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Abstract. In this paper, we look into some results for the global attractivity and Ulam stability of solu-
tions for fractional delay differential equations via Hilfer-Hadamard fractional derivative. The results are
obtained by using Krasnoselskii’s fixed point theorem and Banach contraction principle.

1. Introduction

The topic of fractional differential equations (FDEs) has increased significance and attractiveness by
reason of its applications in extensive fields of engineering and science; see the monographs of of Abbas et
al. [2], Kilbas et al. [17], Miller and Ross [21]. FDEs involving the Riemann-Liouville fractional derivative
or the Caputo fractional derivative have been focused more and more attention [5, 6, 17, 19, 31, 33, 34].

Hilfer [11] suggested a general operator for fractional derivative, called “Hilfer fractional derivative”,
which merges Caputo and Riemann-Liouville fractional derivatives. The Hilfer fractional derivative is
performed, for example, in the hypothetical simulation of dielectric relaxation in glass forming materials.
In [1], S. Abbas et al. proved some results concerning the existence of solutions and weak solutions for
some classes of Hadamard and Hilfer fractional differential equations. Recently, the authors studied some
existence and Ulam-Hyers-Rassias stability results for a class of functional differential equations involving
the Hilfer-Hadamard fractional derivative in [3] and the existence and Ulam stability for Hilfer type FDEs
were investigated in [4]. In [29], D. Vivek et al. analyzed existence and Ulam stability results for pantograph
equation via Hilfer fractional derivative. For detail study on Hilfer-Hadamard fractional derivative, we
refer to [16, 24]. Generally, some works were studied on the existence and uniqueness of solutions for
FDEs; see [2-4, 8, 17, 21, 31] and references therein. On the other hand, the stability of fractional order
model remains an open problem [27] .The most important cause is that, even if Lyapunov’s direct method
as well Lyapunov’s second method offers a method to analyze the stability of integer-order differential
equations, unfortunately it is not acceptable to analyze the stability of fractional-order ones because of the
lack of geometry analysis of the fractional derivatives. In integer-order differential equations and in the
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case where it is not easy to make an appropriate Lyapunov function, fixed point theorems are frequently
considered in stability. By making an appropriate compact set, the investigate to the attractivity of FDEs
is competently changed into the argument about the existence of a fixed point for corresponding FDEs. In
[10], Fulai Chen et al. presented some results for the global attractivity of solutions for FDEs involving
Riemann-Liouville fractional calculus. Recently, the question of attractivity of solutions for FDEs in abstract
space was initiated in [32].

The stability of functional equations was firstly raised by Ulam in 1940 in a converse given at Wisconsin
University. The problem posed by Ulam was the following: “Under what conditions does there exist
an additive mapping near an approximately additive mapping?” (for more details see [28]). The first
respond to the issue of Ulam was given by Hyers in 1941 in the case of Banach spaces in [13]. In 1978,
Rassias [25] provided a remarkable generalization of the Ulam-Hyers stability (U-H stability) of mappings
in view of variables. The stability properties of all kinds of equations have focused the attention of several
mathematicians. Especially, the U-H stability and Ulam-Hyers-Rassias stability(U-H-Rassias stability) have
been taken up by some mathematicians and the study of this area has developed to be one of the essential
topicss in the mathematical analysis area. For more facts on the recently advanced on the U-H stability and
U-H-Rassias stability of differential equations, one can see the monographs of Hyers [12] and Jung [14] and
the research papers of Jung [15], Miura et al. [22, 23], Rus [26] and Lungu and Popa [20].

In the present paper, we will attempt to derive some sufficient conditions on existence and globally attrac-
tivity results for fractional delay differential equations (FDDEs) via Hilfer-Hadamard fractional derivative.
Then, we use the concept of U-H stability which suitable to describe the characteristic of FDDEs.

2. Prerequisites

Let us remember the following space and results. For more details, see[24, 30].
Let +c0 > T > a > —oo and Cla, T] be the Banach space of all continuous functions from [4, T] into R with
the norm ||x[|c = max {|x(t)| : t € [a, T]}. For 0 <y <1, we denote the space C, n[a, T] as

V4
CMJQTL={ﬂﬂ4mﬂ-»Rmn£)ﬂﬂecmT§,
where C, 1n[a, T] is the weighted space of all continuous functions f on the finite interval [a, T].

Obviously, C, 1[4, T] is the Banach space with the norm

I, = (= 2) 0]

Meanwhile, C* . [a,T] := { feCYa,Tl: f € Cyla, T]} is the Banach space with the norm

y,In

n—-1
I, = I+ I, e

Moreover, C°  [a,T] := Cy,n[a, T].

7.In
In order to solve our problem, the following spaces are presented.

Ccl)[,—ﬁy,ln = {f € Cl—y,ln[ar T]/ HDZ(J:ﬁf € ley,ln[ar T]}

and

Cl i ={f € Ciopinla, T1, 4D} f € Cioyala, T1}.

It is obvious that

Cl_la, TIc CY | la,T].
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We require the basic definitions of fractional Hadamard derivative, which are generally used in the
development of the paper.

Definition 2.1. The gamma function is intrinsically tied to fractional calculus. The simplest interpretation of the
gamma function is simply the generalization of the factorial for all real numbers. The definition of the gamma function
I'(z) is given below:

T(z)zf et .
0

Definition 2.2. The Hadamard fractional integral of order a € R* of function f(t), for all t > a, is defined by

Wl £(t) = ﬁ f t (ln é)l f(s)%,

where I'(-) is the Euler Gamma function.

Definition 2.3. The Hadamard derivative of order o € [n—,n), n € Z* of function f(t) is given as follows

| d\" (Tfo Tt ds
HDa+f(t) = m (i’a) f[; (h’lg) f(S)?

Definition 2.4. (Hilfer-Hadamard fractional derivative) The left-sided Hilfer-Hadamard fractional derivative of order
0<a<land0 < B <1of function f(t)is defined by

WD () = (w0 7D () ), D=7

This innovative fractional derivative possibly viewed as interpolating the Hadamard fractional derivative and the
Caputo-Hadamard fractional derivative.

Remark 2.5. It is clear that;

o The operator HDZ;ﬁ also can be written as
’ 1- 1-B)(1- 1- .
uDyf = wlOD P = P uDl, y = a+p-ap

e Let = 0, the left-sided Hadamard fractional derivative can be expressed as yDY, := HDZ‘;O.
e Let B =1, the left-sided Caputo-Hadamard fractional derivative can be expressed as D%, = yI'79D.

The advance of a fixed point theorem of Krasnoselskii [18] as a result of Burton [9], will be employed in
the proof.

Theorem 2.6. [18] Let S be a nonempty, closed, convex and bounded subset of the Banach space X and let A : X — X
and B : S — X be two operators such that

(a) A is contraction with constant L < 1,
(b) B is continuous,BS resides in a compact subset of X,
(c) [x=Ax+By, ye S| = x€S.

Then the operator equation Ax + By = x has a solution in S.
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Inspired by the papers [3, 4, 7, 10], we revise the existence and stability of Hilfer-Hadamard type delay
differential equations with nonlocal condition of the form

uDPx(t) = f(t, x(01(8), X(02(1)), .., X(0u(D)), t>a, 1)
a7 X(B)lima + g1, b2, s By, X()) = Xo, ?)

where HDZZﬁ is Hilfer-Hadamard fractional derivative of order a and type , 0 < a < 1,0 < g < 1,
a<ty<t <..<t,<oo,andlet]:=(a,00), f:[XR'" >R, g:]XR—>R,0;:]x](i=1,..,n) are

given continuous functions. HI;: 7 is the left-sided mixed Hadamard integral of order 1 — . For brevity of

notations, we shall take HD:;ﬁ as D% and HI;: Vas .
It is simple to see problems (1)-(2) are equivalent to the following integral system

(XO - g(tl, i’z, vey tp, x())) t y-1
T(y) (ln _)

£ a—1
+—fa(1n£) f(S,x(Gl(S)),x(Gz(S)),~-,x(0n(5)))i—s- (©)

x(t) =

a

3. Attractivity

In this part, we examine the attractivity of solutions for Hilfer-Hadamard type delay differential equa-
tions with nonlocal condition.

Definition 3.1. The zero solution x(t) of the problem (1)-(2) is globally attractivity if every solution of (1)-(2) tends
to zero ast — oo,

Define the operators

(xo —g(t1,tp, ..., tp,x(-))) (ln t)y—l

= o) p
t a-1
+%f (lné) f(S,x(G1(S)),X(Oz(s)),._.,x(an(s)))%, @
T
0= o) (nz)

1 g a-1 d
BY() = s fg (mé) f(s,y(al(s)),y(az(s)),...,y(on(s)))?s, t>a.

Itis obvious that x(t) is a solution of (1) if it is a fixed point of the operator P, and the operator A is contraction
with constant 0.
We list the following conditions:

(C1) f is Lebesgue measurable with respect to t on [4, o), and there exists a constant a; € (0, &) such that

[t x(@1 (), X(02(8), s X(0u(H))

[a, c0).

a1
ap dt
t

< oo forall h < oo, and f is continuous with respect to x on

(C2) |f(t, x(a1(H), x(02(), ..., x(an()))| < L (1n g)’ﬁ "for t € (a,00) and x(t) € Ci—yn[J,R], L > Oand a < B; < 1.

(C3) |f(t, x(a1(H), x(02(), ..., x(aa(t))| < L1 (1n§)_ﬁ “x(t)| for t € (a,00) and x(f) € Ci—yml[],R], L1 > 0 and
a<pr<i(l+a).
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(C4) [f(t,x(01(8), X(02(8)), s X(0u(B)) = £t Y(01(5), Y(02(0), s Y(0n@®))] < Lu (In £) 7 [xt) = y(8)| fort € (@, 00)
and x(t), y(t) € Cioyn[JR], L1 > 0and a < B, < 3(1 + ), £(%,0,...,0) = 0.

(C5) £t x(@1(8)), ¥(02(8), ., ()] < K(in £) " x(t) for ¢ € (@, 0) and x(¢) € Ciyl[R] K 2 0,72 0
2+na
2+n °

and @ < i3 <
(Co) |f(t,x(c71(t)), x(az(t)),...,x(on(t)))( < K(ln é)_ﬁs [x(t)|" for t € (a,00) and x(t) € Ci1_y [/, R], K > 0,n > 0
anda-(n-1)(1-a)<Bs<a.
(C7) |g(tr, ta, s ty, ()] = maxsec, [ R] = G for t € (a,00) and G > 0.

Lemma 3.2. Assume that the function f satisfies condtions (C1),(C2) and (C7). Then the operator B is continuous
and BSy resides in a compact subset of R for t > a + Ty, where

Sy = {y(t)ly(t) € Cr_yml), R], [y()] = (ln 2)_% fort>to+ :rl},

y1 = 3(B1 — @), and Ty satisfies that

LT'(1 - B1)
Irl+a-p)

(Ixol + G)
I'(y)

Proof. Initially, we prove that B maps S1 in S; for t > a + Tj.
Since the above condition of Sy, it is simple to know that S; is a closed, bounded and convex subset of R.

Applying condition (C2), for t > a, we get

(InT;)20D + (InTy) 269 <1, (5)

£ a-1 d
B0l < 5 [ () 17 v, voxo) s 0] S

< [ ) H0m)
LT(1 - 1) (ln t )—qsl—a)

TTA+a-p)\ a ’
and the only constraint for the above inequality is the integrability of <ln f—l)_ﬁl ,namely ; < 1.
For t > a + Ty, inequality (5) and $; > «a yeilds that

— -3 (p1-a) - 1
LT (1 - ) ( t)z < LHAZB) g rydeo <,

Tl+a-g)\ a “T(1+a-p)
Then, fort > a + T1, we have

ML(1-B1) (, t\2hD]  t\ 260
el < |y (3) |(m )
L\
< (ln —) ,
a
which implies that BS; € S; fort > a + T;.
After that we prove that B is continuous.
For any yu(t), y(t) € S, m = 1,2, ... with limye [ym(t) = y(t)| = 0, we get limy—c Yu(t) = y(t) and
limy—seo f(t, Ym(01(8)), Ym(02(H), s Ym(0n (1)) = f(t, y(o1(1)), Y(02(t)), ..., Y(0u(h))) for t > a + T1.
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Let € > 0 be given, fix T > a + T such that

LI'(1 - B1) ( N T)_(ﬁl_“) €

TA+a-p)\ a 2’

Letv = %, then 1+ v > 0since a; € (0,a). Fora+ Ty <t < T, we have
|Bym(t) — By(t)|

1

£ a-1
<t | () o), 102 e ) = 5, W9, Y2, Y| T

ﬁ 1-ay
<t ([ 9%

x [ f 16, Yor(16)), Yor(025))s s Y0 = FG5, Y(01(), Y(02(5))s s Y(Ga (| ?]

1 (1 T\+o\
< _
- (a)(1+v(lna) )

t 1 ai
x [ f LG5, Y @165)), Y(@25))s s Y(0n(5))) = (5, Y(01(5)), Y(02(6)), - Y(on(E)|™ %]
1

+o\1-a
(@) (1 Jlr v (lng)l )

o (10 D) 5 500, YO o) — 6,40, 0,0

-0 as m—-0.

IA

Fort > T, we have
|Byw(t) = By(t)|

t a-1
<t | () 17 1or), 102 e o) = 5, Y (9D, Y26, (oD T
1 t

a-1
< m jl: (11’1 é) |f(S, ym(gl (s)), ym(O'Z(S))r e ]/m(Gn(S)))|

+ 16 015, Y0205, -, Yoo 2

< ﬁ j: (ln é)a_l [ZL (ln 2)_ﬁ1] %

_ 2T =) (ln 2 )—ﬁl—a

“TA+a-p)

2T - fr) [ T\
=TA+a-p) (IHE)
<e.

Then, for t > a + Ty, it is clear that
|Bym(t) - By(t)l —0 as m— o

which implies that B is continuous.
In the end, we prove that BS; is equicontinuous.
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Let € > 0 be given. Since lim;_,c (ln 1)_}/1 =0, there isaT > a+ Ty such that (ln 1)_7/1 <Sfort>T.

Letty,tp >a+Trand t, > t1. Ifty,t, € [a+T4, T ,f |f(t x(01(5)), x(02(5)), ..., X(5,,(5)))| ™
(C1), then

[Bx(t2) — Bx(ty)l

5] a—
= ﬁf lni}—2 1f(s,x(al(s)),x(az(s)),...,x(on(s)))ds—s—

% exists by condition

a—1
i f n2) f<s,x<ol<s>>,x<oz(s>>,...,x(an(s»)@l

<t | [(m%) T o(mf)" ])f(s X(01(5),X(026)), o M|

ty a—
+ % (11'1 %2) 1 ‘f(s, X(Ul(s))/ X(Oz(S)), e X(G”(S)))| _S

si*£1@?f1@€YTW%} [ 16 3@ 20020, e

t2 T-ay )
O I I e e

< e (o )lm U " 5 X ), K N D] ﬂ (i)

"

IFa)\1+v
— 0 ast, > 1.

If t1,t, > T', then we have

() - Bt < f (10 2)7 £ 20019 X029, x|

1

t a-1
+m f (ln %) |f (S,x(m(s)),x(oz(s)),...,x(an(s)))(%

B\ H\ N
(ln 2) (ln—l) <€ ast, - t.
a a
Ifa+Ty <t <T <ty notethatift, > t;,t, > T and T — t;, as said by the above discussion, we have

|Bx(t2) — Bx(t1)| < |Bx(t2) — Bx(T')| +

Bx(T') — Bx(t1)| —0 as th —#H.

Hence, it is obvious that |[Bx(t;) — Bx(t1)] — 0 as t; — t;. Therefore BS; is equicontinuous; BS; is included in
a compact subsetof R fort >a+ T;. [

Lemma 3.3. Assume that conditions (C1), (C2) and (C7) hold, then a solution of (1)-(2) isin Sy fort > a + T;.

Proof. Note that if x(t) is a fixed point of P then it is a solution of (1)-(2). To verify this, it remains to prove
that, for fixed y € 51 and for all x € C[J,R], x = Ax + By = x € 5; holds. If x = Ax + By, apply condition
(C2), we have

()] < |Ax(H)]| + [By(®)|

Gy( ty 1 [Tty d
<O (1] @ f (n3) 176 w@1(6), y02®), - ylos] T

I'(y)
(ol +G) (,_ty~  LI(1—=p) )
=T (lnE) "Ta+a-p) (m-) :
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Fort > a + Ty, from inequality (5) and 0 < @ < 81 < 1, we have

(Ixol + G) (. +\207D  LT(1-py) £\~ Bi-a)

() (ln 5) TTa+a-py (1“ ‘)
< (Ixol + G)
- IO

<1

LT'(1 - pB1)

InT -3 (B1—a)
F(1+a—ﬁ1)(n )

(InT;):07Y +

Then, fort > a + T1, we have

(xol +G) (, ty0D LI -B) S AT
lx(£) < [ T0) (ln;) + T a—py (IHZ) ](m _)

a
1
< (ln E) ,
a
which implies that x(t) € S; for t > a + T1. Along with Theorem 2.6 and Lemma 3.2, there exists a y € 5;
such that y = Ay + By, i.e., P has a fixed point in S; which is solution of (1)-(2) fort >a+T;. O
Theorem 3.4. Assume that conditions (C1), (C2) and (C7) hold, then the zero solution of (1)-(2) is globally attractive.

Proof. By Lemma 3.2, for t > a + T, the solution of (1)-(2) exists and is in S;. All function in S; tend to 0 as
t — oo, then the solution of (1)-(2) tends to zero as t — co. [

Theorem 3.5. Assume that the function f satisfies conditions (C1) and (C3). Then the zero solution of (1)-(2) is
globally attractive.

Proof. LetS, = {y(t)ly(t) € Ci_ym [ R],
that

y(t)l < (ln £)7y2 fort>a+ Tz}, where, v, = %(1—0(), and T satisfies

(|x0| + G) (ln TZ)%()/—l) Llr(l B ;81 )
I(y) Il+a- ﬁz—?/)
We first show that if, for fixed y € S; and for all x € R, x = Ax + By = x € S; holds. If x = Ax + By, from
condtion (C2) we have

()] < |Ax(t)] + |By(®)|

(nT,)~ (B2-2) < 1. (6)

< l* &) "‘O”G (nﬁ)yl r(la) f t(lng G5 4015, 4026, Yo )] =
Y- t a- -B

B2 "‘°'*G (o) gy [ ) eafn) ol

< Ml +6) |xo|+G (lni)y 1 r(la) j: (1n£)a_1 L (ln 2)—52—72%

y-1 LI -8 - ~(B2+y2-0a)
e fmf) " AT )y ry,
I'(y) a I'l+a-pr—7y2)
Note that <ln 2)_ﬁ2_yz in (7) is integrable by means of f, < %(1 +a)and y, = %(1 - a).
Fort > a+ T, from equity (6) and 0 < a < ; < %(1 +a) < 1, we have

(|x0| +G) 20-0 LT - B2—y2) F\~(B2—a)
IO (na) TA+a—pa12) (1“‘)
(ol +G) -1y, Ll =B2—y2)

<o) R R Ty

<1

(In T,) F®
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Thus, for t > a + T», we have

Ix(f)| < [% (ln a) 20D N FL(irfa_—ﬁ;z_—y;Z) (1nf)—<ﬁz—a>] (m ,; )—}’2
<(int)", ?

which implies that x(t) € S, for t > a+T». For now, merging (7)-(8) also implies that |By(t)| < (ln ﬁ) " which
leads to BS, € S, fort > a + T».

Comparable to the proof of Lemma 3.2, it is clear that the operator B is continuous and BS, resides in
a compact subset of R for t > a + T,. By Theorem?2.6, the revision of Krasnoselskii’s theorem, there exists
ay € 5y such that y = Ay + By, i.e., P has fixed point in S,, which is a solution of (1)-(2). Moreover, all
functions in S, tend to 0 as t — oo, then the solution of (1)-(2) tends to zero as t — oo, which shows that the
zero solution of (1)-(2) is globally attractive. [

Corollary 3.6. Assume that the function f satisfies (C1) and (C4). Then, the zero solution of (1)-(2) is globally
attractivity.

Proof. From condition (C2), we have

|£(t, x(01(8)), X(02(), ..., x(0u())| = | £(t, x(01(1)), X(02(1), ..., X(@u(#))) = f(£,0, ..., O)
<L (m 5)_ﬁ2 - 0]
a

- L (ln 2)% (@), 9)

which implies that condition (C3) holds. The global attractivity result can directly be obtained by Theorem
34. O

Theorem 3.7. Assume that the function f satisfies conditions (C1), (C5) and (C7). Then the zero solution of (1)-(2)
is globally attractive.

Proof. Let S3 = {y(t)ly(
satisfies
(Ixol + G) Ly KT'(1 - B3 —ysn)
L P (InTs)20 D +
T B v Wy pmpravs

First, we show that condition (c) of Theorem 2.6 holds. If x = Ax + By, from condition (C5), we have

< (ln é)—ya fort>a+ T3}, where y3 = %([33 —a),and T3 > 1and

(InT5) 26 < 1. (10)

()| < |Ax(t)] + |By(®)|

x+G r-1
<|0| (

n

é) F( )f 1n£ If (s, y(01(5)), Y(02(5)), .., Y(0u(5)) )| s
\1 a 1
1“5) T(a)f 1“ 1“ ) ly(s )|
Ly ~Bs=730 ds
J r(a)fu ) k()

y-1 KI'(1 - B3 —ysn) £\~ (Bs+yan-—a)
S (i) .
T(1+a=ps=ysn

IxOI + G)

In

Ion + G

In - (11)

(
|x0|+G (
a

Note that (ln ) P in (11) is integrable because 3 <

2+n 2 and V3 = 2(ﬁ3 —a) leads to B3 + y3n < 1.
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For t > a + T3, from inequity (10) and 0 < & < 3 < 2;7”: <1, we have

(Ixol + G) (ln t )W-D L KT —ps —yan) (ln t )—;wa—a)
I'(y) a

a IFrl+a—-pBz—v3n)
(Ixol + G) Ly KIT(1 - B3 —y3n) 1
S (InT3)207Y + In T3)~2#=)
r) T T asgmyap Y
<1.

Thus, for t > a + T3.
(Jxol + G) Fy1 KI'(1 = B3 —ysn) £\~ Fatran-a)
- (ln —) + (ln —)
I'(y) IFl+a-pz—7y3n) a
y-1 KT(1 - B3 — —(B3—)
< (ol +6) (1n 5) L KA -Bs—ysn) (ln 5)
L(y) FA+a—-Bs—ysm\ a

a
SRR =

a
4m9%, (12)

lx(t)] <

a

a

which implies that x(t) € Sz for t > a + T3, meanwhile, combining (11) and (12) also implies that |By(t)| <

(ln 5)_7/3 which leads to that BS3 C S3, for t > a + Ts.
The remain part of the proof is similar to that Theorem 3.4, and we skip it. [

Starting the proof of Theorem 3.5, we determine that the term y37 is really out of work in the proof,
the attractivity result may be accomplished if we consider a weaker condition than condition (C5). Then it
follows the next theorem.

Theorem 3.8. Assume that the function f satisfies condition (C1),(C6) and (C7). Then the zero solution of (1)-(2)
is globally attractive.

Proof. Let Let S, = {y(t)ly(t) € CiylJ R],

and T, and satisfies that

y(t)| < (ln 5)*3’3 fort>a+ T;}, where ﬁ(a —B3) <yy<l-a,

(xol + G) KT(1 = B3 = y31)
T(y) T(l+a~ps—ysm

Sincenp>1,fort>a+ T;, similar to (12) we have

(In T,y 1% + (In T,) P05 < 1, (13)

(Bl <

(Ixo| + G) £yl KI(1 -3 — )/317) £\~ Bs+yan-a)
oy () (m3)

T) \a) TTA+a-ps—yin
< (Ixo + G) (ln t )7/—1+;'; .\ KI'(1-8;— )/31’7) (ln t )—[53+a—(n—1)y; (ln t)—V;
I'(y) a Tl+a=PFs—7;m a

< (|.X'0| + G) )}/—1+y; + Kr(l - ﬁS - Vl377) (ln T, )—[€3+a—(q—1)y; (ln z)_Vg
S| To) FA+a-ps—yym " 2 a

“(ng)"
a

which implies that x(t) € S, for t > a + Tj.
The residual part of the proof is related to that of Theorem 3.7, and we skip it. [

a

(ln T/3

Remark 3.9. B3 in condition (C6) satisfies that a — (n—1)(1 — a) < B3 < a, then —B3 may be positive if 1 < n < ﬁ
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4. Stability analysis

Motivated by the famous Ulam’s type stability theories of ordinary differential equations and FDEs
[8], we recall U-H stability, generalized U-H stability, U-H-Rassias stability and generalized U-H-Rassias
stability to explain our current problem.

Let0<a <1,0<B<1,eisa positive real number and let | = (a,b], f : ] X R" — R be a function such
that f € Ci_yin[J ", R] for any x € Rand ¢ : (a,b] = R* be a continuous function. We consider the following
FDDEs with Hilfer-Hadamard fractional derivative

uDFx(t) = f(t, x(01(1), X(02(1), .., x(@u(H), tE], (14)

and the following inequalities:

[0 2(0) - £(t,2(01(8), 2(02(0), -, 2(0(0))] < €, b€ (a,b]; (15)
‘HD‘f;ﬁz(t) — f(t,z(01(1)), z(02(1)), ...,z(on(t)))' < o(t), t € (a,b]; (16)
[0 2(0) — £(t,2(01(8), 2(02(0), - 20 (®))| < ), t€ (a,b]. (17)

Definition 4.1. The equation (14) is U-H stable if there exists a real number cy > 0 such that for each € > 0 and for
each solution z € C’l/_y ln[]', IR] of inequality (??) there exists a solution x € C?_y il ', R] of the equation (14) with

|lz(t) —x(H)] < cre, te]

Definition 4.2. The equation (14) is generalized U-H stable if there exists 6y € C(R4,R+), 0¢(0) = 0 such that for

each solution z € C)l'_%ln [J', R] of the inequality (2?) there exists a solution x € C?_%ln[ J', R] of the equation (14) with

[2() = x(t) < Of(e), te].

Definition 4.3. The equation (14) is U-H-Rassias stable with respect to ¢ if there exists cs, > 0 such that for each
€ > 0 and for each solution z € C)l/_%ln[]',]R] of the inequality (2?) there exists a solution x € Ci/_y,ln[]',]R] of the
equation (14) with

|z(t) — x(t)| < crpep(t), tE€]

Definition 4.4. The equation (14) is generalized U-H-Rassias stable with respect to ¢ if there exists cf, > 0 such
that for each solution z € C)l'_%ln[ J', R] of the inequality (15) there exists a solution x € le/—y,ln[ J',R] of the equation
(14) with

z(t) — x(D)] < crpp(t), teE].

Remark 4.5. A function z € Ci’_%ln[ J',R] is a solution of (2?) if and only if there exists a function u € C}l/_%ln[]', R]

(which depends on z) such that

@) lut) <e te];
(b) uD{Fz(t) = f(t, 2(01(), 2(02(D), ..., 2(0n(D)) + ult), te].
One can have similar remarks for the inequalities (??) and (15).

So, the Ulam stabilities of FDDEs with Hilfer-Hadamard fractional derivative are some special types of
data dependence of the solutions of FDDEs with Hilfer-Hadamard fractional derivative.
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Remark 4.6. Let0<a<1,0<p<1,ifze C?_%ln[ J',R] is a solution of the inequality (2?) then z is a solution of
the following inequality

(20 = g(t1, ta, o £, 2()) (1 t)H

I(y) a

|z(t)—
1 troopet ds € £\
) f (n3) £, 202, - 2T ‘ g n2)

for t € ], where yI.7 2(#)li=q = 20 — gt ta, s by, 2()).
Indeed, by Remark 4.5, we have that

D¥2(t) = f(t, 201()), 2(02(1)), - 2(0n(t))) + u(), tE ]
This implies that
(0= gttt zO)) [ py1 1 [t bl ds
e LN RGO

t a—
+ ﬁ ﬂ (lné) ! f(S,Z(Ul(S))/Z(Gz(S)),...,Z(an(s)))%, te].

From this it follows that

(Zo - g(h, £2, s bp, Z())) F\r-1
o) (n7)

o [ (02 s 0 2o, et

_F(a)f(ln ) =
F(a)f( a 1ds

_m(ln )

‘z(t) -

5

In -

For the moment, we have the following remarks for the solutions of the Hilfer-Hadamard fractional type inequalities
(??) and (15).

Remark 4.7. Let0<a<1,0<p<1,ifze C¥_V nl J',R] is a solution of the inequality (2?) then z is a solution of
the following integral inequality ‘

(Zo - g(f1, tr, ..., tp, Z())) t y-1
T (n7)

t o
ot [ (02 20100 20020, 2 E

1 Yront ds ,
< mj; (11‘1 ;) (P(S)?, te ] .

‘z(t) -
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Remark 4.8. Let0<oz<1,Os,Bs1,ifz€C’1/

- WU s R s a solution of the inequality (15) then z is a solution of

the following integral inequality

(20— gt oy sy, 2(D)) -1
() (ln )

t a—
- ﬁ fu (ln é) 1 f(s,2(01(5)), 2(02(5)), ""Z(G"(S)»i—s
t

‘z(t) -

a

€ £\*1 ds
Sm i (lng) (p(s)?, te]

The following lemma plays an imperative role to attain Ulam stability results.

Lemma 4.9. [30] Let y,w : ] — [1, +00) be continuous functions. If w is nondecreasing and there are constants
k>0and 0 < a <1 such that

t a-1 d
v sk [ (] 0T, el
then
"I (kT(a))" (, )@ ds
y(t) < w(b) + fl ; o) (1n5) w(s)l?, te]

Remark 4.10. Under the assumptions of Lemma 4.9, let w(t) be a nondecreasing function on |. Then we have

y() < w(H)Eq (KT(a)(In£)?),

where E, 1 is the Mittag-leffler function defined by

o k
z
Eun1(z) = k§=0 Tha+1) zeC.

Lemma 4.11. Assume the following assumptions hold.
(A1) f:(a,b] x R" - Ris a function such that f € C1_,m[] ,R] for any x € R.
(A2) There exists a constant L* > 0 such that

|f(t1/x1/ X2y eeey xn) - f(tZI Y1,Y2, s yn)|

<L {|t1 - t2| + |.X'1 —Yyi|+ ‘XZ - ]/2) + ...+ |Xn - ]/n|}

forty,tr €@ blandall x;, y; € R, i =1,...,n).

(A3) g:] xR — R and there exists a constant q > 0 such that
|g(t1/ t2/ a4 tp/ ]/()) - g(tll t2/ cees tp/ y())| S q ”]/ - ]_/”Cl—v,ln

fOI" any y']_/ € Cl—y,ln[],/ ]R]
If

9 nLT(y) b )“)
(Nﬂ*rm+w0“a <! (1%

then problem (1)-(2) has a unique solution.
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Proof. Consider the operator P : Cy_y,1n[ J,R] — Cl_y,ln[]',]R].

(XQ - g(h, £, bp, x())) -1
) (ln ')

¢ -
+$ ﬂ (mé) 1 f(s,x(al(s)),x(oz(s)),...,x(on(s)))df. (19)

(Px)(t) =

It is clear that the fixed points of P are solutions of problem (1)-(2).
Let x, y € Ci—),im[] ,R], we have forany t € |

Y
‘((Px)(t) - Py©)(in )

< 1"( ) |g(t1/ £2, e tp/x(')) - g(t1l 2, tp/ y())l
1- t a-1
t(ing) " [ () 16 K016 K026, o)

~ £ KA, YA, Y]

B Iﬂ()’) ” - yHC’ vin 111(];?5) (1 é)l y fat (lné)a_l (Insy'(Ins)"™7
= F(y) ” - yHc1 o lij(i) (ln E)PV fat (lné)ail (Ins)'dIns ”x - yHCl_M“

q nL* F()/) £\
: ( I'(y) - Ta+y) (ln a) )”x - y”cwlln ,

x(s) — y(s)| %

Thus,

q nL*T(y) b
Iex=rlle,, < (s + e 2 -l

From (18), it follows that P has a unique fixed point which is solution of equations (1)-(2). O

Theorem 4.12. Assume that the assumptions (A1)-(A2) and (18) hold. Then, the equation (14) is U-H stable.

Proof. Let z € C1 o, U/ R] be a solution of the inequality (??). Denote by x the unique solution of the
Hilfer-Hadamard fractional type delay differential equation

aﬁx(t) = f(t, x(ol(t ), x(02(1)), ..., x(0,(t))), forallte (1,b], 20)
Hl g+ Xl =n L g+ T 2(B)li=a = 20 — g(t1, ta, oeos by, 2()).

We have that

zo — g(t1, ta, ..., tp, 2(+)) y-1 1 t a-1 d
x(t) = (= 11"(2)/) ’ )(mé) @ f (mé) f(s,x(al(s)),x(az(s)),...,x(on(s)))?s.
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By differential inequality (??), we have:

(Zo - g(ﬁ, t2, s tp, Z())) F\r-1
T0) (n7)
1 t

- (lnt)a 1f(S,Z(Ol(S)),Z(GZ(s)),...,z(on(s)))ds—s

T@f s

_m(ln ) ,

z(t) —

for all t € J. From above it follows:
|z(t) — x(t)]
(ZO —g(ti, ta, ., t,,,z(-))) (1 t)V‘l
n —_
I'(y) a
t a-1
B ﬁ j; (ln 2) f(s,x(01(s)), x(02(5)), ---,

(Zo —g(ti, ta, ..., tp,Z('))) ( t)y—l

T(y) "

= 'z(t) -

< |z(t) -

T%f@yﬁm@>mw S|
rie [ () o1, 2ot
_%Sﬁﬁfmmwwmemwﬂ
el ot O)

- ;@ngﬂsmmmzwm»ma@@m§|

N 1 t(l t)al
I'(a) J, ns

—mmmmmmwwwf

€ £\& nL* t ¢ a-1 ds
*Ta+1) (h‘&) T J, (lng) [2(5) = x(5)] -

By Lemma 4.9 and Remark 4.10, for all t € ], we have that:

(1n£)* Eus (n1 (in )")e

f(s,2(01(5)), 2(02(8)), -, 2(0n(5)))

[2(t) = x(8) < AR
(ln g)a Eun (nL* (ln g)a) €
< T+ 1) = cye.

Thus, the equation (14) is U-H stable. This completes the proof. O

5721
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Theorem 4.13. Assume that (A1)-(A2), (18) and

(A4) ¢ € C(],Ry) is continuous, nondecreasing, and there exists A, > 0 such that

1 t t a-1 d l
mj; (ln _) (P(S)?S < App(t), foreachte],

S

are satisfied. Then, the equation (14) is U-H-Rassias stable.

Proof. Let z € le'_y U R] be a solution of the inequality (15). Denote by x the unique solution of the
Hilfer-Hadamard fractional type delay differential equation (20). We have that

(Zo - g(h, ta, .y tpr Z())) ( t

y-1 1 t a-1 d
() = 0 ) i [ (03] A6 K06 K0 3o

forallte .
By differential inequality (15), we have:

— g(t1, tay oo by, 2()) 1 ' a1
‘z(t)—(ZO T )(lnt)y vl G B CE GO eI

a I'(a)
<elpp(), te].

From above it follows
nLr (o ! ds
— < _ _ — —_.
20 =300 < eyt + fros [ (1n ] 0 -2 G
By Lemma 4.9 and Remark 4.10, we have that:
A, b\" ,
|z(t) — x(t)| < €eAp@(t)Eqn (L In -] )= crep(t), te].
Thus, the equation (14) is U-H-Rassias stable. [J

Remark 4.14. One can extend the above results to case of equation (14) with b = +oco.

5. An example

In this part, we present an example to exemplify our main results. Consider the following Hilfer-
Hadamard fractional type delay differential equation

uDFx(t) = a(x(t - 8) = x(t - 10)), e (1e], 1)
Hli:yx(l) + Z cix(t) =1, 22)
i=1

and the following inequality

D20 - fit, 2010, 20200 < €, te el

wherel <t; <t <..<t, <eandc¢; =1,..,n are positive constants with
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Set f(t, x(01(t)), x(02(t))) = a(x(01(t)) — x(02(4))), YV t,01,02 € J:=[1,e], x€R.
Leta = % and choose a = l,ﬁ = % andy = %.

Denote 01(-) = =8, 02 = =10, f(-, 01(x(")), 02(x())) = %(x(- —8) — x(- — 10)).
Clearly, the function f is continuous. For each x,Xx € R and g1,0,t € J:

|ﬂnmmm»ﬂ@um—f@fww»5wxmﬂsih—%y

On the other hand, we have

|9 = g@®)| < Y cx = Y e
i=1 i=1
< Z Ci ‘x - §|
i=1
< -3,
=3

Hence conditions (A2) and (A3) are satisfied withn =2,L* = % and g =
Thus,

(L+ nL*T(y)
I(y) T(a+y)

It follows from Lemma 4.11 that the problem (??)-(21) has a unique solution. Now all the assumptions in
Theorem 4.12 are satisfied, the equation (??) is U-H stable on J.

Let p(t) = (In t)%. We have

1 t 271 1d
I“(p(t):mfl(lné) (np): 2
2
1 frot\elds
) (1)
_ 200
=

1
3

(In b)“) <1.

S

Thus

2 1
ulj () < %(ln 12 == Ap(t).

Thus condition (A4) is satisfied with ¢(t) = (In t)% and A, = 2 It follows from Lemma 4.11 that the
problem (??)-(21) has a unique solution and from Theorem 4.13, the equation (??) is U-H-Rassias stable.
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