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Abstract: An implicit time—fractal-fractional differential equation involving the Atangana’s fractal-
fractional derivative in the sense of Caputo with the Mittag—Leffler law type kernel is studied.
Using the Banach fixed point theorem, the well-posedness of the solution is proved. We show that
the solution exhibits an exponential growth bound, and, consequently, the long-time (asymptotic)
property of the solution. We also give examples to illustrate our problem.
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1. Introduction

The fractal-fractional differential equation is a link between the fractal and fractional
differential equations. Fractal and fractional differential equations are known for modeling
complex physical processes and phenomena, particularly irregular systems with mem-
ory. Although fractional equations are renowned for representing systems with long-term
memory and long-range interactivity, fractal calculus, conversely, is immensely effective in
working with occurrence in stratified or porous media. That is, fractal-fractional differen-
tial operator models physical phenomena and real-world activities that exhibit or display
fractional behaviours (sponge-like media, aquifer, turbulence, etc.) namely finance, vis-
coelasticity, control theory, electrical networks, goundwater flow and geo-hydrology, wave
propagation, plasma physics and fusion, rheology, chaotic processes, fluid mechanics and
biological activities [1-6]. For more applications of fractal-fractional differential equations,
see [7-10] and for recent results on fractional differential equations and their applications,
see [11-13]. To explore more results on implicit fractional differential equations and their
applications, see [14-17]. There are many results relating to implicit fractional differen-
tial equations in literature involving Caputo fractional derivatives both for initial value
problems (IVP) and boundary value problems (BVP) [15,18-21].

In 2015, Benchohra and Souid in [18] studied the existence of integrable solutions
for IVP for some given implicit fractional order functional differential equations with
infinite delay

{ CDEP(T) = o(T, pr, DFPr), TET=[0,1],
p(1) =@(1),  TE (00,0

where ¢DF is the Caputo fractional differential operator, o : [ x B x B — R is a given
function and B is a phase space with its element ¢ () = ¢(T+€), € € [—0,0].
In 2016, Kucche et al., in [20], considered the following equation:

CDrp(T) = o (T, 9(1), “DFP(T)), $(0) = ¢ € R, T € [0, T], 6)
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where ©DF(0 < p < 1) stands for the Caputo fractional derivativeand o : [0, T] x R x R —
R is a known continuous function fulfilling some conditions. The authors investigated the
well-posedness, interval of existence, and continuous dependence on the initial condition
of solutions to Equation (1). Recently, in 2021, Shabbir et al. [17] worked on an implicit
boundary value problem (BVP) involving an Atangana—Baleanu—Caputo (ABC) derivative
of the form

{a“BCM (1) = o(t,9(1), $5Dip(r), 1< p <2, tel=[ob], o

$(0) = ¢o, ¢(b) = ¢1,

where (‘fBCDg denotes the ABC derivativeof order 1 < y <2ando:I xR xR — Risa
continuous function. Here, the authors established the existence of solution, uniqueness
of solution and stability of solution to the class of implicit BVPs (2) with an ABC type
derivative and integral.

Motivated by some applications of the implicit fractal-fractional differential equation
in modeling complex phonemena and systems in porous media with memory, and the
result in [17], where the authors used the ABC derivative operator to study Equation (2);
therefore, we generalize (2) for a class of fractal-fractional derivative operator known
as the Mittag—Leffler kernel law Fractal-Fractional (FFM), to study the well-posedness,
exponential growth bound, and long-time behaviour of a solution to the class of implicit
time—fractal-fractional differential equation:

{ FEMDIY () = g(t,lp(t), HFFMD;‘rvw(t)), 0<a<t<T<oo, 3)

(a) = ta,

with ¢, taken to be a bounded and non-negative function, £ DI"’ represents Atangana’s

fractal-fractional derivative of orders y, v € (0, 1] in the sense of Caputo with generalized
Mittag-Leffler law type kernel, ¢ : [0, T] x RxR — Ris Lipschitz continuous. Information
within our disposal, suggests that we are the first to study this class of implicit fractal-
fractional differential equation. Using similar ideas in [2,3], we give the formulation of the
solution to Equation (3) as follows:

Definition 1. Let ¢ : [a,T] x R x R — R be a continuous function. Then, the IVP (3) is
equivalent to

P(t) = o+ mtvlg(nw)/ EPMDI"”w(t)) @
po t oo - v
+m/ﬂ 7t — 1) 1g(r,1p(r), LfFMD¥ 1,[)(’())51’(,

which follows by the definition of the operator FFMT]"".

Next, we define the norm of the solution ¢ by

[l == sup_|y(#)]-

a<t<T

The organization of the paper is as follows. In Section 2, we present the preliminaries;
and in Section 3, we give the statements and proofs of the main results of the paper.
Section 5 contains a brief summary of the paper.

2. Preliminaries

In this section, one gives some concepts that will be useful for the main result.



Axioms 2022, 11, 348

3o0f11

Definition 2 ([22]). Suppose ¢ : (a,b) — R is differentiable and 0 < u < 1. Then the ABC
fractional derivative for function ¢ of order u is defined as

ABCDF 1_ /4,

with M(p) > 0 a normalization function satisfying M(0) = M(1) = 1.

{— 7(1‘ —1)#ldr, (5)

Definition 3 ([1-3]). Let ¢ : (a,b) — R be a differentiable function, suppose ¢ is fractal differen-
tiable in (a, b) with order v > 0. Then, the fractal—fractional derivative of ¢(t) of order u in Caputo
sense with the Mittag—Leffler kernel is defined by

t
FEMDI® () = ‘?IB_(? /u di’g) E, [ - %(t — T)V:|dT, (6)

with0 < p,v < land AB(u) =1—pu+ % The generalized form is given by

-t J€E
ZI:PM'D;[’U’6¢(1%) _ AB(V) / d ¢(T) Ey|: H (t _ T)V:| dT, 0< 1", v,0<1,

1—u drv? 1—u
where e . .
P 90— 9°(0)
dtv t—T v — v

Remark 1. When v = 1 in Equation (6), one obtains Equation (5).

Definition 4 ([1-3]). Let ¢ : (a,b) — R be a continuous function. Then, the fractal—fractional
integral of ¢ with order y possessing Mittag—Leffler type kernel is defined as

t 1—u)otv—1
FEMiv gy = HY / 1 oyl (rydr + VT
a t 4)( ) AB(”)F(V) 4 ( ) (P( ) AB(#) (P( )
Definition 5 ([23]). One defines the incomplete beta function by
/ﬂ‘l HU-ldt, e [0,1).
It also has a representation in terms of a hypergeometric function given by

™
Br(p,v) = 7 2F(u,l—vu+11).

Definition 6 ([24]). The reqularized incomplete beta function is given by

B (p,v) 1 /'T -1 -1
Le(p,v) = = m1(1 - 1)vldr,
= Bn) B T T
satisfying the following properties:
(1-7)""!
1. I(p,v) :If(y+1,v—1)+%?
2 (wv)=L(p+1Lv+1) - %
5. Il v) = I(p+1,0) + ST
4 (o) = Le(po+1) - T
5. L(pv)+L_(v,u)=1;
6. L(p,v)=1and I.(p,v) € [0,1].
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Lemma 1 ([25]). Forally >0,v>1,0 <t <1, we have

(11— v—1
B < Il v)
2. IT(]/l, U) < m

3. Main Results

This section starts with a Lipschitz condition on ¢(.):
Condition 1. Let 0 < Lipg < oo. Given that 1,82, 01, (2 € R, one has

l6(7,81,81) = 6(7,82,02)| < Lip (181 — &2l + 101 = &al),

with ¢(7,0,0) = 0 and
l¢(7,¢1,01)| < Lip (|81] + |21 ])- @)

Lemma 2. Let 0 < Lip. < 1 and Condition 1 holds. Then FEMDIY is q global Lipschitz
continuous operatot.

Proof. From Equations (3) and (7), we have

o MDD p(a) o MDE (1)

— |c(wtn, Mty ) | < i (1ol +

).

and, therefore,

Lip
FFM y},v s
Furthermore, one obtains
FEM i, FEM it Lip,
MDY () — (MDY () | < g9 — ()
S

O

3.1. Existence and Uniqueness Result

Here, we establish the well-posedness of solution to Equation (3). Now, define
Ap(e) = o+ GBIt 1o, EPDL e
AB(w) S\
+ piee | (- ) <T,¢(T), EFMD-Prl'Ul[J(T))dT,
AB(u)I' () Ja

and obtain the following auxiliary results:

Lemma 3. Let ¢ be a solution satisfying Equation (4) and let Condition 1 be satisfied. Then, it
follows that for all y,v € (0,1] such that y +v > 1, we have

Li

P
< -5
A9l < e a1

where cy and ¢ := gpoy (1—p)a’~1+ %T”*”_l are positive constants with || < c1.
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Proof. By taking absolute value on the operator A, we have
( .u)v tv—l

v () < el + G (t p(e), D (o >) |
(1 —ﬂ)vtu—l (t (t), FFMDI (4 )) ‘

<lwil + g
B ol A UCHEE )

Applying Condition 1 and |¢,| < c1, to obtain

Uit tip (o)l + | FDy(0) |

+ gm0 i [l +

From Lemma 2, we arrive at

S ip [ lv0) + 5

dr.

[Ap(t)] < e1+

FFMDH Ul/J(T)

} dr.

[Ap(t)] < e1 +

Llpgm )|

po b oo 1 Lip
+ amgrgy J. O e+ e el

(L= p)v o Lip.

SOt B ¢ 1o Lip, [p(®)]
uv Lip, Eo »
+ AB(u)T(n) 1_Lipg/a Tt —=T)P () |dT
<er UotBa TPy

AB(u) 1—Lip,

pHv _ y 1
T ABGOT() 1 Llp ”"’”/ =y de

Evaluating the integral above, we have

(1—p)v 1 Lip

AB(p) g 1 —Lip, [ ()]
Ho Lip

AB(u)T' (1) 1 — Lip,

(1—pv 1 Lip

AB(p) ! 1 —Lip, [ (t)]

[Ap(£)] < e1+

_|_

ll#° 1 [B(, v) = Ba (,v)]

Ho Lip,
AB(u)T' (1) 1 — Lip,
(1—pv 1 Lip

+

gl B, vt [1 = Ia ()]

SCl“r

Lip
Hv .
+AB(P‘)T(W L1p |w||B(pu, v) o1, .
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since 1 — I (y,v) € [0,1]. We observe that a’~1 > t""lsince v — 1 < 0. Thus, taking
supremum over f € [, T| in (8) and recalling that u + v > 1, we obtain

(1 — ,‘I/l)U 71 Hv ' -1
Av|| <1 + av B(u, v)THFY
Li
P . >av*1 +MW* I,

AB(u) 1 - Lip, I'(p+v)
and the proof is complete. [

Lemma 4. Suppose 1 and ¢ are solutions satisfying Equation (4) and let Condition 1 be satisfied.
Then, if it follows that for all y,v € (0,1] such that y + v > 1, we have

|Ap — Ag|| < ol — o]

Proof. The proof is skipped since it follows similar steps as the proof of Lemma 3. [

Next, we state the existence and uniqueness theorem for Equation (3).

Theorem 1. Let « + > 1 and suppose Condition 1 is satisfied. Let c; > 0, such that c; <

1-Li . . )
Tl?’ where ¢y = ABU(H) (1—p)a®1+ r(yiz) TH+U=1| Then, there exists a unique solution

to Equation (3).

Proof. We proceed by applying the Banach fixed point theorem. Let (t) = Ay(t), then
using Lemma 3, we have

Lip
Il = [l AY[l < er + o2 IIIIJH

L
Collecting similar terms, we have ||| {1 -0 1151;} < ¢1. This shows that ||¢|| < co

—Lip
since ¢ < Tip, <. Furthermore, if ¢ # ¢ are solutions to Equation (3), then from Lemma 4,

we have

Lip
19 = ol = Ay — Agl| < 23— HlP ¢l

Lip

Lip ~Li
It follows that || — ¢|| [1 - czllj} < 0. Since 1 — co =35~ L > (0, that s, cp < LHP
Pg

Lp’

then ||y — ¢|| < 0. This is a contradiction and, therefore, ||¢ — cp|| =0. O

Exponential Growth

We present an inequality needed in proving the upper growth bound:

Theorem 2 ([26]). Given that f,g,h : I — R™ are continuous functions. If ¢ : I — R is
continuous and
t t
¢(t) < f(H)+ | (t=0)" g(D)p(T)dT+ [ (t—1)" h(7)¢" (T)dT, t € 1,

fo fo

with constants v > 0 and 0 < y < 1, then the following statements are true.
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(i)  Given that v > }. It follows that

o) < [Ai”(t)

_1
t

+ (1-7)K /to exp ((’y - 1Ky /tos gZ(T)dT> 12(s)R; (S)ds} 2(T-7)
oxp (175 [ £o)s), e

where Ay (t) = max {207 f(s)}, Ky = 2@, and Ry () = 201,
05>

(ii) Given that p € (0,1],0 = 1Y and p = 1+ v. Then

X

o) < [Aé‘*(t)

_1
t

+ (1-7)K /to exp <('y -1)K, /tos gQ(T)dT> hQ(S>R2(S)d5] o(T=7)

X

t
exp (t + IZZ t gQ(s)ds>, tel,
0

¢
where Ay(t) = t(?};sai(t{ngle*SQfQ(s)},Kz = 2%072 (W) p, and Ry(t) =

eo(v=1)t

Theorem 3. Given that  satisfies Equation (4) and the initial function , is bounded above.
Suppose Condition 1 is satisfied, then it follows that for all u € (3,1] and v € [0,1], one gets

[p(t)| < csexp (t—cet’ 1), t € [a,T],

exp (z{’: 2I(2p—1) 1

1/2 ) and cg = (caLip )" =g 1= are some positive numbers.

where c5 = (2¢72%c3) i

Proof. Following from the line of proof of Theorem 3, one obtains

_ Li
p(t)] <o+ Lo P )

AB(p)I'(u) 1 — Lip,

(1 — #)Uavfl Lip@

[ = o (o)

sat S|yt
! AB(p) 1-Lip, p(t)]
Li t
Hvu pg / -1 .
+ : T t—1)H T)|dt. 9)
AB()T(#) 1 - Lip, Ja (t=)" " [y(1)]
Let Y(t) = |¢(t)] and & = 1 — 11:151;) %;(X)U ~ 0. Thus, for Lipg )
[«
AB()

AB()+o(l—p)av-1 it follows from (9) that
uv Lipg

X0 =t BTG - Lip,

/t 7t — 1)y (1)dT.
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_Ti _ v—1
Now, dividing by &, = AB() ngg_[ﬁB(yngv(l we ] , to get
P )AB(1)
t
Y(t) <3+ c4Lipg/ 7t — )Y (1)dr,
a
with ¢z := & and ¢4 := 1o . Next, using Theorem 2 (i) with
P& T 1) (ABGo) ~Lip, [ABGo)+ (1o 1] ) & ®

h(t) =0,g(7) = C4Lip§1'“’1 andv =y > %, to obtain

t
Y(t) < AV%(t)exp (t + %(C4Lipg)2/ Tzv_zd”r)
a

. oIu—1) =1 —gv1
_ 412 21 ep
= A/“(t)exp (t + (csLip,) 2T o

-1 v—1

~2a_2\1/2 a’ o T@2p—1) ¢t
= (2e7%c3) / exp (1 — U) exp (t — (C4Llpg) v 10
where K; = % and A (t) = rgaé{Zefzscé} = 2¢72%c3, since e~ 2! is decreasing. [
a<s<

3.2. Asymptotic Property of the Solution

Here, we show the long term (limiting) property of our solution. The corollary
indicates that the rate of energy growth of the solution is finite when time becomes large.

Corollary 1. Under the hypotheses of Theorem 3 and for all 0 < B < 1, we have

loglo(t)] _ 4
<L

lim sup
t—o0

Proof. We obtained from Thereom 3 that
[p(t)] < csexp (t—cet’ '), t € [a,T).
If we take log of both sides of the above equation, it will yield
log [ (t)| < log(cs) +t — cet’ 1.
Next, divide through by ¢ to obtain

log [y(t)| _ log(cs) t'=1  log(cs) C6
< — = - ,
t >~ t + 1 Ce ' t + 1 thU

Since 0 < v < 1, it follows that 2 — v > 1. Now, take limit supremum over ¢ in both
sides to get

Co
t2—v

< limsup log(cs) +1—limsup

t—o0 t—ro0

=1

log [¢(t)|
t

lim sup
t—co

O

4. Examples

Now, we give examples to illustrate the result in Theorem 3. The following are
some plots (graphs) for the upper bound growth of our energy solution | ()| < exp (t —
%t”_l),t € [a,T]. For convenience, we set cs = 1 and choose u € (%,1], such that
s with ¢ = 1,Lip. = 1. We plotted graphs of the growth bound for v =

11—0, %, %, %, %, %, %, and for various time intervals. It is observed that as closer the pa-



Axioms 2022, 11, 348

9of11

rameter v is to zero, the faster the rate of growth is to the bound. However, as time grows
large, the growth rate is at most at t = 600 irrespective of the values of v, as shown in the
Figure 1 below.

Some graphs of the upper growth bound: exp(t — — t# 1) for = =L S o2 =

1
1-8

and for various time intervals.
= exp(r- 0 r'l'l%}]

enf-260%)

ont-44)

exp(f-zfi'%})

exp(r- 3r{'%})

ont-5iH)

=
g exp(r- 1oil m.']

0<t<5 0<t=<10

]
exp(f— b r{'wn‘J
&
exp(f— s ]
exp(r-ér[ 3})
-3 £ 1035
exp(r-zrl ilj 410

r-h 1, 19254
exp(r-Srl aJJ Hel

2. 1084

1

. gl
— exp(f—‘mf"TUl'] :

0<t=<100 0<t<1000

Figure 1. Graphical illustration of the growth bounds.

5. Conclusions

Fractional order derivatives are used to represent memory formalism in modeling
phenomena or processes in porous media in order to diminish the size of the pores and
the permeability of the porous matrix [27]. Hence, implicit fractal-fractional differential
equations are very important because they model many technical processes and systems in
porous environment exhibiting long time memory property. In this paper, we estimated
the higher growth bound of our solution and it is shown that the solution exhibits an
exponential growth in t at a specific rate. Furthermore, the result shows a long time
behaviour of the mild solution. Banach fixed point theorem was applied to prove the
well-posedness of mild solution to the class of implicit time—fractal-fractional differential
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equation with Mittag—Leffler law. For future work, one can investigate the lower growth
estimate of the solution, the stability of the solution, and the continuous dependence on the
initial condition, as shown in [20].
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