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Abstract—1In this paper, we prove a theorem of linearized
asymptotic stability for nonlinear fractional differential equations
with a time delay. By using the method of linearization of a
nonlinear equation along an orbit (Lyapunov’s first method), we
show that an equilibrium of a nonlinear Caputo fractional delay
differential equation is asymptotically stable if its linearization at
the equilibrium is asymptotically stable. Our approach is based
on a technique which converts the linear part of the equation
into a diagonal one. Then by using the properties of general-
ized Mittag-Leffler functions, the construction of an associated
Lyapunov—Perron operator and the Banach contraction mapping
theorem, we obtain the desired result.

Index Terms— Asymptotic stability, delay differential equa-
tions with fractional derivatives, existence and uniqueness, frac-
tional differential equations, growth and boundedness, stability.

I. INTRODUCTION

Delay fractional differential equations (DFDEs) have re-
ceived considerable research attention recently. They provide
mathematical models of practical systems in which the frac-
tional rate of change depends on the influence of their present
and hereditary effects (see, [1]-[8] and the references therein).
One of the simplest form of DFDEs is

D a(t) = flzt),z(t — 1)),
z(t) = ¢(t), Vte[-T,0],

where a € (0, 1) is the order of the Caputo fractional deriva-
tive CDS‘ ‘", the initial condition ¢ is a continuous function on
the interval [—7,0] with 7,7 > 0 are fixed real parameters.
For this equation, the first basic, important problem is to
show the existence and uniqueness of solutions under some
reasonable conditions. It is well known that in the case of
ordinary differential equations (o = 1), under some Lipschitz
conditions, a delay equation has a unique local solution (see
[9, Section 2.2]). Furthermore, by using continuation property
(see [9, Section 2.3]), one can derive global solutions as well.
However, in the fractional case, the problem of existence and
uniqueness of (local and global) solutions is more complex
because of the fractional order feature of the equation which
implies history dependence of the solutions. Hence, among
others, the continuation property is not applicable. With regard
to the existence of solutions to DFDEs, some results ([10],
[11]) have been reported in the literature.
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Furthermore, whenever the solutions exist, it is of particular
importance to know their asymptotic behavior. To the best of
our knowledge, there have been only very few contributions to
this problem until now. In [12] and [13], the authors considered
the stability of some particular types of fractional differential
equations with constant delays. In [6], the authors discussed
stability and asymptotic properties of linear fractional-order
differential systems involving both delayed and non-delayed
terms. The stability and bifurcation analysis of a generalized
scalar DFDE was discussed in [14]. The stability and perfor-
mance analysis for positive fractional-order systems with time-
varying delays was reported in [15]. However, the relationship
between the stability of the trivial solution to a nonlinear delay
fractional differential system and that of the linearized part is
still an open problem.

This paper is devoted to the investigation of the asymptotic
behavior for solutions near the equilibrium of (1) in the case
the function f : R? x R — R has the form

f(z,y) = Ay + g(z,y).

Here, A € R¥*? and the function g satisfies the following

conditions:

(H1) ¢(0,0) = 0;

(H2) g is locally Lipschitz continuous in a neighborhood of
the origin and

éll}})ég(Q):O,
with
€, - j'.aA
0,(0) = sup lg(z,y) —g(Z, 9|l

ew.8.9€B,a(0,0) 17— 2+ ly =9’
(z,9)#(2,9)

where Bga(0,0) := {z € R?: ||z|| < o}.
Namely, we prove that the trivial solution to (1) is asymptot-
ically stable if the trivial solution to the linearized equation

°Dg x(t) = Ax(t — 1), te€(0,00),
a(t) = ¢(t), tel-70],
where ¢ : [—7,0] — R? is a continuous function, is asymptot-

ically stable. This means that the small nonlinear perturbation
g does not affect the asymptotic stability of the trivial solution
to the equation (1).

The rest of this paper is organized as follows. In Section II,
we recall briefly a framework of delay fractional differential
systems. Section III is devoted to the main result of this
paper. In this section, we give a spectrum characterization
of the asymptotic stability to nonlinear fractional differential
systems.



II. PRELIMINARIES

This section is devoted to recalling briefly a framework
of DFDEs. We first introduce some notation which is used
throughout this paper. Let K be the set of all real numbers
or complex numbers and K¢ be the d-dimensional Euclidean

space endowed with a norm || - ||. Denote by I the real interval
[a,b] or [a,00), let C(I;K?) be the space of continuous
functions & : I — K¢ with the sup norm || - ||, i.€.,

l€lloc = sup [lE®)ll, V€ € C(I;KT).
tel

Finally, we denote by B ((a);x)(0,0) the closed ball
centered at the origin with radius ¢ in the space C([a, b]; K¢)
and Bc__ (0, ) the closed ball with the center at the origin
and radius o in the space C([a, 00); K%).

For [a,b] C R and a measurable function z : [a,b] — R
such that f; |z(7)| dr < oo, the Riemann-Liouville integral
operator of order « is defined by

(1%, 2)(t) = 1)/a(t—s)a_1x(s) ds, te(ab,

IN(e
where I' is the Gamma function. The Caputo fractional
derivative “D2, z of a function z € AC([a,b];R) is defined
by

(“Dgya)(t) = (L7 *Da)(t), t€ (ab],

where AC([a,b];R) denotes the space of real functions x
which is absolutely continuous, D = % is the usual derivative.
The Caputo fractional derivative of a d-dimensional vector
function x(t) = (x1(t), - ,w4(t))T is defined component-

wise as
(“Dgya)(t) = (“Dgyar(t),- - CDg wa(t)"

Let 7 be an arbitrary positive constant, and ¢ €
C([-r,0];RY) be a given continuous function. Consider the
following delay Caputo fractional differential equations

“Dg x(t) = Aw(t—7)+g(x(t),z(t—7)), t€[0,00), (2)
with the initial condition
z(t) = ¢(t), Vte[-7,0] 3)

where z € R4, A € R™? and g : RY x R — R% is locally
Lipschitz continuous in a neighborhood of the origin.

For any 7 > 0, a function ¢(-,¢) € C([-7,T];R9)
is called a solution to the initial condition problem (2)—(3)
over the interval [—7,T] if “Dg, p(t,¢) = Ap(t — 7,¢) +
9((t,6).p(t — 7,)) for all t € (0,T]. and @(t, d) = 6(t)
for all ¢ € [—7,0].

Since ¢ is locally Lipschitz continuous in a neighborhood
of the origin, [11, Theorem 3.1] implies the existence and
uniqueness of solutions to the initial value problem (2)—(3)
for any ¢ € C([—7,0;R?). Let I := [T, tmax(¢)), Where
0 < tmax(®) < 00, be the maximal interval of existence to
the solution (-, ¢). We now recall the definitions of stability
and asymptotic stability of the trivial solution to the equation

Q).

Fig. 1.
T=1

Stability region Su,r (bounded by the grey curve) for a = 0.4 and

Definition 1: (i) The trivial solution of (2) is called stable
if for any ¢ > 0 there exists § = d(¢) > 0 such that for
any ||¢||c < 6, we have tyax(¢) = oo and

le(t, @)l <e,

(i1) The trivial solution is called asymptotically stable if it is
stable and there exists 6 > 0 such that lim;_, oo o(t, ¢) =
0 whenever ||¢||s < 9.
In the case g = 0, the equation (2) is reduced to a linear
delay fractional equation

vt > 0.

“Dg, x(t) = Ax(t —7), Vt>0. (4)

Denote by S,, - the set containing the complex number A € C\
{0} such that |\ < ( Lrezam/2) 7 4pq ar < Jarg (V)| <

7. Due to [6, Theorem 2], we see that the trivial solution to
(4) is asymptotically stable if and only if all eigenvalues of
the matrix A are located in the domain S, .. Fig. 1 shows
the stability region S, for @« = 0.4 and 7 = 1. For the
nonlinear equation (2), we first focus on the case where the
matrix A is diagonal and the function g is globally Lispchitz
continuous. We define the generalized Mittag-Leffler function
EXG(t) : [0,00) = C by
0o k(¢ _for)okt+B-1
EYG(t) = {ZH e H(t— k),
’ 1, if ¢t <0,

if t>0,

where 8 > 0, A € C and H is the Heaviside function defined
by
if ¢ >0,

1
H(t)=14 . .
0, if t<O.

Note that for 8 =1, and 0 < t < 1, we have E)'] =0 = 1.
Hence, this function is continuous at ¢t = 0. '

The following result is a connection between the solutions
to the equation (2) and its linear part.

Lemma 1: Consider the initial problem (2)—(3). Assume
that g is globally Lipschitz continuous and

A = diag(M1, ..., M),

where \; € C, fori =1,...,d. Then, for any initial condition
¢ € C(]-7,0];C?), this problem has a unique solution on



[—7,00). Denote this solution by ¢(-, ). We have a repre-
sentation of 90(7 ¢) as 90(7 (ZS) = ((pl('a ¢)7 B (pd('a ¢))T’ in
which, for i € {1,...,d}, the i-th component ¢’(-,¢) for
Vt > 0 is as follows
0

Eé‘fc’f(t —T—8)H({t—7— s)¢i(s)d3

-7

BT (£)¢'(0) + A,

t
+ /0 BN (t— 8)g (o, 8. 0(s — 7 B))ds,  (3)

and o(t, ¢) = ¢(t) for all ¢t € [—7,0].

Proof: From [11, Corollary 3.2], we see that the initial
problem (2)—(3) has a unique solution with any initial con-
dition ¢ € C([—7,0];CY%). On the other hand, due to [11,
Theorem 4.1], all solutions to this problem are exponentially
bounded. Using Laplace transform and similar arguments as
in [6, Section 4], we obtain the variation of constants formula
(5). ]

For the remainder of this section, we give some estimates
involving the scalar generalized Mittag-Leffler functions E;‘Z;
with A€ Sy - and f=1or f=q. 7

Lemma 2: Assume that A € S, ;. Then, there exists a
positive constant C, » such that the following statements hold:

O |EYRO] < G238, VE>1;
(i) [E3T(0)] < =82, viz L
(i) supr>g fy [E27(5)] ds < Ca.
The proof of this lemma is given in the Appendix at the end
of the paper.

III. MAIN RESULT

Our aim in this section is to prove the following theorem.
This is a generalization of [7, Theorem 3.1] for the delay
fractional differential equations.

Theorem 1 (Linearized stability theorem): Consider  the
initial problem (2)—(3). Assume that the spectrum o(A) of
the matrix A satisfies

0(A) C 8o -

and the function ¢ satisfies the conditions (H;) and (Hs).
Then, the trivial solution to this problem is asymptotically
stable.

To prove this theorem, we first transform the linear part
of (2) to a diagonal matrix; then we construct a Lyapunov—
Perron operator which is a contraction, and its fixed point is
the solution to the initial problem (2)—(3). We then exploit the
properties of the scalar generalized Mittag-Leffler function to
obtain the conclusion of the theorem.

Transformation of the linear part: Using [16, Theorem
6.37, pp. 146], there exists a nonsingular matrix 7" € C4*4
transforming the matrix A in the equation (2) into the Jordan
normal form, i.e.,

T YAT = diag(A4,..., A,),
for i =1,...,n, the block A; is of the following form

where idg, xq, is the identity matrix having the size d; x d;,
n; € {0,1} and the nilpotent matrix Ny, «q, is given by

o1 0 --- 0
o0 1 -0
Na;xa, == . . -
00 - 0 1
o0 -~ 0 0

d; xd;

Let v be an arbitrary but fixed positive number. Using the
transformation P; := diag(1,7,...,7% 1), we obtain that

P7YA P = N ida, wa, + Vi Nayxds»

i € {0,~}. Hence, under the transformation y := (T'P) ™!z,
the equation (2) becomes

“Dg,y(t) = diag(Jy, ..., Jo)y(t—7)+h(y(t),y(t—T)), (6)

where J; := A\;jidg, xq, for ¢ = 1,...,n and the function h is
given by

h(y(t),y(t — 7)) :=diag(v1 Na, xdy » - - - » Y Na,, xd,, )yt = T)
+ (TP)"'g(TPy(t), TPy(t —7)). (7)

Remark 1: The function h in the equation (6) is locally
Lipschitz continuous in a neighborhood of the origin and

~ if there exists v; = 7,
h(0,0) =0, and lim ¢,(0) = .
0—0 0 otherwise.

Remark 2: If the trivial solution to equations (6) is stable
(or asymptotically stable), then the trivial solution to (2) is the
same, i.e., it is also stable (or asymptotically stable).

Remark 3: By using the change of variable y = (T'P) " 'x,
the original equation (2) is transformed into the equation (6).
In (6), the linear part is a diagonal matrix and the perturbation
h is a locally Lipschitz continuous function with the Lipschitz
coefficient v which can be chosen small arbitrarily. This
means that to study the asymptotic stability of the trivial
solution to (2) in arbitrary finite dimensional spaces, we only
need to consider this problem for scalar fractional differential
equations which is simpler than the original one.

Construction of an appropriate Lyapunov-Perron op-
erator: We are now introducing a Lyapunov—Perron operator
associated with (6). Before doing this, we discuss some con-
ventions which are used in the remaining part of this section:
The space C? can be written as C? = C% x- .- xC% . A vector
x € C?% can be written component-wise as x = (z!,..., 2").

For any ¢ € C([-7,0];C%), the operator Ty, from
C([~T,00); C%) to O([—7,00); C?) is defined by

(7;?,7{)(” = ((7;577'§>1(t)7 B (%,Tg)n(t))Ta

where for i = 1,...,n and ¢ > 0 the component (73 -£)*(t)
as

0

Eiff(t)cbi(o)ﬂi/ Byl (t—T—s)H(t—7—s5)¢'(s) ds

—T

t AT (1 gVRE(E(s s—1T))ds
+/0Ea,a<t i (€(5),E(s — 7)) ds,



and (74,.8)(t) = ¢(t) for any t € [—7,0], is called the
Lyapunov-Perron operator associated with (6). Next, we pro-
vide some estimates on the operator 7y .

Proposition 1: Consider system (6) and suppose that

o(A) C Su,r

Let €1 be a small positive parameter such that the function h
is Lipschitz continuous on Bc_ (0,€1) x Bc,,(0,€1). Then,
for any &,& € Be_(0,e1), we have

o i\ T
o o
17506 = Ty Elloe < e { max sup {1257 (1)1 +
t

BT ()] ds} x (16 = dlloot

—T

+ [ il
t

wax [ ENT(9)] ds x 60(21) €~ €l 6 - bl

1<i<n Jq

for all gb,qi; S BC([_7—70];Cd)(0,51).
Proof: Fori=1,...,nand t > 0, we get

I(T2.r8(0) = (T3, (0 < 16— dlloe (1EX ()] + A x
1B () ds) + (el 1) % 1€ = Ele

t
| B ) as
. ;
Hence, for any &, € Be_(0,21), we have

1T = T Elloe < max { max sup {|EXT ()] + [l x

1§1§nt20
t o
i, T _ 2 Ai,T
| IRz s} x 0= bl + max [ IEX (5] s
X tn(e1) 11§ = Elloos 16 = dlloc }

for all ¢, € Be((-,0);c4)(0,€1). The proof is complete. ®

From the proposition above, by letting C(\,a) =
maxi<icn o BN (5)] ds, for any &€ € Bo_(0,e1), we
have

176,76 = Tor€lloe < C(A @) x fr(e1) X [|€ = Elloc,

for all ¢ € C([—7,0];C?). Note that the Lipschitz constant
C(a, \) is independent of the constant £; which is hidden in
the coefficients of system (6). From now on, we choose and fix
the constant v as v = min{eq, m} The remaining ques-
tion is now to choose a ball with small radius in Cx, (R>0, C%)
such that the restriction of the Lyapunov—Perron operator to
this ball is strictly contractive.
Lemma 3: The following statements hold:

(i) There exists € > 0 such that
q:=C(a,\) x lp(e) < 1. (3)

(i) Choose and fix € > 0 satisfying (8). Define § by the
maximum value according to index ¢ of the set below

£(1—q)
)\i,T t )\1',,7' ’
subyso { BN (O] + INi] J), |EQ (s)lds +1}

Then, for any ¢ € Bg(—r0)ce)(0,0), we have

To.r(Bc,(0,€)) C Be.(0,€) and [|Tg.+§ — T r&lloc <

qll€ — &llc for all € € Be, (0, ¢).

Proof: (i) By Remark 1, lim, o ¢,(9) < 7. Hence, we
can choose a positive constant ¢ such that

q:=Cla,\) X bp(e) <1,

and the assertion (i) is proved.
(ii) According to Proposition 1, for any ¢ € Be((—r);c4)(0,0)
and any £ € Be_ (0, ), we obtain that

t

176,7€lloc < max Sulg{|E2fiT(t)\ N[BT (s)] ds
t

1<i<n ¢ P

1} 5 9lloo + Clas A) x £(e) X €]l
< (1-qk+¢e,

which proves that 7y ,(Bc. (0,€)) C Be (0,¢). Further-
more, we also have

[ T3 = Torblle < ClayA) X L) X [|€ = €]l

qu_EHOO’

which concludes the proof. ]

We are now in a position to give the proof of Theorem 1.
Proof: Due to Remark 2, it is sufficient to prove the asymp-
totic stability for the trivial solution of system (6). For this
purpose, let § be defined as in (9) and ¢ € B¢ (j—r0),c4(0, )
be arbitrary. Using Lemma 3 and the Contraction Mapping
Principle, there exists a unique fixed point £ € B¢ (0,¢) of
Te.r. According to Lemma 1, this point is also a solution to
(6) with the initial condition £(t) = ¢(t) for all ¢ € [—7,0].
Since the equation (6) has unique global solution in B¢__ (0, €)
for each initial condition ¢ € Be((—r 0p;c4)(0,9), the trivial
solution is stable. To complete the proof of the theorem, we
have to show that the trivial solution is attractive. Suppose
that £(t) = (£(t),...,£™(t)) is the solution to (6) which
satisfies £(t) = ¢(t) for every ¢t € [—7,0], where ¢ €
Be((—r00;c4)(0,0). From Lemma 3, we see that [|{[|c < e.
Put a := limsup,_, . [|£(¢)], then a € [0,e]. Let & be a
positive number small enough. Then, there exists T'(¢) > 0
such that

IN

1€ < (a+€)

For each ¢ = 1,...,n, we will estimate
lim sup,_, ., [|€%(t)||. According to Lemma 2(i) and 2(ii), we
obtain

() lime oo B (1) = 0;
(i) limy oo [ BN (t—7 — 8)H(t — 7 — 5)¢'(s) ds = 0;
(iii)

for any t > T'(¢).

T() ‘
/ BNt — )W (€(s)) ds
0

lim sup
t—o0

IN

) TE o N
max |[h*(&())]| lim su / % (g
1 A" (E@))l p o (t — s)ot1

tel0,T (e t—o0

= 0.



Therefore, from the fact that £(t) = (T,£)%(t), we have

t
fimsup ¢'(0)| = limsup | [ EXT(E - o)h(€(s)ds
t A

—00 t—o00 T(g)

éh(a) X Ca,xi X (a+é),

IN

where we use the estimate

t

t—T (&)
Eé‘of (t—s)ds / Eg;(u) du
0

< CO&J\M

T(é)

see Lemma 2(iii), to obtain the inequality above. Thus,

o < max {timsup € 0] timsup 6" (0]
t—o0 t—o0
< 0(7) % Cla, M) x (a+ 2.
Letting € — 0, we have
a < lp(e) x C(a, \) X a.

Due to the fact £,(¢) x C(a, A) < 1, we get that ¢ = 0 and

the proof is complete. ]

Remark 4: Consider the equation (2). If the function g also

depends on the time ¢, i.e. ¢ = g(t,z,y), then by using the

same arguments as above, Theorem 1 is still true provided that
the following conditions are satisfied:

(H1)* ¢(¢,0,0) =0 for all ¢ > 0;

(H2)* for any ¢t > 0, g(t,-,-) is locally Lipschitz continuous in

a neighborhood of the origin and

lim Kg(ty._’.)(g) =0, Vt>0,

0—0

where for any ¢ > 0,

Hg(t,x,y) B g(ﬁ@@)”
Iz =21+ lly = 31

sup
z,Y,2,9€Bga (0,0)
(z,y)#(2,9)

Eg(t,-,-)(@) =

IV. ILLUSTRATIVE EXAMPLE

Let us consider the following nonlinear delay fractional
differential equation

“DYPa(t) = —a(t — 1)+ 22(t) +2%(t — 1), t>0, (9)
with the initial condition x(¢) = 0.5 for all ¢ € [-1,0].

In this case, we see that —1 € Sy 5,1 and the perturbation
2%(t) + x2(t — 1) satisfies the conditions (H1) and (H2) in
Theorem 1. Hence, the trivial solution to (9) is asymptotically
stable. In particular, the solution ¢(-,0.5) to (9) tends to zero
as t — oo. Denote by ¢(+,0.5) the solution to the linearized
part

CDyPr(t) = —x(t —1), V>0,
with the initial condition z(¢) = 0.5 for all ¢t € [—1,0]. The
trajectories of ¢(+,0.5) and ¢(-,0.5) are depicted in Fig. 2.

0.5

0.4

03

0.2

0.1

0.1

-0.2

Time(sec)

Fig. 2. Trajectories of the solutions @(+,0.5) (the dotted line) and (-, 0.5)
(the solid line).

V. CONCLUSION

This paper has studied the asymptotic behavior of solu-
tions to nonlinear fractional differential equations with a time
delay. We have shown that an equilibrium of a nonlinear
Caputo fractional differential equation with a time delay is
asymptotically stable if its linearization at the equilibrium
is asymptotically stable. That is, we have given a sufficient
condition of the asymptotic stability based on the characteristic
spectrum of the linear part to the original equation. This
is a new contribution in the qualitative theory of nonlinear
fractional differential equations with delays. In the future,
we hope to obtain a characteristic spectrum for the stability
of fractional differential equations with multi-delays in high
dimensional spaces.
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APPENDIX

In this section, we will prove Lemma 2.
Proof: For pn > 0 and 6 € (0,7), we denoted by ~y(u, ) the
oriented contour formed by three segments:

o arg(z) = —0, |z| >
o —O<arg(z) <0, |z|=w;
e arg(z) =06, |z] > p.

From [6, Proposition 1 (ii)], we can choose a positive constant
0 such that all zeros z; of the function s* — X exp (—7s) satisfy
|arg (z;)| # 5 + 0, and there are only finitely many of them
satisfying |arg (z;)| < § + d. Hence, there exist R > ¢ > 0
such that all z; lie to the left of (R, §+-0) and those satisfying
|arg (z;)| < § 4 ¢ are located to the right of v(e, § 4 6), see
[6, p. 116]. Let 5 € {1,a}. For t > 1, from [6, p. 116], we
have
1 / s* P exp (ts)

2mi Jy(r,z+5) S* — Aexp (—Ts)
= 10+ (),

ds

AT
Eoz,ﬁ (t) =



where

1
27 (R, Z+8)—7(£,Z+5) s — \exp (—TS)
For I'(t), we use the representation

I't) = 1 () + L (1) + I3 (1),

where
1
B0 =-5m [ s Pew(r ) ds
T Iy (5,5+9)
1
It) = —7,/ s22=F exp (21 +t)s) ds,
X221 (s, 5+9)
B0 = s [ S,
3 A22mi Jo(e 2 ys) 8@ — Aexp(—Ts) '
Using the change of variable s = # we have

1 1
A 2ami

1
X B

1) = / W= exp (14 D)) du
y(e¥,F +ad) 3

which, by changing the variable v = (1 + %)%u, implies

1-8
1 1 == 1/«
B0 =337 | v el )
A2ami Y((14T)oee, 9 1 af) (1+7%)
1
X ta—ﬁ+1
1 1 =
=—= : / v exp (v dv
A 2ari Y((1+T) e, & 4 as)
o 1
(t + 7)o B+1
__1. ( 1 ) y 1 V> 1
= 3 @) s < e 2D
(10)

where we used the integral representation

1-8
f v o exp(v/®) dv
) _ i g)een o vas) Ty
|z=B8—«

2amt

( 1

I'(z) ’

see e.g. [17, Formula (1.52), p. 16].
For I} (t), by using the variable s =

/ uzaa—ﬁ exp ((1 + 277—)u1/a)
V(w5 +ad) g2e=p

UT’ we have

1 1
1 —_— e ———
I(t) = A2 273

a—pB+1 T
1 fw(ea,%m& ue exp (14 ZF)ul/*) du

A2 2ami
1

X t2a7,6+1 .

Put v = (1 + 27)%u, we obtain

1 1 a—B+1
I2l(t) =— — - / v« exp (1/1/0‘) dv
)\2 2071 ,‘/((1_;'_277')&6(17%4'_0‘6)
y 1
(t + 27)2a—F+1
1 1 1
A2 (F(Z))\z:ﬁf2a (t + 27)2a—F+1 1D
for all + > 1. For I}(t), we have
2a—pB+1 .
u” e exp (1+30)ul/)
1) = hiee, s ra0) o (mtlm) e
=— x
3 A2 2ami
1
X Py (12)

Note that there exists a positive constant C; such that
|s* = Xexp (—7s)| > Cy, Vs e 7(%, g 1), V> 1.

Thus, for any u € (g%, 5+ ad), we have

1/ 1/«
“ ) — At > Cit? eXp(Tu

)l-

On the other hand, there exists a constant positive C satisfy-
ing

.
wexp (

a— 1 2
/ 5 esxp (1 4+ 20/ au] < €, V2 1
y(e, % 4-ad) 13

This implies that
Cy
C1|M22amt3e—6+1"

[I5(t)] < vt > 1. (13)
We now estimate the quantity 2(¢). Because the domain
bounded by (R, 5 +06) — (5, 5 4 0) is a compact set in the
complex plane C and s® — Aexp (—7s) is analytic in this set,
there is a finite number of zeros of s® — Aexp (—7s) in this
domain. Let us denote these zeros by 21, ..., 2;. According to
[6, Lemma 2], 21, . .., 2 are single zeros of s*—Aexp (—7s).

From [4, p. 101], we have

k
2 exp (ts)
- b exp (tz;)
B = Bzf - ((B— oz))\zf—a_l — T)\zf_a) exp (—7',zi)7

(14
where Res,, is the residue at z; of s — Aexp (—7s). Hence,

there is a constant C'3 > 0 such that

k
()] < Cs > |exp (zit)], V> 1.

i=1

(7)1~

For 8 = «, from (10), (11), (13) and (14), we can find a
constant C, » > 0 such that

(i) Note that

[EXa(t) <




(ii) Similarly, For 8 = 1, from (10), (11), (13) and (14), there
exists a constant C', » > 0 such that

C
AT a,\
EXT(0)] < =22, w1
(iii) First, from the representation of the function Ea o, We
see that L
JRCHEIRE
0 ,
is bounded. Indeed, Consider the following cases.
The case 7 > 1. We have
1
|12 s
0
A k(o __ k ak+a—1
/ A (s = k7) H(s — kr) ds
O 0<kr<s ok +a)
Sa 1
= ds
/0 I(a)
_ 1
C T(a+1)

The case 0 <7 < 1. Let kg € N be the number satisfying
kor < 1 and (ko+1)7 > 1. We can partition the interval [0, 1]
into ko + 1 subintervals as [0, 7], ..., [koT, 1]. Then,

1
/ B (o) ds

by k —k ak+a—1
3 AP (s = h7) H(s — kr) ds
0 0<kr<s ak + Oé)
ko—1  (i+1)r AR (s — kr)okta—1
:Z/ A (; kT) H(s—kt)ds
i=0 7T 0<kr<s (ak +a)
1 k ak+a—1
A —k
+ / Z AP (s = k) H(s —k7) ds.
koT o<kr<s D(ak +a)
Furthermore, for 0 < i < kg — 1, we see that
(i+1)7 |/\\k(s _ kT)ak+a—1
H(s—kr)d
A ok +a) G-k ds

0<kr<s

i |)\|k /(H_l)T( ) k+ 1
= —_— s — kT)*TY  ds
k=0 F(Otk + Oé) T
= l L (((z +1-— k)T)“kJra —((t —
= I'(ak+a+1)
and
1 k(o ak+a—1
/ 3 (s — k) H(s — kr) ds
koT o<kr<s (ak +a)
ko 1 k ak+a—1
A —k
S [ e
k—o kor D(ak + a)

= Z Oék|j‘_‘a - 1) ((1 _ kT)ak-‘ra o ((/fo o k)T)ak+a) ;

/ |E>‘T( )| ds
0

which imply that

is bounded. Now, for ¢t > 1, we use the representation

t
/|EQ;;(S)|ds:/ BT (s) |ds+/ [EXT(s)] ds.
0

From (i), there exists a positive constant C such that

t t
[iRelas<e [ s
C
S —
a
Put Cop = [y |[EX7(5)| ds + €. Then,
sup / |B7(5)] ds < Can.
>0 Jo
The proof is complete. ]
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