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Abstract: The multivariate Mittag—Leffler function is introduced and used to establish fractional
calculus operators. It is shown that the fractional derivative and integral operators are bounded.
Some fundamental characteristics of the new fractional operators, such as the semi-group and inverse
characteristics, are studied. As special cases of these novel fractional operators, several fractional
operators that are already well known in the literature are acquired. The generalized Laplace
transform of these operators is evaluated. By involving the explored fractional operators, a kinetic
differintegral equation is introduced, and its solution is obtained by using the Laplace transform.
As a real-life problem, a growth model is developed and its graph is sketched.
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1. Introduction

Fractional calculus is a natural generalization of classical calculus and plays a sig-
nificant role in mathematics, biology, chemistry, economics, engineering, and physics.
Abel was the first to use fractional calculus by solving the Tautocrone problem [1]. Many
books [2—-4] and articles [5-7] on hypotheses and developments of fractional calculus that
have studied the subject in depth have been published.

In fractional calculus, differentiation and integration are generalized to non-integer
orders. Most fractional derivatives are represented in terms of integration [6,7]. Cauchy
problems for a differential equation with a Caputo Hadamard fractional derivative in
spaces of continuously differentiable functions were explored in [8]. In [9,10], the fractional
calculus of several known types of fractional operators was extensively investigated, along
with the applications thereof.

Generalized fractional operators recover the classical ones as special cases. A new
definition and properties of a fractional operator without a singular kernel were studied
in [11,12]. Yang et al. defined a new fractional derivative without a singular kernel and
described a potential application for modeling the steady heat-conduction problem [13].
Agarwal and Nieto discussed the Marichev—-Saigo—-Maeda fractional integral operators
by involving the Mittag—Leffler type function with four parameters [14]. Some fractional
integrals and derivatives with general analytic kernels were briefly studied in [15,16].
The (k, s)-fractional calculus of the generalized Mittag—Leffler function was discussed by
Nisar et al. [17]. For further details and applications of fractional operators, we refer the
readers to [18-23].
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The classical Mittag—Leffler function was proposed by Gosta [24] in 1903. It has
been generalized in various ways [25-27] by introducing the two parameters or three
parameters. Further, Dorrego and Cerutti [28] represented the k Mittag—Leffler function in
the following form:

n k0"
pn T (on + !’

(o]
Exon :;

where 7 is a natural number, k is a positive real number, and 7, p, ¥ € C with #(p) > 0 and
R(n) > 0.

Bivariate and multivariate generalizations have recently been proposed as new types
of generalizations [29,30]. Instead of a single power series in a single variable, Mittag—
Leffler functions are defined by two or more variables as a power series. The multivariate
Mittag-Leffler function defined by Sexana et al. in [30] is given by the following notation.

) _ ¥ I () | (29)2 o
R N RS Y 0 oY e o

where ¢;, B; € C with R(B;) > 0foralli =1,2,...,n, and the notation (J;), is used for the
T (i +k;)
r(;) -
The special k-gamma and k-beta functions were studied by Diaz et al. in [31] with the
following definitions.

Pochhammer symbol with a relation to the gamma function (¢;);, =

Definition 1. The extended T function, which is called the k-gamma function, is characterized by
the relation

[e9)

Q) = /ucgflefTakduc, R(), k> 0.
0

Obviously, T'(¢) = lim T(¢) and Ty (¢) = ki),
—
Definition 2. For ®({), R(n) > 0, and k > 0, the k-beta function is defined as
/ k1 (1-1) ’_1dT

It is notable that the T and By functions are related to an identity

Ik (OTk(n)
T (C+n) "

Definition 3 ([32]). Let « > 0and k > 0; then, the k-Riemann—Liouville (R-L) fractional integral
I3 f of order « is given by

Bk(gr 77) =

0
B0 = g [O- 0O, te @b), )

a

Definition 4 ([33]). Let f € LY[r,q], s be a real number, but let —1, k be a positive real number
and y € C with R(1n7) > 0; then, the (k, s) fractional integral of the Riemann type is defined by

(s+1F

0 1
krk(’?) /r (95+1 _ KS_H)F_IKS]“(K)dK. (2)

(2175) () =
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Definition 5 ([33]). The (k, s)-fractional derivative of the Riemann-type be defined by

(t7) 0= S (LA [ e

where f € L[r,q],s is a real number, except for —1, k is a positive real number, and y € C with

R(u) >0andn = RN(u) + 1.

(k)dr, — (3)

Definition 6 ([34]). The Prabhakar integral operator for the choice of 17,0,{,v € C,R(p) >
0,R(n) > 0,and f € L[r,q| is defined by

(P%gf) 0) = /09(9 — 1{)'7—15]Zp,77 (2(60 —x)P) f(x)dx. @)

Definition 7 ([34]). Let1,0,(,v € C,R(p) > 0,R(y) > 0,n =[], and f € L[0,q]; then, the
Prabhakar derivative operator is given by

(ngn,éf ) 0)=(P, ., f)) )
Dorrego [35] presented the k-Prabhakar integral operator in the following definition.

Definition 8. For all positive real numbers k and n,p,0,v € C,R(p) > 0,R(y) > 0, and
f € Lir,q], the k-Prabhakar integral operator is defined by the equation

(B3,0) (@) = ¢ [ 0=t g1, @0 -

In [30], the authors presented the k-Prabhakar derivative operator as follows.

ES)

)f (x)dx. (6)

Definition 9. For all positive real numbers k and y,p,,v1 € C with Re(p1) > 0, R(u) > 0,
andn = [E]+ 1, f € L[r,q), the extended Prabhakar fractional derivative operator is given by

(iD11,2£) @) = (;})"kn—l /09(9—1{) AN (<2

The modified fractional operator explored by Samraiz et al. [6] is defined as follows.

o

)f()dx.— (7)

Definition 10. Let s be real numbers, but let —1, k be positive real numbers, with y1,p0,, 71 €
C,R(p) > 0,R(m) >0,n= 2] +1,and f € L0, a1]; then,

(s~§’Y1 f) (9) — (p—i_l)lklk/oe(eﬁl ts+1)—7 tsE% (§(95+1 o ts+l)pT1)f(t)dt.

oviom k ki
The reverse fractional derivative operator is defined by the following definition.

Definition 11. Let s be real numbers, but let —1, k be positive real numbers, with 41,0,{, 71 €
C,R(p) > 0,R(m) >0,n =[] +1,and f € L[0,a1]; then,

o _(1dY' ~C=
(2673, )© = (335 k”(iaw.p ey ))O)

1d 6 nk—
:(s+1) <95 d9> K /()(95+1_t5+1) F

X BT (07 = R f(1)at.

m -1
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Theorem 1 ([17]). Let s be real numbers, but let —1, k be positive real numbers, withn,v,p,{,v €
C,R(p) > 0,R(y) >0, and R(v) > 0; then,

(95+1 _ rs+1)$71

(s+1)F

i]7+ {(KS_H _ rs—&-l)%—lg’y (C(KS+1 _ rs+1)§)} _ £

ko g’Y (g(QS'H _ 1’5+1)

k,om+v

).

In this paper, we will generalize the multivariate Mittag—Leffler function with the
following definition, which was introduced by Sexana et al. in [30].

Definition 12. Let «, B;, §; € CRe(B;) > 0;

@ _ ¢ I (8 ,1
frat Gz 2= G A e Gt 1))

K1 :

where k > 0 and the notation (;)y. i is used for the k-Pochhammer symbol.

The structure of this article is designed as follows: In Section 2, we introduce a novel
fractional integral operator and go over its properties. In Section 3, we explore the inverse
derivative operator of the novel integral operator. In Section 4, we study the properties of
integer-order integral and derivative operators and evaluate the Laplace transform of the
novel operators. Finally, we outline the conclusions in Section 6.

2. Generalized Fractional Integral Operators Involving the Multivariate Mittag-
Leffler Function

The generalized form of fractional integral operator containing multivariate Mittag—
Leffler function as part of its kernel is defined as follows:

Definition 13. Let s be a real number, except for —1, and let the parameters u, B;, 6;, (; be complex
numbers with R(B;) > 0 foralli=1,2,...,n;R(u) >0, f isin L[a,b], and the function O(t) is
strictly increasing and differentiable. Then,

];/@‘?I(Z??P,l(fgi)f x)
1-£ n_
— (S + ]1() k /x (®s+1(x) _ ®s+1(t)> k

b B2
x & (51 (&) -1 (1) ", o(e @ -etm) " ...,

0 (071 () — 07 (1)) ﬁ) ©'(H@° (1) f(1)dt
_ (s 1)L % i IT7 1 (6i), k(Gi)"
koo S o Tl + Bl (Biri)) () ()
x PHEI g Biki
x / (@S+1(x) - @s“(t)) C e (et (1 f (bt ®)

The following are special cases of the introduced operator (8) that are fractional integral

operators from the literature.

(i) Substituting ®(x) = x, n = 1, into (8), we get modified (k, s)-fractional operator
introduced by Samraiz et al. in [6] and given by Definition 10.

(i) Substituting ©(x) = x, n = 1, and § = 0 into (8) results in the (k,s)-R-L fractional
integral introduced by Sarikaya et al. in [33].

(ili) Substituting ®(x) = x,s = 0, and n = 1, we obtain the generalized Prabhakar integral
operator introduced by Gustavo A. Dorrego in [35] and given in Definition 8.
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(iv) Substituting ©(x) = x,s = 0,n = 1, and k = 1 into (8), we get the fractional opera-
tor (4) introduced by Garra et al. in [34].

(v) Substituting ®(x) = x,6 = 0, and s = 0 into (8), it reduces to the k-(R-L) fractional
integral (1) defined by Mubeen et al. in [32].

(vi) Substituting ®(x) = x,0 =0,s = 0, and k = 1 into (8), it reduces to the classical (R-L)
fractional integral.
Next, we prove the boundedness of the operator by using the definition of the norm

presented in [36].

Definition 14. Let ¢ and W # 0 be functions defined on [a, b], where W is differentiable and
strictly increasing. The space XP(a,b), 1 < p < oo for all Lebesgue measurable functions ¢ for
which || ¢ ||xr < oo, ie.,

1
b [
Lo lo= |0 [ 1oty P wow o], 1<p<,
a
where s is a real number, except for —1, and

| ¢ [[xo=ess sup | g(t) [< oco.
a<t<b

Theorem 2. Let s be a real number, except for —1, and let the parameters «, B, §;, {; be complex
numbers with R(B;) > 0 foralli = 1,2,--- ,n; let R(u) > 0 and the function f be in L[a,b);
then, the result

k ~6:).(Ci) £(x) H

500+ 11,(B;) Xr

=

1

<G+ H(et g -0t @) gl (@1 (g - @)™, ©
(07 () =0 (@) " 6 (04 () — 0 () ) Il (10)

holds.

Proof. By using Definition 13, we have

§,®Ji+?y(fﬁ)’.)f(x)u

XP

:W(/j(sﬂ)
B1

X 5152,)(,@) <§1 (®s+1(x) - ®s+1(t)) T,Cz (®s+1(x) - G)SH(t)) L.,

4 u
/a (®s+1(x) _ ®s+1(t))?71

3

p 7

Bn

& (0 () — (1) k)@’a)@%t)f(t)dt @S(x)@'(x)dx)
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Substituting u = @1 (t) and v = @°1(x), we get

k ~00:).(C)
5©Yat p, ﬂz‘)f<x)HXP

(
_(s+)°F 5 T (8 k(2"
ko 5o Te(p 4+ X (Bii) ) (k1)! - (1)

< e6+1) (q) p ) %
X / do | ,
O6+1)(a)

where @ ! is the inverse function of ®. Now, using the generalized Minkowski inequality,
we can write

CoahE) £

(s+ptk & T17 3 (6) e k (Gi)"
D D Y TS S AN () [ N ]

e+ (9) ML Bk g .
/@)(s+1)(a) (Z) - u> 4 f(h ( + ))du

XP

1

@st1 (q) ‘:+1 +):’U: Bik; p
X / (’f % ’ / (v—u) (V T 1”’dv) du
@(s+1)(a)

_+17E i T (67) 1, (20)"
k K1, Ti(p 4 Xy (Bixi)) (k1)! - .. (n)!
PR BiK; r
06+ (q) _ 1 (@s+1 (q) _ u) (fﬁl) p+1
ARt "

(P“*‘Zz%l Bixi 1)}7 +1

Using Holder’s inequality and through simple calculations, we get

s®‘5£+) (%))f(x)’ x?
)~

(s+1)°F i T (87) k(i)™

ST e =0 T (4 i (Biri) ) (k1)1 (1)

1

y </®5+1(q) f(®_1(”sil))‘pdu>p

@Hl(a)
pHI B % %
i=1Pi%
u

©5+1(a) (P‘JFZ%] Biri 1) Pl

<

(s+1)°k i T (67), (C)"
k K1 yeee/K (V"’Zl l(.BlKl))( ) ( )'
+L Bik

y </®s+1(q)‘f(®1(115411))‘!)(111)}, (@+1(q) _®s+1(a))y+,

©5+1(a) P’Jrz%l Bixi
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where 1 + % = 1. Through back substitution, we obtain

k ~0),
s @‘jaJr y ‘

& - T (07) ki (i)
= R VI VYRS S A [y e

k
F+Z;‘:l nBiKi
k

% s+1 _ ™s+1 a
— (s ,% > Hn (‘S)K,k(g)
BRI VI v s s N [ IR ]

PR BiKi
L@t -—ete) T
H+ Y Biki Xu
P1
k

=wH>W@“@—@HWVQQMG(@HW—@“w),

(@1 (g) - 01 (0)) )nfu?

=)

& (0 (q) -0 (a))

This completes the proof. [J

Theorem 3. Let s be a real number, except for —1, and let the parameters w, B;, 6;, {; be complex
n, ®(u) > 0. Moreover, the function f is in L{a,b);

numbers with R(B;) > 0foralli=1,2,--- ,n,
then, the following equation holds.

1-1

: ®‘5¢(1+)y(%:9)) (®s+1( ) ®s+l( ))

_ DT (@ () — 01 (a))

N k
o1 (a))ﬁ1’€2(®s+l (x) _ ®s+l(a)),52,. -

Ey ) (G1(©7T () -

Cn(©°H (x) — €+ (a))Pr).

Proof. By using Definition 13, we have

~(01),(C:) (@S—H( )_®s+1(a))%—l

0% ()
_ ik i T (61)1c, e (Gi)"
ko 5o T+ i (Bixi) ) () (i)
¥ pHEE g BiK; _ N
« / <®s+l (x) — @s+1(t)) k ! (®s+1( ) — @s+1( )) k 1@S(t)®,(t)dt
_ (st 1)k i T (07) k(i)
koo S o T+ By (Biri)) (e ) ()

pHE g Bikitn By
LRSS L WAL

) (®s+1(x) B ®s+1(a)>
;4+):%1 B ot (1) @st+1 (a) = l@s 1O
) (®5+1(X) — @1 (”)> ¥

X @s+1(x) _ ®s+1 (t)
X/a <®s+1(x) — o+ (a)
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®s+1 (x) _®s+1 (t)

o (v _o1(a) W obtain

By substituting u =

§®3¢(ﬁr) A8i) (®s+1<t) B ®s+1(a))%71

/(Bi)
_ s+ 1)~k i TTL 1 (07), k (Gi)"
k =~ o Te(p + Xl (Biri) ) (k1)1 .. (1)

pHE g Bikitn

1 1wl Bix
(®S+1(x) - ®S+1(a)> : / T N (1= )i du
0

_+)k 5 T, (6) 4 (G0)"
k K1erfin =0 Tie(p 4+ X (Biri) ) (k1)! ... (10)!

PR Bikit

x (@S“ (x) — ®S+1(ﬂ)) ' By (n + iﬁﬂﬁv’?)

_s+)k 5 T (8) (2"
ko 5o Te(p 4+ Xl (Biri) ) (k1)! - (i)

H+Ll g Bkt

» (®s+l (x) — estl (a)) e x Flfk(é;—:—zi:] —!—léll_lfﬁﬂgz)) '

This simple calculation completes the proof. O

Theorem 4. Let s be a real number, except for —1, and let the parameters u, B;, 6;, {; be complex
numbers with X(B;) > 0 foralli =1,2,...,n,R(u), and let R(n) > 0 and the function f be in

La, b]; then, we obtain the result

S S +— S s é
Eoduhe) (©H1(1) — 0 (@) L, (w(© (1) — @ () F)
K
— (S +kl) k <®s+1(x) _ ®s+1<a))%71
x &0 (@O (x) = 07 (a))P, 5507 (x) — ©(a)P2, ..,

Cn(@ (x) — @M (a))Pr, (€ (x) — @ (a))F).

Proof. By using Definition 13, we can write

s@dfﬁ) (% ))(®s+1( ) — @st1 (a))%ilglf,ﬁ,q (w(@s+l(t) _ @S+1(a))§)
_GHpth o T (6,6 (60)"
k K1,eee Kn=0 Fk(]/l + Z:znfl (.BiK‘))(Kl)! ce (Kn)!
x Y 1ﬁ, i 7
X/ (®s+1(x) _@SJrl(t)) (®s+1 ®s+l( ))k 1
% &g, (0@ (1) — 0 (@) F )@ (1O (1)a

_ (s+ 1)k y T (6)i k (Ci) i (w)™
ko S T+ X Birci) T (B + ) (1) ! (2)! - - - (1) (1)

x uATE g Bix;
X/ (®s+1(x) _@S-i-l(t))ikl -1

a

(©F1(1) — @+ (a)) " F 105 (1)@ (1)dt.

(11)
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Consider

1= (@) -0t

pAEl  Bix; 1 n+pny
k k

1@ (1@ (t)dt

P BiKi 1
- _

(®s+1(t) _ ®s+1 (11))

P q Bikit+pry x /@5t — @t
_ (®s+1(x) . ®s+1 (u))i -2 / <®s+1 Ef)) — & (<13 )

a

+Bnq -1

®s+1(t) —_ et (a) ! k s ,
8 (h(x)s+1h(a)s+1) O (e (t)at

py+ L BiKi+pny 1
- %k

_ (®S+1(x) _ ®S+1 (ﬂ))

1 4ol Bin +py
/u T Y1 —uw)F ldu
0

s+1
pty+ L BiKi+pny
®s+1 x) — ®s+1 a — =1 n
R CaC) s(+))1 Bie(p + 1+ ) BiKi, 1 + 1)
i=1

p+E g Bixit+pn
5

_ (@ (x) - @ (a)) T (i T BTl + B

. 12
s+1 Cp(p + 1+ il Bixi + pna) (12

Substituting (12) into (11), we obtain the required result. O

Now, we present the semi-group property of the new fractional integral operator.

Theorem 5. s is a real number except for —1, and the parameters u,v;, 0, Bi, i, (i are complex
numbers with R(B;) > 0 foralli =1,2,...,n; R(v) > 0,R(u) > 0, and the function f is in
La, b]; then, we have the semi-group property

Lottty (o3 it ) /()
ko QU £(x).

Proof. By using Definition 13 and the Dirichlet formula, we obtain

(o150 (0145 )10

_s+1TE 5 T, (81) (G0
k K1,ee- k=0 rk(‘u + Z;'1:1 (ﬁiKi))(Kl)! s (KH)!
< (@1 () — 0 1) TR e (1)
x (Ll E)) f(tydt
— M 2 3 1_[z ( l) (éz)Kl

k (ST 11,...,21,3:0 Ti(p+ iy (ﬁlK ))( D!(r2)! - (1)
T (7)1 (8)"
(V+Z 1ﬁzz)( )( )""(ZH)!

}l‘FZ?: Bik; ,
<[ (@) o) TR e el )
a a
V‘*’E{%] Bili -1 ,

x (®s+1(t) - ®s+1(r)) ©°(1)0 (1) f(7)dT dt
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= I (6i) i, k(i)
E b TG (B ) )T ()

I (00)1,4(G3)" x
T (v + iy Bil) (1)1(0)! - (1)! J, @@e @@

n LK
i—1Piki 1

« [ @1 - 010"

< (@°1(1) — @1 (1)) T 10 (1)@ ()t
INCEE ) i =T T () (20)"
- k Klszn:Oll,..,Zln Ork(ﬂ"'—zz 1(ﬁ1K1))( D (n)!
( z)l k(gl)
<v+2, NI SIS
pvH I (Bixi+Bil;)
« [ oo @ m@E i et T

;¢+Zl'.1:1 Bik; 1
(@)~ @t
X/T <®s+1(x)_@s+1<T)>

|/+Z,'.l:1 Bil; 1
k

(1) — @t (1) S(@
( 7T (v) — o 1(r) ©° (1)@ (t)dtd.
@+ (x)—@ (1) —(s+1)@° (1@ (t)dt

Substituting u = then, du = , and we obtain

s@‘jfﬁ-) (%3)) <k®3b(::)v((€ 2))f(x)

IR ) R S - T T2 (61) 5,1 (C)"
- k Zxn:oz1 Zt,‘i o Te(p 4+ Xy (Bixi)) (k1)! - .« (n)!

(z)l k(§1>
(V+Zl 1/31)( ) (R2)!- - (In)!
(t

X./a ©°(1)@ (1)f (1) (€ (x) — @ (1))

1wyl Bixi vHLE Bl
></ u—F Ya-w) 7 ldudr
0

(p+v)
k

ptv+ T (Bixi+Bil;) 1
AL S i Ll £

=
~T
=

= = I (0), k (Gi)"
k Kl,...,ZK;n:O 11,...%:0 Fk(y + Z?:l (‘BiKi))(iq)! ... (Kn)!

17 (07)1, k()"
T(v + iy Bili) (1)!H(12)! - - - (In)!

< [feme @f(n) @) - e (D)

X B(p+v+ i(ﬁi’ci + Bil;))dt
iz

prv+El ) (B +Bil) 1
R P i)
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(p+v) )
ECER & T (6i) e (C0)"
R PR DS e (3 [ I CATTEA (A1 PR

17 (7)1, (Zi)"
Tp(v+ X Bili) (1) (1)t - - (In)!

< [ e @0 (0f(r) (@ (x) - 01 (1))

(
y Tp(p + Y Bixi) T (v + Xy Bili)
Tp(p+v+ 2 (Bixi + Bili))

oi+1;),(Zi+0;
s@db(ﬁ-;jgu((glg-g )f(x)

prv+E ) (Bixi+Bil;) 1
LR RLL L L

dt

Hence, the proof is completed. O

3. Generalized Fractional Derivative Involving the Multivariate
Mittag-Leffler Function

In this section, we define the inverse operator for the newly defined integral given
by (8). Some basic connections of both fractional operators are also part of this section.
The derivative operator is defined as follows.

Definition 15. Let s be a real number, except for —1, let the parameters u, B;, i, (i be complex

numbers with ®R(B;) > 0 foralli =1,2,...,n,and let R(u) > 0, f € L[a,b], and the function ®
be strictly increasing.

LoD i ()
_ ko ANk 0@
- (<x>@<>) o3

_(S+1)1_ v k d\" 1% o s ko
- k <®S(x)®'(x)dx> /o (O (x) (1) w
1

X 5I£nk )y ) <§1 (®s+1(x) — @s+1(t))7’€2 (®s+1(x) _ ®s+1(t)) o

»‘,3‘5

o071 (x) — @1 (1)) %>®/<t>®5(t)f(t>dt, seR\{-1}. (13)

The following are some cases of the defined fractional derivative operator that represent operators

that exist in the literature.

(i) Substituting ©(x) = x,n = 1 into (13), we get the modified fractional operator given in (11).

(i) By setting ©(x) = x,s = 0,and n = 1in (13), we get the k-Parabhakar fractional operator (7)
given in [30].

(iti) Corresponding to the choice ©(x) = x,s = 0,n = 1, and k = 1in (13), we get the Parabhakar
fractional operator given in (5).

(iv) Substituting ©(x) = x,n =1, and &, = 0 into (13), it represents the (k,s)-(R-L) fractional
derivative (3) introduced by Nisar et al. [33].

(v) Substituting ©(x) = x,n = 1,0 = 0,5 = 0, and k = 1 in (13), it reduces to the classical
(R-L) fractional derivative.

In the next theorem, we prove the inverse property of the operators that we defined
and presented in (8) and (13).



Mathematics 2022, 10, 3991

12 0of 19

Theorem 6. Let s be a real number, except for —1, and let the parameters u, B;, 6;, {; be complex
numbers with X(B;) > 0 foralli =1,2,...,n,R(u) > 0. Furthermore, f is in L[a, b], and the
function © is strictly increasing; then, we have the following result:

Lo ithy Cotthipn /() = F).

The semi-group property of the new fractional derivative operator is given in the
following theorem.

Theorem 7. Let s be a real number, except for —1, and let the parameters u, B;, 6;, (i, 0; be complex
numbers with R(B;) > 0 foralli =1,2,...,n,R(u) > 0,R(v) > 0. Furthermore, f is in L{a, b],
and the function @ is strictly increasing; then, we have the following result:

k ~y(0),(C0) (07),(¢3)

Sr@®u+,y,(ﬁf) (S @@ﬁ v,(Bi ))f(x)
6i+0;),(gi

=102, ) ()

Proof. By using Definition 13 and Theorem 5, we have

s@g( ) (%)) (s @DL(ﬁ)V((/g)))f(x)

k d A0 (ko (@)T)
- ( © (x)0 (x) dx ) ot s (Fo®al ) ) 1)

_ k d (—0:).(1) (0:),(1)
a ( ©°(x)@'(x) dx ) 0% k- Mﬁ)(s®9a+v<ﬁ>>
)

Gw@%ﬂ@wéﬁ%ﬁﬁ>

a
5 (x)@ (x)dx ) *° ﬂ*"k H(ﬁ)

(s @\5,5+ _)V((gig)))f(x)

_ k 4\ (k ~(=Go) (@)
< & (10 (x) dx ) (S0 Gt g ) )
)

s G)@;i—;il(( ll)f( )

This completes the proof. [

4. Laplace Transform of the Fractional Operators

In this section, we find the Laplace transform of the fractional operators defined in
Sections 2 and 3. It is notable that the classical Laplace transform fails to deal with the new
fractional operators. For this purpose, we need to modify the Laplace transform presented
by Fahad et al. [5] with a choice of w(x) = 1. First, we need the following integer-order
integral and derivative operator to find the Laplace transform.

Definition 16. The integer-order integral of the function ® with respect to function © is defined by

CEUZ [ (oi(e) oyt e e,

oJp+ P(9) = T

where s is a real number, except for —1,n € N, and © is a strictly increasing differentiable function.

The corresponding derivative is defined by

s ~n _ 1 d\"
0D ®(8) = (@S(ﬁ)@’(f})dﬂ) (@(9)). (15)
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Theorem 8. Let s be a real number, except for —1, and let the parameters u, B;, ;, (i, 0; be complex
numbers with ®(B;) > 0foralli=1,2,...,n,R(u) > 0,R(v) > 0. Furthermore, f is in L]a, b],
and the function @ is strictly increasing; then, the following equation holds:

~ Te « i
520 (Lol k) F(x)) = SEodlhe, o F).
Proof. By using Definition 13 and the integer-order operator given by (15), we have
®®u+ (s ®J£+)y(%5)l)f(x))
(s+1)'F ( 1 d )n/x s+1 s+1 05y L1
= - - t
k @S(x)@/(x> dx p (® (X) © ( ))k

PN -

==

By
3

(e —etim) .,

o (@ () —®S+l<t>)ﬁf)@’u)@%t)f(wdt

u—nk

G [ew - e

a

[ 5
< EN B <€1 (e () - (1) " p(e ) —e ) ",
Tn (®S+1<x) - ®S“(t>) 5kn>®/(t)®5(t) F(b)dt

1, o
= kn]s{G)Ji+y nk, ﬁ)f( )

Therefore, the result is proven. O

A modification of the Laplace transform [5] is given by the following definition.

Definition 17. Let ¢ be defined on [a, oo] and let © be monotonically increasing on the interval
[a,00), s € R\ {—1}; then, the modified Laplace transform of ¢ is defined by

()

Lo(@)(u) = (s+1) [ @ O-0 W@ (t)p(t)at (16)

a

for all values of u such that (16) is true.

Definition 18. The convolution of functions g and ¢ is defined as

@10 9)(x) = (s+1) [“g(@7 (€1 (x) + 0 11(a) ~ 41 T )@ ()0 (g (1),
where @1 is the inverse of ©.

Theorem 9. Let s be a real number, except for —1, and let the parameters «, B;, d;, {; be complex

numbers with R(B;) > 0 forall i = 1,2,...,n,R(u) > 0. Furthermore, the function f is in
L[a, b]; then, we have the following result:

Lo{ 034 £) bu) = (s+ 1) % (k) ¥ TT( = (k) o)~ ¥)~F Lo F() bw).

i=1
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Proof. By using Definition 13, we can write

Lo{koal) £(x) b

_ w i I (6) i, k(i)
ko 5o Te(p 4 Xl (Bii) ) (k1)! - (i)

Lo{ (0°41(x) — &1 (a) 2 ) f ()
_+1k 5 T (87)(Z0)"
ko o Te(u 4+ Xl (Biri) ) (k1)! - (i)
V+Ez 1 Biki
s sl YN PSIOY
u-_  k
_(s+D7 5 T (6)x,k(80)"
k €1,/ kn =0 Fk(:u + Z?:l(ﬁi’@))(’(l)! s (Kn)!

pAYq (Bixi)
T NV

u k

_ (s+1)% i IT7 1 (6i) e (Ci)"
k — o Ti(p + X (Biri)) (k)1 . (1)
1- #+Zl 1(;%,,
% #_l:é(y(:’—l?l 1(;BIKZ))L®{f(x)}(u)
IR G
ICES R 1 @ex(C)
= o {f ()} (u)
(ku)k Kl,mz,(ﬂzo (ku)az%wﬂ?zl(k,-); o{f(x)}(u
SLARILE pp ) L O D
k) ean=0. () = T (k)
SCERVESS . S BN PAY
(ku)% i=1 (1 k;(g,»))ﬁki ofx)
K 1 kgz ‘ikl
= (s+1)% (ku)* H(l— ﬁ,> Lo{f(x)}(u)
i=1 kutx

~ (s ) ) P T (1- 0 ) ) R

i=1
Hence, the result is derived. [

In our next result, we discuss the generalized form of [37].

Theorem 10. Let the functions ¢ € ACylaq,T) and %©;+4> be of the @+ exponential order.

Furthermore, %@b(]) is a continuous function on (a1, B1); then, the Laplace transform of %i)}ﬁ(p
exists and is given by

Lo{pD4+ ¢} (1) = u(s +1)*Lo {9} (u) — (s + 1)¢(a). (17)
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Proof. By applying the Laplace transform on %Qgﬁcp, we can write

[e9)

Lo{6DL9}(u) = (s+1) [ e 1O 0= (10 ()50, g(t)dt

a
o)

=+1) | e—”<@s“<f>—@s“<a>>%@(t))dt.

a
Integrating by parts, we get Equation (17). O

The generalization of the above theorem is defined in the subsequent corollary.

Corollary 1. Let the functions ¢ € AC" [wy, T) and 090 ¢ be of the @+ exponential order.
Furthermore, 50", ¢ is a piecewise continuous function on [ay, B1); then, the Laplace transform of
oD+ ¢ exists and is given by

n—1

Lo{oDp ¢} (u) = u"(s +1)"Lo{¢p} (u) — Y} (s +1)" Pu" "1y (ay),

where

4’;7(041)

Il
7N\
—_
| =
~~_
=

—~
<
—
,ﬂ
SN—
S~—

andp =0,1,2,...,n— 1.

Theorem 11. Let s be a real number, except for —1, and let the parameters «, B;, 6;, {; be complex
numbers with R(B;) > 0 foralli = 1,2,...,n,R(u) > 0; let the functions f € AClaq, T)
and %©Z+f, p=0,1,2,...,n—1beof the O+l exponential order. Furthermore, %@%f isa
continuous function on [y, B1); then, we have
TSN L N
Lo{ke@\h ) £(x) } () = (s + 1) F (k) E TT((1 = (kG:)) (ki) %) ¥ Lo{ f (x)} (1)
i=1
-1
_ n—p, n+m—p—1 (6:),(¢i)
pzo sEDTu (o i (@):

Proof. By using Definition 13, we can write

Lo{5o@\% f(x) } ()
= k'Lo {600 {£0al %) s F@)} b w)
=<ku>"<s+1>"L@{’;@s§+i,1<i;>(ﬁ)f<x>}<u>

n—1
= L1 (o3 s @)
p:

= (ku)"(s +1)" (s + 1) (k) " ﬁ((l—(kwku)’?) Lo{f(x)} (1)

i=1

k

>
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n—1

_ p;o(s 1) Py Pl (Ig,@Jiifs,;;)c’E%i?(ﬁi)f(a))p
= (s DE () H(<1 - (k@))(ku)ﬁ’f) Lo {f(x)}(w)
i=1
n—1
_ p;)(s + 1) Py Pl (5,@3;2;)({%?(51,)]((&)) B

Therefore, the proof is completed. O

5. Applications to a Real-Life Problem

The kinetic equation is the fundamental equation of mathematical physics and the
natural sciences because it represents the continuity of the motion of a substance. The fol-
lowing is a generalization of the fractional kinetic differintegral equation involving new
fractional operators.

(00 N) 00— No(x) = P03, 5, N) ) 19
iy @) = h2 0 09)

where ® € Xg’(le,ﬁl),/\l €C,a,beR(a#0),u1,v1,01,k>0and 1,0 > 0.

Theorem 12. The solution of Equation (18) with the initial condition (19) is

hp © ﬁ m s s (ptv)mtp—nk+k(p+1)
N(x) = G EO(E) (@ (x) - @ (a)) ; !
> g((5i+t7i)m 4 <®5+1( ) _ el (a)) ﬁTl 4 <®s+1( ) . ®s+1( )> %2
k,(u+v)m+pu—nk+k(p+1),(8;) | ©1 x 162 x a Ry
e+ @t ﬁTﬂ No & :B mk ~((5i+‘7i)m+‘51)1(§i)N 20
Gu(@ (@)~ (@) ") + o L@ el N () (20)

Proof. Applying the generalized Laplace transform on both sides of Equation (18), we have

aLo (LoD N()) (1) — NoLe ((x)) ()

= BLo(Eodt ) N(x)) (1)

(s + 1) (k) FITL (1~ (k) (ki) ) ¥ Lo {N(x)} (1)
n—1 R

—a Y (s (gfgng;)kgg( 5 N(a))k ~ NoLe (cp(x>) (1)

p=0
— Bls+1)F (k) F I, (1 — (k) (ki) €)= F Lo {N(x)} (1),
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This can also be written as

- ﬁ((s + 1) (k) I (1 - (kgi)(ku)if)‘”t”')
(s+1)F (ku) ¥ T (1 — (kG:)) (Kku)~

n—1

—a Y (s+1)" Pu" Py, + NoLo (cp(x)) ()
p=0

Lo{N(®)} () = a Y (s + 1) P21,
p=0

(s+1)7 <ku>k L (0 () (k)T
ﬁ(s“ L (- ) ) )
(s + >T”< k) FIL (1= (k) (k)= T) 7
ﬁ( 1) (k) = I (1 —<kz;i><ku>k’>"‘i>

Taking | g

s+
Bi | _dito
(s+1)F (ku) _71_1” 1 (1= (ki) (ku)~® )% >|<1,weget

n—1

X (5 + 1" PP My 1) ¥ ) I (0 0 )~ )
I=

Lo{N(x)}(u) = <

s 1) 7 (k) FIIL (1 (k) ()~ 8) 7 201 (@(v)) <u>)

m=0

(8 By ) (- ) ¥ )

n—1

Lo{N(x)}(u) = } (s +1)"Pu" " hy

(X (o)™ o 0 1, (- ) ) ) )

m=0

R S e e "”ﬁ’""n;ﬂ_lu—(ka)(ku)i")(‘Sf*”’if)'"‘si))
L@(Cb(x u).

By applying the inverse Laplace transform, we get the required result. [

Example 1. If we substitutes =0,0(x) =x,a=0,Ny=0,a =p=1Lk=1p=1,n=2
hy =1, u=v =1,and é; = 0; = 0 for all i, then the solution (20) of Equation (18) with the
condition (19) becomes

o x2m

A graph of the function (21) is given below (Figure 1).
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Figure 1. For the function N(x), we get Figure 1, where 0 < x < 1.

6. Conclusions and Discussion

The importance of fractional calculus has a significant role in all sciences due to its
widespread applications. Fractional calculus represents nature more accurately than integer-
order calculus does. Numerous mathematicians have studied the Mittag-Leffler function
and its applications. In the present work, we introduced the multivariate Mittag—Leffler
function and used it to explore a fractional integral operator and its inverse derivative
operator. The cases presented just after the definitions proved the generalization of the
introduced operators. Both operators are bounded in the X?[a, b] space. The fundamen-
tal properties of the fractional operators were established. Moreover, we evaluated the
modified Laplace transform of both the derivative and integral operators. These results
cannot be obtained with the classical Laplace transform. By using the new operators, a
fractional kinetic differintegral equation was developed, and its solution was obtained via
the modified Laplace transform. A growth model was explored as a real-life application,
and its graph was sketched. The authors of this study strongly encourage readers to explore
more multivariate forms of special functions and new forms of fractional operators.
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