem it follows that

1=

=1

AOW(E— (1) = Y. AD@(t - 1(1)) ©)
1=1

for each t € (a,t*]. Then from Condition 1 of the theorem, (8) and (9) it follows that the second addend
in the right side of (6) is a continuous function for ¢ € (a,t*] and hence (6) implies that the function

(RW;+)(t) is continuous for t € (a, t*]. Since from (6) it follows that t lirrio(%wt* )(t) = ®(a), then we
—a

conclude that (RW;+)(t) is right continuous at 4, i.e., (RW;+)(t) is continuous in [, t*]. Taking into
account that t* € [a,a + M] is arbitrary then (RW;-)(t) is continuous in [a,a + M], where M € (0, c*]
is arbitrary.

Thus we can conclude that 93(33,) € J3, for every M € (0,c*].

Let W;, W, € Iy where M € (0,c*] is arbitrary and t € [a,a + M]. Then from (9) it follows that

[(AW) (t = 1(t)) = (RW)(t — T(1))| = [@(t = 1 (t)) — (t =1 (t))| = 0. (10)

From (6), (7), (8) and (10) for every t € [a,a + M] we obtain that

| (R ) (1) — (R ) ()]

|
™=

[(RW:) () — (RW;)(t)]

k:l 1t (11)
< t _ lxkfl 1 o ny 1 o - d ‘
_k:er(,Xk) A( $)*fi(s,wg, ..., wl) — fi(s,wg, ..., wy)|ds

Conditions (H) imply that there exists constant L = L(M) > 0,L = sup {(s) and then from (11) it
sela,a+M)]
follows that for t € [a,a + M] we have
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n

(W)~ RTO] < W= T Y- s [ (09 e(s)as

k=1 a
— n t_a)'xk
< LW —Wi| ) (le"(zx)
k=1 %kt &k (12)
— & max(M*M, M)
< L||Wy—W;
H ||k:21 F(l +0€k)

< LTy (a)M*"||W; — W]

n
1
where I'y- (o) = _—
(@) k;mw)

Then choosing My = min(2L Fz(a)_v%m, h,1) for every t € [a,a + M| from (12) it follows that

, 0y = min(ay,...,a,) and ap; = max(aq, ..., a,).

d((t, RWy), (£, RW})) = [t — t| + ||RW; — RV, || < 27 |W; — Wi|| = 27 1d((t, Wy), (t, W))),

and hence the operator 9 is contractive in Ej, .

(b) Lettp < aand SHNT, = @, where T, = {a —7(a) |l € (1) }.

Then from conditions (A) it follows that there exists ¢* € R, such that for t € [a,a + c*] we have
SeN{t—7(t)|1 € (r)} =@. Thus for t € [a,a+ c*] we have that t — 7;(t) is a continuous function
for each I € (r). Then as in the former case (a) we can prove that there exists My € (0, c*] such that the
operator R defined by (6)—(8) is contractive in E}“VIO.

(c) Lettp <aand SN T, # @.

Then from conditions (A) it follows that there exist numbers ljl’ e, l]-p, 1 < p <, such that

a—T, (a) = te,1 <i < p. Lete € (0,0¢) be arbitrary, where g = 3|P(te) — t litrn 0<I>(t)| and hence
1 % q)_

since ®(t) is right continuous at g < a then there exists c; € R, such that for t € [a,a + c}] we have
|D(ty) — P(t — T, (t))| < e. Thus for t € [a,a+ c]] we have that t — Tl/’f(t) > tg. Since t — T(t) are
continuous functions at a and te < aforalll € (r) with & {l;;,...,I;,} we can conclude that there
exists ¢* € (0,c}) such that for t € [a,a + c*] the inequality te{;llj—?c*](t —7(t)) > te holds. Then the
same way as in the proof of point (a) above, we can obtain that there exists My € (0, c*] such that the
operator R defined by (6)—(8) is contractive in E}‘VIO. O

Remark 2. Note that from Theorem 1 it follows that any solution of the IP (3) and (2) is unique on the interval
where this solution does exist. That’s mean if there exist two solutions X1 (t), Xo(t) of the IP (3) and (2) with
intervals of existence [a,a + M) and [a,a + Mp| with My < M, then Xq(t) = X (t) fort € [a,a+ M), ie.,
the solution Xy (t) is a continuation of Xy (t).

Remark 3. It is not hard to check that the proof of Theorem 1 remains useful in the essential more general case
with finitely many first kind jumps of the initial function ® € C* when the intersection Sz, N T, # @ holds.

The aim of the next corollary is to study the important case of the, I. when the right end of the
initial interval does not coincide with the lower terminal of the fractional derivatives.

Let X, (t) be the unique solution of IP (3) and (2) in the interval [a,a + My]. Consider the
initial condition for the system (3) with shifted initial point ty = a 4+ My and initial function X, (f),
t € [a—h,a+ My as follows:

Xiy = X(tg+0) = XMO(tO +6), 6¢ [—h,O],

(13)
X(t— (1) = X (t—1(8), t—n(t) <to, 1€ {r).
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Definition 2. The function X(t) € C([to,to + M],R"), to > a, M e Ry (X(t) € C(Jy,,R"), to > a),
is a solution of the IP (1) and (13) or of the IP (3) and (13) in [to, to + M] (J1,), if it satisfies the system (1) or
respectively (3) for all t € (tg, M] (t € (tg, 0)) and the initial condition (13) too.

Remark 4. Let Xy, (t) be the unique solution of IP (3) and (2) in the interval [a, a + My|. Then if we choose
to = a + My as initial point and take X, (t) as initial function in the interval [a — h, ty) for the IP (3) and
(13), then using the solution of IP (3) and (13) (if there exists) we can define a prolongation of X, (t) as
solution of the IP (3) and (2).

Note that the most complicated case is when ty < a + h and tp = a. Below we will consider only
this case.

Corollary 1. Let the following conditions hold.

1. The conditions of Theorem 1 hold.
2. te=aandty=a+ My <a+h.

Then there exists My > 0 such that the IP (3) and (13) has a unique continuous solution in the interval

[to, to + M1] = [a + My, a + My + Ml],

Proof. The proof is almost the same as the proof of Theorem 1 but for completeness we will sketch it.
As above for arbitrary fixed ® € C* we introduce the following set

55) ={G= (gl,...,g”)T: [a—h,00) = R" |G|}, € C(Ja,R"),G(t) = Xpm,(t),t € [a—h,a+ M}

and for arbitrary M > 0 the sets

5?;[ ={W:la—ho0) >R"|W= Gl[a—h,t0+M]/G S §T,W(t) =W(M),t € [to+ M, )}

and we have that ﬁ C ﬁf For each G € ‘:jf) we see that G € C* for every fixed t € J,. Then for
arbitrary M > 0 we have that

T = (W0 = W(E+0) | —h<0<0,t€ [ty 00), WETii)}
CT ={G0) =G(t+0)| —h<8<0,t€ [ty,),G €I}

and hence
Ey = {(t, W)) | £ € [to,00), W; € Iy} CEp = {(1,Gy) | t € [ty,0),Gr €T} CE

too.

Let M>0 and t*€[t),to+M] be arbitrary and then for every function
Wi = (wh, ..., wk)T € Jy define the operator (RW;:) = ((Bywl.),. .., (Rawi))T for t € ( —h, t*]
as follows:

Define the operator 9} for t € (17, +*) with (6); for t = t* with (8) and

(RWp)(t) = X, (t)  for t € [t —h, %) (14)

Note that (14) is similar condition as (7) but with other initial point and initial function.

Consider the set T; ={t—7(t)|l € (r)} for t € [a,a+ h]. Consider also the set
Tty = {to — T(to) |l € (r)} and leta & Ty, i.e., S3 N Ty, = @. Then as in the case (b) of Theorem 1 from
conditions (A) it follows that there exists ¢* € R, such that for t € [ty, to + c*] wehave S; N T; = @,
ie., a ¢ T;. Thus for t € [ty, tg + c*] we have that t — 7;(t) is a continuous function for each I € (r).
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Let M € (0,c*] be arbitrary. Then for every t* € [ty, to + M] and each Wy € J from (14) and
from Condition 1 of Theorem 1 for t € [t* — h, ty] we have that

r

Y AW =71() = Y5 A0 Xt~ 71(1)) (15)
I=1

=1

and hence the second addend in (6) is a continuous function for t € [a, tp] (right continuous at a).
Moreover, from Condition 1 of Theorem 1 and (8) it follows that the second addend in the right
side of (6) is a continuous function for t € [ty,t*] and thus (6) implies that the function (RW;-)(t) is
continuous for t € [ty, t*] too. Since from (15) and (6) it follows that Xy, (¢) is continuous at ¢y then we
can conclude that :3(Jy,) € Iy for every M € (0,c*].

Let Wi, W; € Ty, where M € (0, ¢*] is arbitrary and t € [ty, to + M]. Then from (15) it follows that

[(RW) (£ = T(8) = (RW) (t = (1) = [Xnmo (t = T(t)) — Xy (£ = T (#))] = 0

Then the same way as in the proof of Theorem 1 we obtain

— (AW - W n# t_sﬂkflss
(@AW (0) = W] < [We=Wil| Y s [ (6= (o) )

< LTy (a) max(M*™, M*")||W; — Wy]|.

Then choosing M; = min(h, max(2LFZ(a))7ﬁ,2L1"Z(a))7ﬁ) for every t € [ty, tg + M| from (16) it
follows that the operator 91 is contractive in Ej, »

Consider the case when a € Ty;. Then S3 N Ty, # @. Then as in the case (c) of Theorem 1
from conditions (A) it follows that there exist some numbers Z]'1" .1 ,1<p<r, such that
to —lei(to) =41<i<p.

For every ¢ € (0,0¢), where dg is the same as in Theorem 1, since ®(¢) is right continuous at a
then there exists c; € Ry, such that for t € [ty, tg + ¢] we have |®(a) — D(t — T, (t))] < e. Thus for
t € [to, to + cj] we have that t — T, (t) > a.

Since for all I € (r) with [ ¢ {l;,...,I; } the functions t — 7(t) are continuous at t; with
to — 1i(to) # a, then we can conclude that there exists ¢* € (0,cj) such that for I € (r) with | ¢
{lji,---.1j,} wehave that SG N {t — 7(t) [ t € [to,to +c*]} = @. Thus for ! € (r) with I & {I;,...,1; }
we have thata ¢ {t — 7(t) | t € [to, tp + c*]} and hence the functions t — 7;(t) are continuous for these
land t € [tg, tyg + c*]. Then the same way as in the proof of the former case above, we can obtain that

there exists M; € (0, c*] such that the operator R defined by (6), (8) and (14) is contractive in Ej\/{ - g

Ip’

Theorem 2. Let the conditions of Theorem 1 hold. Then the IP (3) and (2) has a unique solution in |,.

Proof. According Theorem 1 there exists My > 0 such that the IP (3) and (2) has a unique solution in
[a,a + My]. Denote by X™*(t) = (x"*(t),..., x;*(t)) the maximal solution of the IP (3) and (2) and
assume that the interval of existence ™ is closed from right, i.e., Jmax = [4,a + M™®]| and X™3*(t)
is a continuation of every other solution of the IP (3) and (2). Then applying Corollary 1 with initial
point M™®* and initial function X™®(t) we obtain a prolongation of X™®*(t) which is a contradiction.
Thus we conclude that the interval of existence has the form Jmax = [a,a + M™3).

Let we assume that M™@* < co. Then we have two cases : either a + M™® — 7)(g + M™®) #£ g
for every le(r), or there exist some numbers Zh' cer, ljp, 1<p<r, such that
a+ M™ — 7, (a+M™>) =g,1 <i< p.Letconsider the case when a + M™® — 7j(a + M™3) £ g
for every I € (r). Then the right side of (3) is continuous and passing to limit in the both sides
of (3) for t — a + M™® — 0 we obtain that (3) holds for t = a + M™?*. Therefore we are obtained
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a solution which is a prolongation of X™®(¢) since it has as interval of existence [a,a + M™®*] which
is a contradiction and hence M™®* = oo in this case.
Let there exist some numbers l]-1,. iy, 1 < p <, such that a + M™™ — 7. (a4 M™a) =g,
j

1 <i < p. Then we have that

MmOZAl XM —m) =, B A OSE () —a) (17)

t—a+ t—a+

and since @ € C¥, then the right side of (17) has finite limit. Therefore the right side of (3) can be
prolonged as continuous function at t = a + M™?* as well as the left side and therefore (3) holds for
t = a+ M™® too. Thus M™® = oo in this case too. [

4. Integral Representation of the Solution of the, I. for Autonomous Linear Neutral Fractional System

The aim of this section is to obtain an integral representation of the solutions of autonomous
linear fractional neutral system with Caputo type derivatives and multiple delays introduced below
(see (19)). The obtained representation will be essentially used in the next Section 5.

As usual a vector valued function XT(t) = (x'(t),...,x"(t)) € C(R;,R") will be called
exponentially bounded, if for t € R we have that |X(t)| < Ce!7 for some C > 0 and y € R.

Consider an autonomous linear neutral fractional system with derivatives in Caputo sense and
multiple delays in the following form

[14
Do,
=1 i=0

r noo
— ZAZX(t—T,)] =Y BX(t—o0;) + F(t) (18)
and the homogeneous one

'3
Do

Xr:AlX(tTl] Xn: X(t—0) (19)

where A, Bl ¢ R, ¢, € (0,0], 0o =0, 1€ (0,7], o, T €Ry, i€ (m), 1 €{r), X,F: R, — R",
h = max(c, 7).
Consider the following initial conditions for the systems (18) or (19):

X(t) = q)(i'),(l) €eC (xk(t) = ¢k(t)rk € <n>)/ te [—h,O] (20)
Let s € R be an arbitrary fixed number and consider the following matrix, I. for t € J;

n

=B°Q(t,s)+ Y_B'Q(t —7,5) f —0,s)  (21)

i=1

Dj, |Q(ts) =Y. A'Q(t—1,s)
I=1

where Q(t,s) = {ryk]-(t,s)}]’(lj:1 i [s,00) x Ry — R™" and initial condition

I, t=s
Qlt,s) = { 0, —c0<8<s. (22)

Definition 3. For each s € Ry the matrix valued function t — Q(t,s) is called a solution of the IP (21), (22)
fort € Js = [s,00) if Q(-,s) is continuous in t on J; and satisfies the matrix Equation (21) for t € (s,0),
as well as the initial condition (22) too.

In the case when s = 0, the matrix Q(t) = Q(t,0) will be called the fundamental (or Cauchy)
matrix of a system (19).
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Remark 5. Note that from Theorem 2 it follows that the matrix IP (21) and (22) has a unique solution.
Moreover, from Theorem 2 in [34] it follows that the IP (18) and (20) has a unique continuous solution
for each ® € C = C([~h,0],R") and locally bounded F € L*¢(R+,R"). It must be also noted that for the
Equations (18) and (19) the conditions (A) are fulfilled.

The next results are an immediate generalization of the results obtained in [27] .
Theorem 3. The fundamental matrix Q(t) of (19) is exponentially bounded and has the following representation
Q(t) = (L7 [la-1(P)G(P)I(D) (23)

where
m .
G(p) = —L(p ZAle i — B0 — Y Bl
= — L(p Z Ale™PT — 2 Ble~Pei
=0

is the characteristic matrix of (19) (see [34]).

Proof. Let us assume that every column of the fundamental matrix Q(t) of (19) is exponentially
bounded, i.e., is O(¢’) in general for some 6 > 0 . Then we can correct apply the Laplace transform
to both sides of (21) and similar as in the proof of the corresponding result in [27] we obtain that
the representation (23) holds. Hence the matrix Q(f) = Q(t,0) is a solution of IP (21) and (22) for
s = 0. Since the IP (21) and (22) in virtue of Theorem 2 has a unique solution then we obtain that the
matrix Q(f) defined by (23) is this unique solution. Since the real parts of the roots of the characteristic
equation detG(p) = 0 are uniformly bounded from above, then from the representation (23) it follows
immediately that the fundamental matrix Q(t) of (19) is exponentially bounded. [J

Theorem 4. For every ® € C the corresponding unique solution Xg(t) of the IP (19) and (20) can be
represented in the following form:

Xo(t) = Q) (@(0) ~ 1 Al(~

1 b1 4 1
“rm/o D(§+Q(t d l;Al ZAI/ s — —Tl) Zq)(iy)dﬂ

r . r0
+Y Alog(t—7)+ Y (B | D{*Q(t—n—0p)®(y)dy)
1=1 i=0 -

R Tony Z B / (t—n—o) " ®@(n)dy

1

where Q(t) is the fundamental matrix of (19).

Proof. Since Theorem 3 implies that the fundamental matrix Q(#) of (19) is exponentially bounded,
then from (24) it follows that X¢(t) is exponentially bounded too. Substituting X¢(t) in (19) and
applying the Laplace transform to both sides of (19) we obtain that

L(P)(£X0) () — () Y- Ale P (£X0) (p) — u(p Zdem/eﬂ@mm
1=1 -7

mo . 0
— Li(p)Co + ) Ble PH(LXo)(p) + Y Bie / e (1)t

i=0 i=0 /0
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and hence
G(p)(£X)(p) = L-1(p)Co + In(p z AlerT [ e PD(1)dt
n 0 ' (25)
+ ZB’e*Wf/ e P(t)dt,
i=0 —0i
where Cop = ®(0) — YJ_; A!®(—1). From (25) it follows that
(£Xe)(p) = (£QM)(p)Co + (£Q(1) 2 Ao [ e
-
(26)

+ (2Q(1)) (p) -l ZBe Pai / e Plo(t)dt.

Z

Introduce the functions:

. | @), te(-m,0) o), te[-7,0 o), te[-o;,0]
CDT/_{O, tER\(Z—TI,O) q’”‘{o, teR\[l—r,,o} q)""_{o, t e R\ [~0;,0]

foreveryi € (m) and ! € (r). Then using for each I € (r) the substitution s = t 4+ 7; we obtain

1(£Q(0) (p)L (p ZA’e pn/ e Pt (1)dt

-7

= I%(p)( % ZAZ/ e PPy (s — 1)ds
= LHLQ P () LA (0 =) () @)
= |03, 00)0) + 1 40)] 1,0) L A 2@

The same way we obtain

(ZQUN(P)h-w(p) L B [ e a(t)ar

— (DL Q()(p) (f;o LBD, (¢~ m)(p)) + (f%] LBIDy (¢ - m)(p)) (28)
Taking into account (26)~(28) we receive
(£Xa)(p) = (£Q)()Co + (£D3. QN (P) L AT ()£} (¢~ )()
¥ §<3Al¢fl<t —0)(p) +i_i0 (DL (1) (LBt~ )(p)  (29)

and applying to both sides of (29) the inverse Laplace transform we have
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Xo(t) = Q(t)Co + Y AI(DZ, Q(f) + D&, &% (t— 1)) + Y Aldoq (t — 1)
=1 =1 (30)
+ Y B(D{*Q(t) * P, (t — +ZBD LD, (t— 7).

i=0 i=

For every | € (r) after simple calculation we obtain

CD2 I (¢ ( T) = RLD CI>*

—~
~

—T) - NG

(t—s)*%cbfl(s —17)ds (31)

Il
=
AN
—~
N
AN
SN—
7~ N7 N -7 N7 N

Ela &la &la 9:\9-

N—— —

and from (31) for the second addend in (30) it follows that

ZAZ *Dz LD (t— 1))
) /0 ph.t o) () LA [ 60w berans &
1)/ D, Q(t —s)d ZAI/TI s— —Tl)_;¢(ﬂ)dﬂ‘|.

Since for the fourth and fifth addends in the right side of (30) we have that

i B'(Dy}“Q(1)) * Py (t — 07) JFZBD0 By (t — 07)

i=

i / D}y L1Q(t = 5)Pg, (s — 07)ds + 1,(1“) iBi/()Ui(t—s)la‘d)gi(s —0;)ds (33)
= i (Bl /_O Do “Q(t—1 —Ji)q>(f7)d17> + r(1“) i}Bi /_i_(t — 11— 03) T D (ip)dy

and then substituting in (30) the results from (32) and (33) we obtain

ZA’/,TI

+2Aq>n t—1) +Z(B’/ DL *Q(t — _Ui)q>(,7)d,7>
* i 5P [t —n -y amay,

Xo(t) = Q(t)Co +T7! /D Q(t—s)d s — —Tl)%q’(ﬂ)dﬂl

which completes the proof. [
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Theorem 5. Let the function F € L*°(R, R") be exponentially bounded.
Then the solution X (t) of the IP (18) and (20) with initial function ®(t) =0, t € [~h,0] has the
following representation:

XE() = /D1 “Q(t — s)F(s)ds + Dy “F(t), (34)

where Q(t) is the fundamental matrix of the system (21).

Proof. The proof of this result is almost the same as the proof of the corresponding result in [27] and
will be omitted. [J

Corollary 2. Let the function F € LI°(R_, R") be exponentially bounded.

Then for every initial function ® € C the corresponding unique solution X4 (t) of the IP (18) and (20) has
the following integral representation:

_ /Ot DI-*Q(t — s)F(s)ds + Dy SF(t) + Q(f)Cor
[ phou-sa LA [
+XrlA%f—Tz +Z( /_OUD “Qt—n—0)® (U)d’?>

I=1 i=0

s— —n)ieb(n)dn]
(35)

r(“ ZBI/ =1 =) e (p)dy,

I

where Q(t) is the fundamental matrix of system (19).

Proof. Let ® € C be an arbitrary initial function and let the function X¢(t) be the unique solution
of TP (19) and (20) with ® € C and let X* () be the unique solution of IP (18) and (20) with initial
function ®(t) = 0, t € [h,0] for arbitrary exponentially bounded function F € L{*(R,R"). Then
according the superposition principle the function Xk (t) = Xo(t) + X*(#) is the unique solution of
IP (18) and (20). O

5. Asymptotic Stability of a Nonlinear Perturbed Fractional System with Neutral Autonomous
Linear Part

Consider the neutral nonlinear perturbed system

o
Doy |X

i X(t—7 ] — Y BIX(t - ) + Wt X7) (36)
0

1=

ie.,

o
Do

xk(t)—lzr;iaijxj(t—n] ZZ% (t—o;) +w(t, XT),
=0j=1

i=0j=1

where XT(t) = (x!(t),...,x"(t)) € CR4+,R"), W:E—R", E=R;xC, WI=(wl,...,0"),
wk : E — R, k € (n) and which neutral linear part coincides with the system (19).
For the system (36) introduce the following initial condition

X(t)=®(t), te[-h0], ®eC. (37)

Remark 6. It is well known that the system (36) is a partial case of the system (1). Everywhere below we will
assume that the initial point is a = 0.
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Theorem 6. Let the following conditions be fulfilled:

1. The conditions (A) hold.
2. For the vector valued functional W : E — R" in the right side of the perturbed system (36) the conditions
(H) hold for each (t,'¥) C E.

Then for every fixed initial function ® € C the IP (36) and (37) has a unique solution in R.
Proof. The statement of Theorem 6 follows immediately from Theorem 2. [J

Definition 4. We say that the vector valued functional W : E — R" is exponentially bounded in C(R,R")
if for every XT(t) € C(R4,R") there exist constants Cx € R, vx € R (i.e., the constants can depend from
X) such that for the the function F(t) = W(t, X[') holds |F(t)| < Cxe"x! for t € R,.

Definition 5. The zero solution of the system (18), (19) or (37) is said to be:

(a) Stable (uniformly) iff for any € > O there is a 5(e) > 0 such that for every initial function ® € C with
||®|| < & the corresponding solution X (t) satisfies for each t € R the inequality |X(t)| < e.

(b) Locally asymptotically stable (LAS) iff there is a A C C such that for every initial function ® € A,
the relation tli_)r(r)lo |X(t)| = 0 holds for the corresponding solution X(t).

(c) Globally asymptotically stable (GAS) iff for every initial function ® € C, for the corresponding solution
X (t) we have that tlgrglo |X(t)] = 0.

The next simple lemma plays an important role in the proof of the main result in this section.

Lemma 2. Let Q(t) = Q(¢,0) is the fundamental (or Cauchy) matrix of system (19) in the case when s = 0
and the zero solution of the system (19) is globally asymptotically stable (GAS).
Then for every B € (0,1) we have that tlim CD&Q(t) = 0.
— 00

Proof. In virtue of Theorem 3 the fundamental matrix Q(t) of (19) has the following representation
Q(t) = (L YI_1(p)G~ (p)](t). Then since the zero solution of the system (19) is GAS it follows that
tlim Q(t) = O and all eigenvalues of the characteristic matrix G(p) of (19) belong to C_. Applying to
—00

the matrix CDg+Q(t) the Laplace transform we obtain (chngQ(t))(p) = I5(-£Q(t))(p) — Ig—1 and

hence we have that the function p(Ig(-ZQ(t))(p) — Ig-1) = 11 p(-ZQ(t))(p) — I is an entire function

for p € C. Then taking into account that lin})(IH/g(ﬁQ(t))(p) — Ig) = O (note that for p € C the
p—

function (ZQ(#))(p) = Li_1(p)G~1(p)](t) is bounded), we can apply the final value theorem and

hence lim cDf, Q(t) = lim (145 (£Q(1)(p) ~ Ip) = ©. T

The aim of the next theorem is to prove that if the zero solution of the system (19) (i.e., the linear
part of system (36)) is GAS, then every solution X(t) of the IP (36), (37) with initial function ® € C
is GAS.

Theorem 7. Let the following conditions be fulfilled:

1. The conditions (H) and (A) hold.
2. The vector valued functional W : E — R" is bounded in C(Ry, R").
3. The zero solution of the system (19) is GAS.

Then every solution X(t) of the IP (36) and (37) with initial function ® € C is GAS.
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Proof. Let for arbitrary initial function ® € C, X(t) be the unique solution of the IP (36) and (37).
Substituting X(f) in (36) we obtain that

DY, |X() — Y AX( - )| = Y BX(t— o) + E(t) (38)
=1 i=0

where F(t) = W(t, X]) and hence according to Condition 2 of the theorem we have that |F(t)| < Cx
and F(t) is piecewise continuous for t € R. Then from (38) and Corollary 2 we obtain that for X(t)
the integral representation (35) holds, where Q(t) is the fundamental matrix of system (19). Under the
conditions of the theorem we can apply the Laplace transform correct to both sides of (35) and after
multiplying both sides of the received equality with p € C we obtain that

p(ZX(1))(p) = p(£Q(1))(p )C¢+P($D5+Q gr: I (p)(Z®5 (t — 1)) (p)

N

P Y (LA (1)) (p +pZB ZDLQ(8) (p)(LBiDg, (t — ) (p)
I=1 (39)

+pi3 LB Dy g, (t — 07))(p)

+p(Z Do Q1) (p) (LF (1) (p) + p(LDyF(1) (p)

It is clear that the right side of (39) is an entire function for p € C... Lemma 2 implies that the functions

p(ZQ(t))(p), (.,SfD2 Q(t))(p) and p(£Dy;*Q(t))(p) tends to 0 € R" when p — 0 with p € C,..
Since the functions @7, 4, and &, [ € (r),i € (m)g are piecewise continuous and bounded for t € R,
then we can conclude that the first five addends in the right side of (39) tend to 0 € R” when p — 0
with p € C,. From Condition 2 of the theorem it follows that F(t) is at least piecewise continuous for
t € R4 and then Lemma 2 implies that the sixth addend tends to 0 € R” when p — 0 with p € Cy too.

For the last addend we have that p(Z Dy *F(t))(p) = pp~*(ZLF(t))(p) = p*(LF(t))(p) and
hence the right side of the equality tends to 0 € R"” when p — 0 with p € C,.. Thus the right side
of (39) tends to 0 € R" when p — 0 with p € C. Then for p € C. in virtue of the final value theorem
we have that tli_)n; X(t) = tli_glo p(ZX)(p)=0€R". O

6. Conclusions

In this article first the existence and uniqueness of the solutions of the initial problem in a general
case for neutral nonlinear differential system with incommensurate order Caputo fractional derivatives
and with piecewise continuous initial function is proved.

Then, knowing that such a solution exists, we look at the linear autonomous case and establish
a formula for integral presentation of the general solution of a linear autonomous neutral system with
several delays, which is an immediate generalization of the formula obtained in [27].

By the use of the obtained integral presentation of the general solution is studied a neutral
autonomous nonlinearly perturbed linear fractional differential system in the case of Caputo type
derivatives with incommensurate differential orders. Some natural sufficient conditions are found
to ensure that from global asymptotic stability of the zero solution of the linear part of a nonlinearly
perturbed system it follows global asymptotic stability of the zero solution of the whole nonlinearly
perturbed system.

We hope that the results obtained will be useful both for future research and generalizations from
a mathematical point of view, as well as for modeling of real-world phenomena.
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