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RANDOM SOLUTIONS FOR IMPROVED CONFORMABLE FRACTIONAL
DIFFERENTIAL EQUATIONS WITH RETARDATION AND
ANTICIPATION

ABDELKRIM SALIM?* SALIM KRIM?#, SAID ABBAS* AND MOUFFAK BENCHOHRA?

ABSTRACT. In this article, we present some results on existence, uniqueness, and Ulam-Hyers-
Rassias stability for a class of nonlinear improved conformable fractional differential equations
with Retardation and Anticipation. Our reasoning is based on some relevant fixed point theo-

rems.

1. INTRODUCTION

The fractional calculus has long been an intriguing study topic in functional space theory due
to its applications in the modeling and physical understanding of natural phenomenon. Indeed,
various applications in viscoelasticity and electrochemistry have been explored. Noninteger
derivatives of fractional order have been effectively applied to generalize the fundamental laws
of nature. For more details, we recommend [, 3-5, 16,20], and its references. More details
on differential equations and the different used methods to solve differential problems, see
[ > 1y 9 ]

Recently in |13], Khalil et al. gave a novel definition of fractional derivative which is a natu-
ral extension to the standard first derivative. The conformable fractional derivative is natural
and it fulfills most of the properties that the classical integral derivative has such as product
rule, quotient rule, linearity, chain rule, power rule and when used to modeling various physical
problems, it brings us a lot of convenience. Indeed, since that time so many articles have been
written and numerous equations have been solved with that concept [2,8, 14,15, 17].
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Very recently in [10], F. Gao and C. Chi claimed that there are still shortcomings for the
conformable derivative and in order to overcome this difficulty, they proposed an improved
conformable fractional derivative. The benefit of the improved conformable fractional derivative
is that its physical behavior is closer than the conformable fractional derivative of Riemann-
Liouville and Caputo fractional derivative. This improved conformable fractional derivative
has a great potential to simulate various physical problems that typically employ the fractional
derivative of Riemann-Liouville or Caputo type.

In this paper, we study the existence of random solutions for the initial value problem
with nonlinear implicit fractional differential equation involving the improved Caputo-type
conformable fractional derivative with retarded and advanced arguments:

& §Toy(t.0) = £ (t.y'(.0),§ Toy(t.a),a) , t € [0.7)
(2) y(t,a) =&t o), t € [-r0], r>0,
(3) y(t,a)zg(t,a), te [T, T+94], 6 >0,

where 0 < ¢ < 1, 007:9 is the improved Caputo-type conformable fractional derivative defined
in [10], 1 :=[0,T], f: I x C([-r,0],R) x R x ¥ — R is a given function, ¢ € C([T,T + 4], R)
and £ € C([—r,0],R) with £(0) = 0, ¥ is the sample space in a probability space and « is a
random variable. By y*, we denote the element of C'([—r,d]) defined by:

y'(s,a) =y(t+s,a), s€[-rd], ac V.

This paper has the following structure: Section 2 presents certain notations and preliminaries
about the improved conformable fractional derivatives used throughout this manuscript. In
Section 3, we present two existence and uniqueness results for the problem (1)-(3) that are
based on Schauder fixed point theorem and Banach contraction principle. Section 4 deals with
the Ulam stability of our problem. In the last section, the results obtained are supported by
illustrated examples.

2. PRELIMINARIES

First, we give the definitions and the notations used in this paper. We denote by C([—r, §], R)
the Banach space of all continuous functions from [—r,d] into R with the following norm

ol = _sup {Iu(O)):
AC(I,R) is the space of absolutely continuous functions on I, and

ACHI) :={y: I — R:y € AC(I)},
where

d
"(t)=t—y(t), tel.
y(t) = toy(t), 1

Also, define the following space:

C = {u =, T+ 0] — R:u g€ C([—r,0))u |pr€ AC([0,T))
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and u [r,r16€ C([T, T + 5])}7

with the norm

[ulle = sup{|u(t)[ : —r <t < T+ 6}
Consider the space X7 (0,7), (b € R, 1 < p < o0) of those complex-valued Lebesgue measurable
functions f on [0, T for which || f||x» < oo, with:

T di\ 7
Il = ([ 1esor)" . a<p<xper.

Definition 2.1. ([15]) The conformable fractional derivative of a given function ) : [0, 4+00) —
R of order ¥ is defined by

1-0
Tow)(0) = liy ) 2000,
fort >0 and 9 € (0,1]. If ¢ is 9-differentiable in some (0,a), a > 0, and tl_i}r& To(0)(t) exists,
then define Ty(¢)(0) = tl_i}& To()(t). If the conformable fractional derivative of 1 of order ¥
exists, then we simply say that v is V-differentiable. It is easy to see that if 1 is differentiable,
then Ty()(t) = '~/ (t).

Definition 2.2. (The improved Caputo-type conformable fractional derivative [10]) The im-

proved Caputo-type conformable fractional derivative of a given function v : R — R of order
¥ 1s defined by

e—0

93@Xﬂ:hm[@—ﬂxww—ww»+ﬁ¢“+€@—wkﬂ—w@1

£
where —0o < a < t < 400, a is a given number and ¥ € [0, 1].

Definition 2.3. (The improved Riemann-Liouville-type conformable fractional derivative [10])
The tmproved Riemann-Liouville-type conformable fractional derivative of a given function 1 :
R — R of order 9 is defined by

9
e—0

fL%(l/J)(t) = lim [(1 — 9)b(t) + 191/1 (t +e(t — a)lfﬂ) _ 1/}(15)]

£
where —o0o < a <t < +00,a is a given number and ¥ € [0,1].

Lemma 2.4. ( [10]) If 9 € [0,1], f and g are two 9-differentiable functions at a point t and
m,n are two giwen numbers, then the improved conformable fractional derivatives satisfy the
following properties:

o JTo(mf +ng) = mSTo(f)

o [ Ty(mf +ng) = mi " To(f

o MTo(fg) = (L =) To(f)g + Fi*Tolg) — (1 =)

o JTo(f(g(1) = (1 =) f(g(t)) + 01 (9(t) Ta(g(t))-
Definition 2.5. (The U-fractional mtegml/ |) For v € (
)

+ ncﬂg( );
£) +nfETy(g);
f9;

0,1] and a continuous function f, let
(

(Zyf) (t) = f( ) o(1=0/97) (%) 4

a0°
1905

When ¥ = 1,Z,(f fo s)ds, the usual Riemann integral.
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Lemma 2.6. ([10]) If ¥ € [0,1], ¢ is ¥-differentiable function at a point t and 1)(0) = 0, then
we have:

. (Iﬁgﬁg(w)) (t) = §To (Zow) (t) = 9(2);
. (zﬁgfLi;(w)) (t) = BETy (Zyw) (1) = (1)

By Bg, we denote the o-algebra of Borel subsets of R. A mapping o : ¥ — R is said to be
measurable if for any D € Bgrm, one has

a Y (D)={yeV:aly)e D} CA

Definition 2.7. A mapping N : ¥ x R — R s called jointly measurable if for any D € Bgm,
one has

N YD) ={(y,x) € ¥ xR: N(y,x) € D} C A X By,
where A x Bg is the product of the o-algebras A defined in ¥ and Bg.

Definition 2.8. A function N : ¥ xR — R is called jointly measurable if N(-,x) is measurable
for all z € R and N(y,-) is continuous for all y € V.

N is called a random operator if N(y,z) is measurable in y for all x € R, and it expressed
as N(y)z = N(y,x). We also say in this situation that N(y) is a random operator on R. N(y)
is called continuous (resp. completely continuous, compact and totally bounded) if N(y,x) is
continuous (resp. completely continuous, compact and totally bounded) in = for all y € .
The details and the properties of completely continuous random operators in Banach spaces
are available in Itoh [12].

Definition 2.9. (/9]) Let D(X) be the family of all nonempty subsets of X and F' be a mapping
from U into D(X). A mapping N : {(y,z) 1y € ¥, v € F(y)} — X is called random operator
with stochastic domain F, if F is measurable (i.e., for all closed B C X, {y € U, F(y)NB # 0}
is measurable) and for all open D C X and allz € X, {y € ¥ : 2z € F(y),N(y,x) € D} is
measurable. N will be called continuous if every N(y) is continuous. For a random operator
N, a mapping x : V — X is called a random (stochastic) fized point of N if for P—almost all
y €V, x(y) € F(y) and N(y)z(y) = x(y), and for all open D C X, {y € ¥ : x(y) € D} is
measurable.

Definition 2.10. A function g : I x C([—7r,6],R) X R x ¥ — R is called random Carathéodory

if the following conditions are met:
(i) The map (s,y) — g(s,x,T,y) is jointly measurable for all x € C(|—r,0],R) and T € R;
(ii) The map (z,z) — g(s,x,Z,y) is continuous for all s € I and y € V.

Theorem 2.11. ([12]) Let Y be a nonempty, closed convex bounded subset of the separable

Banach space E and let T : U XY —— Y be a compact and continuous random operator. Then
the random equation T(y, x(y)) = z(y) has a random solution.

Considering now the Ulam stability for problem (1)-(3). Let z(-,a) € C, ¢ > 0 and v :
I x ¥+ [0,00) be a jointly measurable function. For ¢ € I, we have the following inequality:

() CToy(t,0) = f (1.3 (10), § Toy(t0), @) | < ol ).
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Definition 2.12. ( [/]/) Problem (1)-(3) is Ulam-Hyers-Rassias (U-H-R) stable with respect to
v if there exists a real number ay, > 0 such that for each € > 0 and for each solution z(-, o) € C
of inequality (4) there exists a solution y(-,«) € C of (1)-(3) with

|z(t, ) — y(t, )| < earv(t, @), tel, aev
lz(t, ) — y(t,a)] =0, te[-r0U[l, T+, acV.
Remark 2.13. A function z(-,«) € C is a solution of inequality (4) if and only if there exist
o(-,a) € C such that
(1) |o(t, )| <ev(t,a), t €1,
(2) STyz(t,a) = f <t,xt(-,a),oc729x(t,a),a) +o(t, a).

3. EXISTENCE OF SOLUTIONS

Lemma 3.1. Let 0 < 9 < 1, £ € C([T,T + 0],R) and & € C([—r,0],R) with £(0) = 0, and
h: I — R be a continuous function. Then problem

(5) CToy(t) = h(t), tel:=][0,T],
(6) y(t) =&(t), t € [-r0], r>0,
(7) y(t) =£(t), te [T, T+96], 6 >0,

has the following solution

(¢(t), if te[-r0]

t ,
h a=9)(s?—¢?)
/ (S>e e ds, if tel,
0

| =

sl—=7v

(Et), if te(T,T+4).

Proof. To obtain the integral equation (8), we apply the ¥-fractional integral to both sides of
(5), and by Lemma 2.6 we get

© TOREY)

Now, we apply the improved Caputo-type conformable fractional derivative of order ¢ to
both sides of (9), for ¢ € I we obtain

92 ds.

h(s) a=0"—?)
R

§Toy(t) = h(t).

Also, it is clear that y(0) = 0. O
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Lemma 3.2. A function y(-,«) € C is random solution of problem (1)-(3) if and only if y
satisfies the following integral equation

(¢(t,a), if te[-r0],

| =

t 91 (1-9)(s? —?) 5 ]
o) =45 [T (s G0 Tl a)a) ds, i tel,
0

(&(t,a), if te[T,T+7]

In the sequel, the following hypotheses are used:

(H1): The function f: I x C([—r,d],R) x R x ¥ — R, is random Carathéodory.
(Hy): There exist continuous functions py,pe : I — L®(V, R, ),

|f(t, Br, Bi, @) — f(t, Ba, Bo, )| < pi(t, )| B1 — Balli—r.a + pa(t, @)|B1 — Bal,
for t € I and 31, B2 € C([—7,6],R), and B, B2 € R, with

pi(a) =supp(t,a) and p(a) =supps(t,a) <1, o€Vl
tel tel

(Hj3): There exist continuous functions ki, ko, k3 : I — L*°(¥, R, ), such that
181l i=ra)
1 + HBH[—T,&]

fort €I, 3€C([-r,d,R), B€ER and a € V.
Set

’f(t7575705>| Skl(t7a)+k2<t7a) +k3(t,0&)|5|,

k(o) =sup ki (t, ), k(o) =supks(t,a) and k3(a) = sup k3(t, o) < 1.
tel tel tel

Now we declare and demonstrate our first existence result for problem (1)-(3) based on the

Banach contraction principle [11].

Theorem 3.3. Assume that (Hy) and (Hy) hold. If
(9-1)T?

pife) (1-¢“5)

(1 =)(1 = p3(a))
then the problem (1)-(3) has a unique solution.

<1,

(10)

Proof. Let T : C x ¥ —— C be the operator defined by

(¢(t, ), if te[-r0],

t (1-0)(s¥—t?)
(11) (Tz)(t,a) = / sV leT 2 o(s,a)ds, if tel,
0

Syl

(&t a), if te[T,T+90],
where p is a function satisfying the following functional equation

o(t,a) = f (t,xt(-, a), g(t,a),a) )
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According to Lemma 3.2, the fixed points of T" are solutions of problem (1)-(3).
Let zy,290 € C. If t € [—r,0] or t € [T, T + ¢] then,

(T1)(t, @) — (Taz)(t, )| = 0.

For t € I, we have

1 (1—-9)(s? —t?)

1 t
(12) |(Tz1)(t, ) — (T'zo) (¢, )| < 5/ ' le 0z lo1(s, ) — 0a(s, a)|ds,
0
where g1, 0o are the functions satisfying the following functional equations

Ql(t704) =f (thi('»a)’ Ql(t7a>7a> ]
QQ(taa) =f (talé(Va)v QQ(t’a)’ a) :

By (H,), we have

|Q1(t,Oé) - Q2(taa)| |f (t,xﬁ(-,a), Ql(t>a)va) - f (t,x’;(-,a), Qg(t,Q),Oé) ’

< pit )|z — 2all—re) + p2(t, a)|01(t, ) — 02(t, )]
< pila)l[zr — @olli—rg) + P3(@)]01(t, @) — 02(t, )]
Then,
pi(e)
o1t, ) — 02(t, )| < ————||T1 — Z2||[-rg]-
Therefore, for each t € I, we get
1 [ a-06"=")  pi(a)
Txy)(t, ) — (Tx2) (¢, « S—/ s' e oy — @[y
()0 = (Tra)(t.0) < 5 [ R o
(9—-1)t? .
I—e 2 pi()

< — gl

(w-11?
pila) (1 e )

x |1 — @2l
(1 =) = p5())
Hence, by the Banach contraction principle, 7" has a unique fixed point which is a unique
random solution of the problem (1)-(3). O

Thus

|Tx1 (-, o) = Two (-, a)|le <

Our second existence result for (1)-(3) is based on the fixed point theorem of Schauder [11].

Theorem 3.4. Assume that (Hy) and (Hj) hold. Then problem (1)-(3) has at least one solu-

tion.

Proof. We will establish the proof in various steps.
Step 1. T is continuous. Let {z,} be a sequence such that z, — x in C. If ¢t € [—r,0] or
t € [T, T + 0] then

[(T) (2, @) = (Tx)(t, @) = 0.

For t € I, we have

(13) [(Tz)(t, @) — (T)(t, )] <

<X |

t 9 _ 0
A=9)(s"=t")
/ sl |hn(s, @) — h(s,a)|ds,
0

where

ho(t,a) = f (t,xi(-,a),hn(t,oz),oz) ,
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and
h(t,a) = f (t,xt(-,oz),h(t,a),oz) )

Since z,, — x, and by (H;), we get h,(t,a) — h(t,a) as n — oo for each t € I.
Then by Lebesgue dominated convergence theorem and (H;), equation (13) implies

|(Tx,)(t,a) = (Tx)(t, )] — 0 as n — o0,
and hence
T (x,) —T(z)||c — 0 as n — oc.

As a result, T is continuous.
Let the constant R(«) be such that:

(14) R(a) > max{ ki (e)

’]7 ~
B = 1€C, )l =rops 1€C 04)\|[T,T+5]} :

with
9-1)TY
k3 () (1 —e 2 >
n= *
(1= k3(a))(1 —9)
And, we define the following ball
Bray ={y € ¥ : [ly(-,)lle < R(a)}.

Then, Bp(,) is a convex, closed and bounded subset of C.

< 1.

Step 2. T(BR(Q)) C BR(a)-

Let x € BR(Q) we show that Tz € BR(Q).
If t € [-r,0], then

T (z)(t, )| < IEC, a)ll-r0) < R(e),
and if t € [T, T + 6], then

T ()(t, @) < NEC @) lmrrs) < R(a).
For t € I, we have

1-9)(s¥ —tY)
92

1 t

(15) (@a)(t.a)| <5 [ 50
U Jo

By the hypothesis (Hj), for t € I, we have

h(t, )| = | f (t,2'(-, @), h(t, a), )|
< kl(ta a) + k2(t7 a)”xt('a O‘)H[—Nﬂ + k3(t7 O‘)‘h(t> a)|7

f (S,ys(-,a),gﬁy(s,a),aﬂds.

That means that
|h(t, )| < ki) + B ()|2' (-, @)ll—rs + k3 ()]h(t, )],

then
ki(@) + k3 (a) R()

= A.
1 — k()

|h(t, )] <
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Thus for ¢ € I, from (15) we obtain

A
-
N
—_
|
o
<
</l
N
H
<>
~

[(Tz)(t, @)
< R(a),

then, for ¢ € [—r, T + d], we have |Tz(t, )| < R(«), which implies that [[(Tz)(-, @)|lc < R(«).
Consequently,

T(BR(Q)> C BR(a)-
Step 3: T'(Br(a)) is equicontinuous and bounded.

By Step 2 we have T'(Bg(a)) is bounded.
Let y1,7 € I =1[0,T],71 < 72, and (-, ) € Bp(a) then

(Tz) (72, @) = (Tx) (1, @)

1 [ 0 0-96"-) 1 /M o =964
‘— sl h(s,a)ds — — s le 9 h(s,a)ds
U Jo v Jo

A (19 (¥ -¥) @-1)~Y @-1)3
S ﬂ 2 — 2e 92 +e 02 —e 92

As y1 — 75 the right hand side of the above inequality tends to zero. As a result of Step
1 to Step 3, together with the Arzela-Ascoli theorem, We can say that T is continuous and
completely continuous. From Schauder’s theorem, we conclude that 7" has a fixed point with
is a random solution of the problem (1)-(3). O

4. ULAM-HYERS-RASSIAS STABILITY

Theorem 4.1. Assume that in addition to (Hy)-(Hs), the following hypothesis hold.

(Hy) There exist a nondecreasing function v(-,a) € C and K, > 0, such that fort € I, we
have

Tyv(t, a) < Kkyv(t, o).
(Hs) There exists a continuous function q : I — L (W, R,), such that for t € I, we have

ki(t, ) + kao(t, o)
1-— kg(t, Oé)

< q(t, a)u(t, o).
Then, problem (1)-(3) is U-H-R stable.

Set ¢* = supq(t, o).
tel

Proof. Let z(-,a) € C be a solution if inequality (4), and assume that y is the unique solution
of the problem

{ §Toy(t.0) = f (£y'(,0) S Toy(t.a)a) , te 1.
y(t,a) = z(t,a), te[—r,0]U[T, T+
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By Lemma 3.2, we obtain

(¢(t,a), if te[-r0],

1 ¢ 9—1 (1-9)(s? —t?) A
ylt,a) = 5/se’ﬂj(&fbwm%M&M&)%dftEL
0

({(t,a), if te[T,T+96].
Since z is a solution of the inequality (4), by Remark 2.13, for ¢ € I,we have

(16) CTox(t,a) = f <t,xt(-,a),g7:9x(t, a),a) +o(t, a).

Clearly, the solution of (16) is given by

(¢(t,a), it te[-r0],

t 9—1 (1—-9)(s? —¢?) A
/ sV e 92 (f (s,xs(-,a),ofgx(s,a),a) +0(s,a)> ds, if tel,
0

| =

x(t,a) =

(&t ), if te[T,T+0]
Hence, for t € [—r, 0] U [T, T + J], we have

|z(t) — y(t)] = 0.
And, for each t € I, we have

1 [ (1-9)(s” %)
o)~y < 5 [ 5t
0
_ (o) O 1 [ o om0l

0

By the hypothesis (H3), for t € I, we have
‘f (ta xt('a Oé), h’(ta O‘)a Oé) ’ < kl(tv O‘) + kQ(ta Oé) + k3(t7 Oé) |f (tv xt('a Oé), h‘(ta Oé), O‘) | >

which implies that
kl (ta Oé) + k?(t> Oé)

|f (t,2'(, ), h(t, @), a)| < I alt.a)

Then, for each t € I, we have

2 (Mt kot —0)(s7—t"
/ 1(,05)—|— 2(704)819_16(1 19)1(92 t)dS
0

t) —y(t < t —
(1) =y < emult.0) + 5 [ TP
@-—1)T1?
2" (1 —e 92 )
< ot .
< wu(t,a) | €ry + 19

Then for each t € [—r, T + d], we have
lz(t) —y(t)] < apvev(t, @),
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-1
2q* (1 —e )

e(1—7)
Hence, problem (1)-(3) is U-H-R stable. O

where

Afy = Ky +

5. EXAMPLES

Example 5.1. We equip the space R* := (—00,0) with the standard o-algebra, which consists

of Lebesgue measurable subsets of R* . Now, we consider the following problem involving the

improved Caputo-type conformable fractional derivative:

( et

z(t,a) = —— 3
() 1+a?’

- cos(t)

(].7) c .fEt,Oé: ~ )
T ) = el + D01 [l + T @)

t€0,1],

1
2

Lz(t,0) =3 (1 + |af®), te[-1%,0].

Set ®
~ cos(t
ft7$t -,oz,C'T;:Bt,oz,a = = )
(67l @ T 0 0) = G e el ¥ D+ el + 163200 a))
whereﬂ:%,r: :%.
For each 31,31 € C([~7,6]), B2, B2 €R and t € [0, 1], we have

cos(t)
64ett3(laf + 1)

|f(t, By, By ) = f(t, B, Ba )] <

Therefore, (Hs) is verified with

181 = Billicrs) + 182 — B -

cos(t)
t = t =
pl( ,Oé) p2< ,O!) 64€t+3(’@’ +1)7

and
1

pi(a) = ps(a) = W'

Also, fort € I we have

plo) (1-4) L
-9 —psla))  323(al+1) -1

Then, the condition (10) is satisfied. Hence, as all conditions of Theorem 3.3 are met, therefore,

< 1.

the problem (17) admit a unique solution.

Example 5.2. Consider the following problem:

OCEx(t,a) = f(t,xt(-,a),ocﬁx(t, a),a), tel=1|0,2],
(18)

z(t,a) =0, te[-1,01U]2,3],
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e ol o
_ 1 Z||[=r,8) T
t,x,r,a) = : — |
T2 = s (o +2) |' T 24 el e+ 3+

fort€[0,2], z€ C([-1,1]),z€R, d=1 andr =6 = 1.
All conditions of Theorem 3./ are satisfied with

and

1
falh o) = halt0) =kt o) = o i aP 1 2)°

1
32+ 32(JaP+2)

. 9—-1)TY )
k3 () (1 —e v ) - gt
(1—ki(a)(1—=9) 93+ 96(|af? +2)

k(o) = k3(a) = k3(a)

n= < 1.

Then, it follows that the problem (18) admit at least one random solution. Also, the hypothesis
(Hy) and (Hs) are satisfied with

9
ta)=3 and q(t.a) = .
vt a) and q(t, @) 93 + 96e2(|a|® + 2)

Hence, Theorem 4.1 implies that problem (18) is U-H-R stable.
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