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1. Introduction

In recent decades, relevant theories and applications of fractional differential equa-
tions [1-6] have developed rapidly. Generally, fractional differential equations are derived
from the research of solid mechanics [7], chemistry [8], physics [9,10], electromechanics [11],
finance [12], and so on. Abundant theoretical achievements have been made in the study
of the existence and uniqueness of fractional differential equations by applying the fixed-
pointed theorem, such as [12-16]. However, there are few articles in the research and
application of fractional differential equations with time delay. The delay factor has an
important influence on the solution to the fractional differential system. The change of
the system solution not only depends on the present state but also is constrained by the
past state. Therefore, it is of great significance to consider the delay effect on a fractional
differential system. In [17], the authors discussed the stability of fractional differential
equations with delay evolution inclusion. Li et al. [18] derived a comparison principle for
functional differential equations with infinite delays. Additionally, note that the Hyers—
Ulam stability property of delay differential equations can be mainly considered by the
Gronwall inequality. It is worth mentioning that the mentioned method can be applied
for the stability study of Caputo fractional delay differential equations (see, for example,
in [19-21]).

In [22], Qixiang Dong et al. investigated a kind of weighted fractional differential
equations with infinite delay, which can be expressed by

{ D*y(t) = f(t, yt),
Yo=¢ € B,

t e (0,b],

where & € (0,1],7(t) = t'~*y(t), D* represents the Riemann-Liouville fractional derivative,
f:(0,b] x B — Ais a given function satisfying some assumptions, and % is the phase
space. A method named weighted delay is applied by the authors to study the properties
of solutions to fractional differential equations whose initial value is not zero.

On the basis of these contents, we study the related properties of solutions to a class of
nonlinear fractional differential equations with infinite delay, namely

Mathematics 2022, 10, 1013. https:/ /doi.org/10.3390/math10071013

https://www.mdpi.com/journal /mathematics


https://doi.org/10.3390/math10071013
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://orcid.org/0000-0001-6242-0746
https://doi.org/10.3390/math10071013
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/article/10.3390/math10071013?type=check_update&version=1

Mathematics 2022, 10, 1013

20f15

{ cD*y(t) — aCDﬁy(t) = f(t,y1), te]=1[0,0], 1)

y(t) = ¢(b), t & (—oo,0],

where D% and .DP are Caputo fractional derivatives with 0 < f < a < 1, a is a certain
constant, f : | x % — R is a given function satisfying some assumptions that will be
specified later, function ¢ € %, and 4 is called a phase space, as defined later. Function y;,
which is an element %, is defined as any function y on (—co, b] as follows:

yi(s) =y(t+s), se€(—o0,0, te]. )

Here, y;(+) represents the preoperational state from time —oo up to time . The notion of
the phase space # plays an important role in the study of both qualitative and quantitative
theories for functional differential equations. A common choice is the seminormed space
satisfying suitable axioms, which was introduced by Hale and Kato [23].

Our approach is largely based on the alternative of Leray-Schauder and Banach fixed-
point theorem. Due to the characteristic of delay equations, we need to give the proper
form of the solutions when discussing the existence and uniqueness, which is one of the
key and difficult points to solve the problem. Generally, delay differential equations can be
transformed into integral equations. Under the definition of phase space, the solutions of
the integral equations can be appropriately extended, and the constructed equations are
still continuous at the point x = 0. Additionally, we study the Hyers—-Ulam stability of
fractional differential Equation (1) with infinite delay y(t) = ¢(t). Due to the limitation of
delay conditions, the research of the Hyers—Ulam stability becomes more complicated. In
this paper, we verify the Hyers-Ulam stability of delay differential Equation (1) by using
the related properties of phase space and obtain the stability conclusion by means of a class
of Gronwall inequalities.

This paper is organized as follows. In Section 2, some basic mathematical tools
are introduced that are used throughout the article. Section 3 is devoted to our main
conclusions. The stability analysis is discussed in Section 4. Two examples are given at the
end of the article to illustrate the conclusions.

2. Preliminaries and Lemmas

In order to facilitate readers in reading the following contents, we introduce some
basic definitions and lemmas which are used throughout this paper in this section. First and
foremost, we denote C([a, b], R) the Banach space of all continuous functions y : [a,b] — R
with the norm ||y|| = sup{|y(¢)|,t € [a,b]}. Additionally, we denote by C™ ([0, b];R) the
Banach space of all continuously differentiable functions, with the norm defined as usual.

Definition 1 ([24]). The Riemann—Liouville integral with order & > 0 of the given function
h: [a,b] — Ris defined as

Jh(t) = r(la)/;a—s)“lh(s)ds, te[ab),

provided the other side is point-wisely defined, where T'(-) is the Euler’s gamma function; i.e,
[(z) = [y e 't lat.

Definition 2 ([24]). The Caputo derivative with order o > 0 of the given function h : [a,b] — R
is defined as

DER(E) = —— >/at(t—s)m_"‘_lh(m)(s)ds, t e [a,b],

I(m—ua

provided the other side is point-wisely defined, where m is a positive integer satisfying m — 1 <
« < m. Incidentally, . DY is called the Caputo fractional differential operator as well.
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Lemma1 ([24]). Let « > 0and m = [a] + 1. Then, the general solution to the fractional differential
equation .D*u(t) = 0 is given by

u(t) =co+ecrt+eot? + - Fepqt™l,

wherec; € R,i=0,1,2,- -+ ,m — 1 are some constants. Further, assuming that u € C" ([0, b]; R),
we can get
JD*u(t) = u(t) + co 4 cit 4+ cpt? + - -+ cpp_1t™ 1,

forsomec; € R,i=0,1,2,--- ,m—1.

Definition 3 ([25]). Let X be a Banach space; a linear topological space of functions from (—oo, 0]
into X, with the seminorm || - || 5, is called an admissible phase space if % has the following
properties:

(A1) There exists a positive constant H and functions K(-), M(+) : [0, +00) — [0, +c0), with K
continuous and M locally bounded, such that for any constant a,b € Rand b > a, if the
function x : (—o0,b] — X, x, € B and function x(-) is continuous on [a, b, then for every
t € [a, b, the following conditions (i)—(iii) hold:

(i) xt€%B

(i)  ||x(t)|| < H||x¢t|| 5 for some H > 0;

(i) ||x1]l5 < K(t — @) Sup,cycy [X(5)]| + M(t @) -

(A2) For the function x(-) in (A1), t — x; is a B-valued continuous function for t € [a,b].

(B1) The space % is complete.

Lemma 2 ([26] Leray-Schauder alternative). Let X be a Banach space, C C X be a closed, convex
subset of X, U is an open subset of C and 0 € U. Suppose T : U — C is a continuous, compact (in
other words, T (U) is a relatively compact subset of C) map. Then, either

(i) T has a fixed point in U, or

(i) thereisau € oU and A € (0,1) withu = AT (u).

In general, Gronwall inequality plays a vital role in the study of Hyers-Ulam stability
of differential equations. Next, we introduce an integral inequality which can be considered
as a generalization of the Gronwall inequality.

Lemma 3 ([27]). Suppose « > 0, a > 0, g(t,s) is a nonnegative continuous function defined
on [0,T] x [0, T] with g(t,s) < M, and g(t,s) is nondecreasing w.r.t. the first variable and
nonincreasing w.r.t. the second variable. Assume that function u(t) is nonnegative and integrable
on [0, T| with

u(t) <a+/0tg(t,s)(t—s)“*lu(s)ds, te[o,T].

Then, we have
! 2"" (g(t,s)T(a))" e
u(t) <a+a/0 nlep()(t_s) lds,

where the notion "w.r.t.” means “with respect to”.

Lemma 4 ([22]). Suppose « > 0 and function f € CI0,b] is nonnegative and nondecreasing.
Then, function F(t) = J3f(t) = % [y (£ —s)*"" f(s)ds is nondecreasing on [0, b].

Based on the Lemma 4 introduced above, the following inequality is proved to verify
the Hyers—-Ulam stability in Section 4.
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Lemma 5. For any nonnegative function w € Cla,b] and any t € [a, b], we have the following
integral inequality
T t

sup (T —5)" Lw(s)ds </ (t—5)""" sup w(o)ds.

ogT<t /0 0 0<o<s

Proof of Lemma 5. Since function w(-) is nonnegative, sup,_,, w(¢) is nondecreasing ,
<V =

which implies that the function fot (t—s)*! SUPo<,<s w(0)ds is also nondecreasing , by
Lemma 4. Now, fix t € [a,b]. Then, for any T € [0, t|, we have

/OT (1—5)" tw(s)ds < /OT (T—9)""" sup w(s)ds

0<o<s

t
</ (t—s)""" sup w(s)ds,
0

0<o<s

which indicates that

T t
sup (T —5)" w(s)ds < / (t—s)""" sup w(o)ds.
o<t /0 0 0<0o<s
Thus, the Lemma is proved. O

3. Existence Results

In this section, we prove the existence results for problem (1) by using the alternative
of Leray—Schauder theorem. Further, our results for the unique solution are based on
the Banach contraction principle. Let us start by defining what we mean by a solution of
problem (1). Define the space:

Q= {y:(—00,b] = R:y [(_eo0)€ Zandy |y is contiunous}. ©)]

It can be easily verified that a function y € Q' is said to be a solution of (1) if Yy
satisfies (1). For the existence results on (1), we need the following Lemma.

Lemma 6. The solution y of the fractional differential Equation (1) has the following form:
y(5) = a]* Py(t) + ] f(Ly) +6(1),  te]=[0b]

where 6(t) = co (r@‘ft_ﬂi/;il) - 1) is a polynomial type function, and c is a certain constant.

Proof of Lemma 6. The proof is an immediate consequence of the Lemma 1. O

The following assumptions are essential to the results of existence.

Assumption 1. f : [0,b] x B — R is continuous, and there exists a bounded set Wy C % such
that f : [0, b] x Wy uniformly continuous.

Assumption 2. There exist function g,1 € C(J,R™) such that |f(t,u)| < g(t) +1(t)||ul| 5 for
t € J and every u € 2.

Assumption 3. There exists a nonnegative function y € LP|0, b] with p > % and a continuously
non-decreasing function Q) : [0, +00) — [0, 400) such that |f(t,u)| < n(t)Q(||ul|z) fort € ]
and every u € A.

Assumption 4. There exists a constant L such that |f(t,u) — f(t,v)| < L||lu —v||4 fort €]
and every u,v € 4.
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Theorem 1. Suppose that Assumptions 1 and 2 hold. Additionally, assume that
o+ <1 @
Tla—p+1) Ta+1)

holds. Then, the Equation (1) has at least one solution on (—oo, b].

Proof of Theorem 1. According to the content discussed above, we know that y is a solu-
tion to (1) if and only if y satisfies

_ [ a Py + T f () +6(t),  te0,b],
y(t) = { (1), ! v F e (—o0,0].

For any given function ¢ : (—oo,0] that belongs to 2, let ¢ be a function defined by

g0, telb]
¢m‘{¢m, e (~oo0]

For each z € C([0,b],R), we denote by Z the function defined by

Z(t) = { g/(f) —¢(0), te[ob],

t € (—o0,0].
It can be easily seen that if y(-) satisfies the following integral equation
y(t) = a]* Py (t) + J*f(t,ye) +6(8),

we can decompose y(-) as y(t) = ¢(t) +Z(t), t € [0,b], which implies that y; = ¢; + z, for
every t € [0,b], and the function z(-) satisfies

z(t) = aJ* Pz (t) + J*F(t, 2 + 1) + 6(1).

Set Cp = {z € C([0,b],R) : z(0) = ¢(0)}. Then Cy is closed, and hence completed.
Define an operator P : Cy — Cp by

(P2)(t) = a]* Pz(t) + J*f(t, 2 + 1) + O(t). ()

where t € [0,b]. According to the Schauder’s fixed point theorem, we show that the
operator P is continuous and completely continuous in the following four steps.

Step 1. P is continuous.

Let {z,, } be a sequence such that z, — z in Cy. Then, we have for each t € [0, b]

4]

STa—p) =8Pz (s) — 205l

] AR AR (IR SEYCERT SIS

|Pzn(t) — Pz(t)]

Set Wo = {(zx), :5 € [0,b], n > 1} C A. It can be easily known from Assumption 1
that function f is uniformly continuous in s € [0, t], which implies that Ve > 0, 36 >
0, s.t Vzq1,zp € Wy, |21 — 22| < 6, we have |f(s,z1) — f(s,z2)| < e Since z, — z, then
N > 0, s.t Vn > N, we have |z, — z| < J. Hence, for any s € [0,t], we can claim that
|f(s,2n) — f(5,2)| < e. According to the definition z(t) = Z(t) + ¢(t) introduced above, it

follows that | £(s, (zu), + ¢s) — f(5,Zs + §s)| < & so we get

|la|b*—P

|Pzu(t) = Pz(t)] < mﬂzn —zl+ s (,XH) 1F (s, (z)s + Gs) = F(5,25 + s)-
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Hence, |Pz,(t) — Pz(t)| — 0 as z, — z, and P is continuous.
Step 2. P maps bounded sets into bounded sets in Cy.

Indeed, it is enough to show that for any r > 0 there exists a positive constant ¢ such
that for eachz € B, = {z € Cp : ||z|| < r} one has ||Pz(t)|| < {. Letz € B,. Since fisa
continuous function, we have for each t € [0, b]

|Pz(t)] < 1"([x|a—|ﬁ) /Ot(t - s)“7ﬂ71|z(5)|d5 + 1"(1¢x) /Ot(t B s)“*l\f(S,Zs + (ﬁs)|ds +16(b)|
a—p B
<rd?%+n””+r&>Ah‘ﬁﬁ*@wwwwwz+%m@%+wwn

According to Definition 3, we can conclude that

1Zs + @51l < 1|Zs1| 5 + s
<K(s) sup [IZ(7)]| + M(s)[|Zoll 4 + K(s) sup [[@(7)]| + M(s) ||

0<7t<s 0<t<s
< Kp sup [|z(7) = p(0)[| + Kp[[9(0) | + My [ ¢l
0<t<s

< Kyr + Kpl[9(0) | + K[| @(0) | + My [ ¢l 5
<

= Kypr + (2KoH + My) 9]

=T0,

where My, = sup{|M(t)|: t € [a,b]}, K, =sup{|K(t)|: t € [a,b]} and H is a positive constant.
So we have

jajb*—P
F(a—p+1)

Hence, |Pz(t)| < &, which implies P maps bounded subsets into bounded subsets
in C().

Ll
F(a+1)

bt ||1]

Pz(t)] < T(a+1)

r+ +

(Ko + (2KeH + Mp) ||l 5 ) +[6(8)| = &.

Step 3. P maps bounded sets into equicontinuous sets of Cj.

Let t1,t, € [0,b], t1 < t, and B, be a bounded set of Cy as in Step 2. Let z € B,. Then,
for each t € [0, b], we have

|(P2)(t2) — (Pz)(f1)]

wmnvﬂ )1 _ (1 — aﬁ1%+/ $)* P s
+/t1t2(t_s)“51f(s,fs +gu)ds| +10(t) — ()]
4 W)(t — 1% 4 2(ty — 7)) + |0(t2) — B(t1)].

As t] — tp, the right-hand side of the above inequality tends to zero, and the equicon-
tinuity for the cases that t; < t, < 0and t; < 0 < f, is obvious.

As a consequence of Steps 1-3, together with the Arzela—Ascoli theorem, we can
conclude that P : Cy — Cp is a completely continuous mapping.
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Step 4. (A priori bounds). There exists an open set U C Cy with z # AP(z) for A € (0,1)
and z € oUl.

According to the condition
a constant N > 0 such that

|a|b*—P
(a—p+1)

bK,
T(a+1

+ ) Il <1, we can deduce that there exists

|a|b*—B b*K, b

I'(a—p+1) I'(a+1)

(gl + 11 2K, H + My) 191l ) +[6(0)| < N.

Define the set £ = {z € Cy : ||z|| < N}. Thus, the operator P : £ — Cj satisfies the
complete continuity. Assume the equation

z = APz
holds for some z € £ and A € (0,1). Then, we obtain

|2()| = [APz(t)[ < [Pz(t)]

o lal Pzl gl e
ST(a—B+1) T(a+1) T(a+1)

(Kllzll + (2K H + M) 1] ) + 10(8) -
Hence, the following inequality

lalb*Pllz|l . b Kyl]lIz]] b
I'(a—pB+1) F(a+1) I(a+1
<N

2]l <

7 (Il 11 (2K H + My [9]5) + 160

holds, which contradicts to N = ||z||. Thus, we get
z # APz

for any z € € and A. By the Leray-Schauder alternative, we infer that there exists at
least one fixed point z of P, and y = Z + ¢ is a solution to problem (1). The proof is thus
complete. O

Remark 1. In infinite dimensional space, continuous functions are not uniformly continuous in
a bounded closed region. In order to verify the continuity of the operator P in the step 1, we give
Assumption 1. The conclusion of continuity of the map P can be directly obtained by using the
Lebesgue Dominated Convergence Theorem.

Theorem 2. Suppose that Assumptions 1 and 3 hold. Additionally, assume that

|| b2 P b DI |
T lim sup

1 6
R L KA ) ©

Ofr)

holds. Then, the Equation (1) has at least one solution on (—oo, b].

Proof of Theorem 2. Let P : Cy — Cj be defined as in (5). The conclusion can be verified
analogously in the following four steps as well.

Step 1. P is continuous.

Similar to the proof of Theorem 1, it is not difficult to verify that P is continuous by
Assumption 3 and the Lebesgue dominated convergence theorem.

Step 2. P maps bounded sets into bounded sets in Cy.
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Let B, = {z € Cy : ||z]| < r}. Then, for any z € B, and t € [0, b], we have

lal [t oybe 1 [t e o~
|Pz(t)] < W/O (t—s)*F 1|Z(S)|ds+m/o (=) [ £(s, % + 2)|ds + |0(b)|
|ajb*—P 1t . -
<t gl Ty (69T IOOUE + el + o)

Since

12 + ¢sll o5 < 11Zsll 2 + 15l 55 < Kor + (2K H + My) [19]] 55 := 7o,

where M, = sup{|M(t)|: t € [a,b]}, K, = sup{|K(t)|: t € [a,b]} and H is a positive constant.
It follows from Holder’s inequality and Assumption 3 that

alp*—F
1P2(t)] < 100)] + =1y

Ta—p+1)
+ l"(loc) /ot(t — ) p(s)dsO (KbH— (2K, H + My) ||¢||,%)
«p
<0(b)] + w'f'_bwnﬂ
L a(Kyr+ (2K,H+ M ‘o 1)\ ?
+ @ (Kor+ @+ M)l ([ =)0 gl
|la|b*—F
<)+ s gl

pla—1)g+1
+Q(Kbr+ (2KbH+Mb)H¢||gz) T
T(a)(1+ (a—1)q)7

Il
=g,

where [|7]],, = fo [7(s)|Fds) » and 1 s+ g 1 =1, (= 1) > —1. Therefore, ||Pz|| < & for every
z € By, Wthh implies that P maps bounded subsets into bounded subsets in C

Step 3. P maps bounded sets into equicontinuous sets of Cy.

Let t1,t, € [0,b], f1 < tp, and let B, be a bounded set of Cy as in the Step 2. Letz € B,
Then for each t € [0, b], we have

|(Pz)(t2) — (Pz)(t1)]

| (== - s)“‘l)f(s,fs + gt?s)ds

4 [ P (s B s
5]

+16(t2) — 6(t1)]

al||z _ _ _
\(a|JLJ_1)(t2“ Pt P42ty —tp)" ’5)

‘/tl —(h —S)“‘l)ﬂ(S)O(IIEs + §sll 5)ds

1, (= syrpo ()12 + ¢sll ) d5‘+l9 t) — 0(t1)]

|a|HZH x—pB x—p x—pB
< - — —
< ( 5 1) (tz t1 +2(t2 tl) )
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N Q(;o)) </0t1((t2 —5)* (k- s)"‘l)qu> % </0t1 W”(S)dsy

+ r(lo)) (/f(tz - s><“>qu> % (/tt ’7”<s>d5>; +10(t2) — 6(t1)]

|LZ|HZH a=p _ g, =P 4 - “
< ﬁ(tz p tl p Z(tz tl) ﬁ)
@) n 2 + —0
(7 l“ré) iyrlnp (fzrz - tlrz + (t2 - tl)rz) |9(t2) (t1)|’

where rg = Kyr + (2KyH + M) [[¢]l 5, 11 = (1+ (2 — 1)q)%, rp = [(a—1)g+1]/9 > 0.
As t; — tp the right-hand side of the above inequality tends to zero, and the equicontinuity
for the cases that t; < tp, < 0and t; < 0 < £, is obvious.

As a consequence of Steps 1-3, together with the Arzela—Ascoli theorem, we can
conclude that P : Cy — Cp is a completely continuous mapping.

Step 4. (A priori bounds). There exists an open set U C Cy with z # AP(z) for A € (0,1)
and z € aU.
la|be—F b |y |,

CPD T p ) (1 (e 1)) T
deduce that there exists a constant N > 0 such that

Q(r)

r

According to the condition T lim; 00 sUp < 1, we can

P e ]

F@=F+D " T@)1+ (a - 1)g)

Q(N) +16(b)| < N.
Define the set £ = {z € Cy: ||z|| < N}. So the operator P : £ — C, satisfies the
complete continuity. Assume the equation
z = APz
holds for some z € £ and A € (0,1). Then we obtain

|2()] = [APz()[ < |Pz(t)]

P pla—1)g+1
\r|a\b ||z! lrl FO(Ky 2]+ (2KoH + My) 9
(@=B+1) " )14 (x—1)q)7

< N.

2) +10(0)

Hence, the following inequality
Izl <N
holds, which contradicts N = ||z||. Thus, we get
z # APz

for any z € € and A. By the Leray-Schauder alternative, we infer that there exists at
least one fixed point z of P, and y = z + ¢ is a solution to problem (1). The proof is thus
complete. [

Theorem 3. Suppose that Assumptions 1 and 4 hold. Additionally, assume that

la|b*—F Lb*K,

O<Ta—p+rD) "TarD

<1 (7)

holds, Then, Equation (1) has a unique solution on (—oo,b).



Mathematics 2022, 10, 1013

10 of 15

Proof of Theorem 3. Let P : Cy — Cy be defined as in (5). The operator P has a fixed point.
which is equivalent to Equation (1) having a unique solution, and we turn to proving that
P has a fixed point. We shall show that P : Cy — Cy is a contraction map. Indeed, consider
any u,v € Cyp. Then for each t € [0,b], we have

[(Pu) (1) — (Po) ()] < r(a'”lﬁ) /Ot(t — )" B u(s) — o(s)|ds
e = A T ) — £ ol

i L ! a—1| 7 ~
S mllu -0l + W/o (t — s)* H|ii(s) — 0(s) || ds.
Since
Jii(s) — ()| 5 < K(s) sup [|@(t) — &(T)|| + M(s)|dio — B

0<t<s

<Ky sup [[u(t) — ¢(0) —o(7) + ¢(0)]]

0<t<s

< Kylju —of|,

B

where K, = sup{|K(t)|: t € [a,b]}, we get

a|lb*—B Lb*K
al b )||uv|,

1Pu = Pol < (F(uc—,B+1) ENCES)

and P is a contraction. Therefore, P has a unique fixed point by applying the Banach
contraction principle. [

4. Stability Analysis

In this section, the analysis of Hyers—Ulam stability of the fractional differential
Equation (1) with infinite delay is presented. First and foremost, the definition given below
is crucial to the proof of Hyers—Ulam stability.

Definition 4. The problem (1) is said to be Hyers—Ulam stable if there exists a positive real number
¢ such that for each ¢ > 0 and for each solution u(-) of the inequalities

{ |cD*u(t) —acDPu(t) = f(tur)| <e,  te]=10,b], ®)

u(t) = ¢(t), t € (—o0,0],
there exists a solution v(-) of the problem (1) with
lu(t) —o(t)| <ce, te]=100].

Theorem 4. Further, assume that the conditions of Theorem 3 are satisfied and the inequality (8)
has at least one solution. Then, the problem (1) is Hyers—Ulam stable.

Proof of Theorem 4. For each ¢ > 0, and each function u that satisfies the following
inequalities
|cD*u(t) — a.DPu(t) — f(t,u)| <e te(0,b],

a function g(t) = D*u(t) — a.DPu(t) — f(t,u;) can be found; then, we have |g(t)| < ¢,
which implies that

u(t) = 6(t) +aJ* Pult) + J*f(t,ur) + J*g(t),
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where 6(t) is a polynomial function which is given in Lemma 6. According to Theorem 3, it

has been verified that there is a unique solution v(t) of problem (1), then function v can be
expressed as

o(t) = 0(t) + a]* Po(t) + J*f(t, v),

so we have

4]

|1/l(i') — 'U(t)| < m ./Ot(i' — 5)“—ﬁ—1|u(s) — U(S)|d5

1

t o 1 t .
ey ) = flsoa)lds + g [ s)* () s

Since
|[f(s,us) = f(s,05) < Lllus — 05| 5,
together with Definition 3, we get

s — vs|l 5 = || (s + Ps) — (Ts + Ps) | 5 = Ilits — Ts|
< K(s) sup |[i(7) —9(7)|| + M(s)|lito — Dol 5

0<7t<s

<Ky sup [[u(t) = ¢(0) —o(7) + ¢(0)]]

0<7t<s

=Kp sup |u(t) —o(1)|,

0<7t<s
where K, = sup{|K()|: t € [a,b]}, it indicates that

4]

lu(t) —o(t)] < W /Ot(t —8)* P Yu(s) —v(s)|ds

+ﬂ/ (t—5)"1 sup |u(c) —v(c)|ds + o €
T(@) J o<ocs Ma+1)”
According to Lemma 5, it immediately follows that

‘al /ﬁ a—p—1
sup |u(t) —o(7)| < =——— t—s sup |u(o) —ov(o)l|ds
0<T};tl (@) =0 < v —py Sy ¢ =) O@};sl () —o(0)]

LKy ! -1 i

+ / t—s)""" sup |u(o) —v(0)|ds + =——=¢
) o % O@zgl (o) —v(o)lds + 777y

_ g1 _ a1
/ [la |(t(s)ﬁ)+u<b<tr2)] sup [u(0) ~o(0)]ds

le

TTarn”

« B
let 9(t) = supy < [1(T) = 0(7)], M i= gy, and g(t,5) = |al gy + LKy, we
can get

P(t) < Me + /Otg(t,s)(t —5)* P 1gp(s)ds.

It is not difficult to note that g(t,s) < |a| g T LK, r( 3 (:= Mp). Hence, in view of
Lemma 3,

¢(t) < Me+ Me /Ot i (g(t,s)I (e« — B))" (t — S)n(a—l%)—lds

I(n(a—p))
< Me 4+ Me /Ot ; (Moj((j_—g))))" (t— s)”("‘_ﬁ)_lds
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o (M r(“_ﬁ))n n(a—
<M£+Msn§amb( B)

< MeEq_g(Mob“ P)T(a — B)),
let ¢ := ME,_g(Mob®~P)T (« — B)), then the inequality
(t) < ce
holds, which implies that Hyers-Ulam stability of problem (1) is proved. [

5. Examples

Two examples are presented in this section to illustrate the conclusions. To begin with,
let ¥ > 0 be a real constant and

E, = {y € C((—,0],R) : lim e"y(0) exists in R}.

0——oc0

Accordingly, the norm of E, is given by

yl, = sup ey (0)].

—00<0<0

By [28], E, satisfies the conditions in Definition 3 with K = M = H = 1. It can be
easily claimed that E,, is a phase space.

Example 1. Consider the following nonlinear Caputo-type fractional differential equation with
infinite delay of the form

1 et 1
D%y (t) — 5eD*y(t) = =~ (lyel + 5cost), te]=[01], ©)
2 10 2
y(t) = ¢(t) € Ey, 1€ (—o0,0]. (10)
According to the given data, it can be easily found that Assumptions 1 and 2 are satisfied

. . - b b K 1 1
with function I(t) = 4. Furthermore, we have r(‘g‘—ﬁﬂ) + r(a+b1) 1 < sty + Tor(Ey

0.6707 < 1. Therefore, all the conditions of Theorem 1 hold true, and consequently the problems (9)
and (10) with f(t,y;) given by the equation f(t,y;) = %(|yt| + cost) have at least one solution
on (—oo,1].

Example 2. We can investigate the following nonlinear delayed fractional differential equation

D07y (1) — L.DOSy (1) = : 1 te]=00,1], (11)

3
y(t) =¢(t) € E,, t€ (—00,0], (12)
where C is a given positive constant. Set

e ity

T e naTy (YD R

ftx) =

Then, for any x,y € E.,, we have

Patiax y

X
E(et+e*t)‘1+x 14y
< e "Hx —y|
Slet+e ) (1+x)(1+y)

[f(t,x) = f(ty)] =
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e'|x —y|
= ot +et)
<zh-y
< slx -yl
3r(1.2)

Hence, the condition Assumption 4 holds. Since K = 1, assume that ¢ > (7)) 3r(12)=1) ~

1.7269, and Equation (7) holds. Thus, it can be verified that problems (11) and (12) have a unique
solution on (—oo,1] by applying Theorem 3.

On the basis of the conclusions, we further discuss the Hyers—Ulam stability of problem (11)
and (12). For any e > 0 and each function y that satisfies the following inequalities

ce— vttt |y|“y

(e +e ) (1 +yl,)

1
cD0'7y(t) — ch0'5y(t) - ‘ se te]= [0,1],

let g(t) represent the right side of the inequality above. Additionally, let x(t) be the unique solution
of problem (11) and (12); then, we have

tr(t—s) 0.8 (t—s)_o'3 1
up ly(r) = x(0)] < I ( e )ngs\m (@) lds + 77

let @(t) 1= Supgrcy [y(7) = X(T)], §(1,5) = 5rbgy + oy and M =

to get that g(t,s) < 3r(10.2) + Er(%)y) (:= My), and in view of Lemma 3,

m, then it is easy

p(t) < Me+ [ g(t5)( — ) O%p(s)ds

< M£+Ms/t i M(t_@o.znqu

r(0.2n)
< Me+ Me / W(t _ S)O.Zn—lds
< Me + Me Z Am

S M€E0.2 (MoF(O.Z) ) ,

let ¢ := MEo(MoI'(0.2)) = (1 7] Eoz( + NFF((OZ ) it follows that ¢(t) < ce, which implies

that the problem (11) and (12) is Hyers-Ulam stable.

6. Conclusions

This paper mainly discusses and investigates a class of nonlinear fractional differential
equations with infinite time delay. Based on the properties of Green’s function, we give
the form of a solution to the differential equations. In addition to applying the fixed point
theorem and Gronwall inequality, the related properties of the phase space are explored
to investigate the nature and Hyers—-Ulam stability of the solutions of fractional order
differential equations under time delay conditions. Generally, various types of Gronwall
inequalities can be utilized to explore the stability of fractional differential equations.
However, we have found that only applying Gronwall inequalities is not enough to get
stability conclusions in this paper. Therefore, we prove a comparative property of fractional
calculus as an auxiliary tool to verify the stability of solutions. Furthermore, two examples
are listed to confirm the conclusions.
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