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Abstract. The main subject of this study is a linear fractional-order differential equation
with two delayed terms. By applying the D-decomposition method to the characteristic
equation, we present a stability region as a necessary and sufficient condition for the
asymptotic stability of the zero solution. Given the relationship between the Caputo
fractional derivative and the integer-order derivative, we compare the conditions in this
study with the results of the corresponding first-order delay differential equation to
demonstrate the validity of the extension.
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1 Introduction

Fractional calculus is a generalization concept of the classical calculus of integer order, includ-
ing integrals and derivatives of any arbitrary real or complex order. There are several different
families of fractional integrals and fractional derivatives, and the potentially useful properties
of these definitions have been identified (see [7,10,12,18] and references therein). As the
basic theory of fractional calculus improves, its advantages in describing the memory and
hereditary properties of processes has been gradually acknowledged. For example, empirical
analyses of the transmission dynamics of COVID-19 (see [16,22]) reveal that models incorpo-
rating Caputo fractional-order derivatives demonstrate superior performance in data fitting
accuracy and epidemic trend prediction capabilities over their integer-order counterparts. By
now, fractional differential equations have become one of the best tools in the areas of fluid
flow, rheology, dynamical processes in self-similar and porous structures, electrical networks,
and biophysics. Because stability is an important characteristic of the normal operation of
a practical system, the stability theory of fractional differential equations have attracted the
attention of mathematicians and engineers.

™ Corresponding author. Email: weizheng@hlju.edu.cn.


https://doi.org/10.14232/ejqtde.2025.1.50
https://www.math.u-szeged.hu/ejqtde/
https://orcid.org/0000-0001-6912-2020
https://orcid.org/0000-0001-5805-2303

2 W. Zheng and H. Matsunaga

In engineering and natural systems, the time delay in the process of material exchange
and information transmission cannot be ignored. The existence of a time delay is usually the
source of the instability of the system, which makes the discussion essential on the stability
of fractional differential equations with time delay. Moreover, several factors can cause time
delays in large or complex systems. In general, secondary factors are often overlooked for the
convenience of processing; thus, the system is simplified into a single time-delay system with
only the main time-delay parameter. However, for a complex system in which it is difficult to
select the factors that cause a time delay, a model with multiple delay parameters should be
considered.

The research on fractional differential equations with multiple delays has increased in the
last double decades; see, e.g., [1,6,9,20,21,23,24] and references therein. The basic criterion
of these studies are based on [6] in which an n-dimensional system of linear fractional differ-
ential equations with n? different delays was considered. In 2007, Deng et al. [6] established
that the zero solution of the system is asymptotically stable if all the roots of the associated
characteristic equation have negative real parts. It should be pointed out that the characteris-
tic equation of a linear delay differential equation is a transcendental equation that cannot be
solved using algebraic tools, and there are practical difficulties in condition verification.

This study focuses on a linear fractional differential equation with two delays

“Dix(t) = ax(t — ) +bx(t— 1), t>0,

(1.1)
x(t) =¢(t), te[-1,0, T=max{n, n}

Here, a € (0,1) is a constant and ¢Dj is the Caputo fractional differentiation operator of order
« defined by

ooy 1 tox'(r)
CDOx(t) = I —a) /0 (t—?’)”‘dr’ t > 0.

Parameters a and b are real numbers and 7y and 1, are positive real numbers. The initial func-
tion ¢ is continuous on the interval [—7,0]. The main purpose of this study is to investigate
the asymptotic behavior of the solutions to (1.1) and present the stability set of (a,b) for the
zero solution to be asymptotically stable.

The study on (1.1) with b = 0 can be found in [5,13] and references therein. In 2011, Krol
[13] determined the range of parameter a where the zero solution is asymptotically stable.

Theorem A. Let b = 0 and 71 = 7. Then, the zero solution to (1.1) is asymptotically stable if
and only if
B < T— /2

14
) <a<0.
T

This is stable but not asymptotically stable if and only if

(n—an/Z)“
ag=—(—=) .
T

Stability criteria for (1.1) with 7 = 0 was studied in [2,3,11] and references therein.
Especially, Cermék et al. [3] gave the stability set of (a,b) for (1.1) with 7y =0and 0 < & < 1,
which has been extended for the case « > 1 by Cermak et al. [4]. By virtue of their work, we
have the following result.

Theorem B. Leta >0, 7y =0, and &» = 1.
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(i) The zero solution to (1.1) is asymptotically stable if and only if (a,b) € D where D is an
open region enclosed by the line a + b = 0 from above and by the parametric curve

_ w"sin(Tw 4 amw/2)
sin(Tw)

_ w"sin(an/2)
b= sin(tw) (1.2)

for w € ((mr —arm)/t, m/7) from below.
(ii) The zero solution to (1.1) is stable but not asymptotically stable if and only if either
(r(1 —a))"
b= <
at 0, 8= 2t cos(arr/2)’
or a and b satisfy (1.2) for an admissible value w.

Letting « — 17, (1.1) becomes the first-order delay differential equation
X'(t) =ax(t—1) +bx(t—1), t>0. (1.3)

When b = 0 or 73 = 0 in (1.3), relevant classical results exist for the asymptotic stability of the
zero solution. A simple calculation shows that the asymptotic stability condition in Theorems
A and B with &« = 1 coincides with the result for the corresponding case in (1.3).

Stability criteria for (1.3) can be found in [14,15,19,25]. In [19], Sakata discussed the
stability set of (a,b) for (1.3) when 7» = nty, n = 2, 3. Here, we present the result for 1, = 21.

Theorem C. Let » = 277 = 27. Then, the zero solution to (1.3) is asymptotically stable if and
only if (a,b) € D; where D; is an open region enclosed by the line a + b = 0 from the right
and by the parametric curve

w cos (2Tw) w cos(Tw) 27
9= ———F "~ b:_.i/ O<w< —
sin (Tw) sin(tw) 37

from the left.

In this study, we consider the special case of (1.1) in which 7» = 27;. For simplicity, we
denote 77 as T and T, as 27. Subsequently, (1.1) is reduced to

“Dx(t) = ax(t — 1) + bx(t —271), t>0, (1.4)
x(t) = ¢(t), te€[-27,0]. '
The following theorem is the main result of this study.
Theorem 1.1. Let 0 < « < 1, a, b and T > 0 be real numbers.

(i) The zero solution to (1.4) is asymptotically stable if and only if (a,b) € Dy where Dy is an
open region enclosed by the line a + b = 0 from the right and by the parametric curve

p"sin(art/2 + 2tp) b _ p¥sin(at/2 + 1p)
sin(tp) T sin(tp)

e (g 050

(1.5)

for

from the left.
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(ii) The zero solution to (1.4) is stable but not asymptotically stable if and only if a +b = 0 or a and

b satisfy (1.5) for
2 2—a)r B—a)m
=" o pe 2t ' 37 > '

Remark 1.2. We observe that the conditions for parameter a in Theorem 1.1 are the same as
those in Theorem A by letting b = 0, thatis, 7p = (2 —a)7/2 in (1.5).

Remark 1.3. As previously mentioned, (1.4) corresponds to (1.3) with 77 = 7 and ©» = 27 as
« — 17. Comparing the conditions of Theorems C and 1.1 (i), the regions for the asymptotic
stability of the zero solution are the same if & = 1.

Remark 1.4. As a — 17, (1.4) does not become (1.3) with 77 = T and 7, = 27 if x'(0) # 0.
Therefore, the case of a« > 1 is out of the scope of the extension of Theorem C that we aim to
achieve.

The set of the pair (a,b) that guarantees the asymptotic stability of the zero solution when
the fractional order takes different values with a fixed delay is shown in Figure 1.1. Notably,
these regions have no inclusion relationships with each other.

b

los a+b=0
a=0.01
a a=0.2
a=0.4
— a=0.6
— a=0.8

a=1

Figure 1.1: Parametric curve (1.5) for « = 0.2,0.4,0.6,0.8,1, and 7 = 1.

Remark 1.5. According to [12,18], as « — 07, (1.4) is reduced to
x(t) —¢(0) =ax(t —7) + bx(t —21), t>0.

Figure 1.1 indicates that as T = 1 and @ — 0%, Dy given in Theorem 1.1 becomes the open
triangle region Dy enclosed by lines a+b = 0, b = a+1, and b = —1. We note that Dy
can be regarded as the stability set for the equilibrium ¢(0)/(1 —a — b) of the second-order
difference equation

x(k) —ax(k—1) —bx(k—2) = $(0), k=0,1,2,...,

where 4, b, and ¢(0) are real numbers with a + b < 0; see, e.g., [8].
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The structure of this article is arranged as follows: In the next section, we present the
expression for the solutions using the Laplace transform. In Section 3, we provide a detailed
analysis of the characteristic equation to present a set of (a,b) in which all the characteristic
roots are located in the left half of the complex plane. The proof of the main theorem is
completed in Section 4. Finally, we summarize our results in Section 5 and compare them
with those of the corresponding first-order differential equation with two delays. The scope
for future directions is also provided.

2 Preliminaries

In this section, we introduce some definitions and properties as preliminary for investigating
the asymptotic behavior of the solutions to (1.1).
First, we introduce the Laplace transform; see, e.g. [7,10,12,18].

Definition 2.1. The Laplace transform of the function f : Ry — R is defined as

LIFDI() = Ly(s) = /Oooe‘“f(t)dt, secC.

Suppose that f € L} (IRy) and there exists r > 0 such that |f(t)| < ce' for a large t. Then,
L¢(s) exists and is analytic for Re(s) > r. Moreover, if the integral converges at point s € C,
then it converges absolutely for s € C with Re(s) > Re(sp). The infimum Ry of the real part
of s for which the Laplace integral of f(f) converges, is called the abscissa of convergence.
Clearly, the Laplace transform is linear. Next, we provide common rules and formulae for the
Laplace transform.

Lemma 2.2.

(i) L[tF)(s) = F(k+ 1)/s"1 fork > —1and s > 0.
(i) L[ [y f(t —u)g(u)du](s) = L(s)Lg(s).
) L

)

(iii

=5

[F(B)](s) = "Ly (s) = Tk 8" fED(5).

(iv) Forc € R, let

Then, L{fc(t)](s) = e~“L(s).

Definition 2.3. The inverse formula for the Laplace transform is given by

1 r—4ico
_ -1 - - ts
(6 = £EANE) = 5= [ Lo
Here, the integral is along the vertical line Re(s) = r in C such that » > R fr that is, it is greater
than the real part of all the singularities of L¢, and L is bounded on the line.

Next, we establish a representation formula for the solution x(t) to (1.1). Let X(s) =
L[x(t)](s). Then, the Laplace transform of (1.1) becomes

0 0
S’XX(S) - 5“7147(0) — ﬂelesX(s) + El/ (,b(u)efs(nJr”)du + beiTZSX(S) +b (P(u)efs(rzjtu)du.

-1 —T
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This implies that

+af . ¢ e=S (1+u) du + bf ¢ e~ S T2+u)du

s* —ae~ TS — pe~ ™28

CD""ﬁ(t):£1< P >(t).

s* —qae~ TS — pe~ws

X(s) =

Let

Subsequently, from Lemma 2.2, it follows that

0

X(s) =¢(0)L (CI>“'1(t)) (s) +aLl ((t)) (S)/ p(u)e T+ dy

-n

—|—b£ q)(xzx /O (P(u —st+u
0
= $(0)£ (cb“ () +a [ QL (@ (D) (5)du
0

0 [ Pu)L (P g pu(t)) (s)du

)

Using the inverse Laplace transform of X(s), we obtain the following representation formula

for the solution to (1.1):
0
x(t) = ¢(0)@* () +a/ P(u) D 4y (t)du + b ¢(u)¢“’“rz+u(f)du-

-0 -

In particular, we obtain the representation formula for the solution to (1.4):

0 0
x(t) = 47(0)@“'1(15) +a /_T P(u) Dy (H)du+0b /—27 P(u) P pryy(t)du, (2.1)
where
w1/ _ -1 s
PY(t) =L [s"‘ e be—ZTS] (1), (2.2)

S — ge~ TS — befZ’rs

> (t) = £ [ ¢ " ] (#). 23)

3 Analysis of characteristic equation

The representation formula (2.1) shows that
P(s) :=s* —ae” ™ —be 2" =0 (3.1)

is a characteristic equation associated with (1.4). Therefore, it is essential to analyze the roots
of (3.1) in detail. First, we note that P(0) = —a — b and P(s) > 0 for s real and sufficiently
large. Thus, if a + b > 0, then (3.1) has at least one positive root. Moreover, as ¢ = ¢* for any
z € C, we observe that

P(s) = s¥ —ae~™ — be 2™ = 5" —ae” ™ — be *™ = P(5).

This implies that for any s € C, P(s) = 0 if and only if P(s) = 0. Based on this property, we
consider (3.1) only in the upper half of the complex plane in the following discussion.



Stability sets for two-delay fractional differential equations 7

Proposition 3.1. Let 0 < a < 1,4, b and T > 0 be real numbers.

(i) (3.1) has the root 0 if and only if a + b = 0.

(ii) (3.1) has a finite number of roots in the domain of {s € C | |arg(s)| < o} for any given
o€ (m/2,m).

(iii) (8.1) has a root pi with p > 0 if and only if a and b satisfy

. p* sin(art/2 + 27p)
B sin(tp)

_ p“sin(ant/2 + 1p)
sin(tp)

, b= , p#?, m € IN. (3.2)

(iv) (3.1) has no quadruple roots. Moreover, if a # 0 and b > 0, then (3.1) has no double roots on the
imaginary axis.

Proof. (i) This part is obvious.
(i) Let s = pe® be a root of (3.1), where p > 0 and 6 € [0, 7r]. The real and imaginary parts
of P(pe®) = 0 are separated to obtain

% cos(af) = acos(tpsinB)e P 1 phcos(2tpsin f)e 2P, (3.3)
p% sin(af) = —asin(tpsinf)e” % — hsin(2tpsin )e 2T sY, (34)
The sum of the squares of (3.3) and (3.4) is

pZoc — efzrpcos(J [(l2 +2ab COS(Tp Sin@)efrpcosf) + bze*ZTpCOSQ] ) (3‘5)
If 6 € [0, /2], then

e~ 210080 (g2 4 2ab cos(Tpsin B)e PO 4 22T C0sO) < (|g| 4 |b[)?.

This implies that (3.5) is impossible if p > (|a| 4 |b|)**. Thus, (3.1) has no roots in the region
of
{seCls| > (Ja| + [b)""*, arg(s) € [0,7/2]}.

Similarly, if 6 € (71/2, ), it follows that
e 27003 (22 4 2ab cos(Tpsin B)e” PO 4 pre 2P 0SE) > om2TPcosO (|| _ |plem TP cos9)2_
Because there exists a p; > 0 such that
pZa < e—2rpc059(|a| _ |b|e—1’pcosé‘>2
for all p > py, (3.1) has no root in the region of
{seC||s| >p1, arg(s) € (/2,m)}.

Therefore, there exists a p such that (3.1) has no root with |s| > p and |arg(s)| € (7/2, 7).
Furthermore, if a + b # 0, then (3.3) does not hold as p — 0. Hence, there exists p > 0 such
that (3.1) has no roots with [s| < p. Let

O={seC|p<|s|<p, |arg(s)| € [0,0]}.

Because the function P is analytic on (), (3.1) has finite number of roots in ().
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(iii) Let P(pi) = 0 where p > 0. Then, (3.3) and (3.4) with 6 = 7r/2 become

p" cos(arr/2) = acos(tp) + bcos(27p),
p*sin(ar/2) = —asin(tp) — bsin(27p),

namely,

asin(tp) = p*sin(art/2+27tp), bsin(tp) = —p" sin(art/2 + Tp). (3.6)
Therefore, P(pi) = 0 is equivalent to (3.6). If sin(tp) = 0, then (3.6) yields p = 0, which is a
contradiction. Thus, sin(tp) # 0, that is, Tp # mm for m € IN; hence, P(pi) = 0 is equivalent

to (3.2).
(iv) Finally, we consider the multiplicity of the roots of (3.1). Let P’(s) = 0. Then,

P

= ws* !+ ate™™ 4 2bTe 2™ = 0. (3.7)

Clearly, s = 0 is not the root of (3.7). From Part (ii), we observe that if s = peb is a root of
(3.7), then 5 = pe~? is also a root of (3.7). Eliminating s* in (3.1) and (3.7) yields

a(ts+a) +b(2Tts+a)e © =0.
Eliminating e~2™ in (3.1) and (3.7) yields
27s* + as* L —ate ™ = 0.

Then, we obtain

2ts+a a(ts +a)
e = TR 3.8
arstr ¢ b(27s + ) (3.8)
This implies that
b(2ts +a)? = —a’ts! (15 + ). (3.9)

We observe that (3.9) has no positive real root s if b > 0. Let s = pe? where p > 0, ¢ € (0,27).
Then, we have

b(41%0% cos2¢ + daTp cos ¢ + a?) = —a*tp' ™ (Tpcos((2 — a)p) + acos((1 —a)g)),
b(47%0% sin2¢ + 4aTpsin @) = —a*tp'* (tpsin((2 — a)p) + asin((1 —a)g)).
If ¢ = 7, then p satisfies
b(2tp — a)? = a’tp! " (a — Tp) cosam,
0 = a’tp' (1o — &) sinar.
The second equation implies that p = 0 or p = a/T; however, none satisfies the first equation.

Therefore, (3.9) has no negative real root.
Suppose that (3.9) has a root s = pi. Then, p satisfies

b(a? — 47%0%) = —a*1p' ™ (asin(arr/2) — tpcos(ar/2)),
4batp = —a’tp' ¥ (tpsin(arr/2) + acos(arn/2)).
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If b > 0, then the second equation does not hold for any p > 0; hence, (3.9) has no root on the

imaginary axis. If b < 0, we divide the two equations to obtain
a® —471%p*  asin(ar/2) — tp cos(am/2)

datp  Tpsin(am/2) +acos(amw/2)’

This implies that
32 o am
F(p) := p®+ 2P~ RCOtT = 0.
As F(0) < 0 and F'(p) > 0 for p > 0, there is a unique positive root p* for this equation.
Therefore, (3.9) contains only one pair of roots s = +p*i if b < 0.

In summary, (a) if 2 # 0 and b > 0, (3.1) has no real or purely imaginary double roots;
(b)if a #0and b < 0, (3.1) has a positive real double root and one pair of purely imaginary
double roots, but has no negative real double roots.

Let P’ (s) = 0. Then,

2
‘le]; = a(1—a)s* 2+ at?e ™ 4 4br?e 2™ = 0. (3.10)
From (3.7) and (3.10), we obtain
L Gl ) (3.11)

2b(2ts +a—1)°
From (3.8) and (3.11), we obtain
a= (2ts+a)(Ts + a). (3.12)

Note that (3.12) has only one positive real root and one negative real root. Therefore, (3.1) has
a positive real triple root if b < 0.
Let P"'(s) = 0. Then,

3
a’p =a(1—a)(2—a)s* 3 4+atde ™ +8b73e 2™ = 0. (3.13)
ds3
From (3.10) and (3.13), we obtain
L Gl (3.14)

4b(2ts +a —2)°
From (3.11) and (3.14), we obtain
3ts+3a —2 = (2Ts + a) (s + ). (3.15)

Note that (3.12) and (3.15) have only one common root, s* = (2 —2«a)/(37). Substituting s*
into (3.12), we obtain a?> — 7a — 8 = 0. This yields « = 1 or « = —8. This result is in conflict

with & € (0,1). Therefore, (3.1) has no quadruple root. d
For simplicity, we define the family of parametric curves as follows:
“sin(arr/2 4 27, “sin(art/2 4+ T
7= an(p) = ° (2 °) b= by(p) = —° ( °)
sin(tp) sin(tp) (3.16)

mrt m+1)r
Fm(ﬂm(p>,bm(p>), T<p<(’f)’ m:0,1,2,...
Proposition 3.1 (ii) indicates that conjugate complex numbers +pi with p > 0 are roots of (3.1)

if and only if the pair (a, b) satisfies (3.16). The parametric curve in (1.5) corresponds to a part
of the I.
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Lemma 3.2. Let m,n € IN.

(i) Each curve T, intersects with the a-axis at ((—1)"p%,0) when tp = (2 — a)7t/2 + m7; in-
tersects with the b-axis at two points, which are (0, —p*) when tp = (2 —a)7w/4 4+ mm and
(0,0%) when Tp = (4 — )7t /4 + mm.

(i) Each curve Iy, intersects with the line a +b = 0 when tp = (1 —a)7t/3 + 2nm and tp =
(3 — ) 7t/3 + 2nm; intersects with the line a = b when tp = (2 — a)7t/3 + 2n7.

(ili) Each curve Iy, intersects with the line a +b = 0 when tp = (2—a)t/3+ 2n+1)m;
intersects with the line a = b when tp = (1 —a)t/34+ 2n+ 1)wand tp = (3 —a)7/3 +
(2n+1)m.

(iv) If Tp tends to 2nr, curves I,,_1 and I, approach their common asymptotes

by:b=—a+ (21:1)"‘@8 (%)

(v) If Tp tends to (2n + 1), curves I, and I, 1 approach their common asymptotes

o (2n+1)m\" Wt
lZn+1 b=a+ <T COs <7> .

Proof. Parts (i), (ii), and (iii) are clear. A direct calculation reveals that

_ p*sin(am/2 4 21p) — p* cos(Tp) sin(arwr/2 4 Tp)
B sin(tp)

am(p) + cos(Tp)bm(p)
= p*cos(art/2 + Tp).
Then, parts (iv) and (v) are obvious. O

Proposition 3.1 indicates that the range of tp for the curve I3,(p) to lie in the region
D:={(a,b) eR?|a+b<0}is

™0 € <(1_3DC)7T + 2nr, (3_3“)7T +2n7r) =: Jo

and the range of Tp for the curve I,1(p) to lie in the region D is

2—a)m

TP € ((2n+1)7r, 3

+ (2n+ 1)7’()

for n € IN.

Proposition 3.3. Let « € (0,1), a+b < 0,and m, n € IN. Suppose the point (a,b) lies on the curves
Ly at T = T*. Then, for T%p € Jou U Jont1, the root pi of (3.1) enters the right half of the complex
plane as T increases from T*, where

(2—wa)m

Jong1 = (MT +(2n+ 1), 3

3 +(2n+1)7r>.

Proof. It suffices to demonstrate that

ds
Re (d’f)

s=pi >0 for T*P € ]2;1 U ]2n+1-

="
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a+b=0 p

7
m

3333333 3
N o g hwWNPR O

Figure 3.1: The graph of I}, for m € {0,1,2,3,4,5,6,7} witha = 0.6 and T = 1.

From (3.1), we have

ds _ s(ae”™ + 2be ™) (3.17)
dt  was® 1+ ate T + 2bre 2T '
Substituting s = pi, T = 7", a = a,(p), b = by (p) into (3.17), we obtain
ds A+ Bi
Dy = 2122, (3.18)
dr |25 C+ Di

where
A = pay(p) sin(t"p) + 20bu(p) sin(277p),

B = paw(p) cos(T*p) + 20bm(p) cos(277p),
C = ap" !cos ((0‘_21)7T> + T am(p) cos(Tp) + 2T b (p) cos(2T7p),
D = ap* !sin <(a_21)7t> — T am(p) sin(t*p) — 2T%by (p) sin(27*p).
A direct calculation reveals that
Re (35 ;- (C*+D?) = —-AC—-BD
“\dt) | -
o * KT . * . o7t
= ap“an(p) <cos(r p) cos <7) —sin(7%p) sin (7»
+ 20p%by () (cos(ZT*p) cos <%) —sin(27%p) sin (%))

_ wp® 3 sin(art + 37%p)
2 sin(7*p) '




12 W. Zheng and H. Matsunaga

Therefore, if we show that

_ sin(arr + 3x)
sin x

f(x)=3 >0 forx € JonU Jonq1, (3.19)
then the proof will be complete. We only need to consider the behavior of f(x) on the interval
(0, 77) because f(x) is a periodic function with period 7t and satisfies lim, ;- f(x) = +o0
and lim, ..+ f(x) = —oo for any integer k. First, we obtain f((r —a)m/3) =3 forr =1,2,3,

and

_ sin(a7r 4 3x) cos(x) — 3 cos(arr 4 3x) sin(x)
B sin?(x)
_ 2sin(am +2x) —sin(amr +4x)  g(x)

f'(x)

sin?(x) " sin?(x)

Note that ¢((1 —a)t/3) = 3sin((1 —a)7/3) >0, ¢((2—a)t/3) = =3sin((2 —a)7/3) <0,
g((3—wa)m/3) = 3sin((3 —a)rt/3) > 0, and g'(x) = 8sin(x)sin(arr +3x) = 0 only at x =
(r —a)mt/3 for r = 1,2,3. Therefore, there only exist two numbers x] and x; with

(1—wa)m (2—uw)
3

3

B—a)m

7T *
<X <

<X <
such that g(xj) = g(x3) = 0. Then we see that the minimum of f(x) on the interval
(1 —a)m/3,(3 —a)m/3) is f(x5). Next, we will show that f(x3) > 0. From f'(x}) = 0,
we have

sin(a7r 4 3x3) cos(x3) = 3cos(art + 3x3) sin(x3).

This yields

sin? (a7t +3x3) (1 —sin?(x3)) = 9 (1 — sin®(a7t + 3x3)) sin®(x3).
Thus,

sm(soié:(;?xz) _ 3 <3
2 1+ 8sin?(x3)
which implies that f(x}) > 0. Therefore, we obtain
1— _

f(x) >0 for xe€ ((;)N —l—kn,W—kkn) , ke N.

In other words, (3.19) is satisfied. O

Proposition 3.4. Let « € (0,1), a, b and T > 0 be constants. Then, all roots of (3.1) are located in
the left half of the complex plane if and only if (a,b) € Dy, where the open region Do is bounded by
the line a + b = 0 and the curve Iy with p € ((1 —a)7/37, (3 —a)7t/37).

Proof. The region D is divided into an infinite number of regions by the curves I}, for m € IN.
As shown in Figure 3.2, the open regions that are enclosed by the line a + b = 0 and the
curves I}, are denoted by Dj ; with nonnegative integers  and k. It is well established that
the number of roots with positive real part of the characteristic equation changes only if the
pure imaginary root appears. Then the number of roots of (3.1) with positive real parts does
not change in these regions Dy, if the time delay is fixed. Let N(Dy ) denote the number of
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a+b=0
m=0
m=1
m=2
m=3
m=4
m=5
— m=6
— m=7
— m=8
m=9
m=10
— m=11
— m=12
— m=13
— m=14
— m=15
— m=16
— m=17

Figure 3.2: The graph of I}, fora = 0.5, T = 1.

roots of (3.1) with positive real parts for (a,b) € Dy x. From Theorem A and Lemma 3.2 (i), we
see that N(Dyy) = 0 and N(Dy,x) > 0 for Dy, ; which intersects the a-axis or the b-axis.

Suppose there exists a point (a,b) lies on the common boundary of D;y and D;, which
is on the curve I7. Especially, we suppose the point (a,b) is close to the common point of I3
and the line a + b = 0, which guarantees that 7*p € J;. From Lemma 3.2 (i), the point (a,b)
moves from D; into D; as T grows near T*. Then, Proposition 3.3 shows that the number
of roots of (3.1) with positive real parts increases as the point (a,b) moves from D ( into D1 ;.
Therefore, N(D11) > N(Dip). Similarly, we can prove that N(Dj 1) > N(D;x) > 0 for any
nonnegative integer k.

Suppose there exists a point (a,b) lies on the common boundary of D;y and D;g, which
is on the curve I;. From Lemma 3.2 (i), the point (a,b) moves from D; o into Dy as T grows
near 7°. Then, Proposition 3.3 shows that the number of roots of (3.1) with positive real
parts increases as the point (a,b) moves from D into Dyo. Therefore, N(Dyg) > N(D1p).
Similarly, we can prove that N(D;x) > N(D; ) for any nonnegative integer k.

By repeating the same argument, we conclude that for any Dy, with h = 1,2,... and
k =0,1,2,..., (3.1) has at least one pair of conjugate roots with positive real part. This
completes the proof. O

4 Proof of main theorem

To prove that the zero solution to (1.4) is asymptotically stable or stable, we must examine the
behavior of the solution to (1.4) given in (2.1) as t — co. Because the representation formula
(2.1) comprises functions (2.2) and (2.3), the problem is reduced to studying the behavior of
the family of functions ® as t — co.

Because function @ is defined by the inverse Laplace transform, we introduce an integral
curve that is commonly used in inverse Laplace transforms. For brevity, denote by (¢, ¢) the
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contour comprising the following parts:
{seClls|=¢ [arg(s)| <8}, {s€Clls| ¢ [arg(s)| =8},

wheree > 0and 0 < ¢ < 1.
The following lemma is utilized to compute the inverse Laplace transform of ®.

Lemma 4.1. Leta € (0,1), B € (0,1}, ¢ > 0,0 € (7/2,7), and £ = 0 or { = «. Define

1 / 2 exp(z%(l—FZT/t))
pr— A Z
27tai Jy(er,00) zexp ((27/1)z¢ ) — at¥ exp ((T/t)zx ) — bt

w(t)

If there exists K > 0 such that

zexp <2:zi> — at" exp (%z%) — bt*| > Kt* |exp <2:z;) ‘ (4.1)
forall z € v (%, ac), then w(t) = O(t~") as t — oo.
Proof. From (4.1), we observe that:

) 23| [exp (2t (1 +21/1))|

H < =— d
o] < oo [ ]
T Jy(ea0) Kt ’exp((2’r/t)zﬁ)
t=* 1-$ 1
= 52K e a0 Z a ‘exp (Z“)‘ |dz|

Y (e [ 0 ® 1 1
=5 <s _Mexp ecos d9+2/€a r e exp (cosar )dr )

From o € (71/2, 1), it follows that

/: P exp (cos ar%)dr = (—C();M : (— cos (Tr%yiﬁ exp (cos ar%)d<— cos 0’7’%>
al' (14 a —B)

(—coso)lta—p

Therefore, we obtain

t
lw(t)| < —X (aae”“ﬁes +

al (14— pB)

—/
(—COSU’)l‘H"_ﬁ> :O(t ) ast — oo,

as desired. O
Proposition 4.2. Let 0 <a <1,0< B <1

(i) If all the roots of (3.1) are located in the left half-plane, then ®*F(t) = O(tF=%"1) as t — co.

(ii) If there exists the root 0 of (3.1) and other roots of (3.1) are located in the left half-plane, then
O¥B(t) = O(tP1) ast — co.

(iii) If all the roots of (3.1) are located in the left half-plane or on the imaginary axis, and those of the
roots on the imaginary axis are simple, then ®*P(t) is bounded.
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(iv) If all the roots of (3.1) are located in the left half-plane or on the imaginary axis, and those of the
roots on the imaginary axis are double, then

DB (t)
t

lim sup
t—o0

‘ = const > 0. (4.2)

(V) If there are some roots s; of (3.1) in the right half-plane, then

. E(t)
lim sup 20

t—o0

= const > 0, (4.3)

where M = max; {Re(s;) }.

Proof. Proposition 3.1 (i) implies that only the finite number of roots of (3.1) satisfy | arg(s)| <
o for ¢ € (7/2,7). Then, for t > 1, there exist R > 0 and ¢ > 0 with R > ¢ such that all
the roots of (3.1) are located to the left of v(R, ) and the roots of (3.1) with |arg(s)| < ¢ are
located to the right of (e/t, o). Subsequently, ®*F(t) is expressed as

1 x—p,ts
b= L[ ST,
27i Jy(Ro) P(s)
1 x—p,ts 1 x—P,ts
= 7/ udS + 7/ uds
2711 Jy(Ro)—y(e/t,0) P(S) 2711 Jy(est,0) P(s)
Using the residue theorem, we obtain

1 sh—Bots N sh—Bets
I () := —/ ——ds = Res | ———; .
10:=55 VRo) (/) P(s) k; es[ P(s) Sk]

Here, s, k =1,2,..., N, represent the roots of (3.1) in the area enclosed by (R, o) — y(e/t, 0).
Proposition 3.1 (iii) implies that

st—P B B B
@ = ak_3(s—sk) 3+ak_2(s—sk) 2+ak,1(s—sk) 1+a’(§+--- ,
e = e (14 t(s —sp) + (s —sp)2 /21 + -+ ),
where a;?, j=—3,-2,..., are complex constants that are not all zero. Hence,
ANy k at 2\ .t
I’l(t) = I; (ﬂ_l —|— ﬂizt + 71’ >€ sk.

By changing the variable s = z!/% /¢, we obtain

1 Stxfﬁets
L(t) = m[,(g/t,a) o

1 / Sa—ﬁets

- ds
277 v(e/t,0) S — ge—TS — pe—2T1s
181 / ot exp(z%(l +21/t))

pum— A Z
27tai Joy (e, acr) zexp((ZT/t)Z%) —at* eXP((T/t)Z%) — bt
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If a + b = 0, then (3.1) has the root 0. Note that the points in
{seC|s=(e/t)e", 0 € [~0,0]}

are the closest points of y(e/t, o) with respect to the root 0. Thus, we have

ENY 00 ET g 26T g
|s* — ae™ ™ — be ™| > ‘ <E> " — gexp (—7691) —bexp <—t69’> ‘ .

Because

N L
" =¢",

o . . 2 .
lim (§> " — gexp (—ge‘h) —bexp <—ST691>
t—oo | \ t t t

we observe that there exist 70 > 0 and T > 0 such that

|s* —ae™™ — be F| >yt for t > T.

By changing the variable s = z!/% /¢, we obtain
z T 1 2T 1
- e va _ o~ > —
‘t“ aexp( tZ ) bexp( tz )'_1701‘ for t > T,
namely,

> 1o

2
exp <:zi)‘ for t > T.

2
zexp <th1}¢> — at" exp (%z%> — bt"
Then, from Lemma 4.1 with ¢ = 0, we obtain

L(t) =t 1wy, () =tF710(1) =O(+F!) ast — oo.

If a+b # 0, then (3.1) contains only nonzero roots. Because contour y(e/t, o) does not
contain any root of (3.1), there exists #; > 0 such that

|SD( — e T — be_ZTS’ > m

for all s € y(e/t, o). By changing the variable s = z!/* /¢, we obtain

zexp <2:z;> — at exp (%z%) —bt*| >

Then, from Lemma 4.1 with ¢ = «, it follows that

L(t) =tF lwip () =tP1O(*) =O(tF 1) ast— 0.
(i) If all the roots of (3.1) are located in the left half-plane, then
OP(t) = L(t) =0(tF ") ast— oo

(ii) If there exists the root 0 of (3.1) and the other roots of (3.1) are located in the left
half-plane, then
O P(t) = L(t) =O(tF™!) ast — 0.
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(iii) If all the roots of (3.1) are located in the left half-plane or on the imaginary axis, and
those roots on the imaginary axis are simple, then

OYF(t) = I (t) + L(t Za e=Pit O (P71,

which implies that ®*#(t) is bounded.
(iv) If all the roots of (3.1) are located in the left half-plane or on the imaginary axis, and
those roots on the imaginary axis are double, then

Ny ,
QUP(t) =L(t) +L(t) = Y (a5 + )™+ O(tF 1) ast— oo,
k=1
This yields (4.2).
(v) If there are some roots s; of (3.1) in the right half-plane, then

N
OYP(t) =L(t) +L(t) = Y (a5, +dyt +a"57) e + O(tF71) ast — .
k=1

This implies (4.3). O

Remark 4.3. The asymptotic behaviors in Proposition 4.2 are fully characterized by Matignon’s
Theorem 1 in [17]: the algebraic decay O(t~*) for stable solutions corresponds to characteristic
roots satisfying |arg(A)| > a7r/2; bounded but non-asymptotically stable solutions on the
stability boundary occur when characteristic roots satisfy | arg(A)| > a7t/2 and the geometric
multiplicity of a characteristic root with |arg(A)| = amr/2 is one; the exponential growth rate
eM! in unstable regimes directly follows from his analysis of |arg(A)| < am/2.

We are now ready to prove Theorem 1.1.

Proof of Theorem 1.1. Recall the representation formula (2.1). There exist A > 0 and B > 0 such
that

0 0
o [ @O (D) < Jaf [ 19()@cr(t)] du

—T

<l|a| sup |P¥*(& ]/ u)| du
b-T<E<t

=A sup |DP"(F)|,
t—T<g<t

and

<B sup [®™(J)].
t—27<¢<t

0
‘b/ (1) P pr sy du

-2

Thus, we have:

x(D)] < [p(0)@*! (1) + A sup [@*(5)] + B sup [®*(Z)].

t—T<E<t t—2T<E<t

Then, from Proposition 4.2, we conclude that:
(i) If all the roots of (3.1) are located in the left half-plane, then

x(t) = [¢(0)| O(F™) + A-O(tY) + B-O(t1) ast — oo,
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Therefore, x(t) = O(t™*) if ¢(0) # 0 and x(¢t) = O(t!) if ¢(0) =0 as t — co.
(ii) If there exists the root 0 of (3.1) and the other roots of (3.1) are located in the left
half-plane, then we obtain

x(t) = [¢(0)|O(1) + A-O(t* 1)+ B-O(t* 1) ast— co.

Therefore, x(t) = O(1) if $(0) # 0 and x(t) = O(t*71) if $(0) = 0 as t — co.
(iii) If all the roots of (3.1) are located in the left half-plane or on the imaginary axis, and
those roots on the imaginary axis are simple, then x(t) is bounded.
(iv) If all the roots of (3.1) are located in the left half-plane or on the imaginary axis, and
those roots on the imaginary axis are double, then
lim sup ‘ x(tt)
t—o00

‘ = const > 0.

(v) If there are some roots s; of (3.1) in the right half-plane, then

t
lim sup ;ZC( N)H = const > 0,
t—o0
where M = max;, {Re(s;)}.
Hence, along with Propositions 3.1 and 3.3, Theorem 1.1 holds true. ]

5 Conclusion

In this study, we discussed a Caputo-type fractional-order differential equation with two de-
lays
Dix(t) = ax(t — ) + bx(t —21), t>0,

where « € (0,1). Using the Laplace transform, we obtained the representation formula of
the solution and the associated characteristic equation. From a detailed root analysis of the
characteristic equation, we presented a region enclosed by a line and a curve in the ab-plane
to guarantee that all the roots of the characteristic equation are located in the left half-plane
for given a and T. Moreover, we proved that the zero solution is asymptotically stable if and
only if the pair (a,b) is an interior point of this region, and it is only stable if the pair (a,b)
is on the partial boundary of this region. Because the Caputo fractional derivative coincides
with the first-order derivative if x — 17, we compared Theorem 1.1 and Theorem C, which
describes the asymptotic stability of the corresponding first-order delay differential equation.
On the one hand, the expression of the set of (a, b) for asymptotic stability is the same if we set
« = 1 in the criterion of Theorem 1.1. On the other hand, we can judge from Figure 1.1, which
shows the regions of asymptotic stability when « takes different values, that there exists no
relationship of one set being a subset of another. This implies that the fractional order does
not make it easier or more difficult to stabilize the zero solution than the integer order.

The asymptotic stability of two cases will be the focus of our future studies: (1.1) with
T1=17, T =3T,and 0 < & < 1; and (1.4) with 1 < a < 2. This work aims to confirm the effect
of the fractional-order «.
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