i fractal and fractional

[

Article

On a Five-Parameter Mittag-Leffler Function and the
Corresponding Bivariate Fractional Operators

Mehmet Ali Ozarslan *

check for

updates
Citation: Ozarslan, M.A.; Fernandez,
A. On a Five-Parameter Mittag-Leffler
Function and the Corresponding
Bivariate Fractional Operators. Fractal
Fract. 2021, 5,45. https://doi.org/
10.3390/ fractalfract5020045

Academic Editor: Carlo Cattani

Received: 29 March 2021
Accepted: 12 May 2021
Published: 14 May 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Arran Fernandez

Department of Mathematics, Faculty of Arts and Sciences, Eastern Mediterranean University, via Mersin-10,
Famagusta 99628, Northern Cyprus, Turkey; arran.fernandez@emu.edu.tr
* Correspondence: mehmetali.ozarslan@emu.edu.tr

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 + 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]
(824.2), 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)+ T (a) // F lf Z) —dtdy = f(t,5). 1)

n)'

One can reformulate this equation in terms of the standard Riemann-Liouville frac-
tional integral operators as:

(1+ALYI2)u(t,s) = f(t,s).

Formally, by means of symbolic operational calculus without regard for rigour, this
can be solved as follows:

u(t,s) = (1 —Q—AIf“I;"Z)flf(t,s) = (Z(—A)”If“”IfZ”)f(t,s).
n=0
This last formal result can be written in terms of the following Mittag-Leffler type function:

I’l

E ,
w2 rgl" (aqn +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,s) = By, (—At*15%2) % f(t,5)
[ )\n )txln( _11)“271
- / / < [(agn +1)T(an +1) )f(r'”) drdy

= (Z(—A) 151”15‘2">f(t,5)~

n=0

Therefore, it makes sense to define an integral operator &, 4, acting on functions of
two variables as follows:

0 A t_T)oqn( 17)&271
(Euranf)(15) //( “1n+1)r(a2n+1))f(r,;y)drd;y. )

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:

0% = (7)1( . é
EtXl a2;B1, ﬁz ; [(a1k + B1)T(agk + B2) k! @

where aq, ap, B1, B2, ¥ are complex constants (with some constraints to be determined later)
and () is the Pochhammer symbol defined by

Mo=1L k=27(0r+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 aq, a3, 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

(o]

(1 z

EY 7) = - —, z € C.
al,azr.Blr,BZ( ) k;o I'(ark + B1)T(agk + B2) k!

This can be seen as a special case of the Fox-Wright function, which is defined [3]
(§1.11) by

I(a; + ajk)

=

00 Zk
o ¥q(2) = ¥q((ai, @)1, (b, Bi)r,gi2) = ) o z€C,

k=0

=

I"(bj + ,Bjk)

]

Il
—_

where, in [3], the parameters are given as a;, b]- e C, u, [3]- € R satisfying «; # [3]- for
i=1,--,p;j=1,---,g,and it is proved that this power series is absolutely convergent
for all z € C in the case A := Z;.’:l Bi — Zle o; > —1.

The five-parameter Mittag-Leffler function can be written in terms of the Fox-Wright
function as follows:

Ezlrl’éz;ﬁpﬁz (2) = r(l,),> 1T2((7/ 1); (:Blral)r (ﬁZf n);z).

As an immediate consequence of the convergence result shown in [3] (Theorem 1.5)

and [38], we conclude that, if a1, 2y € R and a1 4+ ap > 0, then the power series defining
Z] i fa (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(a1 + 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

ad z
W = , 5
o teas &) = D T B gk ) X

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:

0 7k

E(w ) (o = ,
(01,1) () (2) ,g)r(alk+ﬁ1)~~.r(ank+ﬁn)

(6)

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 (7 ), 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 & > 0, a > 0, and 7, By, B2 € C, z # 0 that

_ 1 T(s)T(y —s) _2)%ds
EZmz;ﬁl/ﬁz (z) = 27l (7y) /L I'(B1—a1s)I'(B2 — 0125)( )7 ds,

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 y +1 (I =0,1,2, - ) to the right with the assumption
—m#y+Ilforl,m=0,1,2,---.

Another complex integral representation is given by the following Theorem.

Theorem 1. Let a1, a2, B1, B2 € C with Re(a1) > O,Re(ar) > 0, and lete >0, 7 < ¢ < 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 —¢p < argT < ¢, |T| =& and

3. therayargt = ¢, |T| > ¢,

Then, the five-parameter Mittag-Leffler function possesses the following complex integral represen-
tations:

1 - _
Ezlraz;ﬁl;ﬂZ(Z) = E/H(e;(p)r ﬁZeTIEZLﬁl (t7*2z)dt )
— —Brr—B2pl+T
- [ EOT R gzdr. ®)
4% JH(eg) JH(ep) (1 — 287" 17%)

Proof. Using the known representation [43]

1 _ 1 —z,7
) = o /H(E:4>)T et dr, z€C, )

with z replaced by ak + B2, and using the fact that the series represents an entire function,
which allows the interchange of the series and the integral, gives

Y . ol % L/‘ —(XZk—’BZ T i
Btz @) = M Tk +ﬁ1)(2m‘ o T e )

_ k
1 - (Ve (17%22)
_ B2,T d
2711 /H(sxp) e = Tk +B1) k! o

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 - (lX]kl B and - (azlg 5y We have

-1 00 . . Zk
v = —a1k—P1 56 / —ak—pB2,T ~
E“lr“Z?.Blr,BZ (2) 4772 ]{;()('7)k (./H(s;<p) ¢ evd¢ Jeten) T e dT) i

-1 7 g c (267 )F
- - Brr—PB2pl+T déd
N R M

which directly yields (8), the second of the desired formulae. This derivation assumes that
|z{~ "1 *2| < 1, which is uniformly true on the given contours provided that Re(aq) > 0,
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Re(ay) > 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. O

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:

S L B ! (L= ST
TI\T(v+1) Fv+A+1) T\ T(v+1) Iv—A+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, a; or ay. Therefore, to take full advantage of the function’s
symmetry in &7 and ap, we should use two different variables: one raised to the power of
«1, the other raised to the power of «,, 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
(z), the closely related bivariate function E oy, az,ﬁ1,ﬂz( x*y*2). A similar idea,

v
Elxlrtxz;ﬁpﬂz
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, u € CwithRe(A) > 0,Re(u) > 0and for x > a, t > b.

attf o) = oo o[- -8 (g, v dedr.

Similarly, the partial fractional derivatives of a bivariate function f(x, t) are defined as follows,
for A,y € C with Re(A) > 0,Re(u) > Oand forn = [Re(p)| +1, m = |Re(A)]| + 1 and
x>a,t>b:
omtn B
DY Df(x,1) = gz pl) * ol f(x,1).

Lemma 1. Let aq, a2, B1, B2, 7, w € C with Re(a1),Re(az), Re(B1),Re(B2) > 0. Then, for any
A, u € CwithRe(A) > 0,Re(p) > 0, we have

JIr Iy (=P (y — P EY e ((x - @) (y - o))

= (=) Py — PR e (0 — )M (= 0)"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 — c) are greater than —1, we have:
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IE I [(x = )Py = P EY e (w(x — )i (y - o))

B r—
= Tk + B1)T (axk + B2) k! clyly
(7)k . wk

Mg

a1k+ﬁ1) (lxzk—l-ﬁz) Kk

(B1 + k) L agk— (B2 +agk) yank—
% [1"(/\—1—51 + ak) (x—a) Pt 1} [F(y—i—ﬁz—i—azk)( )ttt 1]

= (x - a))\+ﬁ171 (]/ );l+ﬁ2 1E0¢1 ay; /\+ﬁ1 ‘u+‘82( (x - a)“l (y - C)‘XZ).
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,ap, B1, B2, 7, w € C with Re(ay),Re(az), Re(B1),Re(B2) > 0. Then, for any
A, u € CwithRe(A) > 0,Re(u) > 0, we have

WDy DY [(x =Py — )P ] (w(x —a) (y - 0))
— ()P ANy R (@ — )My — 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. 0O

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 O:

[e9)

Ellll(xy) =1Ip(

Proof. This follows immediately from the series definition of the function. [J

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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Definition 3. The fractional integral operator based on the five-parameter Mittag-Leffler function
as a kernel is given by

. xory _ — a a
i D) = [ [P = Py =) EY s (= 0% (y = 5)*) dsdl,

where a,b € R are fixed with x > a,y > band aq, a3, 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: (Ex,u, f)(X,y) = 0,01-1;/\ (f)(x,y).

aq,00;1,1

Theorem 2. Let ay,a2,B1,B2,7, A € C with Re(aq),Re(az),Re(B1),Re(B2) > 0. Then,
B is a bounded operator from the space L1 ([a,c] x [b,d]) to itself.

“'hzozﬁz;ﬂl,
Proof. Using Fubini’s theorem, we have

c pd
AR R EIE T
< [ L=t =L s (= =5
:/aC/de(t/S)'[/oCt /OdS‘uﬂl—lwﬂz—lEzl,aZ;ﬁlrﬁz(Autxlwlxz)

Since the five-parameter Mittag-Leffler function is an entire function when Re(aq +
ap) > 0, we have a bound of the form EZ1 w2iffo (AutrwP2~1) < C on the finite domain

[a,c] x [b,d]. Therefore,

;/\ c d ;A
T O = [ T () v |y ax
< Cle—a)fr M (d — )27 £y

dsdy dtdx

dw du} dsdt.

Since a, b, c,d, B1, B2 are fixed, the result is proved. O

Theorem 3. Let aq,a,B1,B2,7,A € C with Re(aq),Re(az),Re(B1),Re(B2) > 0, and let
f € Li([a,c] x [b,d]). Then, the operator a,bIZfaz;,s], s, Can be represented as an infinite series of
double fractional integrals of Riemann—Liouville type:

A = Y AR k k
Ty (P ) = 3 OO phmboat phuaik gy ) (10)
k=0 :

where the right-hand side is locally uniformly convergent for x,y € [a,c]| x [b,d].

Proof. Since Ezl w231, B (u) is an entire function defined by a locally uniformly convergent

power series, and f € Lq([a,c] x [b,d]), we have the right to interchange the order of
summation and integration, to yield
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YA
afhzalfaz;ﬁhﬁz (

ﬁ@y)zéx/ﬁw»xx—oﬁ%W—w“‘%meﬂxux—ﬂﬁw—wwwhw

:/x/y(x—t)ﬁl 1y — s)P- 12 kAk(x_t)a]k(y_s)aZkf(t,s)dtds

—Z
—Z

D(lk + ,51) (Dézk + IBz)k'

/\k 1
k _ pBrtak=1(,  o\Batark—1
T(ark + B1)T (a2k + B2) // x—t) (y—s) f(t5)dtds

/\ k k
k I B R () (),

Whence the result. [

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:

Lolf(poa) = [ [T e fxy) dedy = L£,[71(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,a2,B1,B2,7, A € C with Re(a1),Re(az),Re(B1),Re(B2) > 0. If fisa
bivariate function of exponential order and integrable over [0, 00) x [0, 00), then we have

A 1 e o —
L2 op Lo iy ﬁz(f)} (pq) = m(l —Ap~g72) "Ly f](p, q)
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:

Lo [a,bl'uvci/,\uz;ﬁlfﬁz (f)} (pq) = i e

@b#”ﬁﬁﬁmumnw

k:O

q —B2— lekp B1—ark

00 —aq p—ap K

k=0
(1= Ap~1g72) " Lo[f](p.q),

1
o pﬁl q,BZ

- pﬁl q,BZ

where we have assumed |[Ap~*1g~*2| < 1 for convergence of the binomial series, although
this condition can be removed by analytic continuation in the variables p and q. O

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 aqy, a9, B1, B2, €1,€2,7, A, 0 € C with Re(a;),Re(B;),Re(e;) > 0 fori =1,2.
Then, we have
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YA
“/bIﬂl,ﬂz;ﬁllﬁz

1A
”/bIt’lwz;ﬂl,ﬁz ab

1A e1—1,,e—1p0 ®1
EZ [a/hIaL“Z?,Blr,BZ (x Y Eﬂél ;€1 , 82 )\x y

(1_)\p7“1 7062 |: El ! 82 lEgl,kz,Slﬁz(/\x’lele)} (p’g)
1

(1—Ap~g2) "

- p.Bl q.BZ

(1—Ap~g=2)™7

- pﬁlqﬂZ
1 e
= Brragpra (LAY )T

pege2

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:

(x£1 1y€2 lEO' (Axﬂélyaz)) — xﬁ1+€1*lyﬂ2+62*1E"{+U’ (Axﬂélyaz)‘

a1,02€1,€2 a1,00;B1+€1,B2+€2

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, 7, 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 ay, a3, B1, B2, €1,€2,77,0,A € C with Re(a;),Re(B;),Re(e;) > 0 fori =1,2.
Then, for any f € Lq([a,c] x [b,d]), we have

¥;A A Y+oA
a bIal,txz,ﬁl,ﬁz a,b Zl np;€1,€2 (f) a,b= ny,00;B14¢1,B2+€2 (f)

Proof. In the case that a = b = 0 and f is a function whose Laplace transform exists, we
; YA :
know from Theorem 4 that applying the operator , ,7 w231, B corresponds, in the Laplace

domain, to multiplication by p=P147P2(1 — Ap~*14=%) "7 The latter operation clearly has
a semigroup property in the parameters B, 5, v, 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:

(A patank prrark & (0)mA™
T () = Yo OO sk sk 55 (O pesvaam gy saam
k=0 ’ m=0 ’
00 00 k+m
-y 0 k.m.A Lyl el )

T
=}
3
Il
<)

]A” Iﬂ2+€2+ﬂ¢z” 151+€1+“1"(f>

3
i
o

I I
[1e L1012
3
+
E,

:|/\n Iﬁz+€z+txzn Iﬁ1+€1+0¢1”(f)

3
i
o

o 'y+a,/\
= a,bzal,ocz;ﬁ1+€1r/32+€2 (),

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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Theorem 6. Let a1, a3, B1,B2,7, A € C with Re(ay),Re(az),Re(B1),Re(Ba) > 0. For any
e1,€0 € C with Re(eq),Re(ex) > 0, the following operator is a left inverse to the bivariate

. . YA . .
fractional integral operator ,, T~ w231, considered above:

B1+e1 Ba+e2
qu bDy

—7A
o a,bIt’q’,Yaz;ELez'
Proof. Using the semigroup property, we have

=\ YA _ A _ qPter iPite
’lrbI’le"‘Z;sl'SZ °© ﬂrbIDq,lxz;,Bl,ﬁz - ﬂ,bzgl,az;ﬁ1+£1,,32+€2 - bIV ﬂIx ’

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 aD£1+81 bD52+€2 from the left on both sides of the equation, the right-hand side
gives the identity operator:

A
Dﬁ1+€1 Dﬁz+€2 . bI v _ Dﬁ1+€1 thy32+€2 o b152+€2 ulgﬁ-ﬁl —T

“1r“2r51/€2 ﬂszl’quxz;ﬁpﬁz —a
Thus, we have found the left inverse operator of A as required. O
¢X1 2;1,82

Remark 1. It should be remarked that the left inverse operator is independent of the parameters €,
and €. The easiest way to see this is by using the series formula:

D8 D 0 T () = D D 2 I vt gy

+ + +agk ek
X Dl pfe ek k) )

(e
k=0

0 k

YA —Batak —prtank

3 I et P ) ), an
which is independent of €1 and . Here, we make use of the semigroup property for Riemann—
Liouwille 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,
IV = Dj.
ct c=t

Since we can choose any values of ¢ 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 81 + &1 and By + €5. This means choosing, just like in Riemann-Liouville fractional
calculus, e = Nj — B1 and &3 = N, — B2, to obtain the following definition.

Definition 4. Let aq, a3, B1, B2, 7, A € CwithRe(ay) > 0,Re(ap) > 0,Re(B1) > 0,Re(B2) >
0. Define N1, N» € N to be the numbers such that Ny —1 < Re(f1) < Ny and N, —1 <
Re(B2) < Ny. Then, the double Riemann—Liouville-type fractional derivative with five-parameter
Mittag-Leffler kernel is defined by

aNl +N,

A —TA
a,bpzl,az;ﬁl,,gz(f)(x/y) Wﬂbzal ;N1 —B1, Ny — ﬁz(f)(x/]/)/

while the double Caputo-type fractional derivative with five-parameter Mittag-Leffler kernel is
defined by

CyYit TA A
”'bpal/”‘z;ﬁl,ﬁz Nxy) =, hI"‘l ;N1 —B1,N2—B2 <axN1 ayN2 f) (x.y).
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Theorem 7. Let ay, a2, B1, B2, 7, A € C with Re(aq) > 0,Re(ay) > 0,Re(B1) > 0,Re(B2) >
0. The fractional integrals and derivatives with five-parameter Mittag-Leffler kernel have the
following inversion properties:

A A
“rbpzl,lxz;ﬁlzﬁz ”rbzzwz;ﬁl,ﬁz (xy) = fxy),

Ni—1 n n Np—1 m m
A CpvA (x—a)" 9 (y—b) J
u,bzzl,az;ﬁl,ﬁz a,hpzl,txz;ﬁl,ﬁz (f)(x/ y)=f(xy)— r;) nl T ox! (a,y) — m;() m ) oy (x, b)
Ni1—1Np,— l _ Ll)n(y o b)m Qntm

+ Z Z n'm! 'axnaymf(”’b)‘

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:

A Cprt ik —7iA A
o Tarmnp 2 0 Dt 2 ) (08) = 0T 2 0Tt~ pu Moz | gy S ) ()

. IN1+N2
_ 0
= ab Lo apNy N, (aleaysz> (x,y)
N N N1 9Nz
et e ) 2

=Lty Iy
Ni—1 Nr—1
S (x—a)t o" 2 (y —b)™ o™
AR Z Mt e ACH mgo iyt (D) (12)
Ni—1N— 1 —a)" (y b)m onrm

+ Z 2 nim! axnaymf(”’b)’
by using twice the formula for the nth integral of the nth derivative. [
Proposition 1. Let a1, a3, B1, B2, v, A € CwithRe(ap) > 0,Re(ay) > 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:

A - +azk +ark
a,bpzl,az;ﬁlzﬁz Z vly , e alx (P (f)(x ) (13)
o Ni+N;
CyvA [Ne-Patack  Ni—prtmk 012
ab 21,112?51,!32 Z b 2o e <aleayN2f (x/y>- (14)

Proof. This follows immediately from Theorem 3 and the series formula (11). O

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, B2, 7y replaced by —pB1, —Ba, —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) =
AV f(t), Re(v) <0, is the analytic continuation in v of the fractional integral I} f(t), Re(v) > 0.

Potask oLy P 1J”xlk( f)(x,y) appearing in (13) is exactly the same, under the

Therefore, each term I y_
analytic continuation of Riemann—Liouville differintegrals, as the term h152+“2k alglﬂlk( f)(x,y)

appearing in (10), after replacing B1, B2, v by —B1, —B2, — as stated.
Thus, we can adopt the notational convention that

1A A
u,bIaJaz;_ﬁl,_ﬁz (fxy) = a,bpzl,,xz;ﬁl,ﬁz (fxy), (15)
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and use this to extend the meaning of both , bIZ; w23 fa (f)(x,y)and , bDZi w23 o (f)(x,y) to
the entire complex plane for the parameters Bq, B2, 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 ay, ay, ﬁ],ﬁy_, v, A € Cwith Re((xl) >0, Re(ﬂQ) > O,Re(ﬁl) > O,Re(/ﬁ) >

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
ﬂipzpaz;ﬁhﬁz (H)xy) = a,bDZI,az;ﬂl,ﬁz (f)(x,y)

- — M NS (AR gk T f(a,y)
&k B Tn-prakr1) bV oxn )\ Y
L

=0 T(m — o+ agk + 1) Tatx oy’

k=
) k Ni—1Np—1 (x _ a)nf,Blthxlk(y _ b)mf/%eraZk gn+m
" Z k= = T(n— B+ ak+ 1T (m — By + azk + 1) axnay’”f(a’b)'

Proof. Starting from the series formulae (13) and (14), we have:

aN1 +Np

A - —Y AR k - k
Cprr (f)(x,y) = Z %blyﬁzﬂz aIxﬁHDq ( Iﬁlz”llealeany> (x,v)

a,b™ ay,00;81,B2

_ 1A
- u/bDallaZ;ﬁlr‘BZ

- (=7)iA = (y —b)m— Ptk 1o Pk o™

k=0

ko B N —1 x—a)" o
bly/52+txzkalxl31+tx1k<f(x/y)_ Z ( ) — (a,y)

|
=0 n:

NZ 1 m am N1 1N2 l ) (y b) an+m
Z m! Bym (x.b) + Z Z nim! ' ax"Bymf(a’b)
S (A NE (r—a)rhak gk O

(f)(xfy) _k:ZO Kl = F(Tl _/31 +061k+1) by axnf(a/y)

T(m—Pa+agk+1) ©F aymf(x'b>

k=0 m=0
- (_'7)k/\k NiZINa T (x — a)”*ﬁlﬂélk(y _ b)mfﬁzﬂxzk ontm ,
];)T n=0 m=0 r(n_ﬁl +061k+1)r(m—‘32—|—0¢2k+1) ’ axnaymf(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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a bIle 22;B1, /32

Prabhakar fractional calculus consists precisely of the integer powers of the following
(inverse) operators:

M() = F(t) =@ I (D),
£ = 5 [ Balolt =) f(0)dr,

These operators are obtained [47] by setting B = 0 (for non-singular operators) and p = +1
(for finite sums) in the operator © I'tx’ﬁ 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
PP = [ =T plalt - 7)) dr

= Z kwk Ierzxkf(t),

versus

(x,v) / / f(t,s)(x— )Py — S)ﬁrlEzl,ucz;ﬁl,ﬁz (Ax =) (y—s)*2)dsdt

- A k k
(U sk 60wk () ).

k

0

It is clear that our parameters a1,y correspond to the a of Prabhakar, our 81, B2
correspond to the  of Prabhakar, our 7 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 B; = B2 = 0 and v = £1. Note that, since Definition 3 for the
fractional integral operator requires Re(B1) > 0 and Re(p2) > 0, we must use Definition 4
for the case when 1 = g+ 2 = 0. We find:

92 _1.
abLa, a200(f)(x y) = D}zlAazoo(f) (x,y) = axdy u,bzaﬁ,ﬁﬂ,l (f)(x,y)

axay/ / flt, le,azu( (x — )" (y —s)*)dsdt

M= B (y = 5

axay/ / f |: (0(1+1)r(0é2+1) ds dt

= ) = A I () )

= f(xy) = Aply? oI5 (F) (). (16)

The same formula can also be obtained more directly from the series formula (13):

mﬂ@%ﬂﬁﬂuﬂ>:§;“ijA I () ()

= f(x,y) = A1y o I3 (F)(x,y),

where again we use the fact that (—1) equals 1if k =0, —1ifk =1, and 0 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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) 02 ;
tZ,bI}(,l/}az;O,O (f) (X ]/) Daﬁa/z ;0, O(f) (x/ y) = axay a/bI}(,l/}aerl (f) (xr ]/)

axay/ S A SE aa (M= 1y (y — 5 ds
co /\k(x_t)oclk(y_s)azk
axay/ / ft, [ T(ark + 1)T(agk +1) dsdt, (17)

or equivalently, using the series formula (13),

b I 00 () (xy) = kzo AR IR () (3, ). (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
«1, 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

(1—a1)(1—ay)

AB jaq,02 _
I LY) =
aplxyf (%:9) B(ay,az)

flx,y) + B(l—z) W12 I8 () (x,y),

X1, 02

where B(aq, 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

ABRDY £(x, )

B(a,a2) —au n a;
:(1—a1)1(12—0c2 axay//ftSE““z“((l—oq)l(lz—az)(x_t) =) )det
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and

ABCDM 42 (x y)

_ B(aq,7) y82fts El X142 A&y g)%2
T a—a)-m) // ots  Pavati\ Ty (@ —agy ¢ D)W 9)7 ) dsdts

where B(ay, ap) is the same normalisation function as above.
These definitions are valid for any aq, ap € C with positive real parts, although the main case
of interest is when a1, ap € (0,1).

Remark 3. The multiplier function B(aq, ay) 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 a1, xy approach 0 or 1:

: X1,62 —
oim ( aplxy (x,y)) =f(xy),
: X1,02 1 1
al%t}élzfll)l ( a blxy (x ]/)) I (f) (X, y>,
; ABR 1,02 —
Jim (A2EDIf(xy)) = f(xy),
im (5D f(x,y)) = f(xy) — f(a,y) — f(b,x)+ f(a,b).
wq,00—0
Note that if the pair (xq, 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,ay), the values of the mixed bivariate AB integral are

weighted towards the diagonal (where both the fractional orders a1 and ap 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—ay) ey
a,bll}f}yaz (X,y) = B(Dcl,ﬂéz) “ab aq, lxz,(]()l ? (f) (xry)
(1—a1)(1—ay) =y
- B(ay,a2) b Paagoo () xY);

—1 K
B(ay, a2) oy

DR ) = T ayy P (DY)

B(ay, a2) L ey
T A a)—ay) lw w00 (Hxy)

B(“l/ 0‘2) C -1 %
=——= . YD 1 2 )
Y (1—a1)(1—ap) b7 @00 (f)(x.y)

ARDS 2 (

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.



Fractal Fract. 2021, 5, 45

17 of 22

(1—a)(1—ar) _ABRDM 22 £ (

B(Oq,oéz)

q,02

Theorem 8. The mixed bivariate AB integral 4 . Br vy _f(x,y) is defined for any function f €
L1([a,c] x [b,d]). The mixed bivariate ABR derivative ABRD"‘1 2 (x, y) can also be defined for
any function f € Li([a,c] x [b,d]), while its ABC counterpart * b Df‘c}y’“z (x,y) is defined for
any twice differentiable function f on [a,c| x [b,d] such that agayf € Li([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

. 2
operator to the function ai—ay 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)

1 & _ o _ %)
axay/ / ftsE"‘l’“2’1’1<(1—al)(l—aZ)(x B (y —s) )dsdt
—X102

= f(x,y) +/ f(ts)5 [ a1a211<(1_“1)(1_“2)(X—t)a](]/—S)M)]s_ydt
[ rs) 2 [al,az,n((l_;l";ﬁ‘z_m(x—t)“l(y—s)“z)]t_xds
0 5 (o gy (= 1 = 9)% ) dsc

—X102

= f(xy) +/u /b f(t/s)mEil,az;m ((1—uc1)(1—zx2)(x )"y - S)az) dsdt,

where the new kernel function is

2 —aq0p
axay il < TR

=S t)“lk 1(]/ S)tXQk*l
) k; T (a1 k)T (azk)
X — )oq 1( S)le*l
I'(a1)l(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 —f — 0,y —s — 0. This means the
operator is well-defined for any f € Li([a, c]| x [b,d]), as required. O

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:

061,062 B(ay, a2) = —Xe k ok g
FaaDRg f ) = (1—061)1(12—062) ;;3((1 —“1)1(12— “2)) b L) ()

,X] 2 B B(a,a2) d —q k zxz ity 0% f
IO o) = (a1 (i) o8 et (g )

where this series is locally uniformly convergent for any f € Li([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:

ABCDY f (2, ) = “ER DY [ £(x,y) = f(a,y) = (b,%) + f(a,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 L1([a,c] x [b,d]), and it shares the following relationship with the
mixed bivariate ABC derivative:

ABINMXZ ABCDM ) (x,]/) — f(X,]/) —f(a,]/) —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:

o4y (x,y{ (p.g) =1 ‘B”g;)lf;‘) ) (1 ey ) Ll ()
L [ABCD”“ 2 f (e y)] (pg) = (1_;1’1)‘2_“2 <1+ 1_a')l‘1“f_a2)P“1q“2>1
< (a1 0) = 5 Lgmal10.0) = Ly 1P, 0) 5 F00) ).

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:

L2 BGDY f(xy) | (p,q)

__ Blm,a) 3 L) ¢ —aok—1, —ark—1 ’f
(1_0‘1 1—0&2 Z( 1-061)(1—062)) q p ' Lz axay(x’y) (Pr‘])

k=0

041, “2 X100

-1
+)p“"1q_"‘2> P_lq_l(Pqﬁz[f](PIQ)

—

C (T—a)(1—ap) (1—a7)(1—ay

—4Ly—qlf1(0,9) = pLip[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 . 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(ag + ay + a3) > 0:

[ee]

_ (1k z*

v R
Edvmsasitnpes®) = X Tk + BT (ank + BT (aok £ B) K1

it is possible to define the following trivariate fractional integral operator, convergent
for any function f € Li([a1,b1] X [ap, bp] X [a3, b3]) and parameters «;, B;, v, A € C with
Re(a;) > 0and Re(B;) > 0fori=1,2,3:

A
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X ry rz
= [ [ ] fetme =gl y—nfi@-np
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X E;cy],az,aa;ﬁ],ﬁz/ﬁs (Ax —35)"1(y — 1)*2(z — u)*3) dudtds,



Fractal Fract. 2021, 5, 45 20 of 22

and then the corresponding trivariate fractional derivative operator are defined as follows
for parameters «;, B;, v, A € C with Re(a;) > 0and Re(f;) > 0fori=1,2,3:

yiA aN1+N2+N3 —A
”1"12"13Dﬂtl,az/as;m,ﬂz,ﬁs (f)<x’y) - 9xM ayNzaZN3 (alrﬂzlflSDlerﬂézzﬂCS}Nl*ﬁerZ*/gsz:‘)*,B;sf) (x,y).

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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