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The study of fractional integrals and fractional derivatives has a long history, and they
have many real-world applications due to their properties of interpolation between op-
erators of integer order. This field has covered classical fractional operators such as
Riemann-Liouville, Weyl, Caputo, Griinwald-Letnikov, etc. Also, especially in the last two
decades, many new operators have appeared, often defined using integrals with special
functions in the kernel, such as Atangana—Baleanu, Prabhakar, Marichev-Saigo-Maeda,
and tempered, as well as their extended or multivariable forms. These have been inten-
sively studied because they can also be useful in modelling and analysing real-world
processes because of their different properties and behaviours, which are comparable to
those of the classical operators.

Special functions, such as the Mittag-Leffler functions, hypergeometric functions,
Fox’s H-functions, Wright functions, Bessel and hyper-Bessel functions, etc., also have
some more classical and fundamental connections with fractional calculus. Some of them,
such as the Mittag-Leffler function and its generalisations, appear naturally as solutions
of fractional differential equations or fractional difference equations. Furthermore, many
interesting relationships between different special functions may be discovered using
the operators of fractional calculus. Certain special functions have also been applied to
analyse the qualitative properties of fractional differential equations, such as the concept of
Mittag-Leffler stability.

In early 2020, we opened a Special Issue in the journal Fractal and Fractional, with the
aim of exploring and celebrating the diverse connections between fractional calculus and
special functions, as well as their associated applications. The deadline was initially set
as 31 December 2020, and was later extended to 31 March 2021 after the havoc caused by
the COVID-19 pandemic. We received a total of 15 submissions for this Special Issue and,
after a thorough peer-review process, nine of these were ultimately published, including
several from experts in the field whom we had personally invited to contribute.

The published papers in our Special Issue are briefly summarised as follows.

In [1], Aljoudi et al. considered a nonlinear coupled system of Caputo-Hadamard
fractional ordinary differential equations on a finite interval, with Hadamard integral
boundary conditions and incommensurate fractional orders between 1 and 2. Under certain
boundedness and Lipschitz-type assumptions, they proved the existence of solutions for
this system, and the uniqueness of solutions under some extra boundedness assumptions.

In [2], Salem and Alghamdi considered a nonlinear sequential-type Caputo fractional
ordinary differential equation on a finite interval, with nonlocal multi-point boundary
conditions and an overall fractional order between 1 and 3. They proved the existence
and/or uniqueness of solutions for this Langevin-type equation in three main results,
under an array of possible conditions.

In [3], Zine and Torres introduced a new type of stochastic fractional operator, a way
of applying fractional integrals and derivatives to stochastic processes. They proved

Fractal Fract. 2021, 5, 224. https:/ /doi.org/10.3390/ fractalfract5040224
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References

many fundamental properties of these operators, including boundedness, semigroup and
inversion properties, and an integration by parts rule, before posing stochastic fractional
Euler-Lagrange equations to investigate the variational principles of the new operators.

In [4], Fernandez and Husain defined and investigated modified versions of the
classical Mittag-Leffler functions of one, two, and three parameters. They found appropriate
convergence conditions for the new series in each case, established complex integral
representations of the new functions, and then used them to extend the definition of
Atangana-Baleanu and Prabhakar fractional calculus, providing analytic continuations of
the original definitions to wider domains for the parameter «.

In [5], Yilmaz et al. studied k-generalised Appell functions, based on the existing
theory of k-fractional calculus and k-variants of special functions such as the gamma, beta,
and hypergeometric functions (the k-variants being identical to the original versions up
to some substitutions and constant multiples). They proved various functional equation
relations and generating relations for the k-generalised Appell functions using k-fractional
derivatives. Please kindly note that a corrigendum to this paper was also published [5].

In [6], Acay and Ing studied several variants of a differential equation used to model
RC, LC, and RLC electric circuits under Kirchhoff’s law. The function representing the
source voltage was taken to be either constant, exponential, or a power function, and the
differential operator was taken to be a so-called non-local fractional M-derivative, which
is a constant times the usual Caputo derivative taken with respect to a power function.
A comparative analysis was performed to compare the results achieved by using the
M-derivative and by using the usual Caputo derivative with respect to ¢.

In [7], Ugar et al. considered a system of first-order ordinary differential equations,
which is used to model the effect of computer worms, and replaced the first-order deriva-
tives with fractional derivatives of Atangana—Baleanu type to obtain a different system,
which they studied using fixed-point and Laplace transform techniques to prove existence,
uniqueness, and stability properties.

In [8], Ozarslan and Fernandez introduced a new five-parameter Mittag-Leffler func-
tion, defined by a single series but used to construct bivariate (double integral) fractional
operators. They proved fundamental properties such as boundedness, Laplace transforms,
semigroup and inversion properties, and series formulae. In the non-singular case, they de-
rived a special case which is a mixed bivariate version of the Atangana-Baleanu operators.

In [9], Bargamadi et al. considered a coupled system of integro-differential equations
involving Caputo fractional derivatives, with simple initial conditions and incommensu-
rate fractional orders between 0 and 1. They used the Chebyshev wavelets method to
estimate the Caputo derivatives and find approximate numerical solutions to the system,
and performed error analysis on their approximations both analytically and numerically.
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office for her prompt assistance throughout the process of managing this Special Issue.
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Abstract: In this paper, we study a coupled system of Caputo-Hadamard type sequential fractional
differential equations supplemented with nonlocal boundary conditions involving Hadamard fractional
integrals. The sufficient criteria ensuring the existence and uniqueness of solutions for the given problem
are obtained. We make use of the Leray-Schauder alternative and contraction mapping principle to
derive the desired results. Illustrative examples for the main results are also presented.

Keywords: Caputo-Hadamard fractional derivative; coupled system; Hadamard fractional integral;
boundary conditions; existence

MSC: 34A08, 34B10, 34B15

1. Introduction

Fractional calculus has emerged as an important area of investigation in view of its extensive
applications in mathematical modeling of many complex and nonlocal nonlinear systems. An important
characteristic of fractional-order operators is their nonlocal nature that accounts for the hereditary
properties of the underlying phenomena. The interactions among macromolecules in the damping
phenomenon give rise to a macroscopic stress-strain relation in terms of fractional differential operators.
For the fractional law dealing with the viscoelastic materials, see [1] and the references cited therein.
In [2], transport processes influenced by the past and present histories are described by the Caputo
power law. For the details on dynamic memory involved in the economic processes, see [3,4].

In 1892, Hadamard [5] suggested a concept of fractional integro-differentiation in terms of the
fractional power of the type (t% )7 in contrast to its Riemann-Liouville counterpart of the form (%)W.
The Hadamard fractional derivative contains a logarithmic function of an arbitrary exponent in the
kernel of the integral appearing in its definition. For the details of Hadamard fractional calculus,
we refer the reader to the works [6-9]. Fractional differential equations involving Hadamard derivative
attracted significant attention in recent years, for instance, see [10-20] and the references cited therein.

More recently, Jarad et al. [21] introduced Caputo modification of Hadamard fractional derivative
which is more suitable for physically interpretable initial conditions as in case of Caputo fractional
differential equations. One can find some recent results on Caputo-Hadamard type fractional differential
equations in [22-28] and the references cited therein.

Fractal Fract. 2020, 4, 13; doi:10.3390/ fractalfract4020013 5 www.mdpi.com/journal/fractalfract
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In this paper, we introduce a new class of boundary value problems consisting of Caputo-Hadamard
type fractional differential equations and Hadamard type fractional integral boundary conditions.
In precise terms, we investigate the following boundary value problem:

(CD* + ACD* Du(t) = f(t,u(t),o(t),“Déu(t)), 1<a <2,0<E<1,A >0,

(CDP + ACDPNo(t) = g(t, u(t), “Dou(t),v(t)),1 < p<2,0< & <1,
u(l) =0, alI,hZI(I’]l) +b1M(T) = Kjy, 71 >0,1< m < T,
0(1) =0, aZ"u() + bo(T) =Ko, 12 >0, 1 <12 < T,

where D) and Z0) respectively denote the Caputo-Hadamard fractional derivative and Hadamard
fractional integral (to be defined later), f, g : [1, T] x R® — R are given appropriate functions and
a;,b;, K;, (i = 1,2) are real constants.

The rest of the paper is organized as follows. In Section 2, we recall the background material
related to the topic under investigation and prove an auxiliary lemma which plays a key role in deriving
the desired results. Section 3 contains the main results.

2. Preliminaries

In this section, we recall some preliminary concepts of Hadamard and Caputo-Hadamard
fractional calculus related to our work. We also prove an auxiliary lemma, which plays a key role in
converting the given problem into a fixed point problem.

Definition 1 ([6,71). The Hadamard fractional integral of order g € C, R(q) > 0, for a function g € LP[a, b],
0<a<t<b<oo,is defined as

1t ARG
Igﬂg(t) = —/ﬂ (log—) %ds,

S
I g(t) = L/t‘b (log E>qil HOFN

t s

Definition 2 ([6,7]). Let [a,b] C R, § = t% and ACHa,b] = {g : [a,b] — R : 6" 1(g(t)) € AC[a, b]}.
The Hadamard derivative of fractional order q for a function g € AC}[a, b] is defined as

pLs) = 00 = iy (v) [ (ost) e

Dlat) = MU0 = gy (<) (o8])" " s

wheren —1 < q < n, n = [q] + 1and [q] denotes the integer part of the real number g and log(-) = log,(-).

Definition 3 ([21]). For R(q) > 0, n = [R(q)] +1,and g € AC}[a,b]0 < a <t < b < oo, the
Caputo-type modification of the Hadamard fractional derivative is defined by

n—1 51{

- i,(a) (10 S)k} (),

CDZ+g(t) = DZ+ 2

CDZ,g(t) = DZ,

n—1¢_1\ksk
86)— ¥ (”,jg(”(logi’)k} (0.

k=0
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Theorem 1 ([21]). Let R(q) > 0,n = [R(q)] + Land g € AC![a,b], 0 < a <t < b < oo. Then °DI, g(t)
and CDZ, q(t) exist everywhere on [a, b] and

(a) lfq ¢ No,

¢ n—q—1
D) = oy [ (1o8) 9% = @ e,

“Df g0t = p s [ (1083) " 9% = (-1 050

(b) ifg=mneN,
Dl g(t) =d"g(t), Dy g(t) = (~1)"5"g(¢t).

In particular,
DY, g(t) = “D}-g(t) = g(0).

Remark 1 ([29]). For q € Csuch that 0 < q < 1, the Caputo-Hadamard fractional derivative is defined as
1 ! AN
Cpi — — !
Dg+g(t) - l—v(l _ q) /a <10g S) 8 (s)ds,
-1 b EN
Cpi — Z !
D, g(t) = ) /t (log t) g'(s)ds.
Lemma 1 ([21]). Let R(q) > 0,n = [R(q)] +1and g € Cla,b]. If R(q) # O00rq € N, then

DT (1. g)(t) = g(t), Dl (Ilg)(t) = g(t).

Lemma 2 ([21]). Let g € AC}[a,b] or C}l[a,b] and q € C, then

11, (°Dl,g)(t) = g(t) —

n=1 sk ( b) bk
(D g)(t) =g(t) - ¥ 87 (0g ) -
Now we present an auxiliary lemma dealing with the linear variant of the problem (1).

Lemma 3. Let hy, hy € AC}[1, T|. Then the solution of the linear system of fractional differential equations:

(CD* +ACD¥ Du(t) = hi(b),
(CDP + ACDPDo(t) = ho(t), )

supplemented with the boundary conditions:

u(l)=0 , mIMo(m)+bu(T) =Ky, 11>0,1<m <T,
v =0

(1) , llzIA’Zu(I]z) + sz(T) =Ky, 12>0,1<m<T, 3)
is given by
_ A T T
upy = & Ai ){(KZAZ “KiBy) + T [blgz/l ATy (s)ds — bzAz/] TPy (5)ds |

BB 1 (o0 Y e ([ i
" INGEVI <logs) s (]m 7 hz(?ﬂ)dm)ds
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_ mAy [ 721 —+1) /s N
r(Vz)/l (log s) § ( " T hl(m)dM>ds

it
e .
1
and
1—t4 T . |
o) = ()T){(KlBl —KyAy) + T {bzz‘h /1 TPy (5)ds — by By /1 S)H]I’*’]hl(s)ds]
a Ay (12 n 12—1 ) S
N T(72) /1 (log s) s (/1 m* 7L hl(m)dm)ds
. mBy M n n-1 o [F o A1rp
F('Yl)/1 (log s ) § (/] m* T hz(?ﬂ)dm)ds
t
+ tf/\/ s/\flIlelhz(S)ds. (5)
1
where
A:BlAzfAle;éO, (6)
_ bl —A o a] m m T —(t1)
Ay = /\(1 ), Azfr(,h_i_])/] (log s) S ds, @)
o " (oo 12\ g~ (141) by .
- " loo 12 _b ooy
S CPERY /1 (1og ) " s, By = 3¢ ) ®)

Proof. In view of Theorem 1 and lemma 2, the general solution of the system (2) can be written as
ot
u(t) = cot ™ + %(1 — M+ t‘)‘/ M7 (s)ds, 9)
1

t
o(t) = dot ™ + dA—l(l —th+ t*A/ SHIIP hy(s)ds, (10)
1

where ¢;, d;(i = 0,1) are unknown arbitrary constants. Using the data u(1) = 0, v(1) = 0 given by (3)
in (9) and (10), we find that cg = 0 and dy = 0. Thus (9) and (10) take the form:

ot
u(t) = %(1—t_)‘)+t_)‘/l STy (5)ds, (11)
t
o(f) = %(14**)“4 /1 AT 1y (s)ds. (12)

Using the nonlocal integral boundary conditions: a1 Z7v(11) + byu(T) = Ky and axZ72u(12) + byo(T) =
K3 in (11) and (12), we obtain

Ajcr + Axdy = J1, Bici + Bady = o, (13)

where A; and B; (i = 1,2) are respectively given by (7) and (8), and

-1
7o K Ca /1171 (logﬂ)% s—(A+1) (/15 m/\—lI/s_lhz(m)dm> ds

T(71) s
T
T /1 1Ty (5)ds, (14)
12 121 s )
T = Ky— l"(a'iz) /1 (log %) ) (/1 mA’lI“’lhl(m)dm> ds
T
—b, T /1 A 1TB Ty (s)ds. (15)



Fractal Fract. 2020, 4,13

Solving the system (13) for ¢ and dq, we find that

_ —A T .
[ M + TT [blB2/ s/\flleflhl (s)ds _ bZAZ/ SAflI’B—lhz(s)ds}
! 1
a1B; n 1\ 1 ) /s A1
’ AT(711) / ( 8 s) ( " 7 hz(iﬂ)dm)ds (16)
- ”2(’?:) ’ < %)72 1 7““)(/5 mA’lI“*1h1(m)dm)ds,
2 1
_ A T .
ho= M*%[W‘% SMIZP iy (s)ds — by By /1 STy (s)ds]
aAq 1 72\ 121 04 S e
’ ¢ ) ([ 12y ) ) s a7)
AT (72) < s 1
. mB 7yl ) /s .
AT(71) 1 ( s ) ( " A hz(fﬂ)dm)ds,

where A is given by (6). Substituting the values of ¢ and d; in (11) and (12), we obtain the solution (4)
and (5). This completes the proof. [

3. Existence and Uniqueness Results

This section is concerned with the main results of the paper. First of all, we fix our terminology.
Let X = {x : x € C([L,T,R) and Déx € C([,T,R)} and Y = {y : y € C([1,T,R)
and _CDgy € C([1,T],R)} be the spaces respectively equipped with the norms |[x[x = |[/x|| +
IDexl = supyepy 1y [x(8)] + supye, 7y [“DEx(6)] and [lylly = Ilyll + [“Deyll = supyepy 9 ly(H)] +
SUPycpy,7] |“Dfy(t)|. Observe that (X, ||.|x) and (Y,].||y) are Banach spaces. In consequence,
the product space (X X Y, ||.|[xxy) is a Banach space endowed with the norm [|(x,¥)|xxy =
Il + 1yl for (x,y) € X x Y.

Using Lemma 3, we introduce an operator T : X x Y — X x Y as follows:

T(u,0)(t) := (Ta(u, 0)(1), Ta(u,0)(t)), (18)

where

Ty(u,0)(t) = (1;\% { (KpAy — KyBy) + T~ [ble /1T M (s, u(s), v(s), “DCo(s) )ds

- bhA; '/IT TP g (s, u(s),CDgu(s),v(s))dS]

a By [ /AR O W L W P N cpé
+ 1_(%)/l (log 5) s (/1 m* IP g(m, u(m),~D u(m),v(m))dm)ds

— % /]’1Z (log %)%71570‘“) (/; m’\’lI""lf(m,u(m),v(m),CD‘:v(m))dm)ds}

Lo /js)\*ll""lf(s,u(s),v(s),CD’:U(S))dsr (19)

(-t

Tp(u,v)(t) A

T n
{(KlBl — KpAy) + T [thl / TP g (s, u(s), CDCu(s), v(s))ds
J1

- 0B /1Ts’\’11”"1f(s,u(s),v(s),Cng(s))ds]

1Ay ([ /PR NS WO W LW pu Cpi
+ T(72) h (log?) s (/lm I f(m,u(m),v(m), ng(m))dm)ds (20)

@By m MM gy (f°, A-17p-1 cné
Ton) h (log?) s (/1 m* T IP g (m, u(m), Du(m),v(m))dm)ds
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4 B
+ t”\/l SMIP g (s, u(s), S D u(s), v(s))ds.

Next we enlist the assumptions that we need in the sequel.

(Hy) Let f,g: [1,T] x R® — R be continuous functions and there exist real constants yj, 7; > 0 (j =
1,2,3) and po > 0, 19 > 0 such that

po + pa x| + p2lx2| + ps|xs),
T + 11 |x1| + @2lx2| + wlxs], VX €R, j=1,2,3.

[f(t, x1, %2, x3)]

<
|g(t, x1,x0,x3)] <

(H,) There exist positive constants I, I; such that

[f(t,x1,%2,%3) = f(tyny2,y3) | < L(|x1 =yl +[x2 — vl + [x3 — y3]),
§(t x1,x2,x3) — g(t,y,y2,y3)] < I (lxvn —yal+[x2 — 2| + |x3 —ys]), VE € [LT], xj, y; €R.

For computational convenience, we set

o = sup ‘1—t )‘|—)1 (21)
te[1,T]
_ plKAy —KiBy| = [KaAr —KiBy 1-¢
@1 = T, @17T<10g1ﬂ) ’ (22)
0, — CKBi-Kd @2:|K131*K2A1|<108T)1’5 23)
AlA] ’ |A] ’
o o, laslla] wy  (logT)
M= sy (Bl tog Tt + £ 2 s (logm) ] + 3y 24)
1-¢
— (r0gT) o, lalldl - ‘ e
Wi = e (llBelGog ) + 2 B2 (log ) ™+ AIa] (log T) +ala|(10gT)" ], (25)
_ P ja1] o] Bem s
M2 - AIA‘r(ﬁ+}) [r(71+1)(10g’71) +|b2||A2‘(10gT) ]r (26)
M, — OOgT)H ballda| (10gT) 4+ JAllB2l pim 27
2 = W[\ 2 2\(08 ) +m(087ﬁ) }, (27)
_ P «, laallAq] a+72
Ni = A Bl Gos )+ o2 s (log )], (28)
1-¢
— (rogT) o, losllAy] -
Nio= i [l B teg T+ i s (logm) . (29)
B
o (el pon oy (10g7)
Ny = NAT(B 1) [F(71+1)(10g'71) +|b2||A1\(logT) ]+mr (30)
17
_ (logT) ' B |ay|By B+m p p-1
N, = W[\bZHAl\(logT) +ﬁ(logm) +218](1ogT)" +plal(10gT)" |, (31)
B [ M ~
@ = @reyt sty (M N )
M, N,
+ TO(M2+N2+7F(276)+7r(276)), (32)
W = }ll(Ml+N1+ §)+ (N C))+maX{T1,T2}(M2+N2+r(27§)+1_(2L725)), (33)
@3 = max{u, ;43}(M1+N1+%+%) +T3(M2+N2+ r(évlfé_) + F(2NEQ)) (34)

10
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Now, we are in a position to present our first existence result for the boundary value problem (1),
which is based on Leray-Schauder alternative.

Lemma 4 (Leray-Schauder alternative [30]). Let F : E — E be a completely continuous operator. Let €(F) =
{x € E:x = «F(x) forsome 0 < x < 1}. Then either the set ¢(F) is unbounded or F has at least one
fixed point.

Theorem 2. Assume that (Hy) holds and that max{w@,, @3} < 1, where @, and w3 are given by (33) and
(34) respectively. Then the boundary value problem (1) has at least one solution on 1, T].

Proof. In the first step, we establish that the operator T: X x Y — X x Y is completely continuous.
By continuity of the functions f and g, it follows that the operators T; and T, are continuous.
In consequence, the operator T is continuous. In order to show that the operator T is uniformly
bounded, let O C X x Y be a bounded set. Then there exist positive constants L; and L, such that
Lf(t,u(t),0(t), “DEo(t))| < Ly, |g(t u(t), S DEu(t),v(t))| < Ly, ¥(u,0) € Q. Then, for any (u,v) € Q,
we have

|[KaAy —KiBalp | pLy [ [by|[Bo T /T A-1 /S s \¢ 2dm
< 1efte  AEAlm Pl ) IFEAlT 2 i
|Ta(u,0)(t)] < AJA]| + AlA] Ta—1) h s ( 1 (logm> m )ds

e O R O O R YO
o [ (s )

o gl [Tl (] g 2) )

e e A CT R PR O B T

|[K2Az — Ky Ba|p pLa
A4 AAT(@+ 1)

IN

|az|| Az “tm
o
(11132l tog T)* + 7 =5 (1ogna) 7]

+ ﬁ(log T)a + /\\A|16(Lﬁz+ i {F‘(L:J‘izl‘) <log7]1)ﬁ+% + \b2A2|(10g T)ﬁ],

which, on taking the norm for t € [1, T] and using (22), (24) and (26) yields

[T1(u, 0)|| < ©1 + LMy + LoM.

Since 0 < ¢ < 1, we use Remark 1 to get

2 1 t t\—¢ ds 1 — — —
Cps < 7_/ - / i
DT 00 ()] < 1, (logg) [T T < =y @r+ Lidy + L2B),
where @1, M; and M; are respectively given by (22), (25) and (27). Hence

T2 (,0)lIx = I T2 (w,0) | + | “DE Ty (1, 0) | < ©1 + LMy + LoMy +

1_(2 — (f) (@1 + L]Ml + LzMz) . (35)

Similarly, using (23), (28) and (30), we obtain

Two)n) < CKB_fhl, __pb

2|41
o
< A ARG 1Bl log T)* + j(1og2)" "]

T(y2+1

11
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pim 5 b
XA 71 [ Cogm) el (togT) ]+ gy (1og7)

< Oy+ LNy + LNy

As before, one can find that

“DETa(u,0)(1)] <

1 _ _ _
T2=0) (©2+ LNy + L,N,),

where ®,, N7 and N are respectively given by (23), (29) and (31).
In consequence, we get

1 _ _ _
I Ta(,0)ly = IT2(1,0)|| + |SDETa(u,0)|| < ©p+ LNy + LyNo + e (024 L1Ny + L2N2) . (36)

From the inequalities (35) and (36), we deduce that T} and T; are uniformly bounded, which implies
that the operator T is uniformly bounded.
Next, we show that T is equicontinuous. Let t;, f; € [1, T| with t; < t,. Then we have

|T1(u,0)(t2) — Ti(u,v)(t1)]
gy

T
< /\A{'KZAZ — K1By| + T UblHB2| / s/\*lI"‘*l|f(s,u(s),v(s),CDév(s))\ds
1

+  |ba||Az| /1T5A*1I5’1\g(s,u(s),CDgu(s),v(s))|ds}

—1 S -
+ o115, m(logﬂyl s’(Hl)(/lm)"llﬁ’l\g(m,u(m),CDgu(m),v(m))\dm)ds

T(m) i s
+ ‘(;2(‘]2)” /:z <log %)72715_““) ( /15 mA_lI”‘_l|f(m,u(m),v(m),Cng(m)Hdm)ds}
+ ‘t;" - /:1 ST £ (s, u(s), v(s), CD%o(s)) |ds

b [T s (0, 005), Do)l

Oasty — ty,

independent of (i,v) on account of | f (¢, u(t),v(t), “Dév(t))| < Ly and |g(t, u(t), “DEu(t),v(t))| < L.
Also we have

|CDETy (u,0) (t2) — DTy (u,0) (1)

= ﬁ '/1t2 (logtgz){T{(u,v)(S)ds 7/1& <log%)75T{(u,v)(s)ds‘
< 1“(116){ /lfl (]og %2>_§_ (log %)_5‘57)[710154-/[;2 (10g ?)_§S(A+1)ds} .

T
X {K2A2K182|+TA[|E)1|BZ/1 AT £ (s, u(s), 0(s), S Do (s))|ds
T -
+ [ballda] [ M1 TF (s u(s), “DRu(s), () ]

|a1[|Ba| [ T\ (g /s A-17p-1 e
o) b <log s) s ( o P~ g(m,u(m),~D u(m),v(m))\dm)ds

12
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a||A 12 T2-1 S
+ ‘1}(|"Y2)2| ; <log%) s (/\“)(/1 mA 1T 1|f(m,u(m),v(m),Cng(rn))him)als}

t <
+ r(1A— g)A <1°gt?2)

A

+ 1‘(17—5)/,:2 (log%)igs_uﬂ) /.Sm’\_II”‘_1|f(m,u(m),v(m),Cng(m))|dm)ds

+ ﬁ/ltl <log tz) ‘ (l og — ) é?‘s_ll'”‘_l|f(s,u(s),v(s),CD‘:v(s)\ds

S
+ o1 /tz (logt—z){s*lf"“l\f(s u(s), v(s), SDfo(s))|ds — Oas tr — 1
T(1-§) Jy 5 TR ’

(A+1) < /15 m 1T f (m, u(m),v(m),ci)év(m))wm)ds

independent of (u,v). In a similar manner, one can obtain that
‘Tz(u,li)(tz) — Tz(u, U)(fl)l — 0 and ‘C’DgTz(M, Zi)(fz) — C'D’gTz(u,U) (tl)‘ —0

as tp — t; independent of (u,v) on account of the boundedness of f and g. Thus the operator T
is equicontinuous in view of equicontinuity of T; and T,. Therefore, by Arzela-Ascoli’s theorem,
it follows that the operator T is compact (completely continuous).

Finally, it will be shown that the set ¢(T) = {(u,v) € X XY : (u,0) = «T(u,0); 0 < x < 1}
is bounded. Let (u,0) € ¢(T). Then (u,v) = xT(u,v). For any t € [1,T], we have u(t) =
«Ty(u,v)(t), v(t) = kTp(u,v)(t). Using (H;) in (19), we get

Ju(o)]
< sl {ote ol T[S [T (1)
< (po-+ mlulm)] + pafo(m)] + ol DFo(m)]) T )
ba|[Az] [T Acaf [* 5 \P2 ConE dm
+ 1"([3—1)/1 s (/1 (log%) (TO+Tl\u(m)|+T2| Déu(m)|+73\v(m)\)7>ds}

X (/15 m)"l(/lm (log %)ﬁd [To +7|u(r)| + Tz\cDgu(r)\ + T3\v(r)|] ?)dm)ds
+ %/jz (log %)72715—(/\4—1)(/: mA—1(/l'm <10g?)%2 y
X <V0+V1|u(r)\ + p2lo(r)]| +H3CD§v(r))d:)dm)ds}

[t

* D /fs“(/f(log%)“’z{uom\u(mn+uz|v(m>|+u3|cz>f=‘v<m>\}%")ds,

which, on taking the norm for ¢ € [1, T], yields

el < @1+ (o -+ gl + max{s, s el ) My

+ (0 +max{m, o}l x + lolly ) Ma.

13
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Similarly one can find that

cpi
D <
D%l < 5 C){®1+(H0+V1H I + max{pz, s} lolly ) My
+ (7o +max{T, B }Hullx + wllolly ) Ma }.
Consequently, we have
lullx = [l +[1°DCul|

0 +

ot (M ) (ol + max(s ol )

+ (M2+ )(Tg—i-max{Tl,Tz}HuHX+T3HUHy)‘ (37)

M,
r2-¢)
Likewise, we can derive that

loly < @+ (2@ 55+ (M + ) (o -+ mlluls + maxe o) ol

+ (Nz+r( (To+max{T1,T2}||MHX+T3||7J||y). (38)
From (37) and (38), we get
Jul + ol = @1+ @, + (2@1 R
+ yg(M1+N1+% )+T0(M2+N2+ 5) (Nzg))
+ ||uHX[y1(M1+N1+r(2 5+ ) max{Tl,Tz}(Mz+Nz+r(2Mf€-)+r(zﬁj§))] (39)
+ IIvIIX[max{uz,ug}(Ml+N1+%+r(zN_é))+73(M2+N2+%+r(zﬁ_zé))}

IN

@1 +max{@y, @3} || (4, v) || xxv,

which, together with || (1, v)||xxy = |lu||x + [|v]|y, yields

@1

™
(0 < 1= max{@,, @3}

This shows that ¢(T) is bounded. Thus, Lemma 4 applies and that T has at least one fixed point.
This implies that the boundary value problem (1) has at least one solution on [1,T]. The proof is
completed. [

Example 1. Consider the following coupled system of Caputo-Hadamard type sequential fractional differential equations
D) = flbx(t)y(), Diy(r), 1€ 1,10,

CDy(t) = glt,x(t), “Dix(t),y(1), te 1,10, (40)
equipped with nonlocal coupled non-conserved boundary conditions:

0, —2Z%v(2) +u(10) =3,
0, — Tiu(3) +20(10) = 7. (1)

S =
—~ =

[E—
= =

o

14
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Here, A = 1/2,a = 3/2,p =5/4,T = 10,4y = —2,ap = —=1,by = 1,bp, = 2,Ky = 3,Ky = 7,;j1 =
2, =3m=3/2,72=1/4(=1/3(=1/4,

50,00, “D39(0) = 55 (30 1)+ g sinGx(0) + 10| + Do) )

and

ot 1 (1t ICDIx(t)| ,
g(t,x(t),"Dix(t),y(t)) = 10t <2 + [x(t)[+ m +5m(y(t))> :
Clearly, the functions f and g satisfy the condition (Hy) with o = %,yl = fm,yz = yz = %,Tg =
o T = To = T3 = 5. Using the given data, we find that Ay ~ 1.3675, |A;| ~ 0.2186, |By| ~ 0.7865, B, =
2.7351, |A| =~ 3.5684, p ~ 0.6838, ©1 ~ 2.5581, ®; ~ 3.49653, ®, ~ 2.76436, ©®, ~ 3.52477, M; ~
5.4654, M, =~ 0.9275, M; =~ 9.5348, M, ~ 1.2677, Ny ~ 1.8178, N, ~ 5.2756, N| ~ 1.6640, N, =~
7.9915, @1 =~ 25.0711, @, ~ 0.530375, @3 =~ 0.725385. With max{w,, @3} < 1, all the conditions of
Theorem 2 are satisfied. Therefore, the problem (40) and (41) has a solution on on [1,10].

The next result deals with the uniqueness of solutions for the problem (1) and relies on Banach
contraction mapping principle. For computational convenience, we introduce the notations:

D = Op+r My +raMy, Y1 =My + €My, O3 = O + 11Ny + 12Nz, ¥ = {Ny + (1N,
61 = @1 + rlﬁl —+ rzMz, ?1 = fﬁl + €1M2, 62 = @2 + Ylﬁl + rzﬁz, ?2 = éﬁl + flﬁz,
1 = sup f(£0,0,0) <oo, 7, = sup g(t0,0,0) < co. (42)
te[1,T] te[1,T]

Theorem 3. Assume that (Hy) holds. Then the boundary value problem (1) has a unique solution on [1, T},
provided that

Y, 1 Y, 1
Y1+ = <3 d Yo+ "5 <= 4
1-"-1,(27(3)<2 an 2+F(2—§)<2' (43)
where ¥; and Y; (i = 1,2) are given by (42).
Proof. Let us fix _ -
Dy + P D) + 2
7 > max { ; r<27$ 3 r<27$ ,
-ty 2t miy)

where ®;, ®;, and ¥;, ¥; (i = 1,2) are given by (42). Then we show that TB, C B, where
B, ={(u,v) € X x X : [|(1,0)||xxy <1}
For (u,v) € By, we have

£ (8, u(#), 0(t), “Do (1)) |£(t,u(t),0(t), “Do(t)) — £(¢,0,0,0)| +|£(t,0,0,0)]

u(t)] + [o(t)| +“DEo(t)[] + 1
Clllullx +Nlolly] +r < (w0 [[xxy +11 < br+ 11

IAN A A

Similarly, we can find that )
|g(t, u(t), “Du(t), o(t))| < lrr + 12

Then

ITi(w,0)(t)] < O14rMy+raMy+ (Mg + 6 Mp)r < @y + Yy,

15
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and
- 1 - o o o o o
cpé
DTy (u,v)(t < — Oy + MMy + oMo + ({My + (1 Mp)r| < Dy +Y¥qr
OO < pgy [0+ M+ My + (M + ()] < s [@1+ ]
Therefore,
z > ¥ T
Ty (u, =||Ty(u, CPLT (u,0)|| < @ L4y ! < - 44
1T (u,0)|x = [|Ta (u,0) || + || 1(1,0)[| < 1+r(2—g)+[ 1+r(2_§)]r,2 (44)
In similar manner, we obtain
1
< cps <
Ta2) (O] < @2+ ¥ar, (DT, 0)(1)] < 15— [<I>2+‘P2r]
In consequence, we get
D, ¥ r
= cpt < Z_lr<:.
1720 0)lly = [T 0) | + [P Ta(u,0)]| < @2+ s + [Vt it frs 3 (49)
Thus, it follows from (44) and (45) that
T, 0)xxy = [Ti(w,0)|lx+ [ Ta(w,0)|lx <7,

which implies that TB, C B;.
Next we show that the operator T is a contraction. For that, let u;, v; € B, (i = 1,2). Then,
foreach t € [1, T], we have
[Ty (u1,01)(#) — Ta (2, 02) (1)]
1=t [ a7 |b1]Ba] /T A1 /S §\o2
Al (¢ {F(afl) (), <1°gm> x
X ‘f(m,ul(m),vl(m),c Dévl(m) — f(m, up(m), vy Dcv ‘—)
[b2Az| /‘T A-1 /S p-2
+ T(—1) 1s (1(10g ) X
z z dm
X |g(m, s (m),© Dty (m), 03 (m)) — g(om, uz (m),© Dz (m), 03 (m)) | = ) s |
|a1By| /’“ T\ (g /S A—1 /”’ m\ A2
T Tra=1 A (tog™) " s ()t ( 7 (rog
= = dr
x |g(r/ul(f)rcpgul(r)/vl(r))*8(’/Mz(r)/cDguz(f)lvz(f)N?)dm

+ #ﬁj‘_l)/jz (log%)%ils*(ﬂl)(/lsm/\—1(/]m (log%y"z «

X ‘f(r, u1(r),vl(r),Cngl(r) — f(r, uz(r),vz(r),cngz(r)’?)dm) ds}

IN

t=A NS 5\a-2
+ r(/x—1)/15 (/1 (tog,) "
X ‘f(m,ul(m),m(m),cl)ém( ) — f(m, up(m), vy (m), “Dévy (m ‘—)
< Mil[llu = ]| + [or = o2 + | “DFoy — CDFvy

Mot s — wa]) + D%y — CDF | + oy — ]

16
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< Yifllw —uallx + [lor —v2ly]-

Also we have

: z 1 t £ ¢
ISDET, (11, 01) (t) =€ DETy (g, 02) ()| < m/l (log g) ‘T{(ul,vl)(s) — T (up,v2)(s)|ds
¥
< gl el o= ol
From the foregoing inequalities, we get
ITs (a1, 01) = TaGua,2a)llx - = [ Ta(mn,00) = Ty (s, 02) | + [ “DETa (g, 00) = “DETi (23|
Y
< [‘Y1+r(1_1§)} [llur = uzllx + flor — v2|ly] - (46)
Similarly, we can find that
2
oG, 01) = Doz, 22)ly - < ¥+ =y | llln = wallx + Jlor = 2] (47)

Consequently, it follows from (46) and (47) that

[ T1(ur,v1) — Ta(uz, v2)[|x + [ T2 (11, v1) — Ta(u2,v2) |1 x

‘Fl ?2 :|

i+t o=+ 7 | Il —uallx + [lor —o2fly]-

{ r2-¢ rI@2-g¢

This shows that T is a contraction by (43). Hence, by Banach fixed point theorem, the operator T has a
unique fixed point which corresponds to a unique solution of problem (1). This completes the proof. [

(1T (u1,01) — T(uz,02) | xxv

IA

Example 2. Consider the following coupled system of fractional differential equations

(€D} 4+ D) = 2(2417“2) (3+sin(x(®)) +[y()| +tan~ (CDYy (1)), ¢ [1,10]
s o lco 1 (¢ “Dix(t)] |
(‘D +§CD y(t) = 19t <2+x<t)|+1+|CDix(t)|+Sln(y(t))) / (48)

supplemented with nonlocal coupled non-conserved boundary conditions:
u(l) = 0, —2720(2) +u(10) = 3,
o(1) = 0, —T3u(3)+20(10) =7. (49)

Here, A = 1/2,& = 3/2,8 = 5/4,T = 10,a; = —2,ap = —1,b; = 1,b, = 2,K; = 3,K = 7,1 =
2,0 =3,1m=3/27=1/4.=1/3,{=1/4,

Fltx(1),y(), “Dy(1)) = 2 (3+sin(x(1)) + [y(H)| + tan ™ (CDIy(1)))

_1
(24 + £2)

and
. IRE: ICDix(t)] .
g(t,x(t),CD’gx(t),y(t)) = @ (2 + |x(t)| + W + sm(y(t))) .

From the inequalities:

£ (8, 210(),y1.(5), SD3y1 (1)) — F(t,22(0), y2 (1), SD3ya (1))

17
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< o (Ia(6) = x2(B)] + |1 (1) = ya(H)] + DIy (1) - “DIya(t)])

lg(t, 21 (1), CDix1 (1), 41 (1)) — (b, x2(1), CDixa(8), ya(1))

o &=

1
< g5 (=) =201 + [CDixn (B = Dixy()] + (1) - 2(1)]),
we have | = & and Iy = ;. Using the given data, we find that Ay ~ 1.3675,|Ay| ~ 0.2186, |By| ~
0.7865, By ~ 2.7351, |A| ~ 3.5684, p ~ 0.6838, M; ~ 54654, My ~ 0.9275, ¥; ~ 0.1282, M; ~
9.5348, M, ~ 1.2677,¥; ~ 0.2166, N; ~ 1.8178, N, =~ 5.2756, ¥, ~ 0.1439, N; ~ 1.6640, N, ~

7.9915,¥, ~ 0.1964. Further

¥ Y2
~ 0.3639 < 0.5, ¥ —=— ~0.3615 < 0.5.
r(7/4) < , Yo+ <

i T(5/3)

Thus all the conditions of Theorem 3 are satisfied. In consequence, by Theorem 3, there exists a unique solution
for the problem (48) and (49) on [1,10].

4. Conclusions

We have developed the existence theory for a nonlocal integral boundary value problem of
coupled sequential fractional differential equations involving Caputo-Hadamard fractional derivatives
and Hadamard fractional integrals. Several results follow as special cases by fixing the values of the
parameters involved in the problem. For example, by taking a; = —1,b; =1,K; =0 =K, and T =¢,
our results correspond to the ones associated with coupled strip boundary conditions of the form:

u(1) =0, w(T) =I"o(m), n>0,1<m<e
(1) =0, o(T) =Z"u(na), 12>0, 1<y <e.

If we take a1 = 0 = a; in the results of this paper, we obtain the ones for a coupled system of
Caputo-Hadamard fractional differential equations and uncoupled Dirichlet boundary conditions.
We emphasize that the main results as well as the special cases presented in this paper are new and
enrich the existing literature on the topic.
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Abstract: In the present paper, we discuss a new boundary value problem for the nonlinear Langevin
equation involving two distinct fractional derivative orders with multi-point and multi-nonlocal
integral conditions. The fixed point theorems for Schauder and Krasnoselskii-Zabreiko are applied

to study the existence results. The uniqueness of the solution is given by implementing the Banach
fixed point theorem. Some examples showing our basic results are provided.
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1. Introduction

The Langevin equation was discovered by Langevin a century ago to render an accurate
description of the evolution of physical phenomena in fluctuating environments. This equation
can be considered as a special form of the generalized Langevin equation [1], which has turned into a
modern research project theme.

Fractional calculus has attracted many authors and researchers in many different scientific
disciplines. Many of the recent advances in fractional calculus were motivated by the modern
applications of fractional integro-differential equations in various fields, in particular physics. One of
the main reasons for its popularity in modeling various transport properties in complex heterogeneous
and disordered media is that it provides a natural setting for describing processes with memory
and is fractal or multi-fractal in nature [2]. For systems in complex media, the ordinary Langevin
equation does not provide the correct description of the dynamics. Various generalizations of Langevin
equations have been proposed to describe dynamical processes in a fractal medium. One such
generalization is the Langevin equation with two fractional orders, which incorporates the fractal
and memory properties with a dissipative memory kernel into the Langevin equation. This possible
extension requires the replacement of the ordinary derivative by a fractional derivative in the Langevin
equation to give the fractional Langevin equation [3-5]. Various versions of fractional Langevin-type
equations have been proposed to model anomalous diffusion [6,7], and both deterministic and
stochastic fractional equations are used to describe non-Debye dielectric relaxation phenomena.

Anomalous diffusion has been found in various physical and biological systems. The mean
squared displacement of the particle shows a power law dependence on time (x2(t)) ~ t*, becoming
subdiffusion in the case 0 < a < 1, superdiffusion for « > 1, and normal classical diffusion for
« = 1[8-10]. Several stochastic approaches to anomalous diffusion exist. In most cases, such behavior is
considered to be connected with the self-similar properties of the diffusion medium. As this took place,
the generalized Langevin equation came to fame following Kubos’ work and the related fractional
Brownian motion, originally introduced by Kolmogorov [11] and popularized by Mandelbrot [12].
It is remarkable to note that Mainardi and Pironi [13] introduced a fractional Langevin equation as
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a particular case of a generalized Langevin equation and for the first time represented the velocity and
displacement correlation functions in terms of the Mittag-Leffler functions.

Due to the extremely useful role of the fractional Langevin equation in applied mathematics,
physics, engineering, and several branches of science, it has acquired many scientific contributions
in the field of finding exact solutions [3,14,15], approximate solutions through numerical analysis
methods [16-18], and studying the existence and uniqueness of the solution (see [19-25] and the
references given therein). Studying differential equations with integral boundary conditions designates
an extremely useful and interesting class of boundary value problems. Several of the problems are in
chemical engineering, population dynamics, heat conduction, thermoelasticity, underground water
flow, and plasma physics [26]. Furthermore, there are many published contributions concerned with
the fractional boundary value problem with the integral boundary conditions (see [27-29] and the
references given therein). Multi-point boundary value problems for differential equations become
apparent naturally in scientific applications. For an illustration, given a dynamical system with m
degrees of freedom, there may be available exactly m cases spotted at m distinct times. A mathematical
depiction of such problems is in an m-point boundary value problem. Multi-point problems for
differential equations are a special class of interface problems, and hence solvable with various
techniques. Studying fractional differential equations with multi-pint boundary condition has been
drawn the attention of many contributors (see [30-33] and the references given therein).

Motivated by the significance of the integral boundary conditions and fractional Langevin
equations in different branches of science and engineering, this paper is interested in studying the
nonlinear fractional Langevin equation:

DP(EDT + )x(t) = f(t,x(f), D'x(t)),  te0,1] &)

with the new auxiliary multi-integral and multi-point boundary conditions:
1 u Mi
x(0) =0, Dx(0) =0, x(1)=Y ax(y)+ ):,5,./0 x(s)ds @)
i=1 i=1

where °D?,°D17, and °D" are the Liouville-Caputo fractional derivative of orders p € (1,2],q € (0,1],
and 0 < r < q, u € R is the dissipative parameter, y,a;, f; € R, n; € (0,1),i =1,2,---,n such that
n € Nwith w = Y ; a;7;77! # 1, and the function f : [0,1] x R x R — R is continuous.

It is worth mentioning that x(t) in Equation (1) is the displacement of the particle in the general
interval t € [0,a], a > 0 (for simplicity, we apply the transformation { = t/a to make t in the unit
interval [0, 1]). Instead of the ordinary definition of the velocity and acceleration as the first and second
derivatives of the displacement, respectively, we render fractional forms “D*x(t), 0 < a < 1 for the
velocity and °DPx(t), 1 < B < 2 for the the acceleration. The product of two fractional derivatives
gives the term ‘D**#, which represents the acceleration if 1 < a + 8 < 2 and the aberrancy of the
curve or the Jerk term [34-36] if 2 < a + B < 3 instead of defining it as a third time derivative of the
displacement. We take here the function f in the general form, which is constituted by the position
x(t) and velocity “D"x(t) of the particle at time ¢. This function may contain an external force field,
a position-dependent phenomenological fluid friction coefficient, the intensity of the stochastic force,
or the zero-mean Gaussian white noise term.

The first and second boundary conditions in Equation (2) indicate that the particle begins
its motion from stillness at the origin. The last condition in Equation (2), which seems to be a
linear combination of the values of the unknown function at the multi-point and multi-strip, can be
interpreted as “the value of of the unknown function at the terminal point proportionate to the
summation of values of it at midst nonlocal m-points and the areas under its curve from the initial
point to the midst points”.

In mathematical analysis, the existence and uniqueness of the solution for differential and integral
equations have become major topics. There are many fixed point theorems used to discuss the
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existence results [37]. One of these theorems due to Krasnoselskii-Zabreiko lacks usage, although
it gives more precise sufficient conditions of the existence results. This inspired us to discuss the
existence of the solution for our problem by implementing the Krasnoselskii-Zabreiko fixed point
theorem. Furthermore, we apply the Schauder fixed point under different assumptions and show its
applicability by means of studying a numerical example. In addition, the uniqueness of the solution is
investigated by applying the Banach fixed point theorem.

The strategy of the paper is as follows: In the section below, we render some definitions and
results that are needed in this paper. The existence and uniqueness are discussed in Section 3. In the
last section, we establish some examples to show these results.

Introducing the fractional element provides many possibilities for the generalizations of models
described in the previous subsection.

2. Preliminaries

Throughout this section, the definitions needed and the notations are given. Let C[0,1] be
the class continuous functions on [a, b]. Furthermore, let AC[a, b] be the space of functions f that
are absolutely continuous on [a,b]. For n € N, we denote by AC"[a, b] the space of real functions
£(t), which have continuous derivatives up to order n — 1 on [a,b] such that f("=1(t) € AC[a,b].
In particular, AC'[a, b] = ACla, b] [38].

Definition 1 ([38]). If x(t) € Cla,b], then, the R-Lfractional integral with order p > 0 exists almost
everywhere on [a,b] and can be represented in the form:

IPx(t) =

ﬁ ./at(t —s)P1x(s)ds.

Definition 2 ([38]). If x(t) € AC"[a,b] and n € N, the Liouville—Caputo fractional derivative of order
n—1 < p < nexists almost everywhere on [a, b] and can be represented in the form:

DPx() = — /t(tfs)”’p’lx(”)(s)ds.

T(n—p) Ja
Lemma 1 ([38,39]). Letn € N,n—1 < g < n,and x(t) € C"[0,1], then we have:

19°Dx(t) = x(t) +ag + ayt + - +a, 1"
Lemma 2 ([38,39]). Let p > 0,n € Nsuchthatn —1 < q < n, then:

1 °DIPx(t) = DI Fx(t)ifqg > p,
2 DIIPx(t) = IP~x(t) if p > q.

Lemma 3. Suppose the function g : C[0,1] — R; hence, the unique solution of the linear equation:

‘DP(DI+p)x(t) =g(t),  tel01] ®)
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with the conditions mentioned in Equation (2), can be taken the form:

0 = gy =90 = g [ s
1+1 u 1 B 1 1 -
+ m {m/o (1 —s)q lx(s)ds — W/ (1 _S)'i+!’ 1g(s)ds
Dy AR (LR 3 MUBDOL

u i
+)6 x(s)ds] @
i=1
Proof. Applying Lemma 1, we get:
‘Dix(t) = IPg(t) — px(t) + ag + art (5)

Furthermore, we apply Lemma 1 and use the relation 17t = r(;ﬁﬂ) 7 tP4, and Equation (5) becomes:

x(t) = 71_([11 ) /Ot(t —8)1TP1o(s)ds — ﬁ /Ot(f — )1 x(s)ds
tq tq+1 6
RS e “

By using the boundary conditions x(0) = 0 and D7x(0) = 0 in Equations (5) and (6), respectively,
we find that g = 0 and a, = 0. The boundary equation x(1) = Y/"; a;x (1) + X0ty Bi Jo x(s)ds in
Equation (6) gives the value of the constant a; as:

_Tg+2)
"= 0-w)

+Zﬁ/x@}

plix(1) — 1Pg(1) +szl”+”’g yZa 17x(1;)
i=1

Substitute the values a¢, 21 and a, in Equation (6) to obtain Equation (4). Conversely, inserting
Equation (4) in the left side of Equation (3) using Lemma 2 implies the right side. Furthermore, it
is not difficult to see that Equation (4) verifies the boundary condition Equation (2). This completes
the proof. [

3. Main Results

Define the space:
X={x:x€C[0,1], ‘D'x € C[0,1],0 < r <1}

equipped with the norm:

[xllx = llx]| + [ ‘D"x(5) || = max |x(£)| + max | “D"x(¢)].
tefo1 te[0,1]

It is worth pointing out that Su [40] proved that X is a Banach space equipped with the
former norm.

Assume the following hypotheses that we need to prove the existence and uniqueness results of
the problem Equations (1) and (2).

(Gy) f:[0,1] x R x R — R s a continuous function;
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(Gp) There exists a positive function ¢ € X such that
LF(tx,y)| < (t) + ar|x|" + az|y|"? where ag,a; € RT and 0 < 1,72 < 1;

(G3) The continuous function f(f,0,0) does not vanish identically in [0, 1];

(Gy) lim; 00 % = x(t) uniformly in [0,1] where x,y € X, r = ||x|| + ||yl and x : [0,1] — R
is continuous;

(Gs) There exists a constant L > 0 such that:

[f(txy) = f(&20)] < L(lx =2+ |y =9]), t€[01], x,%yJecR.

For convenience, let:

Q= @p,y -+ @F,Q, (7)
Y=Y.+Y (8)
where:
1 F(q+2) u p+q
0,, = 1 o
T rg—r+D)  l-wl(q—r+2T(ptq+l) ( +§1“”71

B I'(qg+2) e
Y, = [u|®p, + mgml

We express the operator T : X — X as:

(Tx)(t) = ﬁ /Ot(t—s)wflf(s,x(s), D’ x(s))ds — %{1)/;@ — )1 Tx(s)ds
+ (T + Tl o)

and its rth Caputo fractional derivative:

‘D'(Tx)(t) = ! j ./t(t —8)1P71f(s,x(s), °Dx(s))ds

Tg+p—r—1)Jo

1-r
- - /t(t—s)”frflx(S)ds—i- Lo+ 2

NCED A—w)g—r+2) [T1(x) + T2(f)] (10)

where:

n

Ty(x) = %q) /01(1 o)1 lx(s)ds — D> F‘E‘;) /0""(;7,. )T x(s)ds + iéﬁ,- /O”i x(s)ds

To(f) = é r(p":ir 3 ./0’71'(;71_ . S)q+p7]f(5,x(s), D'x(s))ds
1 ! - c r
Ry A ), D

It is easy to see that:

[lx]l - -
[T ()] < g +1) <H + |V|izlﬂ¢i|’7?+r(q4r1);|/5i'li> 11
Il D gap
||T2(f)|| < F(P+q+1) (1 +1; ‘a1|’71' ) . (12)
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Our first result is discussing the existence of the solution for the problem by the Schauder fixed
point theorem.

Theorem 1. Assume that Gy and Gy hold. Then, the boundary value problem Equations (1) and (2) have a
solution.

Proof. We express the operator T : X — X and let a closed ball By = {x € X : || x||x < ¢} taking:
a1 a1
¢ > max{4[|y||x0, (40:0) "1, (4a,0) -2, 4¢Y}

Then, we claim that TBz C Bg. For x € Bg and by the condition Gy, we give:

[(Tx)(8)] < ﬁ /Ot(t —5)@+p—1|f(s,x(s), ‘D'x(s))|ds + rl(iql)/ot(t — )47 x(s)|ds
+ g M@+ T

< 1 1) P 1 ?:1 |“imip+q
B D e R (e I TR R VR e TS

|pt? 1 || 11+ || noo
+ ||x + + L s
[ X{F(q+1) (1-w)l(g+1) (1‘“)”‘7“); 1l (1_w)glﬁ\|ryl
1 LYy lailnf
p+q+1)  (Q-w)l(p+q+1)
el O+ T feil!) | L il
+€{F<q+1>+ A-wlg+1l) = 1-w

< (Illx +a18™" +a28")®,0 + Yo

< ([[pllx + a1 4 a28") {1“(

Similarly, we have:
|“D"(Tx)(1)] < ([9llx + a8 + a28"2) Oy, + Y,

Consequently,

Tx|x = max |(Tx)(t)| + max [( “D"(Tx)(t))]
< (lpllx + 18" 4 a28") (©p0 + Opr) +E(Yo +Yr)
< (Illx + 18" +a25")® + Y
. 6.6 ,6_
< 1 + 1 + Z + Z = l:

Then, the operator T : X — X is uniformly bounded. Next, we show that T is equicontinuous.

We set:

N = trgn[oa’)l(] [f(t,x(t), ‘D'x(t))| +1
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and for x € Bg, let ty,t; € [0,1], whereas for t; < t, we get:

(Ta)(e2) = (T < [ty [ =977 (s 2(s), D7)

H f2 - 1 f B .

_Wa)/o (2 =s)" 1X(S)ds_m/o (1 = $)TP1f (s, x(s), D" x(s))ds
H 1 1

Pty o (=9 ]+ | (o + )|

: ‘r(p +4) /otl[(tz =)7L — (1 — 5)P*171 f(s,x(s), “D"x(s))ds
+ﬁ ./tltZ(tz — s)ﬁJrP*lf(s,x(s)’ CDVX(S))ds

H h _ _ n th B
+ ‘WA [(tl _S)q 1_ (i’z —S)q 1}X(S)d5 + W/tl (tZ _S)q 1x(s)ds

t2q+l _ t1q+l

e MM+ IRN)

N pra_ ptq 2|u|¢ Y (l‘z‘”l*fll’ﬂ){ [p]
STprern2 N )*r<q+1>(t2 W BT D
+¢

N et ey el
(q+1 +€E\ﬁ [

TorgrD)  NT(pigrl)

Similarly,
N g1 _ phq—r 2[u|g -
°D'Tx)(t °pr < (T — 2 — )1
(DTN() D (T ()] < gy B =87 4 oy (2= 1)
RS TC RGN ) P Eiy lailni
Irg—r+2)(1-w) I'(g+1) T(p+q+1) I'(p+q+1)

+g MR 23 i }

Observe that (¢ — t779), (17— 41%) (1, — )0, (57977 — P77, (77 17 and
(t2 — t1)7" approach uniformly zero as t; approaches t;. Then, the operator T is equicontinuous,
and we get that the operator T is uniformly bounded since T3z C B;. Therefore, the Arzela—Ascoli
theorem leads to that the operator being completely continuous. Hence, the Schauder fixed point
theorem ensures the existence of the solution for problem Equations (1) and (2). O

The second result is discussing the existence of the solution by using Krasnoselskii-Zabreiko’s
fixed point theorem:

Lemma 4 ([41]). Let W be a Banach space. Suppose that § : W — W is a completely continuous mapping
and & : W — W is a bounded linear mapping such that 1 is not an eigenvalue of & and:

o Jsx— o1

[zl [lx]]

=0.
Then, § has a fixed point in W.

Theorem 2. Assume that Gy, Gz, and G4 hold. Then, the boundary value problem Equations (1) and (2) have a
solution if ||x||© +Y < 1 where @ and Y are defined as in Equations (7) and (8), respectively.
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Proof. Let f(t,x(t), °D"x(t)) = «(t)(x(t) + °D"x(t)), and consider the linear operator:

(Fx)(f) = ﬁ/{:(tfs)q”_lx(s)(x(swr Dx(s))ds — %q)/ot(tfs)q_lx(s)ds
tq+1

T [T () + Ta(e(x + “D'x))]

and its fractional derivative:

‘D' (Fx)(t) = m /Ot(t — )P Lie(s) (x(s) + °D’x(s))ds

I 't S
_W/O (t— )T 1x(s)ds
T'(q+2)ta+1-=r

=g —r+2) &+ R+ D).

Now, we show that one is not an eigenvalue of Fx(t) and “D"Fx(t). Use the proof by contradiction.
Suppose that one is an eigenvalue of Fx(t), and °D’Fx(t) using Equations (11) and (12), we can
deduce that:

Il B 1 Il
1Bl =< el {r<p+q+1> T T T ) —w) gt i)

el Sy JailgiP ™0 [ g i -
T(p+q+1) +r(q+1)(1—w)+g‘ﬁ’”’71‘

and:
Il || |nT(g+2)
c 'a <
I DFxH*HxHX{F(p-&-q—r—i—l)+F(q—r+1)+F(q—r+1)l"(q+1)(1—w)
llx|IT(q +2) %17 (g +2) iy [ailiP+4
Tlg—r+1)I(p+g+1)(1—w) T(@—-r+2)I(p+gq+1)
@+ 2)| X 0t T(g+2) ?zl\ﬁillm\}
Fg—r+2)T(g+1)(1-w) T@E-r+2)(1-w) |~
This implies:

[[Fx][x = max|(Fx)(#)| + max |(“D"(Fx)(t))|
< fxlix {lixll® + Y} < lx][x-
This is a contradiction, because our supposition that one is an eigenvalue of the operator || Fx||x

is the wrong assumption. Hence, one is not an eigenvalue of ||Fx||x. The operator || Tx| x is uniformly
bounded and equicontinuous as in Theorem 1.
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Now, we prove W — 0as ||x||x — oo, then:

ITx — Fx|| < r(qlﬂj) /t(tfs)q“’*l\f(s,x(s) “D’x(s)) — K(s) (x(s) +° D'x(s))|ds
+ gy ITalf) = Tale(x + D))

11
f(s,x(s) °D"x(s))

)’1+P 1 ( )+C o (S) 77((5)

1 t cnr
: W/O (= (|x(s)| + [°D"x(s)|ds

L[ 1 [£5,x(5) “D'x(s)) o
it [ ) @m9met ADHE) —ahs)| (vts)) + FDx(o) s
S £(5,%(5) “D'x(s)) :
P FAURE R ot e Sl (LU }

(tx(1) D'x(t)
EOECEOREY

<{ 1 N 1 N Ly JeilyP }
“\T(p+qg+1) T(p+g+1)(1-—w) T(p+g+1)1—w]

[l

and similarly,

cyr _ 1 F(q+2)
[I°D"Tx = “D"Fx|| < {r(p+q—r+1)+r(q—r+2)r(p+q+1)\1—w\
g AEL el SODO)
TG —r+2)0(p +q+ D1 —w| | | x(t) +< D'x(t)

llxllx

Therefore,

ITx — Fx|lx _ [(Tx)(t) — (Fx)(®)[| | || “D"(Tx)(t) — “D"(Fx)(t)]|
([ x[1x llx([x [lx[1x
_ U S v L7 1 T(q+2)(1+ 5 [aifn] )
Ip+q+1) (Q-w)l(p+g+1) T(p+g—r+1) (A—-w)(qg—r+2)I(p+q+1)
(t,x(t) “D'x(t))
|2+ D W

By assumption G4,

IITx = Fx|lx

=0
[xl—=e  x]lx

Then, Krasnoselskii-Zabreiko’s fixed point theorem leads to the existence of a solution for the
boundary value problem Equations (1) and (2). O

We present now the Banach contraction principle to prove the uniqueness of the solution for
problem Equations (1) and (2).

Theorem 3. Assume that Gy and Gs hold. The boundary value problem Equations (1) and (2) have a unique
solution if o < 1 where:

c=LO+Y
and © and Y are defined as in Equations (7) and (8), respectively.
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Proof. Using the assumption G5, we have:

|(Tx)(t) — (T2)(t)] < ﬁ/{)"(hs)wp—l\f&,x@), D'x(s)) — f(s, %(s), “D"%(s))|ds
L st o

+ |1717w| (ITh(x) = TL(R)| + | T2(f (s, x(s), “D'x(s))) = Ta(f (s, 2(s), “D"2(s)))])

< Lllx—#|| LARI— ! + il
= NThp+g+1) [T—wlT(p+g+1) |1—w|F(p+q+1)

. || t1 1 |l t‘”l\m 1 LA

< (LOpo + Yo)llx — £Ix

likewise,

| “D"(Tx)(#) = “D'(T2)(1)] < (LOpyr + Yy )|lx — 2[|x

Hence,
[[Tx — T#[|x = max [(Tx)(t) — (T%)(t)| + max [(“D"(Tx)(t)) — (“D"(T2)(t))|
te[0,1] te[0,1]
< (LO®po + Yo)[lx — £[|x + (LOpy + Yr)[|x — £[|x
S (LO+Y)[lx = 2[x < oflx — 2[x

Since ¢ < 1, then the operator Tx is a contraction. Therefore, from the contraction mapping
principle, the boundary value problem Equations (1) and (2) have a unique solution on [0,1]. [

4. Example

Example 1. Consider the following boundary value problem:

“DF (°DF + 1) x(t) = f(t,x(), D¥x(r), 0<t<1
x(0) =0, Dix(0) =0, )
x(1) = §2(3) + 33(3) + 5 fy P x(5)ds + 3 fg " x(s)ds.

We choose p =9/8, q =5/8, r =3/8, a; = 4,,31 = 7,111 = 31,(1‘ =1,2), and p = 1/4. Define the
continuous function by:

t

etsin(mt)  tcos? 7t

f(tfx/y) = (2+ t)3 (3 — t)4 (x+y)

Observe that the function f is continuous and f(t,0,0) = ¢ Sﬁt # 0on (0,1), which means that the
assumptions Gy and Gs hold. Now, we have:

flt,x,y) e sin(mt) n t cos? rtt
x+y  2+tPx+y)  (B3-1?

which implies that:
ft, x,y) t cos? 7t

1
im =x(t) and k|| =-—
llx—e x+y — (3-t)* © Il

16
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Thus, we can calculate ||x||® + Y ~ 1 (3.01664) + 0.75232 = 0.94086 < 1. Therefore, by Theorem 2,
the boundary value problem Equations (1) and (2) have a solution in [0, 1].

Furthermore, it is clear that the function f satisfies the assumption Gs with L = 1/16andoc = LO+Y ~
0.94086 < 1. Then, by Theorem 3, the boundary value problem Equations (1) and (2) have a unique solution
in [0,1].

5. Conclusions

The existence and uniqueness of the solution for the fractional nonlinear Langevin equation of
two different fractional orders under the boundary conditions containing multi-point and multi-strip
were studied. We found an equivalence of the problem by using the tools of fractional calculus and
fixed point theorems. To examine our problem, we employed Krasnoselskii-Zabreiko, Schauder,
and Banach contraction fixed point theorems. Our method was simple and appropriate for a
diversity of real-world problems by choosing different forms of the function f in the Langevin
equation. For instance, if f = —y(x(t))°D"x(t)) + n(x(¢))&(t) + F(t,x(t)) where (x(t)) is the
position-dependent phenomenological fluid friction coefficient, F(z,t) is the external force field,
7(x(t)) is the intensity of the stochastic force, and ¢(#) is a zero-mean Gaussian white noise term, then
the model describes the fractional Markovian set of stochastic differential equations [42].
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Abstract: We introduce a stochastic fractional calculus. As an application, we present a stochastic
fractional calculus of variations, which generalizes the fractional calculus of variations to stochastic
processes. A stochastic fractional Euler-Lagrange equation is obtained, extending those available
in the literature for the classical, fractional, and stochastic calculus of variations. To illustrate our
main theoretical result, we discuss two examples: one derived from quantum mechanics, the second
validated by an adequate numerical simulation.
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1. Introduction

A stochastic calculus of variations, which generalizes the ordinary calculus of variations to
stochastic processes, was introduced in 1981 by Yasue, generalizing the Euler-Lagrange equation and
giving interesting applications to quantum mechanics [1]. Recently, stochastic variational differential
equations have been analyzed for modeling infectious diseases [2,3], and stochastic processes have
shown to be increasingly important in optimization [4].

In 1996, fifteen years after Yasue’s pioneer work [1], the theory of the calculus of variations
evolved in order to include fractional operators and better describe non-conservative systems in
mechanics [5]. The subject is currently under strong development [6]. We refer the interested reader
to the introductory book [5] and to [7-9] for numerical aspects on solving fractional Euler-Lagrange
equations. For applications of fractional-order models and variational principles in epidemics, biology,
and medicine, see [10-14] and references therein.

Given the importance of both stochastic and fractional calculi of variations, it seems natural to
join the two subjects. That is the main goal of our current work, i.e., to introduce a stochastic-fractional
calculus of variations. For that, we start our work by introducing new definitions: left and right
stochastic fractional derivatives and integrals of Riemann-Liouville and Caputo types for stochastic
processes of second order, as a deterministic function resulting from the intuitive action of the
expectation, on which we can compute its fractional derivative several times to obtain additional
results that generalize analogous classical relations. Our definitions differ from those already available
in the literature by the fact that they are applied on second order stochastic processes, whereas known
definitions, for example, those in [15-18], are defined only for mean square continuous second order
stochastic process, which is a short family of operators. Moreover, available results in the literature
have not used the expectation, which we claim to be more natural, easier to handle and estimate, when

Fractal Fract. 2020, 4, 38; doi:10.3390/ fractalfract4030038 35 www.mdpi.com/journal/fractalfract
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applied to fractional derivatives by different methods of approximation, like those developed and cited
in [7]. More than different, our definitions are well posed and lead to numerous results generalizing
those in the literature, like integration by parts and Euler-Lagrange variational equations.

The paper is organized as follows. In Section 2, we introduce the new stochastic fractional
operators. Their fundamental properties are then given in Section 3. In particular, we prove stochastic
fractional formulas of integration by parts (see Lemma 1). Then, in Section 4, we consider the basic
problem of the stochastic fractional calculus of variations and obtain the stochastic Riemann-Liouville
and Caputo fractional Euler-Lagrange equations (Theorems 1 and 2, respectively). Section 5 gives two
illustrative examples. We end with Section 6 on conclusions and future perspectives.

2. The Stochastic Fractional Operators

Let (Q), F, P) be a probabilistic space, where () is a nonempty set, F is a o-algebra of subsets of
), and P is a probability measure defined on Q2. A mapping X from an open time interval I into the
Hilbert space H = Ly (), P) is a stochastic process of second order in R. We introduce the stochastic
fractional operators by composing the classical fractional operators with the expectation E.

In what follows, the classical fractional operators are denoted using standard notations [19]:
«Df and ¢Dj denote the left and right Riemann-Liouville fractional derivatives of order &; ,I} and {17
the left and right Riemann-Liouville fractional integrals of order «; while the left and right Caputo
fractional derivatives of order a are denoted by $D¥ and ,CDZ‘, respectively. The new stochastic
operators add to the standard notations an ‘s for “stochastic”.

Definition 1 (Stochastic fractional operators). Let X be a stochastic processon [a,b] C I, a > 0,n = [a] +1,
such that E(X(t)) € AC"([a,b] — R) with AC the class of absolutely continuous functions. Then,

(D1)  the left stochastic Riemann—Liouville fractional derivative of order  is given by
aDiX(t) = JDF[E(X:)]

- ﬁ <%>n /:(t — )" E(X)dT, b >0

(D2)  the right stochastic Riemann—Liouville fractional derivative of order u by

iDEX(t) = Dj[E(Xy)]
_ no.p
N ﬁ(?ﬁ) /, (t—t)" " E(Xo)dT, t<b;

(D3)  the left stochastic Riemann—Liouville fractional integral of order a by

lFX(8) aIF[E(X1)]

1

- m/at(fﬂ)“E(XT)dr, t> 0

(D4)  the right stochastic Riemann—Liouville fractional integral of order o by

tpX(H) = G[E(X)]

- ﬁ ,/tb(T — )" 'E(Xp)dt, t<b;

(D5)  the left stochastic Caputo fractional derivative of order a by
2 DEX(1) DFE(XD)]
1

~ e [ R ) e
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(D6)  and the right stochastic Caputo fractional derivative of order a by
°DpX(1) FDYE(X))

% ./tb(T — t)”flf"‘E(X(r))(”)dT, f<b.

Remark 1. The stochastic processes X (t) used along the manuscript can be of any type satisfying the announced
conditions of existence of the novel stochastic fractional operators. For example, we can consider Levy processes
as a particular case, provided one considers some intervals where E(X(t)) is sufficiently smooth [20].

As we shall prove in the following sections, the new stochastic fractional operators just introduced
provide a rich calculus with interesting applications.

3. Fundamental Properties

Several properties of the classical fractional operators, like boundedness or linearity, also hold
true for their stochastic counterparts.

Proposition 1. If t — E(X¢) € L1([a,b]), then §1§(X;) is bounded.

Proof. The property follows easily from definition (D3):

101 = [y [ (= 0" B K] < KIEGRD,

T'(a
which shows the intended conclusion. [

Proposition 2. The left and right stochastic Riemann—Liouville and Caputo fractional operators given in
Definition 1 are linear operators.

Proof. Let c and d be real numbers and assume that ;D{ X; and ;D{Y; exist. It is easy to see that
$D¥(c- X¢ +d - Y;) also exists. From Definition 1 and by linearity of the expectation and the linearity
of the classical /deterministic fractional derivative operator, we have

SD¥(c-Xp+d-Yi) = DFE(c- Xp +d - V)
=c-¢DfE(X;) +d - ,DFE(Y;)
=c ;Di(Xe) +d-3Df (Yh).

The linearity of the other stochastic fractional operators is obtained in a similar manner. [J

Our next proposition involves both stochastic and deterministic operators. Let O € {D,I,“D}.
Recall that if f,Otﬁ is a left stochastic fractional operator of order j, then u(’)f is the corresponding left
classical /deterministic fractional operator of order f; similarly for right operators.

Note that the proofs of Propositions 3 and 4 and Lemma 1 are not hard to prove in the sense that
they are based on well-known results available for deterministic fractional derivatives (observe that
E(X(t)) is deterministic).
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Proposition 3. Assume that ZIth, fIth, SIY Xy, oDY S8 Xe], alf [ZI?XJ and I} [?IEXt] exist.
The following relations hold:

off %] =317,
a3 [1hx] =51,
oD LI Xi] = E(Xy).

Proof. Using Definition 1 and well-known properties of the deterministic Riemann-Liouville fractional
operators [21], one has

oIt [310%:] = att [aIPE(X0)]
= Iy PE(X))
=s1Px,.

The second and third equalities are easily proved in a similar manner. [
Proposition 4. Let « > 0. If E(X;) € Leo(a, b), then
7D [GIiXi] = E(X)

and
D} [13X:] = E(X4).

Proof. Using Definition 1 and well-known properties of the deterministic Caputo fractional
operators [21], we have

$Df [IEX) = $Df [oIYE(Xy)]
= E(Xy).
The second formula is shown with the same argument. [

Formulas of integration by parts play a fundamental role in the calculus of variations and
optimal control [22,23]. Here we make use of Lemma 1 to prove in Section 4 a stochastic fractional
Euler-Lagrange necessary optimality condition.

Lemma 1 (Stochastic fractional formulas of integration by parts). Leta > 0, p,q > 1, and % + % <l+4+a
(p # 1and q # 1 in the case where % +% =1+a).

(i)  IfE(Xt) € Lp(a,b) and E(Y;) € Ly(a,b) for every t € [a,b], then
b b
E ( /ﬂ (Xt)f,l‘,thdt> —E < /a (Yt)fl‘l’thdt> ‘
(i) IfE(Y;) € If(Lp) and E(X;) € 41§ (Lg) for every t € [a,b], then

b b
E (/ (xg(;nt;ygm) —E </ (Yt)(ng‘Xt)dt> :
Ja Ja
(iii)  For the stochastic Caputo fractional derivatives, one has
b c b b
e[ [ ooceomia] = | [ oneosxom] + £ [¢rx) v
Ja Ja a
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and
E {/:(Xt)(icDth)df} =E {Ab(Yt)(ZD?Xt)dt} —E[GHxs) - y,K
fora € (0,1).

Proof. (i) Wehave

b
E ( / (X[)f,Iﬁ“Ytdt> -
Ja Ja

- '/ab E ((Xt)aI‘?E(Yt))dt (by (DS))

\@.

E ((X¢);1fY;)dt  (by Fubini-Tonelli’s theorem)

= /ah E((Xt))aIfE(Y;)dt (the expectation is deterministic)
= [ ‘I E(X;)-E(Y;)dt (by fractional integration by parts)
=E (/ﬂb fIg(Xt)(Yt)dt) (by Fubini-Tonelli’s theorem).
(ii) ~ With similar arguments as in item (i), we have
E (/ub(Xt)f,D’{‘Ytdt> /b E((X:)SD2Y) dt
= ['E(aDtEM) @t (by (DY)
/ )aDYE(Y;)dt
_ / (DEE(Xy) - E(Yy)dt
— ([ iopx).
(iii) By using Caputo’s fractional integration by parts formula we obtain that

| [ o] = [ E100] CDFE[ar

Ja Ja
b b
— [ GDREX)] - E(r)Ddt + (13 E(X) - ()|
Ja
b b
- / GD3(Xe) - E (0Dt + [(ILE(Xe) - E(Y)]
a
b b
— £ | [ 60300 - (o] + £ [G1}Ex0- (0]
a
The first equality of (iii) is proved. By using a similar argument and applying the integration
by parts formula associated with the right Caputo fractional derivative [21], we easily get the second
equality of (iii). [
4. Stochastic Fractional Euler-Lagrange Equations

Let us denote by C!(I — H) the set of second order stochastic processes X such that the left and
right stochastic Riemann-Liouville fractional derivatives of X exist, endowed with the norm

X = SUII)(HX(t)HHJF |aDEX () [ + | EDX(H) 1),
te
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where || - || is the norm of H. Let L € C!(I x Hx R x R — R) and consider the following
minimization problem:

JIX]=E (/b L (t,X(t),f,D‘;‘X(t),?DZ‘X(t))dt) — min 1)
subject to the boundary conditions
E(X(a)) = Xo,  E(X(0)) = X, @

where X verifies the above conditions and L is a smooth function. Taking into account the method used
in [7] for the fractional setting, and according to stochastic fractional integration by parts given by our
Lemma 1, we obtain the following necessary optimality condition for the fundamental problem (1)—(2)
of the stochastic fractional calculus of variations.

Theorem 1 (The stochastic Riemann-Liouville fractional Euler-Lagrange equation). If ] € C'(H x
R xR — R)and X € C(I — H) is an F-adapted stochastic process on [a,b] with E(X(t)) € AC([a,b])
that is a minimizer of (1) subject to the fixed end points (2), then X satisfies the following stochastic fractional

Euler-Lagrange equation:
oL [ oL [ oL
3% +17% [0 ] +22% |57y o

Proof. We have .

JIX]=E </ L(t,X(t),;D’,"X(t),?DgX(t)dt) .
a
Assume that X* is the optimal solution of problem (1)—(2). Set
X=X"+en,

where 7 is an F-adapted stochastic process on [a,b] in C'(I — H). By linearity of the stochastic
fractional derivatives (Proposition 2), we get

SDEX = DX +e ;D)

and
1Dy X = iDyX* +¢(;Dyyy) .

Consider now the following function:

b
O =E ([ L0,X e iDEX° +2 (D) fDX + (D)) )

a

We deduce, by the chain rule, that

d. b .
16 o= E ([ (@l +aL 3Dy + 2uL - iDfm)at ) =0,

where 9;L denotes the partial derivative of the Lagrangian L with respect to its ith argument. Using
Lemma 1 of stochastic fractional integration by parts, we obtain

a

b
E (/ (9oL -5y +§D%(85L) - 7 + SD¥(24L) ~17)dt> —o0.
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We claim that if Y is a stochastic process with continuous paths of second order such that

b
E U Y(H) - r](t)dt} -0
a
for any stochastic process with continuous paths 7, then
Y =0 almost surely (a.s., for short).

Indeed, suppose that Y(s) > 0 a.s. for a certain s € (a,b). By continuity, Y(t) > ¢ > 0as. ina
neighborhood of s, 4 < s —r < s < s+r < b,r > 0. Consider the process 7 such that 1(t) = 0 a.s.

on [a,s —r]U[s+r,bland 5(t) > 0as. on (s —r,s+7r),and () = 1 a.s. on (s - %,er g) Then,

fab Y(t) - y(t)dt > rc > 0 a.s. Consequently, E Uab Y(t)- ﬂ(t)dt] > 0, which completes the proof of
our claim. Taking into account this result, and the fact that  is an arbitrary process, we deduce the
desired stochastic fractional Euler-Lagrange equation: d;L + ;Dj [93L] + ;Df [94L] = 0. The proof
is complete. [J

By adopting the same method as in the proof of Theorem 1 and using our result of integration by
parts for stochastic Caputo fractional derivatives, i.e., item (iii) of Lemma 1, we obtain the appropriate
stochastic Caputo fractional Euler-Lagrange necessary optimality condition.

Theorem 2 (The stochastic Caputo fractional Euler-Lagrange equation). If ] € C'(H x R x R — R)
and X € CYI — H) is an F-adapted stochastic process on [a,b] with E(X(t)) € AC([a,b]) that is a
minimizer of

b
JIX] = E (/ L (1X(0),5°D8X (1), 1€ DEX (1)) dt)
a
subject to the fixed end points E(X(a)) = X, and E(X(b)) = X, then X satisfies the following stochastic

fractional Euler—Lagrange equation:

JL
X +i°D§

aL
%xCDE

L
axCDe

c
+4a D}

Remark 2. Note that the conclusions of Theorems 1 and 2 are not contradictory: one conclusion is valid for
Riemann—Liouville derivative problems, while the other holds true for Caputo-type problems. The conclusions
are proved in a similar manner by remarking that the additional quantity with parentheses, in the integration by
parts theorem linked to the Caputo approach, vanishes under the condition that X and X* verify the same initial
and final conditions. Note also that the assumptions of Theorems 1 and 2 are necessary for the existence of left
and right stochastic Riemann—Liouville/Caputo fractional derivative operators.

Our Theorems 1 and 2 give an extension of the Euler-Lagrange equations of the classical calculus
of variations [24], stochastic calculus of variations [1], and fractional calculus of variations [5].

5. Examples

The best way to illustrate a new theory is by choosing simple examples. We give two illustrative
examples of the stochastic Riemann-Liouville fractional Euler-Lagrange equation proved in Section 4:
the first one inspired from quantum mechanics; the second chosen to allow a simple numerical solution
to the obtained stochastic Riemann-Liouville fractional Euler-Lagrange equation.

Example 1. Let us consider the stochastic fractional variational problem (1)-(2) with

1

L(t, X(1), 2D X (1), i Dy X (1)) = 5

(3 1508X(0) 3 10300 ) = vix(0),
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where X is a stochastic process of second order with E(X(t)) € AC([a,b]) and V maps C'(I — H) to R.

Note that 1 /1 )
2 2
3 (37 15D1X() Pt | D8X() )

can be viewed as a generalized kinetic energy in the quantum mechanics framework. By applying our Theorem 1
to the current variational problem, we get

%m [2DF Dy X(8)) + Dy GDF X ()] = gradV (X (1)), ®)

where gradV is the gradient of V, which in this case means the derivative of the potential energy of the system.
We observe that if a tends to zero and X is a deterministic function, then relation (3) becomes what is known in
the physics literature as Newton’s dynamical law: mX (t) = gradV (X(t)).

The calculus of variations can assist us both analytically and numerically. Now we give a
numerical example, carried out with the help of the MATLAB computing environment [25].

Example 2. Let a := 0.25, a4 := 0.01, b := 0.99, X, := 1.00, and X, := 1.00. Consider the following
variational problem (1)—(2):

b
11X :/ SDEX(F) x $DEX(t) dt —s min,
E(X(a)) = Xa, E(X(D)) = X,

where X € C'(I — H) with E(X(t)) € AC and §D*X and $D§X denote, respectively, the left and the right
stochastic fractional Riemann—Liouville derivatives of order a. Resorting again to Theorem 1, we obtain the
following stochastic fractional Euler-Lagrange differential equation:

sDIX(t) +{Dy*X(t) = 0.

Following [71, we observe that ; D} X (t) and { Dy X (t) can be approximated as follows:

sy _ « ~ N (_1)(k71)‘x(E(X(t)))(k) _ o\ (k—a)
ﬂDt X(t) - ﬂDtE(X(t)) - ]E@ k!(k* “)7(1 _ IJL) (t u)
d
" sDaX(t) _ tD'XE(X(t)) ~ i _’X(E(X(t)))(k) (b— t)(k—:x)
Hb b B = k'(k—a)y(1—a) ’

Choosing N = 1, we get the curve for E(X(t)) as shown in Figure 1.

One can increase the value of N under the condition one adds a sufficient number of initial values related
to some degrees of derivatives of E(X(t)). This particular question is similar to the standard fractional calculus
and we refer the interested reader to the book [7].
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Figure 1. Expectation of the extremal to the stochastic fractional problem of the calculus of variations
of Example 2.

6. Conclusions

Numerous works related to the calculus of variations, addressing different optimization
problems by means of classical, stochastic, and fractional derivatives through appropriate
Euler-Lagrange equations, exist in the literature. To extend available results to a stochastic-fractional
framework, we have established in this work new definitions associated to left and right stochastic
Riemann-Liouville/Caputo fractional integrals and derivatives, together with some properties of
boundedness, linearity, additivity and interaction between involved operators. Furthermore, we have
proven new integration by parts theorems, according to the novel definitions, which have a central
role for the establishment of the stochastic Riemann-Liouville/Caputo fractional Euler-Lagrange
equations. The obtained stochastic Riemann-Liouville/Caputo fractional Euler-Lagrange equations
generalize those available on the literature of fractional calculus. Moreover, the results of the paper
motivate readers and researchers to go on and further develop the theory now initiated.

It is important to note that the mathematical background used in the original fractional calculus
differs from what we have established here for the stochastic fractional case. Additionally, the six
constructed definitions for the left and right stochastic Riemann-Liouville/Caputo integral /derivative
operators, as well as proved integration by parts formulas, differ totally to those available in
the fractional calculus theory: the first are applied to second order stochastic processes, and the
second act on deterministic absolute continuous functions. Furthermore, our stochastic fractional
Euler-Lagrange equations serve as necessary optimality conditions to optimization problems subject
to unknown stochastic processes that can be effectively approximated by numerical methods:
such equations might be transformed to ones subject to unknown deterministic functions that are the
expectation E(X(t)), for instance, when the random variables X (t) follow the assumption of normality,
which is instructive to approximate its expectation via stochastic fractional Euler-Lagrange equations
determined statistically by the hypothesis test in inferential statistics.

We claim that the new mathematical concepts we have introduced here are more natural than
those already available in the literature, since it is intuitive and convenient to proceed via application
of the expectation.

Author Contributions: The authors H.Z., D.EM.T. equally contributed to this paper, read and approved the final
manuscript. All authors have read and agreed to the published version of the manuscript.
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Abstract: Mittag-Leffler functions and their variations are a popular topic of study at the present
time, mostly due to their applications in fractional calculus and fractional differential equations.
Here we propose a modification of the usual Mittag-Leffler functions of one, two, or three parameters,
which is ideally suited for extending certain fractional-calculus operators into the complex plane.
Complex analysis has been underused in combination with fractional calculus, especially with newly
developed operators like those with Mittag-Leffler kernels. Here we show the natural analytic
continuations of these operators using the modified Mittag-Leffler functions defined in this paper.
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1. Introduction

The study of special functions has been a significant subfield of mathematical analysis for decades,
connecting with other areas such as differential equations, fractional calculus, and mathematical
physics [1-3]. One important class of special functions consists of the so-called Mittag-Leffler function
and its extensions. These have been intensively studied, with at least one whole textbook dedicated to
them [4], along with many book chapters and important research papers [5-8]. They are particularly
useful due to their connections with fractional calculus, having been called "fractional exponential
functions" and arising naturally in solutions to various fractional differential equations [7,9,10],
including some which are useful in applications such as viscoelasticity and evolution processes [11,12].

The original Mittag-Leffler function E, (z) depends on one variable z and one parameter «, and it
is defined by [13]

; noc+1 @

where the series is locally uniformly convergent for any z € C and any « € C with Re(«) > 0.

This definition has been extended in various ways. The best-known extensions are the functions
Eyp(z) and EZ/ ﬁ(z), depending on one variable z and two or three parameters «, 8, and <. These are
defined as follows [4,14]:

=L mth nHﬁ @

if( ) =
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where again both series are locally uniformly convergent for any z € C and any «, 8,7 € C with
Re(a) > 0. Other extensions involve even more than three parameters, or replacing the single variable
z by multiple variables [10,15-17].

In fractional calculus—the study of the integral and derivative operators of calculus taken
to non-integer orders [18-20]—most studies take place only in the real line. The standard
Riemann-Liouville definition of a fractional integral to order « is

1
RL jo —
quf(x) - F(oc)
where f(x) is a function defined on a real interval x € [a,b] but a is permitted to be complex
(with positive real part). The fractional derivative is then defined as an extension of this, by means of
the following formula for Re(«) > 0:

[ -,

RLDEf(x) = SLREINS(x), i [Re(a)] 41

By treating the parameter & as an independent complex variable, it can be shown that RED ;¢ f(x) =
RLT% £(x) is an analytic extension of RET% f(x) from the right half-plane to the left one.

For analytic complex-valued functions f, there is another formula equivalent to
Riemann-Liouville which is more useful in the context of complex analysis [19,21]. Namely,
the fractional differintegral (valid for all &« € C\Z™) of f(z) is

o) = G [ e-a o @
where the complex contour of integration H, is the Hankel-type contour which starts above 4 on the
branch cut from z, wraps around z in a counterclockwise sense, and returns to a.

There are many other ways to define fractional integrals and fractional derivatives, often inspired
by or related to the Riemann-Liouville definition. Some of these are discussed in [22-24], with reference
to some general classes into which such operators can be classified. In pure mathematics, ideally we
consider the most general possible setting in which a particular result or behaviour can be proved.
In applications, of course it is necessary to consider specific types of fractional calculus for the modelling
of a given real-world problem.

We have already mentioned how Mittag-Leffler functions emerge naturally from the study of
fractional calculus and fractional differential equations. They also appear frequently as the kernels of
fractional integral and derivative operators. Many such operators are special cases of the Prabhakar
fractional calculus [14,25], which is based on the 3-parameter Mittag-Leffler function (3), and which
itself can be seen as a special case of some even more general operators [17,26].

Some of these special cases were defined without realising them as special cases, and hence they
were given their own names independently. Among the most intensively used types of fractional
calculus in the last few years are the so-called Atangana—Baleanu operators, defined in [27] using the
1-parameter Mittag-Leffler function (1). Although integral operators using 1-parameter Mittag-Leffler
kernels were already considered years earlier [28-33], the so-called AB operators have become very
popular with over 350 papers published on them between 2016 and April 2020 [34]. One mathematical
development in this setting has been, in [35], the extension of complex contour integral formulae
like (4) to other types of fractional calculus. Doing this for AB derivatives involved the introduction of
a modified Mittag-Leffler function, related but different to the original function defined by (1).

In the current work, we seek to extend the notion of this modified 1-parameter Mittag-Leffler
function to define similarly modified Mittag-Leffler functions with two and three parameters. We shall
perform a rigorous analysis of these modified Mittag-Leffler functions, their domains and convergence
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properties, and use them to extend the Atangana-Baleanu and Prabhakar fractional-calculus operators
into the setting of complex variables.

Specifically, the organisation of this paper is as follows. Section 2 introduces the modified
Mittag-Leffler functions, firstly re-checking the 1-parameter function in Section 2.1 and then defining
the 2-parameter and 3-parameter extensions in Section 2.2. Section 3 examines how they may be used in
fractional calculus, firstly for the Prabhakar operators in Section 3.1 and then for the Atangana-Baleanu
operators in Section 3.2, with some further related remarks about extensions of fractional-calculus
operators in Section 3.3. Finally, Section 4 concludes the paper.

2. Modified Mittag-Leffler Functions

2.1. A Rigorous Recap of the 1-Parameter Case

In this section, we re-analyse the 1-parameter modified Mittag-Leffler function defined in [35]. It is
necessary to do this because there were some omissions in the work of [35]: specifically, the problems
arising from the n = 0 term. In fact, the function cannot actually be defined in exactly the way it was
in [35], because I'(—nw) is not defined at n = 0. Therefore, we consider here a slightly different version
which starts from n = 1.

Definition 1 ([35]). The modified Mittag-Leffler function E*(z) is defined by the following series for all z € C
and « € C\R with Re(a) > 0:

E%(z) = Y T(—na)z", (5)
and by analytic continuation for all « € C\R.

The reason for defining and studying this function is only to demonstrate the convergence
principles and methods which will then be used for the 2-parameter and 3-parameter modified
Mittag-Leffler functions in Section 2.2 below. In itself, this function may not be important, because
of the missing n = 0 term, but we can see it as a practice “toy” case for establishing the ideas to be
used later.

Of course, changing the definition of the modified 1-parameter Mittag-Leffler function will affect
the results of [35] on the Atangana-Baleanu fractional derivatives. We resolve this issue in Section 3
below by finding new complex contour formulae for the Atangana—Baleanu fractional derivatives.

The following result was already proved in [35]. We reproduce the proof here, with a little more
detail, and also give an alternative method of proof which will be useful later in this paper.

Proposition 1 ([35]). The infinite power series (5) is locally uniformly convergent for all z € C, for any fixed
a € C\R with Re(a) > 0.

Proof using reflection formula [35]. We rewrite the power series (5) using the reflection formula for
the gamma function:

i T 1 z
sin(—mna) T(na+1)
= 1 z"

27 Y (

= exp(—inna) — exp(inna) ‘T(na+1)

n

E(2)

The latter series is identical to the original Mittag-Leffler function (1) except for the extra factor

[ ——T split into two cases to consider the behaviour of this factor:
exp(—imna)—exp(imnw)

1

e If Im(a) > O, then exp(—imna) — exp(imna) ~ exp(—inmna) and so e e e ey B

exp(irtne) has exponential decay.
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1

e If Im(a) < O, then exp(—imna) — exp(imna) ~ exp(imna) and so xp () —exp(FTa)

exp(—imna) has exponential decay.

Either way, for Re(a) > 0 and a ¢ R, the series converges absolutely and locally uniformly, just like
the original series (1). O

Proof using ratio test and Stirling’s formula. This is a more elementary way to prove convergence
of a power series, going back to basics with the ratio test instead of relying on knowledge of the series
for the original Mittag-Leffler function. We use Stirling’s formula for the asymptotics of the gamma
functions for large n; the ratio between consecutive terms is

a1 T(—na—a)
a,  T(—na)

2n ( —na—uo ) —ha—a
—nx—w 3

VE ™
~ (n:1>7m (,7“)*“ (n+1)""z~ <ftx(n+l))7az

as n — oo. The limit is zero if Re(«) > 0, so in this case the series converges absolutely and locally
uniformly as required. We still require the assumption « ¢ R to avoid having any zero terms. [

The following result was stated in [35], but the proof was only outlined. We present here the
complete proof.

Proposition 2 ([35]). The modified Mittag-Leffler function E*(z), defined for Re(a) > 0 by Definition 1,
has an analytic continuation to all x € C\R given by the following complex integral:

E%(z) = _L%/I{ett’16a(zt’“)dt,

where H is the standard Hankel contour (starting and ending at negative real infinity and wrapping
counterclockwise around the origin) and &, is the function defined by

0 vy
:ZTIX)’ XER,IXGC\R.
n=

Proof. We follow the method of [36], and proceed as follows using the standard contour integral
representation of the inverse gamma function:

n

> z
Z sin( mux) ‘T(na+1)

=1
E L / el dt
sin( mux) 27ti

/ t —na—1 z" d

— 2 t

—21 = sin(7rna)
(zt~ "‘)

1 t-1 -
—2i / Z sin(7mna)

where the interchange of summation and integration is permitted by locally uniform convergence of
the series. Note that locally uniform convergence of the series for &, is guaranteed by the ratio test
combined with an exponential-decay argument for dividing by a sine function similar to that in the
first proof of Proposition 1 above. [
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2.2. Extension to the 2-Parameter and 3-Parameter Cases

The original Mittag-Leffler function (1) has been modified, using the functional equation for
the gamma function, as described in Definition 1 and the subsequent discussion. This modified
Mittag-Leffler function E*(z) depends on one variable z and one parameter «, just like the original
Mittag-Leffler function E4(z).

In a similar way, it is also possible to modify the 2-parameter Mittag-Leffler function (2) and the
3-parameter Mittag-Leffler function (3), thereby obtaining modified Mittag-Leffler functions with two
and three parameters. We start with the 2-parameter version.

Definition 2. The modified 2-parameter Mittag-Leffler function E“F(z) is defined by the following series for
all z € Cand w, p € C satisfying Re(x) > 0 and «, B not both real and na + B & N for any n € N:

E¥P(z) = Y T(1—na—B)z" (6)

e

n=0

and by analytic continuation for all «, p € C satisfying a, B not both real and na + B ¢ N for any n € N.

Theorem 1. The infinite power series (6) is locally uniformly convergent for all z € C, for any fixed «, p € C
satisfying Re(a) > 0 and «, B not both real and no + B ¢ N for any n € N.

Proof using reflection formula. This follows similar lines as the first proof of Proposition 1:

n

EPG) = L et s f)) Ton £ )

_ > 1 z"
N g p(in(na+ p)) —exp(—in(na+p)) T(na+p)’

where this series is identical to the original Mittag-Leffler function (2) except for the extra factor
involving two exponential functions in the denominator. We split into three cases to consider the
behaviour of this factor:

e IfIm(a) > 0, then exp(int(na + B)) — exp(—int(na + B)) ~ exp(—in(na + B)) for sufficiently
large 1, and so

1
exp(int(na + B)) — exp(—int(na + B))

~ exp(irt(na + B))

has exponential decay as 1 — oo.
e IfIm(a) <0, thenexp(in(na + B)) — exp(—in(na + B)) ~ exp(ir(na + B)) for sufficiently large

n, and so
1

exp(int(na + B)) — exp(—int(na + B))
has exponential decay as 1 — co.

~ exp(—int(na + B))

e IfIm(x) =0, then Im(B) # 0 by assumption. The extra term is bounded by a constant as n — oo,
namely, either

1 1
exp(nImpB) — exp(—nImp) o exp(—nImpB) — exp(nImp)

according to the sign of Im(f).
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In any case, provided Re(«) > 0 so that the original series (2) converges, the new series (6) also
converges absolutely and locally uniformly. We assume throughout that the bottom never cancels out
exactly to zero; i.e., that na + B is never an integer for any n. [

Proof using ratio test and Stirling’s formula. Again the calculations here are similar to those in the
second proof of Proposition 1:

a1 _ T —(n+1Da—p)
a,  T(l-na—B)

<—(n+l)a—ﬁ

2n(—(n+1)a —B)

(—ﬁ)ﬁ 2= )

~ <*(”+1)afﬁ)f"‘((nJr1)a+ﬁ>*5<(n+1)a+ﬁ>fmx

e

> —(n+1)a—p

~

e na+ B nw+ B
N et ( na+ B >m
(—(n+Da—p)*\(n+1)a+p

1
T~ Da—p)

as n — oo. The limit is zero if Re(«) > 0, so in this case the series converges absolutely and locally
uniformly as required. We still require the assumption na + g € N to avoid having any zero terms. [

Theorem 2 (Complex integral representation of modified 2-parameter Mittag-Leffler function).
The modified 2-parameter Mittag-Leffler function, defined above under the assumption Re(«) > 0, has an
analytic continuation to «, B € C satisfying w, p not both real and na + B ¢ N for any n € N, given by the
following complex integral:

E%B(z) = %/Hett*ﬁGaﬁ (zt7%) dt,

where H is the standard Hankel contour (starting and ending at negative real infinity and wrapping
counterclockwise around the origin) and &, g is the function defined by

) x17
6 =) v  &pnotbothreal, N Vn.
ap(x) ’E) sin (7(ma 7 B) a, B not both real, na + B ¢ N Vn

Proof. Similarly to Proposition 2, we use the contour integral representation of the inverse
gamma function:

o T z

- Z sin(rt(na + B)) T (na + B)
d " 1 —na—

_ Zm-z—m/lie’t Bt

_1 B o (="

=5 /¢ L;,sm(n(nwﬁ))}dt

1 _ _
- E/Hett P&up(zt™) dt,
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as required, where the interchange of summation and integration is permitted by locally uniform
convergence of the series. Note that, as before, locally uniform convergence of the series for &, 4 is
guaranteed by the ratio test combined with an exponential-decay argument for dividing by a sine
function similar to that in the first proof of Theorem 1 above. [

Definition 3. The modified 3-parameter Mittag-Leffler function Ei’ﬁ (z) is defined by the following series for
all z € Cand , B,y € C satisfying Re(a) > 0 and a, B not both real and na + p ¢ N for any n € N:

)= Lo

(1 - na—p)z" = i PO g g — gy @)

and by analytic continuation for all , B,y € C satisfying a, B not both real and na 4 p ¢ N for any n € N.

Theorem 3. The infinite power series (7) is locally uniformly convergent for all z € C, for any fixed «, B,y € C
satisfying Re(a) > 0 and «, B not both real and noa + p ¢ N for any n € N.

Proof. This follows almost directly from the result of Theorem 1, either by the first method (reflection
formula) or by the second method (ratio test).
Using the reflection formula, we find

1 - Iy +mn)z"
= 27 y;) exp(int(na+ B)) —exp(—im(na+B)) T(y)T(na+ p)n!

which is identical to the original 3-parameter Mittag-Leffler series (3) except for the extra factor which
is exactly the same as in Theorem 1 and therefore gives the same convergence properties under the
same conditions.

Using the ratio test, we find

a1 (y+EmIA-n+Da—-p) TA—-(n+1)a—p)

ay (n+1Ir(1—na—p) - r(t—na—p) '

which is exactly the same as in Theorem 1 and therefore gives the same convergence properties under
the same conditions. [J

Theorem 4 (Complex integral representation of modified 3-parameter Mittag-Leffler function).
The modified 3-parameter Mittag-Leffler function, defined above under the assumption Re(«) > 0, has an
analytic continuation to «, B,y € C satisfying w, B not both real and na + p ¢ N for any n € N, given by the
following complex integral:

EXP(z) = %/H e't‘ﬁGZ,ﬁ (zt7%) dt,
where H is the standard Hankel contour (starting and ending at negative real infinity and wrapping
counterclockwise around the origin) and GZﬁ is the function defined by

= T(y+n)x"
’ s t both real, N V.
,,;F )ntsin (7t(na + B)) «, B not both real, na + p ¢ "
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Proof. Similarly to Proposition 2 and Theorem 2, we use the contour integral representation of the
inverse gamma function:

T(y+n)

3
v+
=&
=

[
|

2

2

[l
e

P (2) —B)z"

T T(y+n)z"
sin(7t(na + B)) T'(y)T (na + B)n!

n .
nF(’y—&-n)z L/ T
I'(y)n!sin(rt(na + p)) 27i Jy

T(y+n)(zt—*)"
/ et L;) T (y)n!sin((na + [5))} dt
1

_ o BET (p
= E/Het e (2t dt,

—
—

rn

B
Il
o

Il
e

3
Il
o

I
agk

B
Il
o

Q»—\

where the interchange of summation and integration is permitted by locally uniform convergence
of the series. Note that locally uniform convergence of the series for &7 ap 18 guaranteed by the same
property of &, g, since the ratio test gives almost exactly the same expression for both. [

Remark 1. The condition required in the above definitions and theorems, that na 4+ B ¢ N forany n € N,
may at first seem to be very restrictive. However, this is simply the requirement that all the terms of the series
itself are well-defined. If we ever have na + € N for some n, then T'(1 — na — B) is not defined for this value
of n, and so the series itself makes no sense. This condition is added simply to ensure that our definitions can
actually make sense, even before convergence considerations.

3. Extensions of Fractional Operators

3.1. Contour Integral Formulae for Prabhakar Fractional Operators

Definition 4 ([14,25,37]). The Prabhakar fractional integral of a function f € Lt [a,b], with parameters
a, B, 7,6 € Csatisfying Re(a) > 0and Re(B) > 0, is defined as

PP = [ - 0P B (0x - ") F(@) 48, ®

using the 3-parameter Mittag-Leffler function (3) as a kernel function. This operator can also be written as an
infinite series of Riemann—Liouville fractional integrals, as follows:

nén na
) ©

e

TP () =

n=0

The Prabhakar fractional derivative of a smooth function f(x), with parameters «,B,v,8 € C satisfying
Re(a) > 0and Re(B) > 0, is defined as

PO f(x) = SRS, i [Re()) +1. (10

Using composition properties of Riemann—Liouville derivatives and integrals, this operator can be written as an
infinite series similar to (9):

s 15
PpEp1e () =y W R (11)
n=0
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where the operator denoted by RET Za_ﬁ

depending on the sign of Re(na — p).

is either a Riemann—Liouville integral or a Riemann—Liouville derivative

Note that the variable x in the above definition is assumed to be real, in the fixed interval [a, b].
In the previous paper [35], the Atangana—Baleanu fractional operators were extended from the real
line to the complex plane, using a complex contour integral approach and the modified 1-parameter
Mittag-Leffler function (5). Now we seek to do the same for the Prabhakar fractional operators,
using the modified 3-parameter Mittag-Leffler function which we have defined in this paper.

Theorem 5. The analytic continuation of the Prabhakar fractional integral is given by

PP SE) = o [ @ 2P B 00 - ) FO) 4, (12)

27ti

where Eg'ﬁ (x) is the modified 3-parameter Mittag-Leffler function defined by (7) above, and the complex contour
of integration Hj is the Hankel-type contour which starts above a on the branch cut from z, wraps around z in a
counterclockwise sense, and returns to a.

This formula (12) also covers Prabhakar fractional differentiation, under the convention (following from the
semigroup property and series formula) that I;Di’ﬁ 78 fx)="1 ﬁ'_ﬂ =10 f(x). In other words, we have

S /H g(gfz>ﬁ*1E”i;ﬁ<5<¢fz>“)f<c) dg.

PpyaB,7.0
"D f(2) = o

The assumption on the parameters , B, <y, 6 for this Theorem is that w, B not both real and na + B ¢ N for any
neN

Proof. We use the series formula for Prabhakar fractional calculus, noting that both (9) for
integrals and (11) for derivatives become the same formula under the convention {:Dfﬁ’ﬂ b flx) =
ili’fﬁf%éf(x). We have

o '
(’)/})/ZV: R%IZA‘Fﬁf(x)

I
agk

()

3
Il
o

(7)ud" Cﬂ“*ﬁf( x)

n!

[
Mz

3
Il
S)

( )715 Fl—mx— / na+ﬁ 1f()

n!

Il
3
‘H \O\MS

~ i

L /I'ﬁ@—z)ﬂ-lEi'ﬁ(s(é—z)“)f(é) dz.

2711

[ @2 [2(3 P - )60 - 2" | @

n=0

The above manipulation is valid provided that Re(«) > 0. Note that we do not need any assumption on
Re(pB) since the case Re(B) > 0 is covered by the Prabhakar fractional integral and the case Re() < 0
by the Prabhakar fractional derivative.
The final formula, however—the right-hand side of Equation (12)—is well-defined and analytic for
any a, f3, 7, d satisfying a,  not both real and na 4+ B ¢ N for any n € N, by the analytic continuation of
B

E5* given in Theorem 4. Therefore, (12) provides the analytic continuation of the Prabhakar fractional
integral and derivative, even to the cases where Re(«) > 0 no longer applies. [J
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3.2. Contour Integral Formulae for Atangana—Baleanu Fractional Operators

Definition 5 ([27,38]). The Atangana—Baleanu fractional integral of a function f € L[a, b], with parameter
€ (0,1), is defined as

MBI (x) = s £ + gy M), (13)

The Atangana-Baleanu fractional derivatives of a function f € Cl[a,b], with parameter « € (0,1),
of Riemann—Liouville and Caputo types respectively, are defined as:

w0t = 2L e (- @ e (19
O e R AGL (15)

using the 1-parameter Mittag-Leffler function (1) as a kernel function. These operators can also be written as
infinite series of Riemann—Liouville fractional integrals, as follows:

ABR 0‘) d & & \" RL nas1
Dy = P g L () M) (16)
_ B ‘X) = RL yna
=1 "‘n;o (1 ) L f(x), (17)
AB%sz(x) — f:"i iﬂ (&) ’R%I;(wcﬂfl(x), (18)

In the paper [35], these definitions were extended beyond « € (0,1) to complex values of «.
The Atangana—Baleanu (AB) integral is easy to extend to complex « and complex x, just using the
well-known extension of the Riemann-Liouville integral:

a 1 (1—a  al(1—a)
) = iy g (3 G e ) TO%

For the AB derivatives (of both types), the complex contour formulae written in [35] were as follows:

ey = O 2 [ e () fpas

27i(1 — )
D) = gt B (162 F@

where here the notation E* refers to the incorrectly defined function from [35],

I(—na)z",

agk

Ef(z) =
0

n

this being incorrect because of the n = 0 term.
The correct version of these formulae is given by slightly modifying them as follows:

ABRDR £(7) — % %/H,% {giz (1_ - z)d)}f(g)dé,
weotfie) = i [ [ e (e v ac - s,

27mi(1 — a) -z

where this time the notation E* refers to the well-defined function from (5) above. These formulae
are obtained by treating the n = 0 term separately, starting from the series formulae (16) and (18),
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and in the Caputo case using the fact that RLILf/(x) = f(x) — f(a). However, we can obtain more
elegant formulae by considering instead the series formula (17) and using the 2-parameter modified
Mittag-Leffler function defined in Section 2.2 above.

Theorem 6. The analytic continuation of the AB fractional derivative of Riemann-Liouville type is given by

s = s [ e (he-o) f e, (19)

where EYP(x) is the modified 2-parameter Mittag-Leffler function defined by (6) above, and the complex contour
of integration Hj is the Hankel-type contour which starts above a on the branch cut from z, wraps around z in a
counterclockwise sense, and returns to a.

The analytic continuation of the AB fractional derivative of Caputo type can then be deduced using the
relationship between ABR and ABC derivatives given by the fundamental theorem of calculus:

ABCD f(z) — %/gﬁw (%(g-@“) g(_g) 4z - f(_“) Eq (1:“ Za) f(a).

o z [\ o

The assumption on the parameter w for this Theorem is simply & € C\R.

Proof. We start from the series formula (17) for the ABR fractional derivative, and use the complex
integral representation for the Riemann-Liouville fractional integral:

(%) s

(Q“,XY ) [ @2 @

Note that this substitution is valid for all values of n, since the complex contour formula (4) is valid for
any order of differentiation not in Z~. Here the orders of differentiation are —na for n > 0, which is
either zero or nonreal. (This is why, when using (16) instead of (17), we needed to treat n = 0 separately:
because in the case of (16), the n = 0 term gives order of differentation —1 which is in Z™).
Continuing, and using the fact that the series formulae for AB derivatives are locally uniformly

B(«)
11—«
B(a)
1—n

N agk:

APRDYf(x) =
n=0

=
Lre ]

convergent [38]:

o

Dt = 7 f@i —net) (1%)"(@7@”“*1«1&

a217‘(

_B<w> LA e
T 1-—a2in HngzE 0<1ia(€*2)>d€,

which is the desired result for ABR derivatives.
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For the case of ABC derivatives, we simply use the following relationship between ABR and ABC
following from the series formulae (16)—(18):

AB(;Doc (x) — B(D‘)

X

n
RLr (LI ()

B
Il
o

Il
e~
—~
2
RI—= =2
e 018
TN TN
— [
| |
QQQQ
2 N
=
[~
==
=2

(F) - f@)

n=0
0 - 1o B (15 s
B N Bla) & [ —a \"  x™
= aDLf (x) 1—a VE) (1 *lX) F(nzx+1)f(a)
=480t - e () flo)

The last term here is the initial value term which gives the desired result for ABC derivatives. [

Remark 2. Note that using B = 0 in the usual 2-parameter or 3-parameter Mittag-Leffler functions would not
be possible when using them as kernel functions, because it would lead to a non-integrable singularity. However,

in the complex setting, this is fine since é can be integrated using Cauchy’s integral formula.

Remark 3. It is known that the Atangana—Baleanu fractional operators are special cases of the Prabhakar
fractional calculus. Indeed, this is an obvious fact for the AB derivative, since it (like the Prabhakar operators) is
defined using an integral transform with Mittag-Leffler kernel. The AB integral, on the other hand, is simply the
linear combination of a function with its Riemann—Liouville integral, with no Mittag-Leffler functions involved
in the definition; it was only noticed recently in [39] that it too is a special case of Prabhakar. The relationships
are given by

1—apa0-1,%
MRIRF(0) = oy W T ),

MEDLf () = g ADX T A ()
Using this, it is possible to deduce the result of Theorem 6 directly from that of Theorem 5. Note that the
multiplier ({ — z)P~1 appearing in (12), which is a typical power function multiplier found when dealing with
Mittag-Leffler function kernels, in the AB case becomes simply glfz, which is a typical multiplier found in
complex analysis according to Cauchy’s integral formula.

3.3. Series for Negative «

In the paper [36], a series formula is given for the Mittag-Leffler function E,(z) which is valid
for negative real numbers «, by using a functional equation that emerges from the complex integral
representation. The same functional equation approach works to prove similar series formulae for the
two-parameter Mittag-Leffler function E, s(z) and for complex & with Re(a) < 0. We state the general
result as follows.

Proposition 3 ([36]). The analytic continuation of the two-parameter Mittag-Leffler function E,g(z),
originally defined by (2), to the domain «, p € C,Re(x) < 0 is given by the following locally uniformly

convergent series:
—n

Eopx) =Y 1”(%«—1—/3) (20)

n=1
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Proof. From the complex integral representation of the two-parameter Mittag-Leffler function,

1 e—Bet 1 ef
”"ﬁ(z) 27t /H oz 2711 /H b — ztp—a T

valid for all &, B € C, we use the algebraic identity

1 1 1

th_ztba B P p-1paip @b

to obtain , t
1 e 1 e _ 1 1
Eup(®) = 57 [ 5 ﬁ/Hitﬁ_zfltwd“*r(ﬁ) Eap(z™),

valid for all a, B € C. Then, if Re(«) < 0, we have Re(—a) > 0 and therefore we can use the original
series formula (2) for E,a,ﬂ(z’l). Cancelling the n = 0 term, this gives the desired series for E, g(z) in
the case of Re(a) < 0. O

Remark 4. The same technique cannot be used to give an elegant series representation of the 3-parameter
Mittag-Leffler function E ﬁ(z) for negative values of a. This is because the complex integral representation of
this function involves a yth power:

1 t=Pet
v - L
Eup(z) = 27 ./H (1—zt=2)7 d
and there is no analogue of the identity (21) for reciprocals of yth powers.

Remark 5. Furthermore, the technique of Proposition 3 cannot be applied to our modified Mittag-Leffler
functions either, even in the 1-parameter and 2-parameter cases. The complex integral representations of
Proposition 2 and Theorem 2 have integrands involving the functions &, and &, g which do not have simple
identities like (21) between them.

4. Conclusions and Further Work

This paper serves as a continuation of the work of [35], in which the first modified Mittag-Leffler
function was defined and used to extend Atangana—Baleanu fractional operators into the complex
context. Here we have corrected an omission in [35], in which the issues surrounding the n = 0 term of
the Mittag-Leffler series were overlooked. We have defined modified Mittag-Leffler functions of one,
two, and three parameters, and rigorously checked the convergence issues for the series in each case.

The power of Mittag-Leffler functions and their series in fractional calculus cannot be understated.
Several important operators of fractional calculus are defined using Mittag-Leffler functions, and the
series formulae for these operators have been useful in proving a number of useful properties.
Our modified Mittag-Leffler functions and their series can be used to provide new formulae for
the same operators, which are valid in larger domains than the original ones. We showed how both
the Prabhakar and the Atangana-Baleanu operators can be applied to find fractional derivatives and
integrals of functions of a complex variable as well as real functions.

The work contained in this paper will be useful for ongoing research into these fractional-calculus
operators and their applications. It was already seen, for example, in [12,40,41], that complex integral
representations of Mittag-Leffler functions are useful in finding asymptotic expansions, and therefore
in bounding and approximating the functions. In some cases, complex orders of fractional derivatives
can be vital for modelling [42—44]. The analysis of fractional evolution processes in [12] even used
Mittag-Leffler-type infinite series involving the gamma function at negative parameters, such as
I'(1 — na), similarly to the functions we have introduced in this paper. Therefore, we expect our
formulae to find applications in the future.
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Furthermore, we investigated another way of extending Mittag-Leffler functions by analytic

continuation, namely the series for negative a. Although this approach does not work directly
on the modified Mittag-Leffler functions defined here, we believe it will be useful in the analysis
of Atangana-Baleanu and Prabhakar fractional operators. Further research in this direction is
currently ongoing.
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Abstract: Our present investigation is mainly based on the k-hypergeometric functions which are
constructed by making use of the Pochhammer k-symbol in Diaz et al. 2007, which are one of the
vital generalizations of hypergeometric functions. In this study, we focus on the k-analogue of F;
Appell function introduced by Mubeen et al. 2015 and the k-generalizations of F, and F3 Appell
functions indicated in Kiymaz et al. 2017. We present some important transformation formulas and
some reduction formulas which show close relation not only with k-Appell functions but also with
k-hypergeometric functions. Employing the theory of Riemann-Liouville k-fractional derivative from
Rahman et al. 2020, and using the relations which we consider in this paper, we acquire linear and
bilinear generating relations for k-analogue of hypergeometric functions and Appell functions.

Keywords: k-gamma function; k-beta function; Pochhammer symbol; hypergeometric function;
Appell functions; integral representation; reduction and transformation formula; fractional derivative;
generating function

1. Introduction

Special functions, with their diverse sub-branches, provide a very wide field of study that appears
not only in various fields of mathematics, but also in the solutions of important problems in many
disciplines of science such as physics, chemistry, and biology. This subject is powerful enough to make
sense of uncertain questions especially in physical problems, so it encourages many people for notable
improvements on this matter. As in other sciences, remarkable problems are still discussed in many
disciplines, and more general results are attempted to be obtained.

Generalized hypergeometric functions, which are some of these studies in special functions [1,2],
are defined by

X1, “2:---1“;1 . _ = (lxl)n (le)n (Dtp)n x"
oFy x| = Y el X ()
B1, B2, By =0 (B (B2)y - (Bg), 7!
where a1, ay, ..., &p, B1, B2, Bg, x € Cand By, By, ..., By are neither zero nor negative integers.
Here, (A),, is the Pochhammer symbol defined by
CJAA+Y) . (A+n=1); n>1,
()‘)11{ 1 : 7120,)\750. (2)
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For the special case that corresponds to p = 2 and g = 1 in (1), we can obtain F; Gauss
hypergeometric function [1,2],

n

a, B Z"" n Bux
ZFl = ’ ‘X‘ < 1/ (3)
[ } = (1, n

where «, B, 7, x € Cand vy is neither zero nor a negative integer.

Many elementary functions can be expressed in terms of hypergeometric functions.
Moreover, non-elementary functions that occur in physics and mathematics have a representation with
hypergeometric series. Therefore, generalizing hypergeometric functions have many applications in
mathematics and the other disciplines. For instance, in quantum field theory, hypergeometric functions
appear in the calculation of the Feynmann integrals, and the analytic results can be expressed in terms
of these functions [3,4]. In engineering, analytic forms of the fractional order derivatives of sinusoidal
functions are represented with hypergeometric functions [5]. In biochemistry, for the analysis of a
simple gene expression model, a hypergeometric probability distribution is considered [6], and they
also appear in the connection and linearization problems in mathematics [7-9]. Generalization of
hypergeometric function can be made by increasing the number of parameters in the hypergeometric
function or by increasing the number of variables. Appell, based on the idea that the number of
variables can be increased, has defined Appell hypergeometric functions obtained by multiplying two
hypergeometric functions. These are the four elemanter functions defined in [1,2]

Fy(a,B,B57xy) = mio %fiﬁl(ﬁ)n ;:n": ij “
B (wp Bivixy) = mio % o zﬂ o
B (0, pirixy) = nléﬂ%%%, o

where x| <1, [y| < 1; |x|+ |y| < L; |x| < L |y| < 1; /]x[+/]y] < 1, respectively. Appell functions
can be found in the study of autoionization of atoms [10], separability of Hamilton-Jacobi equations
in classical mechanics [11], representation of Feynmann integral in quantum field theory [3,4], and
expression of Nordsieck integral in atomic collisions physics [12].

Another generalization of hypergeometric functions is the hypergeometric k -function, defined
by the Pochhammer k-symbol studied by Diaz et al. [13]. This paper includes the k-analogue of the
Pochhammer symbol and hypergeometric function, as well as the k-generalization of gamma, beta,
and zeta functions with their integral representations and some identities provided by classical ones.
It should be noted that, taking k = 1 in these generalizations, the k-extensions of the functions reduce
to the classical ones.

Letk € R" and n € N*. Hypergeometric k-function is defined in [13] as

o, B | (@k), (B | _ & @ (B)ug 2"
zFl,k{ . ,x} = oF { (1) ,x} fWZOWm, 8)

where &, B, v, x € C and 7 neither zero nor a negative integer and (1), , is the Pochhammer k-symbol
defined in [13] as

)

oo L AAERD AR A+ =1k n 1,
(Mg = 1 ; n=0, A #£0.
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Based on this generalization, Kokologiannaki [14] obtained different inequalities and properties
for the generalizations of Gamma, Beta, and Zeta functions. Some limits with the help
of asymptotic properties of k-gamma and k-beta functions were discussed by Krasniqi [15].
Mubeen et al. [16] established integral representations of the k-confluent hypergeometric function and
k-hypergeometric function and, in another paper [17], proved the k-analogue of the Kummer’s first
formulation using these integral representations. In [18], some families of multilinear and multilateral
generating functions for the k-analogue of the hypergeometric functions were obtained. Studies on
this subject are not limited to these papers; for details, see [19-22].

In [23], Mubeen adapted the k-generalization to the Riemann-Liouville fractional integral by using
k-gamma function. In [24], k-Riemann-Liouville fractional derivative was studied and new properties
were obtained with the help of Fourier and Laplace transforms. In [25], Rahman et al. applied the
newly k-fractional derivative operator to k-analogue of hypergeometric and Appell functions and
obtained new relations satisfied between them. Furthermore, k-fractional derivative operator was
applied to the k-Mittag—Leffler function and the Wright function.

Our present investigation is motivated by the fact that generalizations of hypergeometric functions
have considerable importance due to their applications in many disciplines from different perspectives.
Therefore, our study is generally based on the k-extension of hypergeometric functions. The structure
of the paper is organized as follows: In Section 2, we briefly give some definitions and preliminary
results which are essential in the following sections as noted in [13,23,26,27]. In Section 3, we prove
some main properties such as transformation formulas, and some reduction formulas which enable us
to have relations for k-hypergeometric functions and k-Appell functions. In the last part of the paper,
applying the theory of Riemann-Liouville k-fractional derivative [25] and using the relations which
we consider in the previous sections, we gain linear and bilinear generating relations for k-analogue of
hypergeometric functions and k-Appell functions.

2. Some Definitions and Preliminary Results

For the sake of completeness, it will be better to examine the preliminary section in three
subsections by the reason of the number of theorems and definitions. In these subsections, we
will present some definitions, properties, and results which we need in our investigation in further
sections. We begin by introducing k-gamma, k-beta, and k-analogue of hypergeometric function and
we continue definitions of k-generalized F;, F, and F3 which are the classical Appell functions. We
conclude this section with recalling Riemann-Liouville fractional derivative, k-generalization of this
fractional derivative, and some important theorems which will be required in our studies.

Through this paper, we denote by C, R, R*,Nand N7 the sets of complex numbers, real numbers,
real and positive numbers, and positive integers with zero and positive integers, respectively.

2.1. k-Generalizations of Gamma, Beta, and Hypergeometric Functions

In this subsection, the definitions of k-gamma and k-beta functions are presented and some
elemental relations provided by these functions are introduced by Diaz et al. [13] and Mubeen et al. [22].
Furthermore, we continue the definition of k-hypergeometric function and we present integral
representation and some formulas satisfied from this generalization [16,17].

Definition 1. For x € Cand k € R™, the integral representation of k-gamma function T is defined by
[ee] lk
Ty (x) = /txfle*mt, (10)
0

where R (x) > 0[13,22].
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Definition 2. For x, y € Cand k € R™, the k-beta function By, is defined by

==

1
By (x,y) = /t%—l (1-flat, 1)
0

where R (x) > 0and N (y) > 0[13].

Proposition 1. Let k € RT, a € R, n € N*. The k-gamma function T and the k-beta function By, satisfy the
following properties [13,22],

T (x+k) = Ty (x), (12)

T (x) = k%lr(%), (13)
_ L)L (y)

Bk (xfy) - rk (x+y) s (14)

B (x,y) = %B (%%) (15)

Definition 3. Let x € C, k € RY and n € N*. Then, the Pochhammer k-symbol is defined in [13,22] by
(XY = X (4 K) (x+2K) e (x 4+ (1= 1) ). (16)
In particular, we denote (x)q . := 1.

Proposition 2. Ifa € Cand m,n € N* then for k € R™, we have

Ty (a + nk)
= A S s 7
(‘x)n,k Tk (Dé) 4 (17)
o
— n (=
@ = K (3) (18)
(a)n1+n,k = (‘X)m,k (0‘ + Mk)n,k ’ (19)
where («), and (), , denote the Pochhammer symbol and Pochhammer k-symbol, respectively [13,22].
Proposition 3. For any « € Cand k € R, the following identity holds
> x" _a
Y (@), g = (1—kx) "k, (20)

n=0

where |x| < § [13,22].

Theorem 1. Assume that x € C, k € RY and R (y) > R (B) > 0, then the integral representation of the
k-hypergeometric function is defined in [16] as

1
D‘rﬁ, _ rk(’)/) .g—l _
ZF”[ 1 ’x}_krk(ﬁ)rkw—ﬁ)o/t =

1 (1—kxt)"k dt. 1)

(@ 1), (B,k)

(7, k) ;x} is the expression of the following form [17],

For the following theorem, > F; x [

b ) @y, R ] @Bl
2F1,k[ v } = 2F1,k{ (7. k) ; } fn;) ('Y)n,k k. (22)
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Theorem 2. In [17], assume that x € C, k € R" and Re (y — B) > 0, then

@D, (60 ], Te)Tely=p—ka)
25*{ "‘} Fo Oy BT () *

(7. k) -

For the special case « = —n,

2Fyk { (= 1), (B.K) ;x} = Lﬁ)"k

(1.8) Dk @9

2.2. k-Generalizations of the Appell Functions F;, F, and F3

In 2015, k-generalization of F; Appell function was introduced and contiguous function relations
and integral representation of this function were shown by using the fundamental relations of the
Pochhammer k-symbol [26]. In 2017, k-analogues of the F,, F3, and F; were explored by Kiymaz et al.
in [27] and also in that study, they provided the relations between k-analogues of Appell functions and
the classical ones. Here, we remind the definitions of k-analogue of F;, F, and F3 which are the Appell
functions, and integral representations which are satisfied by them [26,27].

Definition 4. In [26], letk € RT, x,y € C, o, B, B/, v € Cand n € NT. Then, the F, . function with the
parameters a, B, B/, vy is given by

Fl,k (Dé, ,B/ ‘B/} 7 x’y) _ i (‘x)m+n,k (ﬁ)m,k (:3 )nk x" y (25)

m,n=0 ('y)ern,k m' nt’

where v #0,—1,—2,...and |x| < %, lyl < %

Definition 5. In [27] letk € RY, x,y € C, o, B, 8,7, v € Cand m,n € N*. Then, the Appell k-functions
are defined by

Fai (8,857,752, ) )y (a)mg)”;(f();/};:f L i 26)
/ / > (a)mk(lxl)nk(/g)mk(ﬁ )nkxm y"

By (v, 0, B, 5m50y) = - { : ) 27

Bk (0‘ “ ﬁ 5 X ]/) m/nZ:o ('Y)ernk m! n! ( )

Fye (o, Bv,5xy) = > Wtk Bluins 3 4 (28)

m,n=0 (W)m,k (7,);1,k m! n!’

where x|+ |y| < £ |x| < £ |yl < £ VIx[+ V]y] < f’ respectively, and denominators are neither zero
nor negative integers

Theorem 3. In [26], assume that k € RT, x,y € C, R () > R (a) > 0, then the integral representation of
the k-hypergeometric function is as follows:

Fij (B, 5"7;96 v)

[ _B 8
= /t TA=6)"F (1= k) F (1 kyt) T dt. 29)
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Theorem 4. In [27], let k € R™. Integral representations of Fyy and Fs . have the forms of

1
Fos (0 B B3 5%9) = g = By B (B — )
x/l/lt%—ls%,_l (l*ﬂTi (1’5)7;[5 71dtds (30)
00 (1—kxt — kys)* ,
Iy (7)
Fyy (a0, B, 575 %,y) = 2Ty (B) T (B)) Tk (v — B— B')
1.4 1 & )
// - (1 7kXt)1,W*(l;ﬁ' kys) dtds, @1

s)
where R (7) > R(B) >0, R(Y)>R(B)>0and D={t>0,5>0, t+s<1}.

2.3. The Riemann—Liouville k-Fractional Derivative Operator

Fractional calculus and its applications have been intensively investigated for a long time by many
researchers in numerous disciplines and attention to this subject has grown tremendously. By making
use of the concept of the fractional derivatives and integrals, various extensions of them have been
introduced [28-31], and authors have gained different perspectives in many areas such as engineering,
physics, economics, biology, statistics [32,33]. One of the generalizations of fractional derivatives
is Riemann-Liouville k-fractional derivative operator studied in [24,25,34]. Here, we remind the
definition of Riemann-Liouville fractional derivative and its k-generalization and also some theorems
which will be used in the further section, are displayed.

Definition 6. In [2], the well-known Riemann-Liouville fractional derivative of order p is described,
for a function f, as follows:

DE{f(2)

/ gy 32)
O

where R (1) <0
In particular, for the case m — 1 < R (u) < m, where m = 1,2, ... (32) is written by

DEf(R) = ALDEf(2) (3)

_ dam /f —p+m— 1dt
dzm y—l—m

Definition 7. In [25], the k-analogue of Riemann—Liouville fractional derivative of order y is defined by

D@ = /f (z-nF (34)

where R (4) < 0and k € RT.

68



Fractal Fract. 2020, 4, 48

In particular, for the case m — 1 < R (i) < m, where m = 1,2, ..., (34) is written by

DEF@) = D () (%)

dﬂl 1 Z L .
- dz'"{kl"k(—w—mk)o/f(f)(z—t) b 1dt}.

Theorem 5. In [25], let k € R, R (u) < 0. Then, we have
=

DL et} = Bk ). (36)

Theorem 6. In [25], let Re (1) > 0 and suppose that the function f (z) is analytic at the origin with its
Maclaurin expansion has the power series expansion

fz) =) a2, (37)
n=0
where |z| < p, p € RT. Then,
KDE{f (@)} = 1 ani D" (38)
n=0

Theorem 7. In [25], let k € RY, R () > R () > 0. Then, the following result holds true:

DI {z%‘1 @ —kz)_é} . Eﬂgz%‘l 2F1 { ﬁiln ;Z] , (39)

where |z| < 1.

Theorem 8. In [25], let k € RT. We have the following result:

_ 7 o B 1
kDI " {sz1 (1—kaz) % (1 fkbzﬁ} = ;’: EBZ%*FM (1, B; p; a2, bz), (40)

where R (1) > N () >0, R (a) >0, (B) > 0and max {|az|, |bz|} < %

3. Transformation Formulas of k-Generalized Appell Functions

In this section, we derive some linear transformations of k-generalized Appell functions and
give some reduction formulas involving the > F;  hypergeometric function which provide us with an
opportunity to generalize widely used identities for Appell hypergeometric functions.

Theorem 9. For k € R¥, Fy i has the following relation:

Fl,k (D‘r /B/ ﬁ/; v x’y)

R P Y (O SN S
= a-kFa—r) F R (v-wp s ) )

where R () > RN (a) > 0and ‘1j‘kx <4

el <bl<twi<i
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Proof. In [26], the integral representation of F;  is given by

1
/t%’l 1—1)"F (1 —kat)”
0

/ B 4
Fiy (0, B, Bimixy) = KB (a7 —a) 3

If we make use of the substitution t = 1 — #; in the above integral, then we can write

Fui (B, B57xy) = m

1

L;“—l «_q _B _p
x [nF A=) A ke - 0)) T ky (- 1)) F dn
0
1 ¢ e
= — - (1- F(1—k 3
W= 1k k)
P 1 kxt X kyt JTI
i ORI 1 1
></t1 (1—t)k <1+1ka> <1+1iky> dt
0
= a—k bk R (v e ).
’ RS 1 -k’ 1—ky

Thus, we get the desired result. [

Theorem 10. For k € R, we have

Fiic (B, 837:%,9) = (1= kx) & iy (0,y = B— BB m— i — 172 )
and
P (B, B37:%,9) = (L —ky)“F iy (0B, = B—Bimi—1, — 1% ) -

Proof. By a change of variables t = Fk;ﬁ

1
I =
Fue (B, B5109) = 50—
1 B B i
x [ A-0F T 1 —ket) (L kyt) Tt
0
_ L ;
kB (a, v — &) 1=k
1 . +ﬂ’ &
X /ﬁk (1- t1 11— kx + kxty) (1 —kx + kxty —kyty)” ¥ dty
0
1 @
_ . k
kBy (a, 7y — ) (=)

/ kxty \ kxty —kyt\ "%
-1 _ Q, 1 Xt 1 Xty — kyty
X/tl (1—-1) (+lka +717kx dty
0

_ I BB Bl Y XY
= (1—kx) kFl,k(“/')’ B=B.Bivi— 1y 1—kx>'

70
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(42)
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In the above integral, we note that using a similar argument with ¢t =

easily obtain

Fig (BB 7%, y) = (1—ky)~F Fiy ( Bor—B— B

O

Theorem 11. Letting k € R, then F, y has the following relations:

Fij (2B, ﬁ"v;x v)

S8 4 _
= k)" (k) F R (r-ar - B BB 1T,

and

Fl,k (“l IBr ﬁl/ v x/y)

rap

= (1ka)*§(lfky) FOF, ( —a,B BB 1% ery)

Proof. Using t = 1—/::5% and t; = 1 — t, in integral representation of F; ;, we obtain

1
P B B35 Y) = gty —a)
/ a1 7"‘_1 _B _#
></tk 1- (1—kxt)"F (1 kyt) % dt
0
1

kBk (D‘/ Y= D‘)
1

,D(,

Ly, one can

(44)

(45)

r—a N ﬁ/7 g
x/t;k L=t (1= k) 5 (1 —katn) " (1= ky + kyta — kxt)~ F dt
0

rap _# 1
R )
1
- a_q
></t2 (1—1)F 1 (1— kxty)
0

1—ky

- (1_kx)%ﬁ(1—ky)—%/a,k( y-ay—B-p, B 7x

Using the same method as above, we can reach (45) easily. [

71

ﬂ+/§(’w (1 kyty — kxty



Fractal Fract. 2020, 4, 48

Theorem 12. Letting k € R, then the following relations hold:

Fog (o, 8,857,795, y)

Cex) "k _a e At X Y
(1 kx) FZ,k (‘xrly ﬁr,Br'Yrr)// 1ka'1ka>' (46)
Fog (8,877 :%,y)
R 3 I _pl. X Y
(1 ky) FZ,k (D‘/ﬁfl)/ ﬁ'%”y'l—ky' 1_ky>/ (47)
and
By (0, B, 85775 %,y)
(1 —kx — ky)iﬁ F2,k (zx,"y — ,B, ’)’/ - ,B/} Y, ’)’//' - l*ki*ky’ - 17szky> . (48)

Proof. By taking for the first relation t = 1 — t;, for the second s = 1 — s; and, finally, for the third
t =1—1t), s =1—s; together in the double integral (30), we find (46), (47) and (48), respectively.

These complete the proof.

|

We continue with some reduction formulas for Appell functions F; y and F, ; in terms of the 5 F;
generalized hypergeometric function.

Theorem 13. Let k € R™. Then, the special cases of Fy x and Fy i are as follows:

_a [, B xX—y

Fl,k (“/ﬁ/ﬁ/}’ﬁx/y) = (1_kx) k ZFl,k ﬁ+ﬁﬁ/ l_l_kx:| ’ (49)
e gt g | @B y—x

Fl,k (“/ﬁ/ﬁz%x/y) - (1 ky) k 2F1,k I ﬁ_l_ﬁ/ ’ 1ky:| ’ (50)

By (a,B,857,75%y) = (1—ke) ¥ oFyy “oB (51)
, Y T kx|

3 _IX, X
By (a0, 8,857, 5xy) = (1—ky) % 2Fix 75 T ky]- (52)

Proof. Specializing (42) and (43) for v = B + B’ and also if we set v = fand v = B’ in (46) and (47),
we obtain desired results, respectively. [J

In the next lemma, we will prove Euler transformation for > F;  hypergeometric function, which

will be used in the next theorem.

Lemmal. Let x € C, k € RT. Then, we have

-, p X
0% "1 —kx

o, _B
2Py { 7/3 ;x} = (1—kx) % oFy | 7 (53)
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Proof. From the definition of 5 F; , one gets

0% " 1—kx

et S 0y (B (1
= (l k ) nZ:O ('Y)n,k n (1 — kx)n
(7= @)k (Bl (B 1K)y (—1)" xmHn

mn=0 (W)n,k nlm!
_ SENRL (7 B a)n,k (.B)m,k (—1)” XM
B 2 R e 69

Using the identity (m —n)! = (Dt (54), we thus find that

(=m),

_B y—ua,pB x
— k -
(1 kx) 2F1,k |: y ; 1= kx:|

i i (7 = @)y (=1m)y (B) e X™

m=0n=0 (,Y)n,k n! m!
> (=m, 1), (v—wak) x™m
= 2Pk i1 —. (55)
mZ::O 1 |: (’Y,k) (/S)m,k m!
Making use of (24) in (55), we get the desired result. [J
Theorem 14. Let k € RT. Then, we have
_F
Fl,k (“/ﬁ/ﬁ/}’ﬂx/y) = (1 - ky) k F3,k (“/r)/ - ‘X/.B/;B,;’)//'x/ _ﬁ) . (56)

Proof. Using the definition of F; ; defined by (25) and making use of (53), we can write

(‘X)m,k (ﬁ)m,k E

I
e

Fii (a, 8,875 %,y)

a+mk, B’ ]xm

=0 (Vmk b v+ mk m!

> (“)mk(ﬁ)mk _# ﬁ/ Y- y x™M
=S —_— 1,k k F 4 -2 |

mgo (V) e ™ 1T—ky | m!

A B L N i G =

(V) i (v H11k) m! nt

m,n=0

_ o E _ Lomeye Y
= (1—ky) kFa,k(%’Y a B B, l*ky>.

Thus, we finish the proof. [

4. Generating Relations Involving the Generalized Appell Functions

In this section, employing the theory of Riemann-Liouville k-fractional derivative [25] and making
use of the relations which we have considered in the previous sections, we establish linear and bilinear
generating relations for k-analogue of hypergeometric functions and k-Appell functions.
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Theorem 15. We have the generating relation

& (A)k A+nk, « " _A A« X
Y . — _ 3 .
”;J l 2Pk B st = (1—kt)"F oF 5 ToE | (57)
where |x| < } min{1,1—kt}.
Proof. To prove the result, consider the elementary identities given by
kx \F
A A X
— — k = — k —
(1 —kx —kt) (1—kt) <l . kt) , (58)

_A A kt B
(1—kx—kt) %k =(1—kx) ¥ <1717kx>

From the series expansion using the definition of the Pochhammer k-symbol [13]

Y @ 2= 1k E,

n=0

We can write

T A Mg ("
(1—kx—kt) "k = (1—kx) kng:o P (1—kx>
> (A
- -k F Y ( 3'"* (1—kx)™"#"
n=0 :
® (A
- 2(”)'”"“ (1—kx) ¥, (59)
n=0 :
From (58) and (59), we have the equality
(M) _A_ _a ke \F
ngo n!n,k (1—kx)" % ntn:(lfkt) k (1717”) , (60)

where || < |1 — kx|. Multiplying both sides of (60) by x* ~'and then applying D& to both sides

of (60), we can reach

A
a—p d (A)n,k a_q A _ a—p A a g kx Tk
kDx {nE_O X (1—kx)"% "t”} = Dy P (1—kt) k xk e .

Since R(x) > 0 where |t| < |1 — kx|, it is possible to change the order of the summation and
differentiation, we get

i (D) DY P {x%—l (1- kx)*%fn} g (61)
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Finally, using relation (39) in (61), it follows that

()‘)n,k

ad A+nk, « A
Y ] 2Pk
n=0 :

p

where |x| < % min {1,1 — kt} . Hence, we get the desired result.

Theorem 16. We have the generating relation

;x:l = (1 —kt)ik 2F1,k |: A

|

e8] A _
) Mok 2Fi { pnk, a ;X} "
n=0

= (1—kt)’% Fi {a,p,)\;ﬁ;xﬁ

kxt

where |x| < }, | {5

1
<}

Proof. Consider the identity

A
k

(1—k(1—kx)t) % = (1—ki)~ <1+

Under the assumption |kt| < [1 — kx| !, we can rewrite (63)

>

» “3."* (1—kx)" £ = (1— kt)~

n=0

A
13

— (DYF {x?—lm—kt) (1—kx)"% <1

= ()‘)n,k a—p a_q n—t
]g) i «Dx {xk (1—kx) k}t”

A

= (1—kt) % DiP { 211 kx)F (1

kxt
1—kt

Assuming |x| < } and ‘

< % and using (39) and (40),

p

the theorem is immediate. [
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kxt
1—kt]’

K2xt \
1—kt

K2xt \
(” 1—kt>

Multiplying x% ! (1 — kx) ~Fand taking the kfoﬂ on both sides of (64), we obtain

')

For R(«) > 0, interchanging the order of the summation and the operator kDféf’B , we have

kxt

TR

o () _
Z ( )n,k 2F1,k |: o I’lk, o ;x:| o= (1 —kt)_% Fl,k {D&,p,)\;ﬁ;X,—

p

o

"1—kt

A
3

A
3

1—kt

(62)

(63)

(64)
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Theorem 17. We have the generating relations

£ 7l

n=0
at+p—pB ) 7% (x,p X

= — 3 _ o

(1—kt) (1 kt +k xt) 21—“1,;({ T m | (65)

and

& (B)ug (V) nk —nk, o

il RN

n;() (5)11,1{ n! ! ﬁ

= Fl,k (’)’,ﬁ*ﬂ(,ﬂ(}&,‘t,(l*kx) t) (66)

Proof. We use the result of the previous theorem. Setting A =  — p in (62), we find that

> (;pr)n,k P_nkr L no__ eb R kxt
ngo a2k B x| =1 —kt) = Fix [D"p'ﬁ_p’ﬁ’x’_l—kt '

If we use the reduction formula for F; ; given by (50), we can easily obtain the desired result
as follows:

3 (B _np)n,k JFix { o—nk, « ;x] -

=0
atp-p —% «, 0 X
= - F - —
(1 kt) (1 kt+k2xt> 2Fi { e (67)
For p =0, (67) gives
o _ a—p —a
y (P )7* N M PR (1-kt+R2xt) " (68)
n=o ™ ﬁ

Multiplying both sides of (68) with i1 and operation of the kD;Y_‘S on (68), one can easily obtain

e (B) —nk, «
Y. n,”’k 2Fi 8 ;X
n=0 :

= (D {t%’l (1—kt)' % (1 —kt+k2xt)7}. (69)

thW*ts {t’1+%_1}

In view of (36) and (40) on the right and left sides of (69), respectively, we can reach

B Vs . { -

! ;x] " =F(r,p—uamdt (1—kx)t).

& (A)k At+nk, w —nk, v
= oF ’ ; F, . syl "
3:0 a1 2TLk B JX| 2k 5 Y
_A X kyt
= — 13 . [ A,
(1—ki) "% Fay (A,a,v,ﬁ,é,l_kt, 1_kt>. (70)
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Proof. Putting (1 — ky) t instead of ¢ in (57), we can obtain

(A)n,k
n

Atnk, «
T 2Fk

p

»

n=0

= Ak

;x} (1—ky)" "

=

A x
2Pk { B 'l—k(l—ky)t} . (71)

, employing kD;Y ~° both sides of (71) and the under the assumption
R (7) > 0interchanging differentiation and summation, we can write

Multiplying with y%*l

A+nk, «

;X

Dy {yE T k) e (72)

- 7 _A Ao M
= kD;(s{yk Ak —ky)t) kzFl,k[ B 1k(1ky)rH

Make use of the formula (39), we can easily simplify left side of the (72) as follows:

= A+nk, « 5 1o
I Y A AR VAR R R T 73)
n=0 :
s (M), A+nk, « —nk,
= E((}))W 1 20(2‘ EoFy g ;x} 2Fix { ; Y ;y} I
n=|

For the right side of the (72), using the definition of 5 F; ; and the formula (36), one can obtain

Ao« X
F{ b 1mky>t”

A

S

Dy~ {yll (1—k(1—ky)t)~

Iy () A6y x kyt
- 1—kt) F b hy, (A a,y 86—, — YL 74
G R A O RS wr v py vy 74)
where |x| < %, ly| < %, =F| T lill:y]it‘ < %, ﬂi’;yt < % Combining the relations (73) and (74),

we get desired result. O

As a special case of (70), we give the following theorem.

Theorem 19. We have the generating relation

). %2&* pnk a ;x| 2Fk ko |t (75)
n=0 ﬁ o

_a —p k
= (k) F (A =k)F Fax (B— 0,088 — iy — 1)

Proof. For A = B — p in (70), we get

Z(ﬁiff)n'k 2F1k ppnk Y x| ok ik Tyl
= n! B

o=p x kyt
— _ 3 — . P —
(1—kt) © Fpx (5 ‘D’a’%ﬁ’é’lfkt’ lfkt> :
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Using Euler transformation given by (53) for »F; x

> (B—p0)y, _u —nk, « x —nk, B
ka( —kx)"k oF P 8 gy 2F k 5 W;yt

x kyt
1—kt' 1—kt)’

and putting — ;- instead of x, we reach the desired result. [J

=B
= (1—kt) F Fp <ﬁ*p,vw; ,0;

Theorem 20. We have the generating relation

& (A) ke Adnk, w A+nk, vy
=~ »F ! ; F ! sy | "
’;) i 2Fuk 8 ;x| 2Fig 5 iy
2 & (A (@) kxy \"
= -kt y M, (- ) 76)
( ) r;) (ﬁ)n,k”! 1—kt
xF A+ nk, o + nk, v + nk; +nk5+nk'i—k7y
2k ' Y+ ki Bk, Tkt 1-kt)"

Proof. Replacing t by and after some simplification in (57), we find that

i (/\)n,k JFiy A4nk, « - fn
1, X ———
P n! ﬁ (1_ky)n+%
A
A x(1—ky)\" ky Tk
— _ 3
(1-kt) n;, nkn' (1—kt L :

Using the binomial expansion (x + )" = i ( " ) xkyn=k,

& (M) k Atnk, n
F ) B S
ng:() nl 2Tk B (17ky)71+%
= (1—k)*
<3y Mg @i (1) gy ( by TRk TR
isoK=o Blaxnt \ ki 1—kt 1—kt 1—kt
= -kt *
x i Wt @i (1 +ke (_1)n< x )1“( xky >”<1_ ky >*”*k1*%
who Bk k (1 +K)! kq 1—kt 1—kt 1—kt
= (pkt)*%

i @)k _ xky \" 1— ky —n—} F
= kn' 1—kt 1—kt 2Lk

1

A+nk, a+nk TR
B+ nk 1o

, operating kD;ﬂs and applying (36), (39), and (40) together both sides of
the (77) (in a similar way of proof of the (70)) for |x| < %, |y| < %,
the proof. [

Multiplying y i

x ky 1
m‘ + ‘ﬁ) < %, we complete
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Theorem 21. We have the generating relation

. (A),k A+nk, « A+nk, v "
ngo o 2hk 8 ;x| 2Pk 5 syl t
n
_ (1 kt)f% i ()\)n,k (D‘)n,k (’Y)n,k k3xyt (78)
n=0 (ﬂ)n,k (6)n,k n! (1 — kt)z
% oF A+nk, a+nk x F A+nk, y+nk y
2Lk B+nk  1—kt| ¥ S4+nk  C1—kt|

For the special case p = 6 = A , we have

A k A k
e a;x} 2F1k e ’y;y}t"

F
rg ! 25k A A
= (k) (1 kt— ko) E (1 =kt —ky) T

x, Kyt
XZH*[ A '(1—kt—kx)(1—kt—ky)} @)

Proof. From the elementary identity, we find that
A
;

A A 3 -
(1—kx) (1—ky) —kt) ¥ = (1—kt)"* <<1— 1’i"kt> (1— 1’iykt> - (1k_xz:)2> ., (80)

1

k 1 KByt
for)Wél—kw‘ < %a“d‘WM and

taking kDﬁfﬁ kD; -0 together both sides of (80), we have

< % Applying (20) to (80), multiplying xﬁfly%*

_ s | & (A « ) )
n=0 :

A
3

= (1-kt)~

b & W) (D", kx \“F" ky \ F"
. D¥ P pr=o Mk AT 7 g4n-1 <1_ ) Ttn-1 (1_7> '
e ,;)n!(lfkt)zn Y 1—kt

Under the conditions R (¢) > 0, R(7) > 0, [x| < ¢, [y| < }, |25
directly from the properties (36), (39), and (40), we can obtain
A+nk, 7y ;y} o

A+nk, «
;x} 2Pk 5

B

_ P (Mg @) (Vi [ KByt "

- VE) (B (8) 1! ((1—kt)2>

A+nk, y4+nk vy
6+ nk "1 —kt|®

A+nk, a+nk x F
B + nk “1—kt| 2K
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For the special case p = § = A in (78), we have

io()‘n),"kzﬂ,k A+nAk, a;x] il A+n)1:, 7;4 P
&l
= (1—k)*
Xi(w)n,k('r)n,k< k3xyt2>"<1_ kx >**Tk (1_ky>”k”k
iz Mgt \ (1—kt) 1—kt 1—kt
= =k (I —kt— k) F (1 -kt —ky)
3
x2Fu { " ;(1—kt—kljc)xé/lt—kt—ky)} '

|

5. Conclusions

Hypergeometric functions play an important role in many disciplines from different perspectives.
Therefore, generalizations of hypergeometric functions have considerable popularity in many fields
of science. This work is generally based on the k-extension of hypergeometric functions. By making
use of the concept of the [26,27], we focus on the generalization of the Appell functions and present
some transformation and reduction formulas. Using the theory of Riemann-Liouville k-fractional
derivative and combining this theory with the Appell functions, we derive some linear and bilinear
generating functions.
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Abstract: The current study is of interest when performing a useful extension of a crucial physical
problem through a non-local singular fractional operator. We provide solutions that include three
arbitrary parameters «, p, and 7y for the Resistance-Capacitance (RC), Inductance-Capacitance (LC),
and Resistance-Inductance-Capacitance (RLC) electric circuits utilizing a generalized type fractional
operator in the sense of Caputo, called non-local M-derivative. Additionally, to keep the dimension-
ality of the physical parameter in the proposed model, we use an auxiliary parameter. Owing to
the fact that all solutions depend on three parameters unlike the other solutions containing one or
two parameters in the literature, the solutions obtained in this study have more general results. On
the other hand, in order to observe the advantages of the non-local M-derivative, a comprehensive
comparison is carried out in the light of experimental data. We make this comparison for the RC
circuit between the non-local M-derivative and Caputo derivative. It is clearly shown on graphs that
the fractional M-derivative behaves closer to the experimental data thanks to the added parameters
«, p, and 7.

Keywords: physical problems; fractional derivatives; fractional modeling; real-world problems;
electrical circuits

1. Introduction

Fractional derivatives and integrals including non-integer order are the natural gen-
eralizations of the traditional counterparts. Studies of fractional calculus in recent years
have attracted considerable attention due to its advantages for modeling in various areas
of science and engineering. As a result of defining non-integer order derivatives by means
of integral, the non-locality property is one of its major advantages. Hence, the fractional
derivatives involve data about the state variable at earlier points, and so they have a
memory effect, which is useful to describe and comprehend the behavior of the complex
and dynamic system. Moreover, there exist various fractional derivative and integral
definitions in the literature. Accordingly, one of the main difficulties encountered in the
fractional calculus is choosing an appropriate definition of the fractional operator for the
problem under investigation. The Riemann-Liouville (RL) and Caputo fractional operators
possess an important place in understanding the essence of fractional calculus. In particu-
lar, the Caputo fractional derivative is preferred as it is a powerful mathematical tool in
application. The capabilities of the non-integer order derivatives and integrals have been
shown in several rigorous studies such as the tautochrone problem, diffusion equation,
control theory, models in physics, economy, biology, etc. On the other hand, some authors
have proposed modified or generalized type RL and Caputo operators. It should also be
mentioned that many fractional operator definitions are derived from the approach in [1]:
Fractional derivative of a function with respect to (wrt) another function. Katugampola
in [2] introduced a generalized-type fractional operator based on the fractional derivative
of a function wrt another function. Furthermore, the authors in [3] introduced a non-local
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D g (1)

singular fractional derivative and integral by utilizing the same approach. This generalized-
type fractional derivative called non-local M-derivative in the sense of Caputo is defined
by:

Ty +1)"

T Tn-wpr et [ (= ap = @ = apy = uprete

%
(E—a)=¢’
where « € C, n = [Re(x)] + 1,y > 0, and D™ (.) is the local derivative as can be seen

in [4]. In [3], the Laplace transform of the Caputo type fractional M-derivative we utilize to
solve the proposed model is as follows:

Lo D™ T p(0)}(s) = s"Loa{p()} —s*Tg(a) —s* 2DV g(a) @
. — sa7n+lMD(n72)p,'y(P(a) _ SaanfD(nfl)p,'y(P(a).

)

In a similar way, in [5], the authors presented a proportional-type non-local singular
fractional operator under the local proportional derivative, which is formed by using
control theory. With the help of this local derivative, novel fractional operators called
proportional Caputo and constant proportional Caputo was defined in [6].

The existence of several fractional derivative and integral definitions allow us to
employ the most appropriate definition for the problem addressed in order to obtain more
precise results. Although many of these various definitions are quite similar, their physical
interpretations may differ. It is widely known that some crucial physical properties may not
be observed in classical models. In other words, such dissipative impacts on the electrical
components like resistance, capacitance, and inductance as ohmic friction, non-linearity,
thermal memory, etc. are not taken into account by means of the traditional approach.
Consequently, there exist various physical problems handled by non-local fractional op-
erators to capture the advantages of new generation non-integer order operators. One
of the most important of the above-mentioned problems is the electrical circuits model.
In [7], Gomez et al. implemented the electrical circuits with respect to the non-integer
order operators to reach the analytical and numerical solutions of the proposed model,
including the arbitrary parameters. In addition, the fractional Resistance-Capacitance (RC)
and Resistance-Inductance-Capacitance (RLC) circuits were studied by employing some
kinds of fractional operators with singular or non-singular kernels in [8]. In [9], the authors
introduced the circuit elements like RC, RL, and LC via a new type non-local non-singular
fractional operator under experimental data obtained from an electronic laboratory at
CENIDET. The same model is investigated in [10] with a detailed comparative analysis
between RL and RC circuits by means of non-singular fractional derivatives. The authors
in [11] analyzed the model mentioned with the help of the generalized fractional derivative
introduced by Katugampola. Moreover, the authors in [12] presented the RC, LC, and RLC
circuits by employing a local-based derivative, and they obtained the analytical and nu-
merical results. Hence, motivated by all these studies, we introduce more general solutions
with the help of a generalized-type non-local singular fractional operator involving three
arbitrary parameters introduced by Acay et al. in [3]. For some applications and beneficial
information on fractional calculus, we refer the reader to [13-25].

The structure of the present paper is constituted as follows: In Section 2, the solutions
of fractional RC, LC, and RLC electrical circuits are presented with various visual results
and comprehensive interpretation. Then, in Section 3, we show a comparison between two
efficient operators under an experimental data with some graphs and mention the crucial
conclusions of our study.

2. Fractional Electrical Circuits

In this section, we present the RC and RLC electrical circuit including constant, ex-
ponential, and periodic sources. The fractional solutions are obtained by means of the
non-local singular M-derivative containing three parameters «, p, and 7. Hence, we get
the generalized version of the solutions obtained in the literature. The main purpose is to
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perform an extension of the ordinary differential equations to the fractional version via
a non-local singular generalized derivative. On the other hand, preserving the physical
dimensionality of the non-integer order operator is crucial in the application. In pure
mathematics, generally, the integer-order derivative is replaced with non-integer order
ones but this is not enough for physical problems and some applications in engineering.
Therefore, dimensional modification is required for the fractional case. For this purpose,
we employ the auxiliary parameter ¢ for the non-local fractional M-derivative in the sense
of Caputo as follows:

d o
il =1 pupy
Frindd MDY, 3
and
a2 2(ap=1)  DPY
i — 0 MDY, (4)

where &, p, and v are arbitrary parameters, and the dimensionality of ¢ is the second (s).
Hence, we employ this approach in order to get the solutions of the fractional electrical
circuits with the help of the Caputo-type M-derivative [9,19,26].

2.1. Fractional RC Electrical Circuits under Non-Local M-Derivative in the Sense of Caputo

The RC series circuit differential equation under Kirchhoff’s law can be expressed by the
non-local M-derivative in the sense of Caputo considering the relations Equations (3) and (4)
as below:

o 1 1
oLy DYV (F) + ;VC(t) = ;e(t), ®)

where w = RC is the time constant, R represents the resistance, C symbolizes the capac-
itance, the voltage on the capacitor is expressed by the function V((t), and e(t) is the
source voltage. On the other hand, while o174 /RC is fractional time constant, 1/RC is
a traditional time constant. It should be noted that normally the dimension of the non-
local M-derivative operator is (time) *° (the parameter 7y does not affect the dimension),
but under favor of the term c**~1, we eliminate the dimension mismatch physically.

Now, let us solve the Equation (5) with the help of the Laplace transform of the
non-local fractional M-derivative under three main case with different types of sources
as follows:

Case 1. (Constant source). If we consider e(t) = ey, V(0) = Vj (Vg > 0), we can
rearrange Equation (5) as:

ol—ap gl
mMDPIV(t) + w Ve(t) = w €o- (6)

Applying LT of the non-local M-derivative in the Caputo sense, we have:

ol—ap ol—ap
LorduDP TV} + T Ly (Ve = Lo T e )
R 1 Ul—zxp eoUl—ap
s LoadVe(t)} =7 1Ve(0) + T = Lop{Ve(t)} = =, ®)
after some arrangements, one can get:
=1 eoo.l—zxp 1

Lo{Ve(t)} =V )

T1—ap
a o
s+ =5

w ® ol-ap\’
s(s + =

hence if we take the inverse LT of Equation (9), we reach the following solution:

Ve(t) = v015a<7‘7:]“p (r(wr 1)%>a> tep {1 “E. (JT];RP (r(«wr 1)%)0‘)}, (10)
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where E,(.) is the Mittag-Leffler function.

It can be seen that the fractional solution follows exponential dynamics if «, o, and y
are closer to 1. In Figures 1 and 2 we show the plot for Case 1 (constant source) when R = 1
0,C=10F ey =5V, and V.(0) = 10V, and in Figures 3 and 4, we use the values R =1
0,C=10F ey =5V, and V.(0) = 0 V. We observe the behavior of voltage across the
capacitor in the RC circuit for e(t) = e( in Figures 1-4 when « changes; « = 1,0.9,0.8,0.7,
0 =09, and v = 0.9, when p changes; p = 1,0.9,0.8,0.7, « = 0.9, and y = 1.5, and when y
changes; ¥ =1,1,6,1.8,2, « = 0.9, and p = 0.9. In this way, the impact of the parameters
«, p, and 7y can clearly by observed on the solutions curves separately. On the other hand,
in Figure 1, we observe that for the small values of «, the solution curve tends to stabilize
in less time with exponential behavior. However for a classical case (Whena =1, 0 =1,
and 7y = 1) it stabilizes in longer time. In Figure 2a, we see similar behavior in the solutions
curves when p changes. However, the effect of the parameter v is different from the effect
of the parameters & and p as can be seen in Figures 2b and 4b. It can be observed that for
smaller values of -y, the solution curve approaches to stabilize in a longer time. Moreover,
in Figures 1 and 2, one can see that the solution curves are exponentially decreasing, and in
Figures 3 and 4, the exponentially increasing overdamped system.

—AT(y+1) %

Case 2. (Exponential source). Let e(t) = epe ?,Vc(0) = Vo (Vo > 0). Then

we can rewrite the Equation (5) as follows:

1—ap 1—ap -~ "
MD PV (t) + Uw Ve(t) = Uw ege M

m

If we take the LT of the Equation (11), we have:

ol—ap ol—ap B 1
Loa {mDPIV(t)} + Lpo{Ve(t)} =2 ﬁm{e AT(r+1) 5 } 12)

w w
o a—1 gl eOUliaP
s Loa{Ve(t)} —s"Ve(0) + LoAVe(t)} = WG T A (13)
1-ap 1 o
epo S
Lpy{Ve(t)} = 5 T Vo v (14)
e w (s+)»)<s"‘+—‘rlwp) s<s“’+7"1wp>
applying the inverse LT and the convolution theorem, we can obtain the solution as:
ol=op A
vel) = Voba (-2 (rr %))
1-ap ot 0 0 a—1
eyr t T
+ 27 p +1/<r st or +1f> 15
o T+l AT+, =T+ 1) (15)

1—ap o o\ &
X sz,tx(*aw <r(7+1)57r(7+1)%>>

™\ 1
X exp —)\F('y+1)? ™ ldt.

Case 3. (Oscillatory source). If we suppose that e(t) = e( cos (91“(7 +1) % ) ,Ve(0) =V
(Vo > 0), then we can write:

ol—ap gl-ap

Ve(t) =

MDYV (E) +

o, eocos (91‘(7-&-1)%). (16)

Taking LT of the Equation (16), we readily have:

N ol egol— P
LoDV} + T Lo {Velt)} = 27 Efw{cos<91’(’y+l)g> } a7)
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1-ap 1-ap
1 o ego s
s* Loy {Ve(t)} —s*7Ve(0) + o Loy{Ve(t)} = (@) (18)
el s 5%

Loa{Ve(t)} = (19)

w (92+52)(s“+¥) +Vos(s“+ ‘ﬂ%),

after applying inverse LT transform and convolution theorem, one can reach the solution below:

Ve(t) = VOE,X<—UI;XP (r(7+1)%>a>

1-ap t p p a1
eyr t T
T 1 T 1)——-T 1)— 20
+ 20 e [t -t 0T 0)
Ul—ap o v o
X Ea,zx<_ o (F(v—i—l)g—l"(y—i-l)?))

e
X Ccos (91’(7 + 1);) 1,

For oscillatory source case involving the angular frequency 6 (e(t) = eg cos(0t)), we
present Figures 5-8 for various values of the w, 7, and pwhen R =10, C=10F ¢y =10V,
6 = 60 Hz, and V.(0) = 10 V. We should note that in the case of standard approach « =1,
o =1,and ¢ = 1, some losses which are based on the ohmic friction, temperature, and so
on are not considered. However, the non-integer order approach enables us to examine the
proposed physical problem more precisely. It is also seen that the solutions curves with
different values of &, p, and <y are below or under the traditional solution curve for a time.
This situation varies for different arbitrary parameter values. On the other hand, we can see
the behavior of voltage across the capacitor in the RC circuit for e(t) = ep cos <F('y +1) %)
in Figures 5-8 when a changes; « = 1,0.995,0.99,0.985, p = 0.9, and v = 1.5, when p
changes; p =1,0.9,0.8,0.7, « = 0.9, and v = 0.9, and when -y changes; v = 1,1,15,1.2,1.25,
« = 09, and p = 0.9. Furthermore, in Figures 5 and 6, we can also observe that the
period may change under the fractional-order derivative, the apparent motion of the
solution curves obtained by employing the arbitrary order may appear more complicated,
and the extremes of the solution function can change for different values of fractional
order. In addition, for different values R and C, the wave height and length change in
Figures 7 and 8, respectively.

m Classical == =0=09 0=0.8 m==w=0=07

95

\Q
9 T
~a
S <~
~ S~
85r ~ Sreo
= ~
= S e - T
8 -~

751

6.5

time

Figure 1. This figure corresponds to the function V,(t) with constant source for different values of «,
p, and 7y in order to show the effect of a on solution curves when R =10, C=10F ¢y =5V, and
V.(0) = 10.
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Figure 2. The figure (a) corresponds to the function V(t) with constant source for different values of «, p, and v in order to
show the effect of a and <y, and also the figure (b) is plotted to show the effect of x and p whenR =10, C=10FE ey =5V,
and V.(0) = 10.
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Figure 3. This figure corresponds to the function V(t) with a constant source for different values of
«, p, and <y in order to show the effect of & on solution curves when R =1Q, C =10F ey =5V, and

V.(0) = 0.
— Glassial — =09 =08 === p=07 —— Giassical = _=-16 g2
3s 4
35 "
.—
-
-
- =
3 - q
.
e
- P>
25 e - 1
P! >

-

s, e - j
> G -
. -,
'/ 7
15 S -
N
1 7 7’ 1
,I 7
osk 47, ]
v
0 0

0 1 2 3 4 5 3 7 8 s 10 0 1 2 3 4 5 6 7 8 9 10

time time

Figure 4. The figure (a) corresponds to the function V() with constant source for different values of «, p, and v in order to
show the effect of a and 7y, and also the figure (b) is plotted to show the effect of x and pwhenR =1Q,C=10F ey =5V,
and V.(0) = 0.
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Figure 5. This figure corresponds to the function V() with an oscillatory source for different values

of &, p, and 7y in order to show the effect of  on solution curves when R =10, C=10E ey =10V,
and 6 = 60 Hz, V,(0) = 10.

=——Classical = = ;=09 p=0.8 === m 0.7 |

g x10%

Figure 6. The figure (a) corresponds to the function V() with an oscillatory source for different values of «, p, and 1 in order to show

the effect of a and -y, and also the figure (b) is plotted to show the effect of # and p on solution curves whenR =1 Q, C = 10F ey = 10
V,and 6 = 60 Hz, V(0) = 10.

Figure 7. This figure corresponds to the function V. (t) with an oscillatory source for some values

of a, p, and 7y in order to show the effect of resistance on solution curves whena =1, p=1,7 =1,
C=10F ep =10V, and 6 = 60 Hz, V.(0) = 10.
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Figure 8. This figure corresponds to the function V. (t) with an oscillatory source for some values
of a, p, and -y in order to show the effect of capacitance on solution curves when & = 0.95, p = 0.95,
7¥=15C=10F ey =10V, and 6§ = 60 Hz, V.(0) = 10.

2.2. Fractional Inductance-Capacitance (LC) Electrical Circuits under Non-Local M-Derivative in
the Sense of Caputo

If the law of Kirchhoff is applied, then the LC series circuit differential equation under
the relations Equations (3) and (4) can be presented by:

201, p2oy(e) + L1ty = Se(s), (1)

U U
where 7 = LC, L represents the inductance, the capacitance is denoted by C, and e(t)
stands for source voltage. Now, we solve the above-stated equation by employing LT of
the non-local fractional M-derivative with three case including different sources as below:

Case 1. (Constant source). Supposing e(t) = eq, I(0) = Iy (Iy > 0), »D=A1(0) = 0,
we can express the Equation (21) as:

2(1-ap) 2(1-ap)
mD2P1(1) + & ; 1) = &7 " 22)

where 17 = LC and C is the capacitance. If we apply the LT to Equation (22), we have:

Uz(lfap) CU.Z(lﬂxp)e
Loa{mD* ()} + Lop{l()} = Loy % . (23)
2(1-ap) 2(1-ap)
Ly 10} =5711(0) =2 D(0) + T Ly (1) = ST
g1 CU.Z(lfap)eO 1
Lo {L(t)} =T — T o (25)
= RN P T
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and if we apply the inverse LT to the Equation (25), we reach the following solution:

I(t) = IE ‘72(17&p)(r( +1)tp>a +Ce|1-E UZ(HW)(F( +1)tp>a (26)
= Ioky r Y 0 €p o 7 v Iy .

% = % in Equation (21) represents the natural angular frequency, and the initial charge
of the capacitor is denoted by Iy. In Figure 9, A and B correspond to Equation (26) with
constant source when I(0) = 0 and I(0) = 10, respectively. These plots are obtained when
«=1,09,08,07,p0=1,0908,0.7, and v = 0.7. The system is exponentially increasing
in A and exponentially decreasing in B. We see that the solution curve tends faster to the

steady state for small values of a and p.

i
Case 2. (Exponential source). Let e(t) = eoef/\r(wrl)?, 100) = Ip (Ip > 0),
MmDPI(0) = 0, then Equation (21) can be written as follows:

2(1-ap) 2(1-ap) o
mDHP1(t) + 0= = 7 ege MY, @)

applying the LT to Equation (27), we have:

UZ(lfap) CUZ(lﬂxp)e _ °

Lop{mD* P70} + Lo AU} = = Ly fe Ty )
B B o2(1—ap) CUZ(]focp)eO
" Loy {1(1)} = s"'1(0) — *?\D1(0) + Lo {1(t)} = TG (29)
gr—1 CU.Z(lfocp)eO 1
Loa 1)} = 1o o T N (30)
s 4 #}*’) 17 (s+A) (s“ N ,,2017 p))
after taking inverse LT, one can attain the following solution:
g2(1-ap) AN
I(t) = IgE.| — (l"('y + 1)—) (31)
1 o
Co2(1-ap) it w p\ 21
+ %r(«w y <F('y+1); fr(7+1)%)

0.2(1fzxp)< 10 Tp)lx

X Eaul| — I(y+1)—-T(y+1)—

m( ; (415 - Tr+1)7
T 1

X exp<f/\l“('y+l)?>7‘7 dr.

Figure 10 corresponds to solution Equation (31) including exponential source when
«=1,09,08,070=1,0908,077=09C=05FL=24H,A=0.05¢e =5V,and
1(0) = 0. From Figures 10 and 11, we observe an oscillatory behavior and the effect of the
parameters &, p, and 7y on the function I(#). Furthermore, in Figure 11 corresponding to I()
with exponential source, the impact of arbitrary parameters when « = 0.9, p = 0.9, v = 0.9
inA,anda =050 =057 =05inBfor L =24,3.4,44,54 can clearly be seen. Itis
worth mentioning that in Figures 9 and 10, having exponential behavior, while the classical
solution function tends to stabilize slower, the fractional solution function with smaller
values of & and p approach to stabilize in less time. On the other hand, one can see the
oscillatory behavior underdamped system in Figures 10 and 11. In Figure 12, the different
values of the parameter L change the wave height critically.
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Case 3. (Oscillatory source). Assuming that e(t) = epcos <9T('y +1) %’), 1(0) = Iy
(Ip > 0), and MD*'ﬂI(O) = 0, we present the Equation (21) in the following form:

2(1-ap) 2(1-ap) f
MDPPY(E) + g ; I(t) = Co ) cos (61"(7 + 1)%>, (32)

by applying the LT, we get:

2(1—ap) 2(1-ap) 0
Lord DU} + Ty (1)) = uﬁm{ws (er(w 1)%) } (33)

U
2(1—ap) Cso2(1-ap)eg
Lo (1)} — 5 (0) — s 2D1(0) + T 1y = SE T )
7(0% + %)
sl Co21-ap)g s
Lop{l(H)} = To — e (35)
(2 Saer i (92+52)(S“+‘72(1’] P))
and if we apply the inverse LT, then we get the solution below:
g2(1-ap) o\
I(t) = IE.| — p (F('y + 1);) (36)

CU.Z(l—:xp)eO a—1

ot P T°
n ?F('y—i-l)/o (r(7+1)?—r(7+1)?)
0-2(1*047) I 0\ X
X Ea,zx( 7 <T("y+1)571’(7+1)?> >

AN
X cos<9r('y+1);>rf’ dr.

Figure 12 is plotted for the solution Equation (36) when L = 2,3,4,5 and v = 0.95.

= Classical = =0, p=0.9 0, p=0.8 === =q, p=07] [===Classical = =a, p=09 a, p=0.8 === =0, p=07]

Figure 9. The figure (a) corresponds to the function I(t) with constant source for various values of , p, and 1y in order to show the
effect of arbitrary parameter y when v = 0.7, C = 05F, L = 2.4, ey =5V, 1(0) = 0, and similarly the figure (b) is plotted to show the
effect of y on solution curves when v = 0.7, C = 0.5F, L = 2.4, ey =5V, and 1(0) = 10.
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Figure 10. This graph corresponds to the solution Equation (31) containing exponential source for
various values of « and p wheny = 0.9, C =05F L =24 H, A = 0.05, eg = 5V, and I(0) = 0.

—l24 = =134 L4 4 mmm=io54 — 24— =134 44 ====l54
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Figure 11. The figure (a) corresponds to the solution Equation (31) containing exponential source for various values of &, p,
and vy in order to see the effect of parameter L when C = 0.5F, A = 0.05, eg = 5V, and I(0) = 0, and similarly the figure (b)
is plotted to show the effect of L on solution curves when C = 0.5F A = 0.05, ¢9 =5V, and I(0) = 0.

Figure 12. This graph corresponds to solution Equation (36) including oscillatory source for various
values of & and p and v in order to see the effect of L when C = 47 F, ¢y = 50 V, 6 = 60 Hz, and
1(0) = 0.
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2.3. Fractional RLC Electrical Circuits under Non-Local M-Derivative in the Sense of Caputo

The fractional RLC series circuit differential equation can be presented according to

the non-local M-derivative as below:
. CR v 1 C
201 D2 g (1) + TU“pflMDD”P’WCI(f) +5a(t) = Fe(t), (37)

where § = LC, L denotes the inductance, the capacitance is represented by C, R stands for
the resistance, and e(t)is the source voltage. Let us solve Equation (37) under the fractional
non-local M-derivative with the help of the LT. We present three cases including different
types of sources as follows:

Case 1. (Constant source). Assuming that e(t) = e, q(0) = qp, and /D*7q(0) =0,
we give Equation (37) the following form:

CR 2(1—ap) Co2(1—ap)
MDXOTq(1) + o D Tq() + T q() = T, (39)

by applying the LT of the Equation (38), then we attain:

CRo1—4 0.2(170¢p)

! L "
.CP,W{MDZA’P’Wq(t)} + fﬁlm{MD Prq(t)} + 5 Loy{aq(t)} = /:p,v{

(39)

C(Tz(l"’@eo
o

v
=

Loa{a(t)} —s*1q(0) —s* 21D 7q(0)

CRol—20 B (72(17“0)
o [ Leadal} =5 o] + T L {a(0) (40)

Co2(1-ap)g
£ ’

o1 CRol—20 =1
+
G SR A G DR =
Co2(1-ap) g, 1
N T e

Lox{qa)} = qo

(41)

+

1 sl CRo'—2p sl

0 — — + qo — —
5+ CRo!=%0 gu | _o?0-0) 5+ CROI—% 4, o208
't SicRoT 5+ S CRoT

C(Tz(l""P)eo 1

5+ CROV % (g0, o2 \’
S\ + 5icroTw

Loy{at)} = q (42)

and by taking the inverse LT, we reach the solution as follows:

alt) = dog7 Clial“"f’ E. ( 5 J:TZCOR_:)—AP (rh 1) %) “)
qoéfi‘;::,}m (‘Mgzc(lR_;f)wp (r”“)t:)a) (43)
i on (s aes) )]
The plots for the solution Equation (43) is presented in Figures 13 and 14. We show the

behavior of the function q(#) with constant source whena = 1,0.9,0.8,0.7, p = 1,0.9,0.8,0.7,
v = 12 accordingto R =20, L = 10H,C = 01F ¢ = 5V, q0) = 10, and

+
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Lo {MD*P7q(t)} +

Lor{q(t)}

MDYP7q(0) = 0. On the other hand, in Figure 14, one can see the solutions curves
for some values of R and L when a = 0.7, p = 0.8, and v = 0.9. Moreover, Figures 13 and 14
show exponential behavior when R and L change for different values of fractional-orders. It is clear
that fractional-orders have the power to increase or decrease wavelength and height as can be seen
in Figures 15 and 16 showing oscillatory behavior under the damping system.

0
Case 2. (Exponential source). Let us assume that e(t) = eoef}‘rwﬂ)%, q(0) = qo,
and ,DP7q(0) = 0, we present Equation (37) as:
2(1-ap) 2(1-ap) 0
wD*07q(1) + Lo 0y Derg(r) + T q() = e T, (aa)
and taking the LT of the Equation (44), we can get:
CRol—° g2(1-ap) Co2(1-ap)g AT(y41)
I Lol D*q(0) + T L (a0 = T 0L, [ TOEY, (as)
s"Lop{a(h)} —s*1q(0) —s*2uDP7q(0) (46)
CRol—ap . o2(1—ap)
= [ Londa®)} =5 o] + T Lpada(t))
_ ng(lf’lp)eo
S(s+A) 7
1) sl CRo'—2p sl
qo0 T-ap ey T A0 T-ap 2(1-ap) (“47)
6+ CRo Sa+m 6+ CRo sa+m
C(72<1""P)e0 1 1
) CR 1—ap s+ Ao 2(1-ap) 7
TR "+ 5icRoTw
) 0'2(1*“13) o\
t) = Ei| — T 1)—
a(t) 5 CRoTw0 “( 5+CR01*“P< (r+ )p>
CRgl-2¢ g2(1-ep) "
E.| — T 1)—
T W CRoTw ( 5+ CRoT—w ( (r+ )p>
Cg2(1fﬂtp)e0 t I ° a—1
— T 1 r 1)—-T 1)— 48
bty [ (a4 - ) (1)
U—Z(l*ﬁép) o 0 o
E - T 1)——-T 1)—
X a,:x( 5+CR0’1_’V’< (v + )P (v + )P)

™\ 1
X exp —)\F('y—o—l)? ™ ldr.

Figures 15 and 16 show the behavior of the solution Equation (48) under the ex-
ponential source for some values of « and p when v = 0.8 and ¢y = 1.5, respectively.
By deliberately choosing the a and p values the same on these two figures, we change the
value of y and clearly observe its effect on the system.

Case 3. (Oscillatory source). Supposing that e(t) = eg cos (9F(’y + 1)%), q(0) = qo,
and ,DP7q(0) = 0, we present Equation (37) as:
0‘2(1_"‘#’) Cg’z(l_"‘p) P

CR )
MDY q(t) + 701_“'”1\47)”"'”'7(10) + 5 q(t) = 3 e( cos (GT(’y +1) o >, (49)
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by taking the LT of Equation (49), we attain the following relation:

N CRol—a N o2(1—ap)
Loy {mD*P7q(1)} + ———Lopr {MD**7q(t)} + ——Lp4{q(H)} (50)
3

1
2(1—ap) P
= wﬁlm{cos (BF(’y + 1)%) },

s"Lopfalt)} —s*1q(0) —s* ?yDF7q(0)

CRol—ap B g2(1—ap)
+ [ padat} - s e + T L0 dan} (51)
_ Colmepley s
6 62 4527
) 51 CRol-a 51
LP"Y{q(t)} q0§+CR0'1_”‘P s 4 o2(1—ap) +q0(5+CR0'1_"‘P - S2(1—ap) (52)
6+CRo1-2p 5+CRo1—4p
Co2l=ap)g, g 1
5+ CR 1-ap 92 2 2(1-ap) 7
TeRe T ke
5 UZ(l—zxp) A
t) = E.| — r 1)—
a(t) 5 CRoT-w0 ”‘( 5+CR[71""P< (r+ )P>
CRgl—% o2(1-ap) "
E.| — T 1)—
t A0 R "‘( (5+CR¢71‘“P< (r+ )p>
Co’z(l_"‘P)eO t o ° a—1
SO €0 1/r DL reenT 53
b i sty [ (o - ) 9
o2(1—ap) o ™\
Eyo| ——————|T 1)——-T 1)—
X a,a( §+CR0’17M’<(7+ )P (v+ )P>

o
X COS (9F(’y + 1);) - 1dr.

0. p=08 ====a. =07

Seee

- -

time

Figure 13. This plot is for the function q(t) with respect to the constant source for some values of «
and pwheny=12,R=2Q,L=10H,C=0.1F ey =5V, q(0) =10, and yyD*7q(0) = 0.

96



Fractal Fract. 2021, 5,9

Figure 14. The figure (a) is for the function q(t) with respect to the constant source for some values of &, p, and -y in order
to see the impact of R, and the figure (b) is plotted to see the effect of LwhenR =20, L =10H,C=01EFE ey =5V,
q(0) =10, and »/D**7q(0) = 0.

= Classical == =a,p=09

a,p=08 ====a, p=0.7

q(t)

10 20 30 40 50 60 70

time

Figure 15. This plot is for the function q(t) with respect to the exponential source for some values of

awand pwheny =08,e0=5V,L=10H,C=0.1F R=2Q, q(0) = 10, and pD**"7q(0) = 0.

= Classical == =0, p=0.9 0, =08 ====0, p=0.7
01 T

q(t)

L L
0 10 20

L L L L L
30 40 50 60 70 80 90
time

100

Figure 16. This plot is for the function q () with respect to the exponential source for some values of

aand pwheny =15, =5V,L=10H,C=01F R =20, q(0) = 10, and ,;D**7q(0) = 0.
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3. Comparative Analysis and Concluding Remarks

Here, we have performed a comparative analysis to observe the impact of the ad-
ditional parameters inside the non-local fractional M-derivative. For this purpose, we
have compared our results with the solution obtained via the Caputo operator in [8]. This
comparison has been carried out for the RC circuit with constant source by employing
the experimental data obtained from the electronic laboratory in CENIDET. The used
experimental data is R = 10 (), C = 1000 F, ey = 7.58, and V.(0) = 0 and for the second
case, R =10Q), C = 1000 F, eg = 0, and V.(0) = 7.58 as seen in [8]. The values for
Figures 17 and 18 are as follows: R =10 ), C = 1000 F, ¢y = 7.58, V(0) = 0, and R = 10
Q,C = 1000 F, g = 0, and V.(0) = 7.58 for Figures 19 and 20. We observe that the
non-local fractional M-derivative behaves closer to the experimental data than the Caputo
derivative thanks to the convenient values of p and 7. Figures 17 and 19 have been plotted
fora = 0.9, p = 1.8, and y = 1.8 while Figures 18 and 20 have shown whena = 0.7, p = 1.5,
and y = 2. It should be noted that the non-local M-derivative perform the same behavior
with the Caputo fractional derivative whena =1, p = 1, and v = 1. On the other hand,
the Caputo derivative tends faster to the steady-state than the non-local M-derivative and
traditional counterpart in Figures 17-20 having exponentially dynamics.

Moreover, some general conclusions on our main results can be listed as below:

*  We have carried out an efficient extension of a physical problem through a non-
local singular fractional operator by providing the solutions including three arbitrary
parameters «, p, and 7y;

A detailed analysis has been introduced for the Resistance-Capacitance (RC),

Inductance-Capacitance (LC), and Resistance-Inductance-Capacitance (RLC) electric

circuits utilizing a generalized type fractional operator in the sense of Caputo called

non-local M-derivative;

*  Due to the fact that all solutions obtained in this study depend on three parameters
unlike the other studies in the literature, the solutions we have obtained are more
general results;

*  Inorder to show the benefits of the non-local M-derivative for the proposed physical
problem, a comprehensive comparison has been addressed for the RC circuit with
constant source in the light of experimental data;

®  Asaresult of our observations on Figures 1-16, we see that the amplitudes get smaller
or grow for some increasing or decreasing values of a, p, and . The waves also
displace as &, p, and -y change;

e Importantly, the arbitrary parameters «, p, and -y allow us to get some crucial informa-
tion about the intrinsic properties of the problem under investigation.

—@— Experimental voltage —@— Caputo derivative M-derivaive |

Zo4 =09, p=1.8,1=18
>

time

Figure 17. Comparison of the non-local M-derivative and Caputo derivative with experimental data
for different values of «, p, and  under the Resistance-Capacitance (RC) circuit including constant
source whena = 09,0 =1.8,7 =18 R=10Q, C = 1000 F, ey = 7.58, and V.(0) = 0.
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—8— Exper voltage —@— Caputo derivative M-derivative |

time

Figure 18. Comparison of the non-local M-derivative and Caputo derivative with experimental data
for different values of &, p, and y under the RC circuit including constant source when & = 0.7,
p=157=2R=100,C=1000F ey = 7.58, and V.(0) = 0.

[—o— voltage == Caputo dt

=09, p=18,7=1.8

0 1 2 3 4 B 5 - 6 7 8 9 ) T‘é

time
Figure 19. Comparison of the non-local M-derivative and Caputo derivative with experimental data
for different values of &, p, and « under the RC circuit including constant source when a = 0.9,
p=187=18R=100,C=1000F ey =0, and V.(0) = 7.58.

[—o— voltage —§— Caputo d

a=0.7, p=15, 7=2

time

Figure 20. Comparison of the non-local M-derivative and Caputo derivative with experimental data
for different values of &, p, and < under the RC circuit including constant source when a = 0.7,
p=157=2R=100Q,C=1000F ey = 0, and V.(0) = 7.58.
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Abstract: It is possible to produce mobile phone worms, which are computer viruses with the ability
to command the running of cell phones by taking advantage of their flaws, to be transmitted from
one device to the other with increasing numbers. In our day, one of the services to gain currency for
circulating these malignant worms is SMS. The distinctions of computers from mobile devices render
the existing propagation models of computer worms unable to start operating instantaneously in
the mobile network, and this is particularly valid for the SMS framework. The susceptible-affected—
infectious-suspended-recovered model with a classical derivative (abbreviated as SAIDR) was
coined by Xiao et al., (2017) in order to correctly estimate the spread of worms by means of SMS.
This study is the first to implement an Atangana—Baleanu (AB) derivative in association with the
fractional SAIDR model, depending upon the SAIDR model. The existence and uniqueness of the
drinking model solutions together with the stability analysis are shown through the Banach fixed
point theorem. The special solution of the model is investigated using the Laplace transformation
and then we present a set of numeric graphics by varying the fractional-order 6 with the intention of
showing the effectiveness of the fractional derivative.

Keywords: fractional differential equations; fixed point theory; Atangana-Baleanu derivative; mobile
phone worms

MSC: 34A08; 47H10; 34A34

1. Introduction

Although computer worms are collected under the category of computer viruses,
they can be treated as a separate group owing to their distinct characteristics. First and
foremost, our intervention is not needed for computer worms to transmit whereas it is a
must for viruses, as they need a user to have access to an electronic document, directive, or
software, etc. In addition, computer worms are able to autonomously transmit themselves
and are also capable of producing replicas of themselves; this grants worms the capacity to
generate numerous duplicates for being transmitted to and infecting other computers.

Mobile worms have become increasingly contagious in parallel with the immense
expansion of the cellular network system and the growing demand on mobile phones.
The majority of these worms carry the potential to cause irrepairable damages to the
mobile domain; for example, it is quite likely that private information can be seized,
collected, or leaked from an infected device by computer worms. Furthermore, the fact
that the smart phones available in the market today are open to plenty of security breaches
entails probable widespread infections by the mobile malware in question, which carries a
significant risk. In the meantime, people employ many diverse means to circulate various
electronic documents, participate in a variety of pursuits, or attend gatherings on the
Internet with the smart phones at their disposal, and these practices call forth the invasion
of mobile devices by worms. Therefore, SMS has also become one of the typical system
components via which worms are transmitted. A term called an “SMS-based worm”, which
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is a variety of mobile worms, has been coined in the literature following the example of
Sea [1], Cckun [2], Selfmite [3], and xxShenQi [4], which are the most prominent examples
of relevance amongst others.

In order to assess the impact of memory on computer models, fractional calculus
rises to prominence, which also yields more accurate outcomes. That is to say, fractional
calculus is more versatile compared to classical calculus owing to hereditary features
and the definition of memory. Caputo [5], Liouville-Caputo [6] , as well as Caputo and
Fabrizio [7] set forth a great deal of conceptions concerning fractional order operators and
these conceptions have been proven quite efficacious when devising representations of
many real-world problems [8-19]. In addition, the said derivatives have been proven quite
efficient when one adopts numerical methods and examines the relation between distinct
problems by means of comparison. It can be seen in a number of studies that employing
fractional order derivatives yields more successful outcomes in terms of acquiring real data
for distinct worm models [20,21]. Performed according to the principal of a generalised
Mittag—Leffler function in the role of a non-singular and non-local kernel, an innovative
fractional order derivative was brought into operation for the first time by Atangana and
Baleanu [22] in 2016. This newly defined Atangana-Baleanu (AB) derivative obtains better
results in many actual problems [22-28].

The purpose of this work was to delve into a susceptible-affected-infectious—suspended—
recovered (SAIDR) model, a type of fractional order model which, for the first time, was put
forward in [29] employing a classical derivative aimed at SMS-based worm propagation in
mobile networks, on the basis of more favourable fractional calculus theories. As long as
susceptible users of mobile devices refrain from opening the links that are harmful, it is not
possible for them to instantly enter into the infected state even if the malicious message is
delivered to the said devices. This is the reason behind the addition of the affected state
into [29] by its authors; abbreviated as state A(t), it delineates the circumstance when
a harmful link is delivered to a user but not yet opened. What is more, particularly if
the phone is damaged, the harmful message is not invariably circulated by an infected
node. Thus, another new state is also instituted, which is the suspended state, going by the
abbreviation of state D(t). This is of a unique quality since a harmful message cannot be
circulated by an infected smart phone in spite of its existence in the given device. Lastly, the
overall quantity of worm nodes are separated as follows: N = S(t) + A(t) + I(t) + D(t) +
R(t), i.e., S(t) susceptible state, A(t) affected state, I(t) infected state, D(t) suspended
state, R(t) recovered state. The integer order differential equation system which puts forth
the SAIDR model in [29] can be seen below:

das(t)

T:ny’ySfﬁSIfyS,

%:ﬁSI—&A—r]A—yA,

—

dI(t

%:WA—UI—TI—]M, )
aD(t) _

T—Tl (PD ]4D,

dR(t

% =4S+ 0A+ 0ol + @D — uR.

The variable factors concerning the model alter at time t as follows: the susceptible
node is converted into the affected state by 8, the ratio of infection, when a harmful
electronic message is delivered to it from another point of intersection. The worm is
transmitted to the node which is in the affected state by a ratio of 7 in the event that it is
rendered active by the affected node opening the malignant link enclosed in the message.
The node shifts into the suspended state from the infected state by a transition ratio of .
Meanwhile, certain software against malware might be set up in mobile devices in order
to block or erase harmful messages. Once the said software are set up, the phone cannot
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permanently remain in the infected state. These safety software can also be set up in the
wake of a maintenance process, provided that the phone stays in the special suspended
state. Hence, the node is able to shift into the ultimate recovered state regardless of its
current state. The ratios by which the node recovers from states S(t), A(t), I(t), and D(t)
to state R(t) are denominated as vy, J, o, ¢ in the order given.

The article is further structured with the subdivisions specified below: in order to
clarify the remaining body of this work, several fundamental notions are introduced in
Section 2. Section 3 substantiates the existence and uniqueness of the solution for the
proposed model, while we scrutinize the specific solution for the model along with the
Laplace transformation and approach the stability analysis concerning the technique by
means of the fixed point principle in Section 4. In Section 5, this fractional order model is
numerically depicted so as to review the total effect. Finally, we bring our study to an end
by debating the acquired outcomes.

2. Some Preliminaries

Here, we recall some fundamental notions.

Definition 1. The ABR fractional derivative (R denotes Riemann—Liouville type) is defined by [30]

A0, ()] = 1O & /f Eo| (0= )" x @

for0<@<1,a<t<bandfe L'(a,b).

Definition 2. The ABC fractional derivative (C denotes Caputo type) is defined by [30]
w5, [f)) =~ / (s {5 e = | ®

for0 <0 <1,a<t<band f adifferentiable function on [a, b] such that f' € L'(a,b).
Definition 3. The AB fractional integral operator ABIS+ defined by [30]

AB 10 1-90 0 R,
L f(t) = Wf(t) + FO) L f(8). 4)

In the above definitions, the function Eg is the Mittag-Leffler function given by

0= L fan 1y 2

3. Existence of a Unique Solution

In the present work, we enlarged the model (1) by substituting the time derivative
by the Atangana—Baleanu derivative. With this change, the right- and left-hand sides will
not have the same dimensions. To overcome this matter, we used an auxiliary parameter x
with the dimension of s, to change the fractional operator so that the sides have the same
dimension [31]. Thereby, we give the following fractional system:
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1 ABC_
g, DIS(t) =N — 95— pSI—ps,
1 ABC »
T, Df A(t) = BSI — 6A — g A — A,
1 ABC o; .
i, DjI(t) =nA—ol—tl—ul, (6)
1 4BC
e D{D(t) = tI — ¢D — uD,
1 ABC
i, D{R(t) =S+ 6A+cl+ ¢D — uR.

with the initial numbers S(0) = Sy, A(0) = Ay, I(0) = Iy, D(0) = Do, R(0) = Ry where
ABCDY is the AB derivative in Caputo type and 6 € [0, 1].
In this part, we prove that the system (6) has a unique solution. Implementing the

fractional integral into the system (6) by handling the Corollary 2.3 in [30], we have:

—o)1-?
= O N~ 8(6) — BS(DI(E) — S (1)

S(t) - S(O) F(G)
F(@ @ / “UN = S(A) = BS()I(A) — pS(A)JdA,
A1)~ A(0) = %[ﬁsw(t) —SA() () ~ kA(D)]
9K1_l9 L 0—1
+ pari | =N IBSI) = 0A) =AW — AW,
0
_ 1-0
1) = 10) = S0 () () = (1)~ i 1)
!0 ' 0—1 @)
+ FOTe JE=N AN — 1) ~ T1(2) — p1(3)JdA
0
_ Klfﬂ
D(t) - D(0) = %[ﬂm ~ gD(t) ~ uD(¥)]
F(e o / — ¢D(A) = uD(A))dA,
(1—60)x!- ﬂ
R() = RO) = L0 0 (0) + 8A() + 1)+ ¢D(t) — (1)
At
+ F(Ge)r(e)/(t—/\)g_l[ys(/\) +6A(A) + 01(A) + eD(A) — uR(A)JdA.
0
Let:
Py(£,5) = uN — yS(t) = BS(H)I() — puS(t),
Pa(t, 4) = BS(1(6) ~ BA() — nA(H) — pA(),
Py(t, 1) = nA() —o1(8) ~TI(t) — el (1), ®)
Pi(t, D) = Ti(t) ~ gD(t) ~ D(®),
Ps(t,R) = S(t) + SA(t) + o1(t) + ¢D(t) — uR(t).
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Theorem 1. The kernel P satisfies the Lipschitz condition and contraction if the following inequal-
ity holds:
O<y+p+pc<l

Proof of Theorem 1. Let S and S be two functions, we have:

[Pt S) = Prt, SOl = [lr(S(8) = S1(8)) + BI(E)(S(E) = $1(£)) + p(S() = Sa (D)) |
<lr+u+BIONISE) = S]]

Taking &1 = 7+ p + pc where [[S(t)[| < a [[A()] < b1 < ¢ [DEH)] <
d,||R(t)]| < e are bounded functions. Then, we find:

[[P1(t,S) = Pi(t, S1)ll < ex]|S(t) = Sa(t)]l- )

Hence, we find that the Lipschitz condition is provided by P; and since 0 < 7y + p +
Bc <1, Py is also a contraction. [

Similarly, the other kernels P,, P3, P4 and Ps satisfy the Lipschitz condition and con-
traction:
[|Pa(t, A) — Py(t, Ay

) < eallA(t) — Ar (1),
[|P5(t, 1) — P3(t, I)
)

|
I < esllI(t) = L(®)]l,

IPs(t, D) — Py(t, Dy)]| < eal[D(t) — Dy(1), 1o
[[P5(t,R) — Ps(t, R)[| < es||R(t) — Ra(t)].
Regarding kernels Py, P», P3, Py,P5, Equation (7) becomes:
— Kl_g Kl_o ' _
S(t) = S(0) + %m(t,s) + %{(t — %P7, S)dA,
BAWSE J0 -
A(t) = A(0) + %Pz(m) + %40 —1)%1py (A, A)da,
— Kl_e Kl_e ; _
I(t) = 1(0) + %&(t, I+ %{(t —N)%p(A, 1dA, (11)
—0)l -t I -
D(t) = Do) + L= F?g) P4(t,D)+7F?9)r 9)40%)" 'P4(A, D)dA,
—9)l -t d0 b -
R(t) = R(0) + %Ps(t,m + %4 (t—A)71P5(A, R)dA.
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Considering Equation (11) for the following recursive formula:

sty = & _F?g’)‘lfg (S 1) (99 ;/ APIPL(A, Su)dA,
an = & _F‘()g’)‘wpz(t Ant) (99 Z VIR (A, Ay )dA,
() = & _F‘()g’)‘l*szg b 1) (90 Z VIR LA, (12)
(1) = & }?3§179P4(t Dy 1) F(9 )1r(99 Z AP By(A, Dy )dA,
Ry(t) = & ‘F?g’)‘wp (t, Ry 1) (90 Z PP (A, Ry )dA.

where So(t) = S(0), Ao(t) = A(0), In(t) = I1(0), Do(t) = D(0), Ro(t) = R(0).
We deal with the difference between successive terms as below:
(1—6)x'?
F(0)

qjln(t) = Sn(t) - Sn—l(t) =

10!
P(ee)r(e) /(t - /\)6_1[131(/\/ Snfl) - Pl(/\/ SH—Z)}dA/
0

[P1(t,Su—1) — P1(t, Sn—2)]

(1—0)x?

Doy (t) = Au(t) — Ay_a(t) = =6)

[P2(t, Ap—1) — Pa(t, An—2)]

t
'/ (t=A)*UPAA, Apr) — Pa(A, Ag2)]dA,
0

Do (1) = In(t) — Ly (1) = & ;‘(’2}’){14 [Ps(t, Ly_1) — Ps(t, Ly_2)]
ot (13)
(9 / (t = 1) [Ps(A, Ty) — Pa(A, Tn_a)]dA,
0
)
Dy (t) = Du(t) — Dy (t) = a F?g)l [P4(t, Dy—1) — Py(t, Dy—2)]
(99 / (t— 1) [Py(A, Dy_y) — Py(A, Dy_2)]dA,
0
_ 1-6
D(t) = Ro(8) = Ryca (6 = C [P0, Ror) = Ps(t Ry2)]

1-6

TE (;()r(g) ,{(t — )P Ps(A, Ry—1) — P5(A, Ry—2) dA.
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Notice that:

t) = i(blj(t)
=0
H =Y dy(t)
i=0
(1) = Y @y (1), (14)
=0
(1) = Y @y (1)
=0
— Y @5 (1)
j:O

In the light of ®;,, (i = 1,2,3,4,5) definition and benefiting from triangular identity,
we obtain:

Hq>1n(t)“ = Hsn(t) - Sn—l(t)“

— H%[H(t,sn,ﬂ — Py(t,Sn-2)]

t

9K1 0 PO
For@ ) ¢V T PAS) -~ RSl as)
0
Since the kernel P; provides a Lipschitz condition, we obtain:
[P () = 1S () = Su-a(B)]]
t
(1 — 9)1(179 fxc1—0 / 0—1
<= - - — - - .
< S p—alSer = Suall + mrpggyen (= A ISk~ Siallin (16)
0
and:
t
1—0)x exl i
[ @1 ()] < %Eluél (n=1) H + 81/ A 1 ’cbl (n-1) )Hd)h 17)

0

Analogously, we obtain the following results:

00l < Lo [0, 1y 0)] + pipsrres 4 (t = 2" |1y (1),
25,0l < Lo [0, 1, 0)] + piprgres 4 (4 1) @00y (),
0Ol < Lo [0y 1 0)] + pipsrgres 4 (t = 1)@y 1y (1)
05,01 < Lo 050, 1y 0)] + pimsrgres 4 (t =" sy (0|2 18)

According to the results in hand, we determine that the system (6) has a solution.
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Theorem 2. The fractional SAIDR system (6) has a solution, if there exist t;,i = 1,2,3,4,5
such that:
(1- )k ¢ tgxl’g

o) S T Rer@s <t

Proof of Theorem 2. We know that S(t), A(t), I(t), D(t), R(t) are bounded functions and
the kernels provide a Lipschitz condition. Using Equations (17) and (18), we have:

- 1-6 6,16 n
@1 (1)) < ||sn<0>H[(1 F?ﬁ;) Slwimr(e)“} '

r1_ 1-0 0,1-60
[[ 21 ()| < [| A (O)]] d F?g; et Ft((;;r(e)sz
_ )l 0,16 n
@3 (D) < [11(0) | [(1 ng) s Ft(e)r(9)€3] v
1 G)K] 0 0,10 n
1Pan (O < 1D O |52+ Fayrar®) -
'( —g)x1-0 10,10 1"
@5 (£) ]| < [[Ru(0)]] o) T Eere®

Thus, Function (14) exists and is smooth. We aim to show that these functions are the
solution of Equation (6), assuming that:

(0)
A(t) = A(0) = Au(t) — 82, (8),
I(£) = 1(0) = Ln(t) — 83, (t) (20)
D(t) = D(0) = Du(t) — 84, (1),
R(#) = R(0) = Ru(t) = &5, (#)

Thus, we have:
-~ ( 1-6
810 0l = |1 0,5) = (150

K
)
+ﬂ/(t =V PLA,S) = Py, S,-1)ldA

FO)T(®))

g%”ﬂ(t S) — Pi(t,Su)| @1)
T O 1r g /; (t= A Py(A,S) — Pi(A, Sp1)dA||

< %glus Su 1||+%€1”575n71”~

Repeating this method, we obtain at fy:

B T_gul-0 o6 \"!
2, ()] < <( = +F(2,)r(9)> 7M. @)

As n approaches o, ||g;,,(£)|| = 0. In the same way, it can be shown that ||g;,, (£)| — 0
(i=2,3,4,5). O
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To show the uniqueness of the solution, we suppose that the system (6) has another
solution Sq(t), A1(t), [1 (), Ry (¢) then:

150~ 101 = | Lo 1(65) - Pt )

F(
ox1—0 o1
F(6)T(0) /(f M HPU(A, S) = Py(A, S1)]dA
0
Kl 0
< Qo F?g) [P, S) — Py(t,S1) ||
1-0 !
ooy (O LD RS YOI NECD
0

Regarding the Lipschitz condition of S, we gain:

_ 1-6 0,.1—0
Is(t) = $1(8)] < %elusm =501+ S-S0l @
This gives:
_ 1-6 0,.1-6
I56) - 501l (1= e - @) <0 )

Obviously S(t) = S;(t), if the following inequality holds:

(1—6)x'? 010
(1 EEECER F(f))r(e)gl) -0

then ||S(t) — S1(t)|| = 0. Therefore, we gain:
S(t) = S1(1).
In the same way, we find:
A(t) = Au(t), I(t) = L(t), D(t) = Di(t), R(£) = Ra(#).

4. Stability Analysis by Fixed Point Theory

In this section, we give a special solution of the fractional SAIDR model (6) with a
recursive formula by using Laplace transform. The Laplace transform for the AB fractional
derivative was introduced by Atangana and Baleanu [22] as follows:

Theorem 3. Let 6 € [0,1],a < band g € H'(a,b). The Laplace transform for the AB derivative
in the Caputo type is presented by:

0 _ 01
Lot - FOPLEONDPS0 g
1-60
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We apply the Laplace transform to the Equation (6), then:

1 ABC
L<K190 Dfs(t)> (p) = L(uN = oS(t) = S()I(t) — uS(£))(p),
L <K19 Dfl“(ﬂ) (p) = L(BS()I(t) = A(t) — nA(t) — pA(H)) (p),
1 ABC
L (xl Dfl(t)> (p) = L(nA(t) = aI(t) = TI(t) = uI(£))(p),

1 ABC
L <K DfD(f)> (p) = L(tl(t) — ¢D(t) — uD(1))(p),

1 ABC 0
L< DtR(t)> (p) = L(vS(t) + 0A(t) + o 1(t) + ¢D(t) — pR(t)) (p)-

Benefiting from the Laplace transform definition of the AB derivative, we obtain:

—r L (L)) - 50)

= KOL(UN — 9S(t) — BS(H)I(E) — uS(H))(p),

(FLA®)(p) - P AD))

0
(£) = 0A(t) = nA(t) — wA(H))(p),

= «OL(yS(t) + 8A(t) + aI(t) + @D(t) — uR(t))(p).
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Regulating Equation (27), we derive:
L(S(t)(p) = %5(0) + !0 L(uN — S (t) = BS(DI(t) — uS () (p),
L(A(®)(p) = %A(O) + !0 L(BS(HI(1) = SA() — g A(t) — pA(D) (p),
L{I(1)(p) = %1(0) + !0 L A(t) = o1(8) = TI() = pI()) (p),
L(D()))(p) = %D(U) + !0 5 L(TI(t) — pD(t) — uD(1))(p),

L(R(#))(p) = %R(O) + =0 x L(YS(8) + SA(H) +o1(t) + ¢D(t) — pR(1) (p),

v=(1-0+5) iy

Thus, we have the following iterative formula by taking the inverse Laplace transform
both sides of all equations, as follows:

L7 (1 =OST(uN — yS(t) — BS(HI(E) — nS(D)(p)),
L7 (e =IST(BS(D1(1) — SA(t) = nA(t) — nAWM) (P)),
L7 (el =IST(gA(t) = al(t) = TI(t) = uI(D)(p)), (28)
L7 (9! =*ST(xI(t) - 9D(t) — uD(H) (1))
L7 (!0 ST(ys(t )+5A(t)+a[(t)+q)D(t)fyR(t))(p)).
The approximate solution of the model (6) is as below:
S(t) = lim Su(t), A(t) = lim Au(t), I(t) = lim Ii(t),

n—oo

D(t) = lim Dy(t), R(t) = lim Ry(t).

Stability Analysis of Iteration Method

Considering the Banach space (X, ||.||), a self map T on X and the recursive method
gn+1 = ¢(T,q,). We assume that {t,} C v is the fixed point set of T which y(T) # @
and limy, e = g € Y(t). We also suppose that {t,} C yand r, = [|t,41 — ¢(T, t,)|. If
lim;, ety = 0 implies that limy,_,et, = g, then the iteration method g,11 = ¢(T,qx) is
T-stable. We suppose that our sequence {t,} has an upper boundary. If Picard’s iteration
dn+1 = Tqy satisfies all conditions, then g,,.1 = Tq,, is T-stable.

Theorem 4. Let (X, ||.||) be Banach space and T : X — X be a map satisfying:
[T = Ty|| < Kllx = Tel| + k[ x =y,

forall x,y € X, where 0 < K, 0 <k < 1. Then, T is Picard T-stable [32].
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Theorem 5. Assume that T is a self map defined as below:

T(Su(t)) = Sua (1)
= Su(t) + L7 (1= x L(uN — 95() = BS(1)1(1) — 1S (1) (1)),
T(An(H) = Ansa(t)
= An(t) + L7 (10 X L(BS(D1(1) = 6A(t) — 1 A(t) = pAWM) ().
T(In(t)) = Lyt (1)
= L(t) + L7 (9! X L{gA(t) = o1(H) = TI(t) = uI(D)(p) ).
T(Du(t)) = Dysa (1)
= Du(t) + L7} (9!~ X L(xI(t) — D (1) — uD(1))(p) ).
T(Ra(t)) = Rusa(t)
= Ra(t) + L7 (9! =0 x L(9S(t) + SA(t) +o1(t) + pD(t) — uR(D) (p)).

Then, the iteration is T-stable in L' (a, b) if the following statements are achieved:

1= (u+7)(7) — B(Ms + Mi)hy

= B(Ms + My)h3(7) — (0 + 1+ p)ha

1+nhs(7) — (0 + T+ p)hg

1+ 1hy(7) — (¢ + u)hs

L+ vho(7) + 0h1o(7) + oh11 (7) + @h12(7) — phiz

@@@@@

Proof. To show that T has a fixed point, we evaluated the following for (i,j) € N x N:
T(Si(t)) — T(Sj(t)) = Si(t) — S;(t)
+L7 (9= X LN — i) — BSi(D (1) = pSi(1) (p) ) @9)
(9 X L(UN = ;1) — BS;(D(1) — S;(1) (p))-
Taking the norm, Equation (30) is converted to:
I T(Si(t)) = T(S;(1) || = ||Si(t) — S;(t)
(e X LN = Si() = BSi(DL() — 1Si(D)(p) ) (30)
(e LN = 98;(8) — BS; (1) — 1Si(H) (1))
Using norm properties, we obtain:

IT(S:(6) =T (D) ]| < [[Si(t) = S; (1)

1 py-0 || “H‘ﬂ( ) =S t)
L <l” “( B (510 - S+ 8 (D) — <t))>||>(”)> 31)

Since the solutions play the same role, we assume that:
[1i(8) = ()| [[Ai(t) = A; ()]

[1:(5) = (D] = [|Di(8) = D) = [[Ri(t) = Ri®)|| -~ (32)

[l 11
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From Equations (31) and (32), we find:

IT(i(8)) = T S] )< lsit) =50
+L*l< L(H (vy+u) ( i(t) — ] )H ) (33)
+L (90 x L (=B (S (1) — 8()) + S;(Si(t) = S;(1)) [ (p))

Because S;(t), A;i(t), Ii(t), D;(t) and R;(t) are bounded, for all ¢ there exists M;,
i=1,2,3,4,5 such that:

ISt < My, [|Ai(B)]] < Ma,
()] < Ms, [[Di(t)|| < My, [[Ri(8)]| < Ms. (34

Here, considering Equations (33) and (34), we have:
[IT(Si(8)) = T(S;()) | < [ISi(t) = S;(B)[| > [1 = (7 + p) (7) = B(Ms + My)a(7)] (35)
where I1; are functions from L~!{¢x!=?L}. In an analogous way, we achieve:

IT(Ai(8) = T(A;(O) ]| < [[Ai(8) = A;(8)]|
X (1= B(Mz + Mi)h3(7) = (6 + 11+ w)ha(7)],

[T(() = T(LO) | < [[1:(t) = L]
x [1+nhs(7) — (0 + 7+ u)he(7)],

IT(Di(8)) = T(Dj(O) | < [[Di(t) = Dy()
x (L4 thy (7) = (@ + whs (7)),

IT(Ri(1)) = T(R;(1))|| < [[Ri(t) = R;(t)]|
X [1+vhg (7) + 010 (7) + ch11 (7) + @h12(7) — ph13 (7)) (36)

where:

1= (v +pu)h(y) — B(Ms+ Mi)hy

= B(Ms + My)h3(7) — (0 + 1+ p)hs
1+uhs(7) — (o + T+ p)he

14 thy (%) — (¢ + u)hs

1+ vho () + 0o (7) + ch11 () + ehi2(7) — phia

@@@@@

Therefore, T has a fixed point. Considering Equations (35) and (36), we assume:

k = (0,0,0,0,0),
1 = (v +mh(7) — B(Ms + M1)ha(7),
= B(Ms + Mi1)hs(7) — (0 +n + p)ha(7),
K= 1+ yhs(7) — (0 + 7+ uhe(7),
14+ 7h7(7) — (¢ + u)hs(7)

14 vho(7) + 6h10(7) + oh11 (7) + hia(7) — phiz(7)

Thus, all the conditions of Theorem 4 are satisfied. This completes the proof. [
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5. Numerical Results

With the aim of obtaining the solution, through some equations of fractional deriva-
tives with a non-local and non-singular kernel, Toufik and Atangana [33] presented a novel
numerical scheme based on the fundamental theorem of fractional calculus and a two-step
Lagrange polynomial. We give the so-called method for the fractional SMS-based worm
propagation model in mobile networks (6). At a point t = t,,,1, we apply this scheme to

Equation (12):
_ —0
Sut = S0+ %am,s(tn))

0 L (K0P (t, Sp) ,
+@k§)(r59—y(<n—k+l>9(n—k+z+e>—(n—k) (n—k+2+20)) (37)
—%((ﬂ-kﬂ)g“—(n—k)e(n—k+1+e))+1L2,

_ 1-6
App1 = Ao+ %Pz(fnﬂ“(tn))

0 & HPy(k, Ax)
+@k§)<ﬁ((n—k+l)e(r¢—k+2+9)—(n—k)e(n—k+2+29)) (38)
*%((nkarl)eﬂf(nfk)e(nfk+l+9))+2LZ,

_ K1—o
Liyn=1I+ %PSUWI(%))

0 & (hOPs(t, Ii)
+@k§)<ﬁ((”*k+l)e(ﬂ*k+2+9)f(nfk)e(nfk+2+29)> (39)
*%%i;;ﬁl)((n*k+l)0“f(nfk)e(nfk+1+9)) 4318

_ Kl—ﬂ
Dyia = Do+ L0 Pu(ts, D)

0 & (HPy(t, Dy)
+@g(ﬁ((n*k+l)"(%k+2+0)f(nfk)"(n—k+z+za)) (40)
—%((m—k+1)9+1—(n—k)"(n—k+1+e))+4Lﬂ,

_ 1-0
Rn+1 = RO + %PSUW R(tn))

0 & (hP5(t, Ry)
+%k§)<%((1¢—k+l)e(ﬂ—k+2+9)—(n—k)e(n—k+2+2€)> (41)
—%((m—kﬁ—l)eﬂ—(n—k)e(n—k+1+9))+5Lfl,
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where iLf,, i =1,2,3,4,5 are remainder terms given by

= e / At het) 2 15y (0,50, (1 — 1,
L~ T kzo/ (0 het) 0 3, A, (1 — 1,
e T A s KNS
= For@ ;3/ At he) 2 1, 0, DOy i1 — 1,
oI = F(er(e)gi/l (B0 bea) % by 0 RO b~ A0

The numerical productions of the model (6) are hereby displayed by the foregoing
method. To this end, the initial conditions are posited as S(0) = 99,000, A(0) = 500,
1(0) =500, D(0) = 0, R(0) = 0 and the variable factors y = 0.000001, = 0.003, § = 0.003,
o = 0.004, T = 0.001, ¢ = 0.007, B = 0.000003 are selected as specified in [29]. Any
elevation or decline in the susceptible nodes, affected nodes, infected nodes, suspended
nodes, or recovered nodes with respect to the distinct fractional order, and the numerical
amounts of the chosen variable quantities are displayed by the figures. Figure 1a illustrates
the preliminary elevation in the quantity of infected nodes which rises to the highest point,
nearly 20% of the overall amount present within the structure at approximately the 300th
minute; but afterwards, this number diminishes at a fast pace. It follows from here that
SMS is one of the ways that enables the worm to be quickly transmitted throughout the
mobile network. Figure 1b-d indicate that the quantity of infected nodes gradually rises
while the fractional order declines. Hence, we can assert that SMS is a means for the worm
to transmit itself gradually; however, the quantity of infected nodes that continues existing
in the system is higher.

In order to illustrate the reasonableness of the fractional SAIDR model, let us herein
investigate the ratio of infection and the ratio of transition between infected and suspended
states, which are two substantial variables. Figure 2a,b evince that a larger quantity
of nodes will be contaminated more quickly as the infection rate scales up. To put it
differently, as 8 for the fractional order 6 = 0.95 and 6 = 0.65 elevates, the worm circulates
more swiftly. For this reason, it is possible to say that reducing the infection ratio results
in an acceleration of the duration during which the harmful software is wiped out. It
follows from Figure 3a,b that the graph T = 0.003 hits the lowest point when the graph
T = 0.001 comes to the topmost more or less simultaneously, approximately at the 400th
min, reciprocally involving the three graphs’ highest points. A smaller amount of nodes
becomes simultaneously contaminated as a consequence of the escalation in transition
ratios to the suspended state from the infected state. The reason is that a smaller number
of nodes continue staying in the infected state since a greater amount of nodes are able to
shift to the suspended state from the infected state with the escalating ratio.
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Figure 1. Numerical simulation of Equation (6) for (a) # = 0.95; (b) 6 = 0.85; (c) # = 0.75; and (d) 6 = 0.65.
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6. Conclusions

A novel fractional order derivative involving a Mittag-Leffler kernel has recently
been introduced by Atangana in cooperation with Baleanu. First and foremost, the AB
derivative broadens the scope of the model grounding on [29] so that we can consider the
additional implementation of the relevant fractional derivative and monitor the propa-
gation of computer worms in mobile networks more comprehensively. We propound a
fractional model which carries the probability of not having any closed form solution since
it is nonlinear. Hence, the circumstances providing the existence and uniqueness of the
solution regarding this fractional SAIDR model become evident, and the special solution is
thus reproduced through the Laplace transform. Lastly, we apply numerical simulations of
this model so as to reach efficacy with this novel derivative provided with a fractional order.
Additionally, we express the impact that infection ratio has on infected nodes numerically,
and on the grounds of the relevant graphics, we conclude that diminishing the ratio of
infection speeds up the duration during which the malignant software are eliminated.
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Abstract: Several extensions of the classical Mittag-Leffler function, including multi-parameter and
multivariate versions, have been used to define fractional integral and derivative operators. In
this paper, we consider a function of one variable with five parameters, a special case of the Fox—
Wright function. It turns out that the most natural way to define a fractional integral based on this
function requires considering it as a function of two variables. This gives rise to a model of bivariate
fractional calculus, which is useful in understanding fractional differential equations involving mixed
partial derivatives.
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1. Introduction

The original Mittag-Leffler function E,(z), applied to one variable according to one
parameter, was first defined and studied by Gosta Mittag-Leffler in the 1900s. In the
hundred years since then, many variants and extensions of this function have been de-
fined, including functions of more than one variable and functions with arbitrarily many
parameters [1,2].

One of the major motivations for studying Mittag-Leffler functions is their relationship
with fractional calculus [2-5], a field of mathematics which has become very popular due
to its many applications in various areas of science [6-8]. Mittag-Leffler functions emerge
naturally as the solution to some elementary fractional differential equations, and their
eigenfunction properties have led them sometimes to be called “fractional exponential
functions” [9].

Among the many extensions of the Mittag-Leffler function to more variables and pa-
rameters, we mention just a few which are of particular importance or interest in motivating
the present work.

e A Mittag-Leffler function of one variable with three parameters was defined by
Prabhakar [10] to solve a certain singular integral equation. Its use as an integral
kernel gave rise to a model of fractional calculus which has a semigroup property
and which is already broad enough to include many other named fractional-calculus
operators [11-13], although it is itself a special case of the general Fox-Wright function.

e A Mittag-Leffler function of n variables with n 4+ 1 parameters was used by
Luchko et al. [14,15] to solve multi-term linear fractional differential equations in-
volving multiple independent fractional orders. Note that this is independent from
the Mittag-Leffler function of n variables with 21 + 1 parameters which was defined
by Saxena et al. [16] and which gives rise to a model of fractional calculus with
a semigroup property [17]: neither of these general functions is a special case of
the other.
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e A Mittag-Leffler function of two variables with four parameters and a Mittag-Leffler
function of three variables with five parameters were recently defined [18,19] and
used to solve multi-order systems of fractional differential equations [20,21]. These
are closely related to the general function considered by Luchko et al., but they are
not special cases of it. Used as kernels, they also give rise to new models of fractional
calculus with a semigroup property [18,21]. For other types of bivariate Mittag-Leffler
function that have been defined in the literature, we refer to the papers [22-24].

All of these Mittag-Leffler type functions have been connected in some way to frac-
tional calculus and fractional differential equations. Indeed, the strong connection between
special functions and fractional calculus has been known for decades and continues to be
written about today [25-27], while multi-parameter and multi-variable generalisations are
being studied both for special functions and for the operators of fractional calculus [17].

Fractional partial differential equations have been an interesting and challenging
topic of study [3], with various methods able to be extended (with modifications) from
classical partial differential equations in order to solve them, such as the unified trans-
form method [28], distribution theory [29,30], and weak solutions [31,32]. Much atten-
tion has been paid to partial differential equations involving the fractional Laplacian
operator [33,34], but less attention has gone to differential equations involving mixed par-
tial fractional derivatives. They are mentioned in the classical textbooks [3] (§6.1.1) and [6]
(§24.2), and in a few papers (e.g., [35-37]), but in general they have attracted little notice in
the research literature on fractional partial differential equations.

In the work below, we study a specific type of Mittag-Leffler function, initially a
function of one variable with five parameters, and define a double fractional integral
operator by converting this function to a bivariate version. In this way;, it is possible to
involve double integrals and derivatives, with respect to two variables, while preserving
the relatively simple structure of a single power series defining the Mittag-Leffler function.
These operators are therefore useful in the study of fractional partial differential equations,
including those involving mixed partial fractional derivatives.

As an initial motivation, let us consider the following bivariate Abel equation of the
second kind:

u(t,s) + s / / 1u,f 1) m— drdy = f(t,s). (1)

One can reformulate this equation in terms of the standard Riemann-Liouville frac-
tional integral operators as:

(14 AIN ) u(t,s) = f(t,s).

Formally, by means of symbolic operational calculus without regard for rigour, this
can be solved as follows:

u(tys) = (1+AIMI2) 7 f(t,5) = <2 (—A)”If‘1"1§2”>f(t,s).
n=0
This last formal result can be written in terms of the following Mittag-Leffler type function:

xn

E = !
o (%) nZ:O T(agn+1)T(apn +1)

@
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namely, in the following way, making use of the double (two-dimensional) Laplace convo-
lution operator denoted here as “+":

u(t,8) = Euyap (—A£15"2) % f(1,5)
) )\n P T)aln( rl)lxzn
/ / < “1n+1)r(p¢2n+1))f(7/7]) drdy

(20<—A> zflnzgz">f<t,s>.

Therefore, it makes sense to define an integral operator &,, 4, acting on functions of
two variables as follows:

(Eaynf)(t5) / / <°° ANt =) (s — 11)a2n>f(’r,f7)d’rd77. 3)

T(agn+1)T(agn +1)

This operator emerges naturally from consideration of bivariate Abel equations, but it
has the drawback of lacking a semigroup property, or index law, in any of the parameters:
if we take a composition of this operator with itself, we do not find another operator in the
same form for different values of the parameters.

It should be noted at this point that some useful and important operators, which have
been criticised for lacking a semigroup property, can be embedded into a larger class of
fractional-calculus operators which has an index law and which therefore contains both
the original operators and their compositions. For example, Prabhakar fractional calculus
forms a class of operators which contains various useful operators that lack semigroup
properties in themselves, their compositions being different elements of the Prabhakar
class [11]. We can apply the same way of thinking here, extending the basic two-parameter
Mittag-Leffler function (2) and the associated integral operator to more general versions
where a semigroup property can be found.

In this case, it is sufficient to add three extra parameters in the definition in order to
obtain a generalised operator which has a semigroup property. We consider, throughout
this paper, the following five-parameter Mittag-Leffler function of one variable:

k

v _ (M oz
Fuunan® = L ks )T (aak + ) K @

)

where a7y, a2, B1, B2,y are complex constants (with some constraints to be determined later)
and () is the Pochhammer symbol defined by

Mo=1 (Mk=7(r+1)---(y+k-1), k=12

This paper is devoted to a detailed study of the five-parameter Mittag-Leffler function (4),
the associated bivariate fractional integral operators, related concepts such as the corre-
sponding fractional derivative operators, and special cases of particular interest.

Specifically, the structure of the paper is as follows. We discuss the five-parameter
Mittag-Leffler function and its properties in Section 2, then pass to bivariate fractional
calculus in Section 3, firstly integral operators and then derivative operators. In Section 4,
we investigate the case where the operators are non-singular and expressible as finite sums
of Riemann-Liouville integrals. Section 5 is devoted to discussion of applications and
potential future work.
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2. The Five-Parameter Mittag-Leffler Function

Definition 1. Let a1, a, B1, B2,y € C be five parameters satisfying Re(ay + ap) > 0. The
five-parameter Mittag-Leffler function applied to a single variable z is defined by the following
power series:

k

Y _ = (V)k 2
warpr fa(?) k:ZO T(ark+ B1)T (ak + B2) k!

z e C.

This can be seen as a special case of the Fox-Wright function, which is defined [3]
(§1.11) by

=

. F(a,— + (X,‘k)

k
S

e
=S

p¥a(z) =, ¥q((ai, ai)1p; (bi, Bi)1g:2) = zeC,

»
Il

0 . 11"(bj + ﬁ]‘k)

-
Il

where, in [3], the parameters are given as a;, bj e C, u;, B €R satisfying a; # Bj for
i=1,---,p;j=1,---,q,and itis proved that this power series is absolutely convergent
for all z € C in the case A := Z}Ll Bi— Zl’;l ;> —1.

The five-parameter Mittag-Leffler function can be written in terms of the Fox-Wright
function as follows:

E} g pe(2) = %7) 1¥2((7,1); (Br,a1), (B2, 22); 2)-

As an immediate consequence of the convergence result shown in [3] (Theorem 1.5)
and [38], we conclude that, if #1, 2y € R and a1 + ap > 0, then the power series defining
EZL w2ibrfa (z) is locally uniformly convergent and therefore it is an entire function.

In fact, there is no need to assume that any of the parameters are real. This assumption
is imposed in [3,38] to simplify the calculations, but the same convergence result can be
proved for complex values of the parameters by using Stirling’s formula and the ratio test,
similarly to the second author’s work in [39]. The condition then to be imposed on the
parameters is Re(aq + ap) > 0, as stated in Definition 1.

It is worth noting that a four-parameter special case of the general Fox-Wright function
was recently given particular consideration by Luchko [40], namely the following function:

k

> z
Wi, " z) = ,
(e1,60),(22,82) (2) k§) T (wrk + By)T(azk + B2)

©)

which is the case v = 1 of our five-parameter Mittag-Leffler function. It is also a special
case of the vector-index Mittag-Leffler function studied by Al-Bassam and Luchko [41],
which is defined as follows:

k

ad z
E. o (a z) = , 6
(w1.81), () (2) ,;)F(alk+ﬁ1)--~r(ank+/3n) ©

for any n € N. The case n = 1 gives the usual two-parameter Mittag-Leffler function,
while the case n = 2 gives the four-parameter Wright function (5) considered by Luchko.
The function (6) was further extended [42] to include a numerator (), in terms of two
further parameters.

Our function is also a special case of the general Fox-Wright function, but it is different
from the special cases (5) and (6) considered previously, because of the Pochhammer symbol
appearing in the numerator. This extra parameter and Pochhammer symbol is important
because, as we show below, it gives rise to a semigroup property for the resulting fractional
integral operators — a property which is lacking for functions such as (5) and (6) which were
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considered before, and even for functions such as that in [42] which contain a generalised
Pochhammer symbol. The semigroup property will arise from the idea of turning this
univariate function into a bivariate integral operator, a notion which we justify below from
consideration of the gamma functions on the denominator.

Using the Mellin-Barnes integral representation of the Fox-Wright function ,'¥;(z),
proved in [3], we have for a3 > 0, ap > 0,and 7, B1, B2 € C, z # 0 that

_ LI —s)
Ervantus @) = 2 (0) o W1 — ais) T (o —as) 2 &

where the integration path L is a Bromwich contour starting at a point C — ico and ter-
minating at a point C + ico and separating the poles —m (m = 0,1,2,- - - ) of the gamma
function I'(s) to the left and the poles v +1 (I = 0,1,2, - - -) to the right with the assumption
—m#y+lforl,m=0,1,2---.

Another complex integral representation is given by the following Theorem.

Theorem 1. Let a1, a2, 81, B2 € C with Re(wy) > 0,Re(az) > 0, andlete >0, 57 < ¢ < 7.
Let H(g;¢)(e > 0,0 < ¢ < ) be the contour which is the union of the following three parts
oriented according to non-decreasing arg T:

1. therayargt = —¢, |T| > &

2. thearc —¢ < argT < ¢, |T| = & and

3. therayargT = ¢, |T| > ¢,

Then, the five-parameter Mittag-Leffler function possesses the following complex integral represen-
tations:

1
Y _ B2, T —u
ED s () = 3 / o™ (r-2z) dr @)
C ﬁlT ﬁ266+7
= i o e T =3 ey 9 ®)

Proof. Using the known representation [43]
1 1 —z,T
= == T %etdT, zeC, 9
5 = 27 D ©

with z replaced by ask + B, and using the fact that the series represents an entire function,
which allows the interchange of the series and the integral, gives

¥ e (ke (L / ok payr gp ) 2
E:xl,zxz:ﬁlrﬁz (z) = ’;) T(a1k + B1) <27Ti H(ei) t etdr k
k

1 - } (7)1{ ( thz)
Ba T C
/ 0) T e dl,

= 27 Juge S T(mk+p) K

which directly yields (7), the first of the desired formulae, in terms of the three-parameter
Mittag-Leffler function of Prabhakar.
On the other hand, using (9) for both of the terms (

) and i AL have

1 1
ark+p1 ark+pBo

& k
v —ark—p1,8 g . / —agk—pa T 3.\ 2
Bt = g 2 ( /H o’ g f T e dT) -

k
=) )
§PT Py () dédr,
47‘[2 / H(ep) / H(ep) kg) k!
which directly yields (8), the second of the desired formulae. This derivation assumes that
|z§~"177%2| < 1, which is uniformly true on the given contours provided that Re(a;) > 0,
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Re(ap) > 0, and |z| is sufficiently small. The bound on |z| can be removed, by analytic
continuation in z, to yield the same result valid for all z. [

Thus far, we have considered the function (4) as a five-parameter function of a single
variable z. As a function of z, this function has several properties, such as complex integral
representations, which we prove above. However, when we start to construct connections
with the topic of fractional calculus, it is more natural to consider a related bivariate
function instead.

To see why, consider that fractional differintegral relations for special functions, such
as many found in [44,45], usually make use of gamma functions appearing in power series,
in the following way:

(x—a)"\ _ (x—a)t* (x—a)\ _ (x—a)
“1§<r(v+1)>_r(v+/\+1)’ ”D£<F(v+1))_r(v—/\+1)'

with appropriate choices of v in order to use such identities for every term of a power series
expansion. For many univariate functions defined by power series, the above relations give
rise to interesting identities between special functions. In our case, however, the power
series (4) has two different gamma functions in the denominator, each of them involving
k times a different parameter, a1 or ay. Therefore, to take full advantage of the function’s
symmetry in a; and «ap, we should use two different variables: one raised to the power of
«1, the other raised to the power of a3, and then both of them further raised to the power
of k.

Motivated by this discussion, we now begin to study, instead of the univariate function
EZL wrifr.fa (z), the closely related bivariate function EZL . ﬁl’ﬁz(x”‘ly“z). A similar idea,
substituting products of fractional powers of new variables instead of old variables, was
used in a 2017 paper of the first author [23], but in that case it was used to convert a
bivariate function to another bivariate function of different variables. Here, we use it
to convert a univariate function to a bivariate function. This seems at first sight as an
unnecessary complication, but we see that it makes many things more natural and smooth
in the studies related to the five-parameter Mittag-Leffler function.

Definition 2 ([3]). The double fractional integrals of a bivariate function f(x,t) are defined in
the natural way by combining fractional integrals with respect to x and t, namely as follows for
A, p € CwithRe(A) > 0,Re(p) > 0and for x > a, t > b.

b5 ) = oy o = e e dgar,

Similarly, the partial fractional derivatives of a bivariate function f(x,t) are defined as follows,
for A,y € Cwith Re(A) > 0,Re(p) > 0and forn = [Re(p)] +1, m = [Re(A)] + 1 and
x>a,t>b:

m+n

J — _
yDF JDif(x,1) = Wkl? P I f(x,t).

Lemma 1. Let aq, a2, B1, B2, 77, w € Cwith Re(ay),Re(az),Re(B1),Re(B2) > 0. Then, for any
A, p € CwithRe(A) > 0,Re(p) > 0, we have
JAE Ay [Py — )P UEL e (= a) (y — )2)
=(x— ”))ﬁﬁrl(y - C)V+ﬁrlEvacz;M—ﬁb/H—ﬁz (@(x =)™ (y —)*2).
Proof. We know from above that the infinite series defining the five-parameter Mittag-
Leffler function is locally uniformly convergent, so we have the right to interchange the

order of this series with fractional integral operators. Since all the exponents of (x — a) and
(y — ¢) are greater than —1, we have:
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JIh I [ =Py = )P EY e (w(x = a) (y — o))

(o] k
kg(:J (ak+ 55??@1{ Thy R P [ — o]
(M W

Mz

T(ark+ BT (agk+B2) k!

[(B1 +aik) A tak-1 [(B2 + azk)  \iBatank—1
. {F()\‘i‘ﬁﬁ‘“lk)(x ayre HF(H-Fﬁz-Mzk)(y o }

= (xR (w0l —a) (g - o)),

Note how the two gamma functions in the denominator of the series mesh together
precisely with the gamma-function quotients arising from the two fractional integrals, in
order to achieve the desired result. [

Lemma 2. Let aq, a2, B1, B2, 7, w € Cwith Re(ay),Re(az),Re(B1),Re(B2) > 0. Then, for any
A, u € CwithRe(A) > 0,Re(p) > 0, we have

WDi D [(x = )Py = P TEL o (w(x —a) (y — ©)2)]
= (=@ - E] (@l — )i (y - o)),

Proof. This can be deduced from Lemma 1 by analytic continuation in the variables A
and y, using the analyticity properties of fractional differintegrals. Alternatively, it can be
proved from the series expansion of the function, following similar lines as the proof of
Lemmal. [

Lemma 3. Setting all parameters to 1 in the bivariate form of the five-parameter Mittag-Leffler
function, we can recover a case of the modified Bessel function with parameter 0:

El 111 (xy) = Io(2y/3y) = i ((Jg))z :

Proof. This follows immediately from the series definition of the function. [

3. Bivariate Operators with Five-Parameter Mittag-Leffler Kernels

In this section, we move on from functions to operators. Having established the
five-parameter Mittag-Leffler function and some of its properties, we now wish to define a
fractional integral operator using this function as a kernel, following in the footsteps of
other papers [10,18,46] which defined new models of fractional calculus by using various
types of Mittag-Leffler functions as kernels.

The five-parameter Mittag-Leffler function (4) is defined by a single power series in
terms of a single variable z. When we use it to define a fractional integral operator, however,
we must transform it to a bivariate function, again using a single summation, but this time
in terms of two independent variables x, y. Correspondingly, we use a double integral and
create an operator to be applied to bivariate functions. This is the only natural way to define
a model of fractional calculus using the five-parameter Mittag-Leffler function, because
the two gamma functions in its denominator will give rise to a double fractional integral
in each summand when we wish to write a series representation for the new operator:
we need two separate powers in the integrand, one corresponding to each of the gamma
functions from the denominator.
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A
a,ble,az;ﬁl,ﬁz (H)x

Definition 3. The fractional integral operator based on the five-parameter Mittag-Leffler function
as a kernel is given by

Vi [T A= 0Py = PR, (A - % s dsdt

where a,b € R are fixed with x > a,y > band ay, a2, B1, B2, v, A € C are parameters such that
Re(aq),Re(az),Re(B1),Re(B2) > 0. Note that these restrictions on the parameters are necessary
in order to have a properly convergent singular integral for all reasonably well-behaved functions f
(more details later on the function space for f).

It is clear that the two-parameter bivariate integral operator defined in (3) above is a special
case of this new fractional integral operator: (Exya, f)(X, ) = O/OIZ/}&z;l,l( £)(x,y).

Theorem 2. Let a1, a2,B1,P2,7,A € C with Re(ag),Re(az),Re(B1),Re(B2) > 0. Then,
ﬂrblﬂ?ﬁcz;ﬂll s, is @ bounded operator from the space Ly([a,c] x [b,d]) to itself.

Proof. Using Fubini’s theorem, we have

[f
< /ﬂf /ux /bd ‘/by‘f(tls)(x — By —)BIEY | (A (x— )% (y—5))

c pd c—t pd—s 1 1o o
:/ﬂ/b‘f(t,s)||:/0 /0 )uﬁl wP2— Ea]azmﬁz()‘u 1wz)

Since the five-parameter Mittag-Leffler function is an entire function when Re (a1 +
a) > 0, we have a bound of the form E a1 wP2~1) < C on the finite domain

[a,c] x [b,d]. Therefore,

A
”’bIerl"Z?ﬁlr,BZ / / abl, 0‘1 0‘2 B1,82 f)(x,y)‘dydx
SC(cfa)ﬁl Hd=b)P Y £y

AN )(x,y)\ dydx

dsdydtdx

dw du} dsdt.

Since a,b,¢,d, B1, B2 are fixed, the result is proved. O

Theorem 3. Let ay,a2, 81, B2, 7, A € C with Re(ay),Re(az),Re(B1),Re(B2) > 0, and let
f € Li([a,c] x [b,d]). Then, the operator abIal i
double fractional integrals of Riemann—Liouville type:

can be represented as an infinite series of

a,b alazﬁllﬁz(f)x]/ Z

152*“2"u1§1*“]"(f><x,y>, (10)

where the right-hand side is locally uniformly convergent for x,y € [a,c] x [b,d].

Proof. Since E (1) is an entire function defined by a locally uniformly convergent

ay,02;1,62
power series, and f € Li([a,c] x [b,d]), we have the right to interchange the order of

summation and integration, to yield
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T (D) = [ / Yl s)(x - t)ﬁfl(y —PEL e (Ax— 1) (y —5)) di ds

k ark wrk
— A1 (y — s)p21 A = )"y =)™ g
/ / 2 T(ark + B1)T (a2k+/52)k!f(’s) s
_ Z k/\k 1 / / YBr+ak=1(y _ gyBatask=l gt o) 4t ds
Tk + B1)T (a2k + B2) ’
- ”,)jA T I () ),
k=0 :

Whence the result. [l

Before the next results, we need to recall the bivariate Laplace transform, or double
Laplace transform, which is applied to bivariate functions f(x,y) in the following way:

Lolfipa) = [ [T W py) dxdy = LoLA1(p),  Re(p) > 0,Re(g) >0,

provided that this integral is convergent (for example, if f(x,y) is exponentially bounded
in both variables).

Theorem 4. Let aq, a3, 51, 82,7, A € C with Re(ny),Re(ap),Re(B1),Re(B2) > 0. If fisa
bivariate function of exponential order and integrable over [0,00) x [0, 00), then we have

L[ T s (D] (P20 = =5 (1= Ap™107%2) L[ f] (1)

1
p/sl gP2
for p,q € C such that these Laplace transforms exist.

Proof. This follows from the series representation of the operator, using the fact that the se-
ries is locally uniformly convergent to interchange the Laplace integration and summation:

) 0 )\k k k
oo T2 )] (1) = k;o “iﬁ Lol B 8 () ()

k/\k

— i q —B2— ﬂézkp*ﬁl —ark
k=0
3 AV”‘W"‘Z)
Lolfilpa) )~
pﬁlqﬁz Ig)
1

= g (L= AP ) T Lalf(pg),

where we have assumed [Ap~*147%2| < 1 for convergence of the binomial series, although
this condition can be removed by analytic continuation in the variables p and . [

As an application of the above result, we can use Laplace transforms to quickly learn
the result of applying the new fractional operator to the five-parameter Mittag-Leffler
function itself, as follows.

Example 1. Let a1, a2, B1, B2, €1,€2,7, A, 0 € Cwith Re(a;),Re(B;),Re(e;) > 0fori =1,2.
Then, we have
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A
LZ [a,bzzl,az;ﬁl,ﬁz (XEI 1]/82 1Ea’{1 ND;€1,€) )‘xlxlyaz))]
1 Ca .
= g (L AR) "L XY E g s (A1) (1)
— 1 —0] W v 1 —aq —ap\ O
= g (1—Aptg—2)” pﬁqu( — AptgTe2)

_ 1 —y ,—0p\ YO
= JRagrra (LA T

Taking inverse Laplace transforms on both sides of this equation, we get the following formula
showing how the bivariate fractional integral operator with five-parameter Mittag-Leffler function
kernel can be applied to this particular type of function:

TA e1—1, e0—1p0 a1,00\ ) — Prter—1, Boter—1py+o a0
ﬂ,bIocl,rxz;ﬁl,ﬁz(x y Elxl“lefz(Ax Y ) =X y Eal,az;ﬁ1+£1,ﬁz+sz()‘x y )

A very important property of the bivariate fractional calculus defined in this paper is
that it has a semigroup property in the variables 81, B2, v, as expressed by the following
theorem. There are several different ways to prove this result, as in [18], and we mention
here two of them.

Theorem 5. Let aq, a2, B1, B2, €1,€2,7,0,A € C with Re(w;),Re(B;),Re(e;) > 0 fori =1,2.
Then, for any f € Ly([a,c] x [b,d]), we have

1A A YA
”/bIﬂl/l’fz?ﬁl/ﬁz a,bIgl,txz;sl,sz (f) a bIal ap;B1+er,Baten (f)

Proof. In the case thata = b = 0 and f is a function whose Laplace transform exists, we

know from Theorem 4 that applying the operator , bI corresponds, in the Laplace

a1,02;B1,p2
domain, to multiplication by p~P147F2(1 — Ap~%147%) "7, The latter operation clearly has
a semigroup property in the parameters 31, B,, 7, since these appear only as exponents.
Thus, the desired result is clear in this case.

For the general case, we must proceed by manipulation of infinite series and gamma
functions, using Theorem 3:

Ak ) A
(7;(1: h152+zx2k al§1+alk Z ((7)1’:! bI;ZJrvczm a1§1+0{1m (f)

I
gk

A A
abIal a2;B1, ﬁzabIa1 Qo€ sz(f)

T
(=1

m=0

(Mk(@)mA*T™ Pereatag(ktm) Iﬁ1+€1+“1(k+m)(
T = /)

Il
agk
agk

il
o
3
Il
S)

klm!

[
e

Il
o

(7)1((‘7)’?1} AN blfy32+€2+a’2” ﬂlfl +etagn (f)

I
e

{ (v + U)n} An b152+82+ﬂ<2ﬂ a151+81+a1"(f)

3
Nl

YA
T abTayaBrter fates (f),

where for the part in square brackets we use a finite-sum identity on gamma functions
(see [12], Theorem 2.9)). O

The semigroup property helps us to obtain the left inverse of the bivariate integral
operator constructed above, which will motivate the definition of a fractional derivative
operator based on the five-parameter Mittag-Leffler function.
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piter Pater
«Dx bDy

Theorem 6. Let ay,a2,B1, B2, 7, A € C with Re(ay),Re(az), Re(B1),Re(B2) > 0. For any
e1,&2 € C with Re(ey), Re(ez) > 0, the following operator is a left inverse to the bivariate

fractional integral operator VI

nsidered a :
anzﬁ”gzco sidered above

pit+er P2ter
7Dk »Dy o

—7A
a,bIﬂ(l,le;SLSz’
Proof. Using the semigroup property, we have

—A YA o 0;A _ Bate B1+e
a,bzal,ocz;ipsz o u,bIa1,a2;ﬁ1,ﬁ2 - a,bIa],az;ﬁ]+s1,ﬁz+sz - blyz : alx1 1/
using the fact that the Pochhammer symbol (0); equals 1 if k = 0 and equals 0 for all
integer k > 1. Therefore, applying the double Riemann-Liouville fractional differential
operator ,,Dglﬂl bD52+£2 from the left on both sides of the equation, the right-hand side
gives the identity operator:
Dﬁ1+51 D/52+€2 . Ll il _ DI;1+€1 bD§2+€2 ° b152+€z a[€1+51 -7

'11,0(2/51152 a hIa],az;ﬁ],ﬁz —a

Thus, we have found the left inverse operator of , I wniiafr, o A required. [J

Remark 1. It should be remarked that the left inverse operator is independent of the parameters e,
and €. The easiest way to see this is by using the series formula:

o /\ .
° a,bzﬂq',yﬂ/c;l;elysz (f) (x, y) Dﬂl +eq D/32+sz Z k bI;Z-szk ﬂIi1+a1k(f) (x, y)

)\ k k
End Dfl*‘lbDﬁz*%l;Z*“z LK) ()

L
LR

1;‘*”“2"uf;ﬂl*“”%f)(x,y), (11)

which is independent of €1 and e,. Here, we make use of the semigroup property for Riemann—
Liouville fractional calculus, in the case where the inner operator is a fractional integral, and we
also use the convention (valid by analytic continuation in the order of integration) that a Riemann—
Liouville fractional integral to negative order means a Riemann—Liouville fractional derivative,
Ayt =Dy

Since we can choose any values of £1 and &, with positive real part and get the same
left inverse operator, we opt for the values which give ordinary (non-fractional) derivatives
of order B1 + &1 and By + €. This means choosing, just like in Riemann-Liouville fractional
calculus, e = Ny — B1 and e = N, — By, to obtain the following definition.

Definition 4. Let a1, ap, B1, B2, v, A € CwithRe(a1) > 0,Re(az) > 0,Re(B1) > 0,Re(B2) >
0. Define N, N, € N to be the numbers such that Ny —1 < Re(B1) < Ny and N, —1 <
Re(B2) < Ny. Then, the double Riemann—Liouville-type fractional derivative with five-parameter
Mittag-Leffler kernel is defined by

A aN1+N2 B
ﬂ/bDMM;ﬁl,ﬁz(f)(x’y) aleayNzabszl,,xz,Nl Br.No— ﬁz(f)(x’y)’

while the double Caputo-type fractional derivative with five-parameter Mittag-Leffler kernel is
defined by

Cyrh —7:A A
ﬂ,szx],az;ﬁ],ﬁz (f) (x/ y) = ﬂ,bIa],az}le’B],NZ*,Bz (aleayNz f> (x/]/)-
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Theorem 7. Let a1, a3, B1, B2, v, A € C with Re(a1) > 0,Re(az) > 0,Re(B1) > 0,Re(B2) >
0. The fractional integrals and derivatives with five-parameter Mittag-Leffler kernel have the
following inversion properties:

YA A
ﬂbplxl a2;B1,B2 @ bzzl 2B, ﬁz(f)(X,]/) = f(x/y)/
N;—1 n n Np—1 m m
A CyTA (x—a)" 9 (y—b) d
a,bIZ] ;81,2 a,bDZ1,a2;ﬁ1,ﬁ2 (f) (X y Z l ax” (ﬂ y) mgo ol . aymf(x, b)

YA

Ni—1Np—1 o
2 Z (x—a)"(y —b)"

+ nlm! axnaymf(”’b)'

n=0 m=0

Proof. The first identity is proved during the construction of the left inverse. For the
second one, we again use the semigroup property given by Theorem 5:

C

N1 +N;
TiA 7id A
“rbzﬁlrﬂz;ﬁlrﬁz ”’bDM/“z?ﬁbﬁz (Alxy) =, bIM a2;B1,B2 @ LN - B1.N2—B2 (ale oyN2 f) (9)

o 8N1+N2
= a,bIa’l,ﬂ(z;Nl/Nz (Wf) (x,y)

Ny N, [ ON oN:
olx! bl‘/2<axiNlay7sz> (x,y)
Ni—1 (x _ 11)" Np—1 (y _ h)m om
= f(xy) — ’g ] ?f(ﬂ y) — mZ::O T aymf(x'b) (12)
Ni—1N,—-1 ( ) (y b) gntm
* ';) mZ::O n'm! ax”By”’f(a'b)'

by using twice the formula for the nth integral of the nth derivative. [

Proposition 1. Letay,az, B1, B2, v, A € CwithRe(a1) > 0,Re(az) > 0,Re(B1) > 0,Re(B2) >
0. Then, the fractional derivatives with five-parameter Mittag-Leffler kernel, of both Riemann—
Liouville type and Caputo type, can be expressed by series formulae as follows:

k k
b Dt (F) (¥ 1, P20k Pk (v, ) (13)

N1 +N2

YA N Ba+azk  Ni—p1+ak
b Payaspr b PR L <mf>(x,y)~ (14)

i

Proof. This follows immediately from Theorem 3 and the series formula (11). [

Remark 2. From comparing the series formula (10) for fractional integrals with the series formula (13)
for Riemann—Liouville-type fractional derivatives, it is now clear that the latter is an analytic
continuation of the former, with B1, B, y replaced by —B1, —PBa, —y. To see this, we make use of the
fact, alluded to in Remark 1 above, that the Riemann—Liouville fractional derivative D[ f(t) =
AU f(1), Re(v) <0, is the analytic continuation in v of the fractional integral I} f(t), Re(v) > 0.
Therefore, each term , I, Prtask ol F 1+¢x1k( ) (x,y) appearing in (13) is exactly the same, under the

analytic continuation of Riemann—Liouville differintegrals, as the term b152+azk ,,1’,?1*"‘1"(f) (x,y)
appearing in (10), after replacing By, B2,y by —B1, — B2, —7 as stated.
Thus, we can adopt the notational convention that
—7A A
a,bIa;Yaz;fﬁl,fﬁz xy) = Dll 2;B1,B2 Nxy), (15)
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Dﬂl a2;B1,B2 (f)(x

and use this to extend the meaning of both , bIM 231 (f)(x,y)and , bDM wipr, Ijz(f)(x,y) to
the entire complex plane for the parameters By, B, without any need to impose conditions on the

signs of their real parts. This identity is achieved by analytic continuation in the complex variables
B1, B2 from one half-plane to the other.

Proposition 2. Let a1, ay, 1, B2, v, A € CwithRe(ay) > 0,Re(az) > 0,Re(B1) > 0,Re(Br) >

0. Then, the fractional derivatives of Riemann—Liouville type and Caputo type, with five-parameter
Mittag-Leffler kernel, are related to each other as follows:

A A
aipll,az;ﬁl,ﬂz(f)(x y) = Dzl ;81,82 ((xy)

Y R
= K = T(n— By +ak+1) by oxn’ M
_ i (_'Y)k/\k et (y — b)m_ﬂz-HQk ;lBPrmk " f(X,b)
= K = Tm = Batagk +1) e ay™
+ f%l“i N ook g g
= K = i Tn=Brtank+ T (m — By +agk+1)  dxmay™” ="~

Proof. Starting from the series formulae (13) and (14), we have:

O (=AY gtk —prrak [ N, Ny OV
'y):kg%)Tny Y P blyzalxlmf (x,y)

ko s CBita Ni=1l (o _pyn on
e M Zkazxm“"(f(x,y)— Y L0t Py

! n
= nl ox

! Im! ngym
o m! nlm! " 9x"dy

B SELE x,b)flzmzzl L) it f(mb))

00 Ni—1 —B1+ark n
_ 1A o (_'Y)k/\k : (X — a)kl Frim . 7 Bataok d
- ﬂ,bDal,zxz;ﬁl,ﬁz (f) (x/y) ]&) k! r(n — 131 i Délk i 1) bty axnf(ary)
-~ i (M NG (y — bymparak joPrtek O o™ = f(x,b)
= K =0 T(m — Bo + ank + 1) atx oym’
i (—'Y)k)\k Ni—1N;—1 (x — a)n—/slqu(y _ b)m—ﬁfrazk ontm
+ s~ PR

: ,b),
k! = = I'(n—B1+ak+1)I(m— By +agk+1) anay”’f(a )

where we use both the formula (12) for the double nth integral of the double nth derivative
and also the well-known formulae for Riemann-Liouville fractional differintegrals of
power functions. [

4. The Non-Singular Cases of the Operators

Recently, the second author [11] made a detailed study of Prabhakar fractional calculus,
separating this class of operators into several subclasses according to their properties. Of
particular importance is the consideration of whether an operator is singular or non-
singular, and whether the series formula expressing it in terms of Riemann-Liouville
integrals is a finite or infinite sum. The same considerations can be applied to other types
of fractional calculus, such as the one we are studying here.

In the case of Prabhakar, it was proved [11] (Theorem 4.5) that the most special
case is when the operators are non-singular and the sum is finite, and this subclass of
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Prabhakar fractional calculus consists precisely of the integer powers of the following
(inverse) operators:

MS(t) = f(t) —w, I f(1),
= dt/ Ex(w(t—1)%) f(7)dr.

These operators are obtained [47] by setting B = 0 (for non-singular operators) and p = +1
(for finite sums) in the operator © I?”S’p “ of Prabhakar integration. We may try to do
something similar for the bivariate operator of integration with five-parameter Mittag-
Leffler kernel.

Let us firstly compare the Prabhakar fractional integral with the bivariate fractional

integral considered in this paper. We have
t
s = [ f(T)(f ~ DL (w(t - 1)) de

= Z “’k JEEE(),

versus
Tl V) = [ [T FE5) = 0Py = 9B s = 0 (y = )% ds e

_f o

oIy R () ().

It is clear that our parameters «1,a; correspond to the a of Prabhakar, our By, B2
correspond to the B of Prabhakar, our 7y corresponds to the p of Prabhakar, and our A
corresponds to the w of Prabhakar, using all notation as above.

Therefore, for our operator, the process of obtaining a non-singular finite-sum version
should involve setting 1 = B2 = 0 and v = £1. Note that, since Definition 3 for the
fractional integral operator requires Re(1) > 0 and Re(B,) > 0, we must use Definition 4
for the case when ; = B+ 2 = 0. We find:

1 92 1.
ot aaon DY) = 0 Piiiarna )50 = 5o apTamana (N (x)

axay/ / FlE9) By 1 (M(x = D)1 (y — 5)"2) ds t

AMx = 1) (y —s)
Bxay/ / fltrs) {1_ Tl (1)
a 1% o
= fluy) = Aga sl I (D)
= f(y) = M2 I () (v y)- (16)

The same formula can also be obtained more directly from the series formula (13):

L & (—1)pAk
e (e9) = T g A () )
—0 :

= flxy) = A1y o I¥ (F) (0, y),

where again we use the fact that (—1); equals 1if k =0, —1ifk = 1,and O for all k > 2.
The inverse operator is given by setting v = 1 instead of y = —1, but this one cannot
be written in such an elementary way:
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. . 9?2 .
A _ —LA . A
n,inl,az;o,o(f)(xr]/) = u,bDall,az;o,o(f)(x:y) = 7axay a,bI,ilM;l/l ()(xy)

axay / / f t S 0(1/062,1 1(/\(}( - t)al (/ )1"2) dsdt

) Ak(x—t)“lk(y—s)“zk
axay/ /f { ok + D (agk 1) dsdt,  (17)

or equivalently, using the series formula (13),

b 0o () = Y AR IR () (v, y). (18)

The pair of integro-differential operators given by (16) and (17) is of course reminiscent
of the so-called Atangana-Baleanu (AB) integral and derivative [48,49]. The latter are
defined similarly: the integral by a linear combination of a function with its Riemann—
Liouville fractional integral and the derivative by a derivative of an integral transform
involving a Mittag-Leffler function kernel. The new development here is that the operators
are now bivariate: we can think of the operators (16) and (17) as forming a two-dimensional
Atangana-Baleanu calculus.

We also note that there is now a direct connection with the bivariate Abel equation (1)
which we considered at first to motivate this paper. The aforementioned Abel equation
was rewritten in a form involving the operator (16), and its solution was constructed in a
form involving the inverse operator (17).

It is also important to realise that both operators (16) and (17) involve mixed partial
integro-differential operators: the AB-type integral operator (16) is defined using fractional
integrals with respect to x and y together, and the AB-type derivative operator (17) is
defined using mixed partial derivatives with respect to x and y. Thus, these operators
may be useful in the study and understanding of fractional PDEs involving mixed partial
derivatives, which we note above are under-appreciated in fractional calculus.

To fully recover a bivariate analogue of the AB operators, we need to choose a value for
the parameter A so that appropriate boundary conditions are realised when the parameters
a1, a2 go to 0 or 1. This is the reason for the choice of multipliers in the definition of the AB
integral and derivative to order a: so that the ordinary first-order integral and derivative
are recovered when & — 1 and the original function itself when &« — 0. Thus, the following
definition is motivated.

Definition 5. The mixed bivariate AB integral is defined to be

(17“ )(17“) I (5
Bl @0 gy o (D),

AB o,
a,% I?V(/lyaz (xr y) =
where B(ay, ap) is a normalisation function which is assumed to satisfy B(0,0) = 1and B(1,1) = 1.
The mixed bivariate AB derivatives, of Riemann—Liouville and Caputo type, respectively, are
defined to be

ARRDR f (x,9)

_ B(ay,a2) —aa a a
_(17041)1(127“2 'axay/ /fts "‘1”‘211<(17a1)1(1270¢2)(X7t) =) >det
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and

ABC ,
5D (x, )

B(ay,a) azfts El —a P\ (g — )2
S A=) —m) // ors  Fuati T g @ —ag & DN 9)" Jdsdt,

where B(ay, ay) is the same normalisation function as above.
These definitions are valid for any a1, xy € C with positive real parts, although the main case
of interest is when a1, ap € (0,1).

Remark 3. The multiplier function B(aq, ap) is introduced by analogy with the original definition
of the AB derivative and AB integral [48], and the restrictions on this function are imposed in order
to ensure the following limiting behaviour as the fractional orders «y, ap approach 0 or 1:

lim (ggfz}fz (x,y)> = f(xy),

wy,00—0

im (4B 0 y)) = I o2 (20),

wq,0p—1

im (ABEDYf(xy)) = fxy),

wy,00—0

Jim (A2D8f(xy)) = fxy) ~ flay) = f(b,2) + flab).

Note that if the pair (a1, ap) takes the values (0,1) or (1,0), then the mixed bivariate AB
integral becomes zero. This is why we call it specifically a mixed bivariate operator: in the square
set [0,1] x [0, 1] for values of the pair (a1, az), the values of the mixed bivariate AB integral are
weighted towards the diagonal (where both the fractional orders ay and ay have more similar values)
rather than towards the asymmetric corners.

The following result is the bivariate analogue of [47] (Theorem 3.1) or [11] (Proposition 2.4).
It follows directly from our consideration above of the non-singular finite-sum special case of
the five-parameter Mittag-Leffler kernel operators which culminated in Equations (16) and (17).

Proposition 3. The mixed bivariate AB integral and derivatives can be written in terms of the
five-parameter Mittag-Leffler kernel operators as follows:

AB a1, (1—a)(1—a2) =iy
SN = gy e eased (DY)
(1—a)(1 —a) L=y ;N)qza)
= W : a,bDal 112(}0 : (f)(x ]/)
ABR p1,82 __ B(a,m) D %
DRS00 = Gy Ty Pmaned (DY)
B(ay, a2) L e iieay)
N m'“'bzsz;&o 2 (N y);

B(ay,a2) a ;a(‘I @)
ABC 11,42 — 11—y
u,bDX,y f(xfy) - (1—061)(1—D¢2) Dalazoo (f)(x,}/)

However, due to the non-singularity properties of the AB-type operators, they can
be defined on a larger function space than the general fractional derivatives with five-
parameter Mittag-Leffler kernel: no differentiability assumptions are required. The fol-
lowing result is the bivariate analogue in [49] (Lemma 2.1) which was the first result to
establish appropriate function spaces for the AB derivatives.
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(1—a1)(1 —ap) ABRDM D‘Zf(

B(ay,az)

Theorem 8. The mixed bivariate AB integral 45154 f(x,y) is defined for any function f €

Ly([a, c] x [b,d]). The mixed bivariate ABR derivative ABRD””’“zf(x y) can also be defined for
any function f € Li([a,c] x [b,d]), while its ABC counterpart Al;cbD'xl /2 f(x,y) is defined for
any twice differentiable function f on [a,c] % [b,d] such that Wf € Ly([a,c] x [b,d]).

Proof. For the mixed bivariate AB integral, the result is clear, since this is just a linear
combination of f(x,y) with its double Riemann-Liouville integral.

For the mixed bivariate ABC derivative, the result follows from Theorem 2, since this
operator is defined by applying a special case of the five-parameter Mittag-Leffler kernel
operator to the function % flx,y).

It remains to consider the mixed bivariate ABR derivative, which we can simplify in

the following way since the kernel is non-singular, as a bivariate version of the arguments
used in [11,49]:

X Y)

e +/f“ [wz“(%(x‘”““y‘”“z)Lydf
+/ fts)=- {alazll(%(x_t)m(y—s) )L
+/a /b f(t,S)@Eil,uz;l,l<%(xft >dsdt

X 2 _
—f)+ [ [ 505 s Bl s (g (= =) ) dsa

where the new kernel function is

e —a100) B & (x — )Mkl (y — 5)a2k—1
axayE“v“zM((lw)(lwz)(" 2 ) kZ T (k)T (azk)
oy -t
T (a2)

and therefore integrable, as x —t — 0 and y — s — 0. Thus, the ABR derivative of f(x,y)
equals the function f(x,y) plus an integral term which behaves as a double Riemann—
Liouville integral of f(x,y) in the singular limit x —t — 0,y —s — 0. This means the
operator is well-defined for any f € L;([a,c] x [b,d]), as required. [

The following result is the bivariate analogue of the original series formulae for AB
derivatives, [49] (Theorems 2.1 and 2.2). It follows directly from the work we did above to
obtain Equation (18).

Proposition 4. The mixed bivariate AB derivatives can be given by the following infinite series of
double Riemann—Liouville fractional integrals:

DN ) = et s U (e )k 1 I8 ()
b ST A a) (- a) S\ O - m) (1 —ag) ) 0¥ A

B(aq,az) > —0q £ k1 qeqk+1( 0°f
ABC _ 1, %2 122 Rl o
Dx1 (x/y) - (1 7061)(1 7042) k—;O((l 7041)(1 *th)) ny ,;Ix (axay>( y)

where this series is locally uniformly convergent for any f € Ly([a,c] x [b,d]).
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Corollary 1. From the series formulae above, it is clear that the mixed bivariate ABC derivative
can be written in terms of its ABR counterpart as follows:

ARCDY £, ) =AD" [£ () = F(a,y) = F(b,2) + fla,b)].

Therefore, the domain of this operator can be extended from the one mentioned in Theorem 8,
and the mixed bivariate ABC derivative can also be defined on the whole space L1 ([a, c| x [b,d]),
without any differentiability conditions.

Theorem 9. The mixed bivariate AB integral is both a left and right inverse of the mixed bivariate
ABR derivative on the space Ly ([a, c] x [b,d]), and it shares the following relationship with the
mixed bivariate ABC derivative:

API ABCDY f(x,y) = f(x,y) — f(a,y) — f(b,x) + f(a,b).

Proof. This is immediate from Proposition 4 and Corollary 1. Note that the series for
the ABR derivative consists only of Riemann-Liouville fractional integrals, which have a
semigroup property unlike their fractional derivative counterparts. [

The following result is the bivariate analogue of the Laplace transform for AB deriva-

tives [48,49].

Proposition 5. The double Laplace transforms of the mixed bivariate AB integral and derivatives,
in the case a = b = 0, can be expressed as follows:

(1—aq)(1— ajay

Lo ) (pra) = = (1 ety Lalf ()

L2[ 88D ()] () =

-1
£a[ 508 )] ) = 2 (1+ )
)

B(ay, a2
B(ay, az)
(1 — le 1 — 0(2

X142
1 —le 1 — )

-1
)p’“lrf”) Lo[f1(p,q);

1—0(2 1—1)(1 1—0(2

(czm(p S Lyglfl(09) - #:Hp[fup,owﬁf(o,oﬂ.

Proof. For the mixed bivariate AB integral, the result follows directly from the definition
and the known facts on Laplace transforms of Riemann-Liouville fractional integrals.

For the mixed bivariate AB derivative of Riemann-Liouville type, the result follows
from the series formula of Proposition 4 and a simple application of the binomial theorem.
An important fact to notice here is that, via the series formula, this Riemann-Liouville type
operator can be written solely in terms of Riemann-Liouville integrals, so there is no need
to involve initial conditions here.

For the mixed bivariate AB derivative of Caputo type, derivatives and therefore initial
conditions become involved. We use the correct form for the double Laplace transform of a
mixed partial derivative, given in [46,50], to achieve the result:

£ 5D )| ()

_ Blma) ¢ —a10p b1k [ O
T (1—ag)(1—ap) Z(],al)(1,a2)>q P L2 X

4|0

k=0

B(ay, ) K102

1
1+ )p’“]q’“z) a7 (paLalfl(p.0)

(1—041 (1—ap) (1—a1)(1—ay

= 0Ly[£)(0,9) = PLap[f](p,0) + £(0,0)),

which trivially rearranges to the stated result. [
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5. Discussion and Conclusions

In this paper, we construct a type of bivariate fractional calculus based originally on
a function of a single variable defined by a single power series. We prove some of the
fundamental properties of this type of fractional calculus: boundedness of operators, series
formulae, Laplace transforms, semigroup and inversion properties, etc. As a special case,
we also consider the non-singular versions of our bivariate operators, in order to construct
a two-dimensional version of the well-known Atangana-Baleanu calculus.

Some of the ideas used in the above work are similar to those for previously existing
models of fractional calculus with various Mittag-Leffler type kernels; however, this is
the first time that a univariate function has been used in this way to construct bivariate
fractional-calculus operators. Previous contributions in this direction have included using
univariate single series to construct univariate operators [10], using bivariate double
series to construct univariate operators [18], and using bivariate double series to construct
bivariate operators [23,24].

At first glance, it may seem that our construction is unnatural: Given a function of one
variable defined by a single series, why would one make a simple thing more complicated
by replacing z with x*1y*2 and introducing a bivariate integral operator? The answer is
that the underlying mathematical structure is still simple, because everything is defined by
a single series whose convergence is easy to describe, but the range of problems that can be
tackled is now richer and more diverse, because more variables and parameters allow for
more flexibility in adapting the operators to particular scenarios. Our “trick” of turning a
univariate function into a bivariate operator gives a shortcut, a possibility of modelling
complicated problems using simpler tools.

The bivariate operators that we define lend themselves more to partial differential
equations than to ordinary differential equations. Even our initial motivation for proposing
them, in the first section of this paper, arose from a bivariate Abel-type equation for a
function of two variables. In the literature thus far, Mittag-Leffler kernel operators have
mostly been applied to modelling problems with ordinary differential equations. While the
existing operators could of course be combined to trivially create bivariate derivatives and
integrals with Mittag-Leffler behaviour, we believe that a richer structure will emerge from
considering operators such as those here, where the behaviours with respect to x and y are
intertwined so that the operator cannot simply be broken down into one with respect to x
and another with respect to y. We believe that our work here may have useful ramifications
in the study of fractional partial differential equations in 2 or 2 + 1 dimensions.

For higher dimensions, it will be possible to construct similarly a model of trivariate
or multivariate fractional calculus based on a univariate function defined by a single
series with 3 or n different gamma functions on the denominator. We give here, without
justification, the trivariate version.

Starting from the following function, defined by a series convergent for parameters
a;, Bi, v € C(i=1,2,3) with Re(ay + ap + az) > 0:

[=S)

_ (1)k z

"t L2
Eaymonsir s (z) = kg;) T(ark + B1)T(ak + B2)T(ask + Bi) k!

it is possible to define the following trivariate fractional integral operator, convergent
for any function f € Ly ([ay, b1] x [ag, by] X [a3,b3]) and parameters a;, B;, 7, A € C with
Re(w;) > 0and Re(B;) > 0fori=1,2,3:

A
“1f”Zr“SIzl,az/ws;ﬁl/ﬁz,ﬁs (Nxy)
= [ [ Rt Py - pf e -
Jay Jay Jas

x EY (Alx =) (y — )2 (z — u)*®) dudtds,

a,02,03;81,82,83
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and then the corresponding trivariate fractional derivative operator are defined as follows
for parameters a;, B;, v, A € C with Re(x;) > 0 and Re(p;) > 0fori =1,2,3:

A aN1+N2+N3 Y
“1f“Z'“3DW1,ﬂ2r“3;ﬁlr52,ﬁ3 Nxy) = 9xN1oyN29zNs (“1'“2/“3D“1r“2'“3?N1—ﬂ1er—ﬁZVNs—ﬁ3f> (xy).

The detailed analysis and investigation of these functions and operators, including
verification of their essential properties and discussion of special cases and applications, is
left for a future research project.

Other related directions of research may include a deeper study of the function spaces
on which the integral and derivative operators considered here can be defined. For example,
Theorem 2 can be extended easily to show that the bivariate fractional integral operator is
bounded on an L? space. Then, a measure-theoretical approach may yield extensions to
Morrey spaces [51], or a distributional approach may yield extensions to still larger spaces
related to generalised integral operators [52]. Describing more deeply the various relevant
function spaces may be useful in the qualitative theory of partial differential equations
related to these operators, for example regularity theory [29].
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Abstract: In this paper, by means of the second Chebyshev wavelet and its operational matrix,
we solve a system of fractional-order Volterra-Fredholm integro-differential equations with weakly
singular kernels. We estimate the functions by using the wavelet basis and then obtain the approxi-
mate solutions from the algebraic system corresponding to the main system. Moreover, the imple-
mentation of our scheme is presented, and the error bounds of approximations are analyzed. Finally,
we evaluate the efficiency of the method through a numerical example.

Keywords: second Chebyshev wavelet; system of Volterra—Fredholm integro-differential equations;
fractional-order Caputo derivative operator; fractional-order Riemann-Liouville integral operator;

error bound

MSC: 34A08; 26A33; 65T60; 45F15

1. Introduction

Fractional calculus has been the interest of many scientists and engineers [1-3].
Many engineering and science phenomena, such as the heat conduction problem, radiative
equilibrium, elasticity and fracture mechanics [4], viscoelastic deformation, viscoelasticity,
viscous fluid [5], continuous population [6] and so forth, are modeled using the fractional
integro-differential equations with a weakly singular kernel, fractional differential equa-
tions, fractional integral equations and system of nonlinear Volterra integro-differential
equations. Many applied problems are transformed into the system of fractional dif-
ferential and integral equations by mathematical modeling [7-10]. Consequently, it is
essential to obtain the approximate solution of a system of integro-differential equations by
numerical methods.

In this paper, we solve a system of fractional-order Volterra—Fredholm integro-differential
equations with weakly singular kernels in the following form:

DSds g fy ki(1S)ya(s)ds (1),

DMy (t) = 1 fot m
)ﬂz ds+Ay /01 ka(t,s)y2(s)ds+ fo(t),

- (0) = a1,y2(0) = a2, (1)
D%y, () = As f; (ty_1 N 1Y2 2

(s
s)

where 1 (t), y2(t) are unknown functions, the functions f1(t), f2(t), k1(t,s), and kz(t,s)
are known, and Ay, Ay, A3, Ay, a1, a7 are real constants, where 0 < aq,a, 81,62 < 1 and

D", D*2 denote the Caputo fractional-order derivatives. Furthermore, o and =53
—S —S

are the weakly singular kernels of the system of fractional-order Volterra—Fredholm integro-
differential equations.
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In recent years, researchers have proposed different methods for solving the system of
differential equations. In 2015, Sahu and Ray [11] developed a numerical method based
on the Legendre hybrid block pulse function to approximate the solution of nonlinear
systems of Fredholm-Manhattan integral equations. In the same year, they presented
another scheme to solve a system of nonlinear Volterra integro-differential equations us-
ing Legendre wavelets [6]. Yiizbasi [12] solved the system of linear Fredholm-Volterra
integro-differential equations, which includes the derivatives of unknown functions in
integral parts using the Bessel collocation method. In 2016, Deif and Grace [13] devel-
oped a new iterative method to approximate the solution of a system of linear fractional
differential integral equations. In 2019, Xie and Yi [14] developed a numerical method
for solving a nonlinear system of fractional-order Volterra—Fredholm integro-differential
equations based on block-pulse functions. In 2020, Saemi et al. [15] developed a solution
for the system of fractional-order Volterra—Fredholm integro-differential equations based
on Miintz-Legendre wavelets.

Wavelets are one of the most important tools used in various fields such as quan-
tum mechanics, signal processing, image processing, time-frequency analysis and data
compression [16]. One of the methods that have been considered in recent years to solve
various ordinary and fractional-order equations is the use of wavelets [17-19]. Wavelets
provide a detailed accurate representation of different types of functions and operators,
and their relationship with numerical algorithms [20,21]. The second Chebyshev wavelet
is one of the wavelets, which has gained attention in solving many problems and is
applicable for solving various types of Volterra integral equations with a weakly singu-
lar kernel [17], fractional-order nonlinear Fredholm integro-differential equations [20],
fractional-order differential equations [22], a system of linear differential equations [23],
fractional-order integro-differential equations with a weakly singular kernel [5], and Abel’s
integral equations [16]. Approximation of equations using the second Chebyshev wavelets
has been considered by many researchers, such as Zhu and Wang [17,24], Zhou and Xu [21],
Wang and Fan [22], Tavassoli Kajani et al. [25], Zhou et al. [26], Yi et al. [27], Lal and
Sharma [16], and Manchanda and Rani [23].

In this paper, we apply the second Chebyshev wavelets method to solve the system of
fractional-order Volterra—Fredholm integro-differential equations with a weakly singular
kernel. In fact, the main purpose of this study is solving the system of equations with
singularity. The second Chebyshev wavelets method converts the system of fractional-
order Volterra—Fredholm integro-differential equations with a weakly singular kernel to a
system of algebraic equations, which can be solved using the conventional linear methods.

2. Preliminaries

In this section, we introduce fractional-order operators, block-pulse functions and
explain their features.

Definition 1. The Riemann—Liouville fractional-order integral operator of order w is given by [17,27]:

I"f(t) = ﬁ /at (t—1)* f(r)dT, a>0,

wherex € (m—1,m],m € N.

The properties of this operator are as follows:
1L pif=1"f,
BIff = 1f1e,

ape — _Tlctl) jota
P (s L
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Definition 2. The Caputo fractional derivative operator of order a for a function f is given
by [17,18,27]:

L )
o — —
D) = T —ay / (et es (=l
where n € N, and T'(.) is the Gamma function.
The properties between the Caputo fractional-order derivative operator and the

Riemann-Liouville fractional-order integral operator is given by the following
expressions [17,18,24]:

1.
DUIF(E) = £(),
2.
m—1 (k)
D = £ -y O e
k=0 :

Definition 3. The set of block pulse function on [0,1) is defined as:

1, El<t<d
bi(t){ m = m

0, otherwise
wherei =1,2,...,m. Furthermore, the vector of block pulse functions is obtained as follows:
Bun(t) = [b1(1), ba(t), ., bu (1)),

and the important properties of these functions are as follows:

, bi(t), i=j,

1 bi(t)bi(t) = {O, P4
1 1 i=j

R

Lemma 1. The block pulse function operational matrix of fractional-order integration F* is
obtained by:

I%(Bu(t)) =~ F*By(t),

where

Lo Gn

01 &
F”"—i 1 00 1 ¢ .. Gms
N I
0o 0 ... 0 1 é1
o0 0 ... 0 1

and & = (k+ 1) — 2+ 4 (k= 1) k=1,2,...,m — 1.

For example with « = 0.5 and m = 6:

143



Fractal Fract. 2021, 5,70

0.3071 0.2544 0.1656 0.1339 0.1156 0.1033
0 0.3071 0.2544 0.1656 0.1339 0.1156

F05 0 0 0.3071 0.2544 0.1656 0.1339
N 0 0 0 0.3071 0.2544 0.1656

0 0 0 0 0.3071 0.2544

0 0 0 0 0 0.3071

3. The Second Chebyshev Wavelets and Function Approximation

In this section, we introduce the second Chebyshev wavelet and then use this basis to
provide an approximation of functions.

3.1. The Second Chebyshev Wavelets and Their Properties
In this part, we introduce the second Chebyshev wavelet and its features.

Definition 4. The second Chebyshev wavelet on the interval [0,1) is defined as [16,23,27]:

Pum (t) =

25\ [2U @t -2 41), BE <r< gt
0, otherwise,

where n = 1,2,...,251 m = 0,1,...,M—1, and k, M € N. The coefficient \/% is for

orthonormality, and Uy, (t) is the Chebyshev polynomial of the second kind with degree m, which is

as follows:

uO(t) =1 Uy (t) =2, um+1(t) = Ztum(t) - umfl(t)'

Furthermore, the weight function of the second kind Chebyshev polynomials is
w(t) = V1 —t2, and with transmission and dilation, first we obtain & (t) = w(2t — 1),
and then we get wy,(t) = w(2kt — 211 4 1) as the weight function of the second Chebyshev
wavelets basis.

For example, with k = 2and M =3, wehaven =1,2,m =0,1,2,and for 0 < t < 0.5,

P10(t) =2 Euo(4t —1) = 2\/%

us

%uo:z¢2ﬁau—n:z¢%wwa»

Pra(t) =24/ U (4t — 1) = 2\/%(64152 —32t+3),

&‘

3

3

and also for 0.5 <t <1,

The second Chebyshev wavelets have an orthonormal basis of L2 [0,1),ie.,

! !
1, m=m',n=rn',

<wwmem>wzﬁwmmwwmwmm:{

0, 0.W.,
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where < .,. >, denotes the inner product. The second Chebyshev wavelet has compact
support [;k;_}, zki_l], n=1,...,251 The Chebyshev wavelet charts for k = 3and M = 4
are shown in Figure 1.

Figure 1. The second Chebyshev wavelet charts for k = 3 and M = 4.

According to the second Chebyshev wavelet, the vector of this wavelet is given by [16,27]:

Y(t) = [ro(t), Yna(t), -, Prai—1)(B),
P20(t), Y1 (8), - a1y (£), - - ®G)
Yo (), Yoeaq (B), - o H(M-1) ( )]T

In other words, for 0 < t < 0.5:

_ 2\/2 _
2,/2(8t—2)

¥(t) = | 2/2(642 32t +3) |,

0
0
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and for0.5 <t < 1:

-6
—
=
=
Il
N
AN

2,/ 2 (641> — 96t - 35)

By

Moreover, for the collocation points [24]

21

t=—"—7-, i=12,...,m,
! 2m’

with m’ = 2K-1 M, the second Chebyshev wavelets matrix is obtained as follows [24,25]:

1 3 o2m' —1
Dt = [‘F(Z—W),‘Y(Z—W),..., (Tm’)]'

Fork=2and M =3, i.e.,

1.59576 1.59576 1.59576 0 0 0
—2.12769 0 2.12769 0 0 0
o — 1.24115 —1.59576  1.24115 0 0 0
0 0 0 1.59576 1.59576 1.59576
0 0 0 —2.12769 0 2.12769
0 0 0 1.24115 —1.59576  1.24115

There is a relationship between the second Chebyshev wavelet and the block
pulse function:
¥(t) = @B,y (t). 4)

If I* is the fractional-order integration operator of the second Chebyshev wavelets,
one can achieve [17,24]:

I"¥(t) ~ P*¥(t), with P%=®F®!, (5)

where P* is named as the operational matrix of fractional-order integration of the second
Chebyshev wavelet. For example,

0.5365 0.1575 —0.0249 04366  —0.0754 0.0214
0.0191  —0.0449 0.0858 0.1287 0.2242 —0.2105
0.0512  —0.0470 0.1604 0.0948  —0.0253 0.0100

o5 —
0 0 0 0.5365 0.1575 —0.0249
0 0 0 —0.2105 0.2242 0.1287
0 0 0 0.0512 —0.0470 0.1604

3.2. Function Approximation

Using the second Chebyshev wavelet, each function in L? can be approximated using
the following lemma.

Lemma 2. Any function f € L*([0,1]) can be expanded into the second Chebyshev
wavelet as [16,27,28]:

ft) = i Z CnmPm (1), 6)

n=1me7z
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where )
con = (£ Pun (D), = [ (D) F()eon (11t

If Equation (6) is truncated, then with Equation (3)

21 M1
FO) =Y Y compum(t) = CTY(t).
n=1 m=0
Remark 1. Let X € L*([0,1]), so
I"X(t) ~ I*CT¥(t) = CTI*¥(t) = CTP*¥(1). @)

4. Method Analysis

For solving the system (1), without reducing the generality of the equations under
consideration, we assume that the initial conditions are zero, and we approximate D*y;(t),
fi(t), and k;(t,s) for i = 1,2 in terms of the second Chebyshev wavelet as follows:

DYy(t) =~ CI¥(t),  filh) ~ E'Y(t),  ki(t,s) = YT (HKY(s). (8)
From Equations (2), (7) and (8), we obtain
vilt) = 19Dy () ~ CTPY¥ (). ©)

Thus,

yi(s) d _CT o t ‘F(S)
Jo (t—s)Pi P=GF /0 (t—s)Pi
=cfpur(1— )Py (r) (10)
=T(1 - p)CTPUP Pre(t),

and from Equation (8) and fol ¥(s)¥(s)"ds = D, we have
! . . — ! T . T pa;T ~.
ki(t,s)yi(s)ds = | ¥'(H)K¥(s)¥(s)" P*" Cids
0 0
T ! T ;T
=¥ (H)K; /O ¥(s)¥(s) dsPuTC; 1)
=¥ (t)K;DP4TC; = CT P DTKI¥(t).

By substituting Equations (8)—(11) into (1), we get

CT¥(t) = MT(1 — B1)CT P PI=Fre(t) + A,CI P2 DTKT¥ (1) + FIY (1), 1)
CT¥(t) = AsT(1 — B2)CT P PI B2 (t) + Ay CJ P22 DTKI¥ () + F) ¥ (1),
and we obtain
CT = MT(1 = B1)CI PP =P 4+ A,CT P2 DTKT + Ff, 13
CT = AT (1 — Bo)CI PP =P2 4+ \,CTPDTK] + Ff.

By solving system (13), one can get C; and C;. Then substituting them into (9),
the unknown solutions can be obtained.

5. Error Analysis
In this section, we present an error estimation for the system of Equation (1).
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Theorem 1. Let 1 (t) and o (t) be the approximations of y1(t) and y,(t), obtained by the second
Chebyshev wavelets basis (6), as the solutions of system (1) with 0 < By, B < 1/2. Assume also
that there is a pair of constants ki and ky such that

1
11 2
ki, 5)l2 -<ki<t,s>,ki<f,s>>%—( I kf<t,s>2dtds> <k, i=12

If
|)\1| < F(Z-‘rﬂél)\/l —2’[31,
kz‘/\4‘ < F(l +1X2),
[A1] k1lA2As5)

(1 +t¥1)\/1 72,51 * (1 +t¥2)\/1 72[52(r(1+0{2) 7k2|)\4|)

| A2A3|(1 +a1) /1 —2p4
(1+a2)\/1=2B2(T(24a1)/1T—2B1 — [M])

then the approximate solutions of system (1) converge to the exact solutions with respect to Ly norm.

< F(l +tx1),

and

+k2‘/\4| < F(l +D(2),

Proof. Compute, by the assumptions,

lyi —ll2 =

’

2

I { / yl ds + Ay /1 ki(t,s)(y2(s) —92(5))ds}

and

lya — 92l =

e ag [ 108 A= g s [ at5) vals) ~ 25|

2

Using the triangular inequality, we get
. " t —B N 1 N
Iy =l < 1% [l 10— P lalys = gl + aal 161 (8,9) ol allas]
and
A o t — N 1 N
Iy = gl < 1% [aa] {710 =3) Pelallyn = gl + Il [ alt, 9l — o]

Furthermore, for 0 < 1,82 < 1/2and 0 <t < 1, we have

[y

1

(t=s)P1|, = </01 ﬁds) < \/TTﬁl/

N

1

_ 1 1
== ([ st <

and as a result, we obtain

N =

(R P . | T S L. V| Y TP
[2+a1)/1-28 T'(14aq)
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and

[ R .| T S TR . Y TP
71_'(2-5-062)\/1—2‘32 1"(1+042)

Now, we denote
ei(t) = [lyi(t) = gi(H)ll, i =12,
S0,

[ kq|Az|
retanvi—25 Wt et

and consequently by the assumption |[A1| < I'(2 + a1),/1 — 21, one can conclude

el(t) <

kilAz|
alt) < Lﬁ\ﬂez(t)
T T(2tm)\/1-2B;

We have similar relations for the second approximation, i.e.,

A ka|As|
rera)vi—am Wt T ey e2(t),

and attention to assumption k|A4| < I'(1 + ap) leads to

ext) <

[A5]
eo(t) < TV g 1),
1— f2lA
T(1+ay)

Substituting (17) into (14), and (15) into (16), we have

(1 — 81)61(t) < 0, (1 — 82)62(t) < O,

where al
3
e = [Aq] k1|Az| I'(2+a2)/1-2B2
F(2+a1)\/1—2ﬁ1 1“(1+1x1) 1— I‘]((%L/\:l)
and
k1]Az
e — A3 T(1+ar) 4 _kalAd]
T(2+a2)/1=2B2 | (1— W) I(1+ay)

(14)

(15)

(16)

17)

(18)

On the other hand, according to the assumptions of this theorem, we get 1 —¢; > 0
and 1 — & > 0; also, we know that e;(t) > 0 and ey(t) > 0. Therefore, the relations
in (18) are satisfied only for e; (t),e2(t) = 0. The conditions of this theorem are sufficient
to find the appropriate approximate solution of system (1), but they can be met in certain
cases rarely. Furthermore, according to the relation (6) and the expressed discretization,
the approximation of the solution is done in some node points on [0,1]. In other words,
according to Lemma 2, it is possible to get a suitable approximation so that e; (£) — 0 and
e(t) — 0 by the constant consideration of m and when k — oo, even if the conditions of

Theorem 1 do not hold. [

6. Numerical Example

To demonstrate the efficiency of our proposed method, we consider the following example.

149



Fractal Fract. 2021, 5,70

Example 1. Consider the system of fractional-order Volterra—Fredholm integro-differential equa-
tions with a weakly singular kernel:

¥1(0) =0,2(0) =0,

D%y, (1) = g%ds+2 o stya(s)ds+fi(1),
DOy, (£) = —05 f1 LChdst [1 (¢ +s)ya(s)ds+fa(t),

(1—s)%%
where

6 2 4 3 _ 1 11 255 1
fl(t)_r(1.6)tm_§t_§t4’ fo(t) = et Tttt ety

The exact solutions of this system are y1(t) = t and y,(t) = —t. The absolute errors of y; (t)
and y,(t) for different values of t are listed in Tables 1 and 2.

Figures 2-5 display the results of comparing the errors of different approximations
by the second Chebyshev wavelets method for various values of k and M. Furthermore,
Table 3 shows the execution time.

Table 1. Absolute error of y; () for M = 3 and k = 4,5,6 (Example 1).

t M=3k=4 M=3k=5 M=3k=6
0.1 1.5733 x 1073 5.3788 x 10~* 1.7841 x 10~*
0.2 8.1154 x 10~* 2.6760 x 104 8.9690 x 107>
0.3 1.7912 x 10~ 5.1094 x 10~° 1.4128 x 1075
0.4 1.4759 x 1073 46674 x 1074 1.4909 x 104
0.5 3.1524 x 1073 1.0029 x 1073 3.2290 x 10~*
0.6 5.2736 x 1073 1.6820 x 1073 5.4294x 1074
0.7 7.9262 x 1073 2.5301x 1073 8.1767 x 10~*
0.8 1.1204 x 102 35784 x 1073 1.1571 x 1073
0.9 1.5225 x 102 4.8636 x 1073 1.5733 x 1073

Table 2. Absolute error of y,(t) for M = 3 and k = 4,5,6 (Example 1).

t M=3k=4 M=3k=5 M=3k=6
0.1 9.1898 x 1073 29619 x 1073 9.6013 x 10~*
0.2 1.2525 x 102 4.0140 x 1073 1.3022 x 1073
0.3 1.5780 x 102 5.0567 x 1073 1.6400 x 1073
0.4 1.9240 x 1072 6.1633 x 1073 1.9983 x 1073
0.5 2.3036 x 1072 7.3765 x 1073 2.3910 x 1073
0.6 2.7270 x 1072 8.7311 x 1073 2.8296 x 1073
0.7 3.2061 x 1072 1.0263 x 102 3.3254 x 1073
0.8 3.7524 x 1072 1.2009 x 102 3.8909 x 1073
0.9 43800 x 1072 1.4015 x 102 45404 x 1073

Table 3. Run times of Example 1.

Values of M , k Run Time (s)

M=3k=4 0.78
M=3k=5 1.70
M=3k=6 6.55
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Figure 3. Absolute error of y,(t) for M = 3 and k = 3,4,5 (Example 1).
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Figure 4. Exact and approximate solutions of y1 () for M = 3 and k = 3,4,5 (Example 1).
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Figure 5. Comparison between the exact and numerical solutions of y, () for M = 3 and k = 3,4,5
(Example 1).

7. Conclusions

In this paper, a numerical algorithm using the second Chebyshev wavelet was pro-
posed for a system of fractional-order Volterra-Fredholm integro-differential equations
with weakly singular kernels in the Volterra part. Applying the properties of the second
Chebyshev wavelet, we transformed the main system into an algebraic system of equations
with a sparse coefficient matrix. By solving this system, an approximate solution was
obtained for the system of fractional integral equations. Furthermore, the error analysis of
the proposed approach was presented.
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