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Abstract: Throughout the history of natural science, special functions (SFs) have been a
powerful instrument in the solution of a wide variety of important problems in various fields such
as physics, engineering, biology, medicine, economics, and finance. The reduction of any given
applied problem to the evaluation of special functions has always been, and still is, looked on as
indicating a strong penetration into the essence of the problem. Almost all the familiar special
functions have arisen from a wide diversity of applied problems, so the study of their proper-
ties and their applications has engaged not only mathematics but also physicists, astronomers,
engineers, and other specialists.

Furthermore, fractional calculus of special functions, which perform fractional differentiation
or integration of functions, is gaining popularity due to its numerous scientific, technological, and
engineering applications. So, the current review article dives into recent mathematical findings
on generalizations of special functions and polynomials related to various fractional calculus
operators (FCOs). Also emphasized is their importance and extensive utility in dealing with the
most well-known topics: integral transformations, initial value problems, and kinetic equations.

More precisely, we discuss analytic properties and numerical exemplifications of extensions
Beta and hypergeometric functions associated with fractional calculus operators. Moreover,
some developments and applications of orthogonal matrix polynomials, such as the generalized
Bessel matrix polynomials and the generalized Jacobi matrix polynomials, have been consid-
ered. Furthermore, novel generalizations of fractional kinetic equations involving certain special
functions and their solutions using the various integral transforms have been shown. Finally,
some important points that can be suitable to be future works are summarized.

Keywords and phrases: Special functions, fractional operators, integral transforms, Frac-
tional kinetic equations.
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1 Introduction

1.1 What are the special functions?

The concept of special functions (SFs) refers to a class of mathematical functions that appear in
a variety of situations, most notably in differential equation, mathematical physics, chemistry,
and other fields, see, for instance, Sneddon (1956)[1], Nikiforov and Uvarov (1988)[2], and Bell
(2004)[3]. These functions frequently possess unique qualities, behaviors, or forms that make
them very valuable in applications. Moreover, the term special functions is applied to functions
that are not trivial. In some sense the polynomials are the most special of all to the extent of
being boring. The next simplest is the family of exponential functions the usual real exponential,
the trigonometric and hyperbolic functions, and the general complex exponential that incorpo-
rates all of them and their inverse functions. These may have been supposed to be boring but, as
we shall see, they are interesting. They can be taken as solutions of first-order differential equa-
tions. The next lot of special functions is the solutions of the linear second-order differential
equations of mathematical physics and engineering. These include the Legendre polynomials
and functions, the Laguerre, the Hermite, the Chebysheyv, the Jacobi,the Gegenbauer, the Bessel
and related functions and some others. All of them arise as special cases of the generalized
hypergeometric functions & = ,F, of p numerator and ¢ denominator parameters (see, Dwork
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(1990) [4]) that are solutions of the differential equation
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and (a),, is the usual Pochhammer symbol (or the rising factorial). For p = 2 and ¢ = 1, we get
the Gauss hypergeometric function F;.

p

The other functions are those that arose in the theory of numbers. It is of interest to follow
them in more detail. The first of them, the Gamma function (Euler integral of the second kind),
a generalization of the factorial function defined for integers to the real domain and thence to the
complex domain (see, Davis (1959) [5]):

() ::/ e ¥y 'dy, Re(x)>0. (1.3)
0
The function I is closely related to the Beta function (Euler integral of the first kind)

1
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(1.4)
Re(%l R %2) > 0.

By using the Gamma function (1.3). Swedish Mathematician Gosta Mittag-Leffler (1903) [6]
introduced the following Mittag-Leffler function of one parameter

R . 1.
;Froﬁ—l e(@) >0 (1.5)

This function is the direct generalization of the exponential function and is known as the queen
of the functions of fractional calculus. For other generalizations, properties, and applications of
the Mittag-Leffler functions, the reader might consult the work by Haubold et al. (2001)[7].

Further, SFs are often highly studied, and their properties such as differential (or differ-
ence ) equations, asymptotic behavior, recurrence relations, integral formulas, orthogonality,
Rodrigues’ formulas, and generating functions, are extensively documented. These attributes
render them effective tools for swiftly addressing intricate issues.

On top of that, recently special matrix functions (SMFs) appear in connection with statistics,
Lie group theory, and theoretical physics. Many authors have dealt with orthogonal matrix poly-
nomials and their applications, For examples, Hermite, Laguerre, Chebyshev, Jacobi, Gegen-
bauer, Bessel and Legendre matrix polynomials were introduced and established, see, tutorial
survey by Abdalla (2020) [8].

Next, further details will be provided about the importance of relationships between SFs and
both fractional calculus operators (FCOs) and integral transforms (ITs).

1.2 Fractional calculus operators

The notion “Fractional Calculus” (FC) or “Fractional Analysis” is used for the extension of the
Calculus (Analysis), when the order of integration and differentiation can be an arbitrary number
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(fractional, irrational, complex), that is, not obligatory integer. The FC is nowadays one of the
most rapidly growing subjects of mathematical analysis in spite of the fact that it is nearly 300
years old. Where the giants of mathematics, W. Leibniz (1697), L. Euler (1730), thought about
the possibility to perform differentiation of non-integer order.

The real birth and far-reaching development of the FC is due to numerous attempts of math-
ematicians during the nineteenth century to beginning of twentieth century. It is practically
impossible to name all important contributions made in construction of early stages of building
of the FC. For example, see the survey by Machado and Kiryakova (2010)[9, 10], Machado et
al. (2010)[11].

In the same vein, fractional calculus operators (FCOs), which handle non-integer (fractional)
ordering on functions as a type integral transform convolutions. It is an extension of classical
operators, which originated and developed with the pioneering contributions of Lacroix (1819),
Liouville (1832), Letnikov (1868), Riemann (1876), Hadamard (1892), Weyl (1919), Caputo
(1967) and numerous others [12]. In the literature, FCOs are defined in a wide variety of ways.
Two widely used operators are the Riemann-Liouville and Caputo fractional operators [13]. Nev-
ertheless, among the monographs developing the theory of FCOs involving various special func-
tions and presenting some applications, we have to point out works by, Oldham and Spanier
(1974) [14], Lovoie (1976)[15] Kilbas (2005) [16], Kiryakova (2008)-(2020)[17, 18], Srivastava
(2015)[19], Kochubei (2019)[20], Sandev (2022)[21], and Singh (2023)[22].

Let us now begin with some various representations for FCOs.

The Riemann-Liouville-Caputo fractional operators

The Riemann-Liouville fractional integral operator (RLFIO) of order v, introduced by Bernhard
Riemann and Joseph Liouville, is defined as

oD f(w) = (I f) (w) = — | /0 C(w— ) f(w)du, Re(v) >0, (1.6)

)

where I" denots the Gamma function defined in (1.3), and the Riemann-Liouville fractional dif-
ferential operator (RLFDO) of order u, defined as

D f(w) := D" (I”’“f(w)), n—1<Re(p) < n. (1.7)

In 1967, Italian Caputo defined the Caputo fractional derivative operator (CFDO) as

w ) d"L
DL f(w) = o | w0 (18)

where n — 1 < Re(u) < n.

Recently, many generalizations of RLFOs and CFDOs have been considered, such as the Hil-
fer, Hadamard, Katugampola, Hilfer-Caputo, and Hadamard-Caputo fractional operators, extend
of (1.6), (1.7) and (1.8) by introducing additional parameters or kernel functions. In particular,
Mubeen and Habibullah (2012) [23] defined the k—RLFIO by

) _ 1 ‘ -1 .
( v f(r)) @) = 1m0 [, FOe=nFdr vk (1.9)
Due to this, the k— RLFIO of order v introduced by Rahman et al. (2020) [?] as
v _ pf0-v : .
Dk{f(n)}_D<Ik f(n)>, 0<vsl, D= (1.10)

where T'*(y) is the k—Gamma function
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o0 ok
I(y) = /0 wlemFdu, yeC\KZ . (1.11)

These formulas have been applied in many recent works (see, e.g., [24, 25, 26])

The Hadamard fractional operators

Definition 1.1. [27] Let 0 < a < b < o0, be finite or infinite interval of the half-axis R™. The
Hadamard fractional integral operators of order « € C are defined by

[ a-1 dt
HTo0) (@) =y [ (02f) " eOF a<a<
(1.12)

(HIp_ o) (z) = F(la) /: <log ;)0‘—1 cp(t)?, a<x<b.

The left-sided and right-sided Hadamard fractional derivative operators of order @ € C,
n € N with Re(a) > 0 on (a,b) and a < z < b are defined by

(DG, 0) () = 0" (HIZ: %) (@)

= <xdi) F(nl— ) /aI (log %)n_a_] Sﬁ(tt)dt’
(HD_p) () = (=0)" (HT;~%¢) (x)

(i) wa f (2)

If Re(a) > 0,Re() > 0and 0 < a < b < oo, then we have

("HIng <10g Z>Bl> (z) = 1’% (log g)ﬁJra—l |

and (1.14)
(HD3+ <log Z)Bl> (z) = 1% (log %)/3—(1—1 .

The Marichev-Saigo-Maeda fractional operators

(1.13)

In 1974, Marichev [28] introduced fractional integral operators as Mellin type convolution op-
erator with the Appell function Fj in their kernel. In the middle of the 1990s, these fractional
integral operators were rediscovered and studied by Saigo (1978-1980) [29, 30], extended and
investegated later after that by Saigo and Maeda (1996) [31] and by Saigo and Saxena (2001)
[32] as generalizations of the celebrated Saigo fractional integral operators.

The generalized fractional calculus operators (the Marichev-Saigo-Maeda operators) involv-
ing the Appell’s function or Horn’s F3 function in the kernel are defined as follows:

Definition 1.2. Let 0,0’,v,/,n € C and = > 0, then for Re(n) > 0

(15" 5) (@)

_ z 1.15
= ﬁ/ (z—t)"" 7 Fy (0,0 0,051 — tio® f(t)dt (-
F(/r]) 0 b b ) 2 ’ x? t b
and
(1221 5) (@)
. (1.16)

o0 t
= t— )" TR (ma’,v,v’;n;l - ?1 — ) f()dt,
o | -0 L) s
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provided that the function f(¢) is so constrained such that the integrals in Equations (1.15)
and (1.16) exist.

In Equations (1.15) and (1.16), F3 denotes the Appell’s hypergeometric function [33] in two
variables defined as:

F5 (0,0 ,v,v";m;2,9)

= 3 Dl O I g iy <.

m,n=0

Then the above fractional integral operators in Equations (1.15) and (1.16), can be written as

follows:
(IO'O' v’ n f)( ) ( d )k (Ia,o',v+k,v/,7]+kf) (37)
da 0 (1.18)
(Re(n) < 0;k = [~ Re(n) + 1]),

and

’ / d * ' '
(g = () (1 srss) @ (1.19)
(Re(n) < 0;k = [~ Re(n) + 1]).

Remark 1.3. It is worthy to note that the Appell function defined in Equation (1.17) reduces to
the Gauss hypergeometric function ,F; as given in the following relations:

Fy(o,n—o,v,n—vinz,y) = :Fi(o,vingx +y — 2y),

also we have

F5(0,0,v,0",m;2,y) = 2F (0, v;n; 1),
and
F3(0,0", 0,9, m;2,y) = 2Fy (o', 0" m39) .

The corresponding Marichev-Saigo-Maeda fractional differential operators are given as fol-
lows:

Definition 1.4. Let 0,0/, v,v", 7 € C and = > 0, Then

(D57 f) (@) = (Il ™" ") (@)
_ (dd> (fo7 ok mk ) (@), (Re(n) > 0k = [Re(n)] + 1)

x I (—J’,—U,k—v —vk—n1—— 1— t) f(t)de,

(1.20)

and
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’ ’ —o! —o.—v —v. —
(Dggem"f) @) = (127 77f) (@)

( d )k (1—”'7—”7—”7—"”‘*‘“’“ ) (z), (Re(n) > 0;k = [Re(n)]+1)

_% ,00

%, 1 — i) F(t)dt.

(1.21)

x F3 (—0'/, —o, v, k—vik—m1—
In view of the above reduction formula as given in Equation (2.7), the generalized fractional

calculus operators reduce to the Saigo operators [?] defined as follows:

Definition 1.5. Let 2 > 0, 0,v,n € C and Re(o) > 0, then
t

o, R v o—1 ..
(521 @ =7 | te=0ram (o 0ot = ) st

and
1 & T
o,v,m — o o—l;—o—v el 2
(122 ) (@) = F /x (6= )0 (o 40, —mo31 = ) f(2)dr.
The Saigo fractional integral operators, given in Equations (2.11) and (2.12) can also be

written as:
Letz > 0,0,v,n7 € C, then

(5:5) 1= () (7)o
(Re(0) < 0;k = [Re(—0)] + 1),

and

k
([;:gom ) (z) = (—;i) (I;;f,l/—k,n ) ()
(Re(0) < 03k = [Re(~0)] +1).

The corresponding Saigo fractional differential operators are defined as:

Definition 1.6. Let o, v, € C and x > 0. Then

(D&’;”” f) (z) = (I&:,—v,o+nf> (2) = (jx)k (Iojg+k,fu7k,a+n—kf> ()
(Re(o) > 0;k = [Re(o)] + 1),

and

Y= () et @)

_% T,00

(Re(o) > 0;k = [Re(o)] + 1),

(D22 ) (@) = (12

where [z] denotes the integer part of z.



NEW ASPECTS OF CERTAIN SPECIAL FUNCTIONS 121

If we take v = 0 in Equations (2.11), (2.12), (2.15) and (2.16), we get the socalled Erdélyi-
Kober fractional integral and derivative operators defined as follows[34]:

Definition 1.7. Let z > 0, 0, € C with Re(o) > 0, then

(152 ) @ =iy | @07 st
and

1”7

o,n —_ > o o—ly—0—nm
(29 @) = | =y
provided that integrals in Equations (2.17) and (2.18) converge.

The corresponding derivative operators are defined as:

Definition 1.8. Let z > 0, 0,7 € C with Re(o) > 0, then

(21) 0= (i) ey ) 00 s
= (;;)k (I(;;7+k,—o,o+n—kf) (.Z‘), (k’ = [Re(g)] + 1)7

and

(DTL f) (w) =" (;;)k F(k:l /:ot”(t — )P0 f(t)dt

—O’)
k
(0¥ () () @, (= Re(@)] 4 1)

When v = —o, the operators in Equations (2.11), (2.12), (2.15) and (2.16) give the Riemann-
Liouville and the Weyl fractional integral operators are defined as follows:

Definition 1.9. Let z > 0,0 € C with Re(o) > 0, then

(15 f) (z) = F(lg)/(x — )7 f(t)dt,

0
and

(I7 o f) (2) = F(l@ /:O(t —2)" (et

provided that both integrals converge.
The corresponding derivative operators are defined as follows:

Definition 1.10. Let z > 0,0 € C with Re(o) > 0, then

(D7, f) (@) = (;;)k i/ C@ -t et

- ((i)k (1577) @), (k= [Re()] + 1),

and
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(D o f) () = (=1)F (ch) F(kl_a)/oo(t—z)k"lf(t)dt
k
— 0 (£) (D@, = Relo)] +1).

For more detail about such operators along with their properties and applications, one may
refer [35, 36, 37].

Power functions formulas of the above discussed fractional operators required for our present
study are given in the following lemmas (see [30, 31, 32]):

Lemma 1.11. Let 0,0’ ,v,v',n and p € C,z > 0 be such that Re(n) > 0, then the following
formulas hold true:

(T 1) ()

_ _Tlptn—o-0"=v)l(p+v' =0") iy oo
Cp+v)T(p+n—oc—0o)(p+n—0 —v)
(Re(p) > max {0,Re (6 + o’ +v—n)Re (¢ —0')}),

and

(Io'a Vv,ntp 1)

e )P p ot ot IOt a ) ey o
Irl-p(l—p—n+o+o +v)I'(1 —p+0o—0)

(Re(p) < 1+ min{Re(—v),Re (0 + 0’ —n),Re(c+v —n)}).

Lemma 1.12. Let 0,0',v,v',n and p € C,x > 0 be such that Re(n) > 0, then the following
formulas hold true:

(D57 o) (@)

— F(p)r(p -n +o+ o’ + U/) F(p —v+ U) xpfn-ﬁ-a-&-o'fl
Flp—v)l(p—n+o+o)T(p—n+o+v)
(Re(p) > max {0,Re (n —o — o’ —v'),Re(v —0)}),

and

(Dg,g;,v,v’,n tp_l) (ZL‘)

_PA—pt ) P(A=ptn-0-0)TA=ptn—0"—v) , yicio-i
- T(1-pT(l—p+n—0—0 —v)T(1—p—0o +2)

(Re(p) < 1 +min{Re (v'),Re(n—0c —0a'),Re(n—0' —v)}).

2 Integral Transforms

The integral transform (IT) is a mathematical method for translating a differential equation into
an algebraic equation. By using this method, a challenging mathematical issue can be reduced
to a more manageable one. By integrating the result of a function and another function, known
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as the kernel of the integral transform, the integral transform mathematical operator can create a
result function. The integral transform can be expressed generally as follows:

F(x) = /f s)dy,

where, §(») represents the function produced by the integral transform and K(y, 5¢) a kernel
function. The inverse integral transform is given by

f(y) = / T(f (30K~ (52, )dse,

where K~! (5, y) is the kernel of the inverse integral transform.

We will now provide a discussion of a number of significant integral transforms.

2.1 Fourier transform

The Fourier transform, the Fourier cosine transform, and the Fourier sine transform can be ef-
fectively used for solving differential and integral equations. These transforms are also use-
ful in evaluating integrals involving special functions. The reader may refer, for example to,
[35, 36, 37, 38].

If f is an absolutely integrable function, the Fourier transforms are defined by [35, 36]

F{f(t)} / F(B)e 2 itg, ke R,

and
-1 {F / F 2mktdk

Further, the fractional Fourier transform (FFT) of order 3; 0 < 8 < 1, is defined as

pp(w) = Fslel(w) = /R e p(&)d¢, i=v-1 2.1)

2.2 Laplace transform

The Laplace transform of f(t) is formally defined by [35, 36]

L{f(t)} = f(s) = /oo e *'f(t)dt, Res >0, 2.2)
0
The inverse Laplace transform is
_ 1 c+ioo _
LAY =0 =5 [ e Fo)ds, e>0 @3

The Laplace transform is highly efficient for solving some class of ordinary and partial differ-
ential equations. A variety of extended Laplace-type transforms are introduced for example in
[36, 37, 38, 39, 40].

2.3 Pathway-type transform

The pathway-type transform (P.—transform) is given in [41, 42] in the form

Pf(w) ¢l = () = | Tl - D) fw)dw <> 1, 24)
with

lim [1+ (¢ — 1)g]= = e %, (2.5)

c—1t
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and

lim Pc[f(w),¢] = L[f(w), ¢, (2.6)

c—1t
where (L[.,.]) is the Laplace transform (2.2).

Some basic results of the P.— transform are given in [41] as follows

¢—1
Pl,¢] = IENEETE (2.7)
P w", o] = {M}UH I'v+1), veC, (2.8)
and
PLD 1) 6] = [ | Pl @el Rel@ >0, >0 @)

where (D% f(w) is given in (1.6).

More information about the P.—transform and its applications may be found in [41, 42].

2.4 Hankel transform

The Hankel transform (also designated as Fourier-Bessel transform) is a fundamental tool in
many areas of mathematical statistics, physics, engineering, probability theory, analytic number
theory, data analysis, etc (see, for instance, [41, 42, 43, 44, 45, 46]). The integral

A5} = [ adan) £0) dte 4> 0. R) > 5. 210

defines the Hankel transform involving the v*"-order Bessel function of first kind 7, (1) [45] as
a kernel. Its inverse transform is

£(t) = 1y {F@)} ) = /0 " 4ut9) Fla)dg, 0. @.11)

2.5 Mellin transform

The Mellin integral transform is similar with the Laplace transform and Fourier transform and
is widely applied in computer science and number theory due to its invariant properties [35, 36].
The Mellin transform of a suitable integrable function f(¢) is defined by

o) =m{rw}o) = [ o s pec @.12)
0
provided that the improper integral in (2.12) exists. The inverse Mellin transform is
(7 1 c+i00 B
= - = — _p
0 =M fo}0 =55 [ @ @13)

where ¢ € \{p} is a constant.

_ Further, there are two convolution Type theorems for the Mellin transform. If M{f(¢)} =
f(p) and M{g(t)} = g(p), then

o0

MIF(8) # g(t)] = M [ 0
(2.14)

MIF(t) o g(t)]) = M [ f(tE)g(E)df} — Fp)a(1 - p).

0
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2.6 Beta transform

The Beta transform of f(z) is defined as [48, 49]:

B{f(z):a,b} = /a‘ 2)P7 f(2)dz (2.15)

The matrix version of the Beta transform of f(z) is defined as

B{f(z): P.Q} = / PoI(] - )@ f(2)d (2.16)

where P and () are positive stable matrices in the complex matrix space of common order
n; Cnxn,
For f(z) = 1, we get the Beta matrix function given by Jodar and Cortés (1998) [50] as

1
B(P,Q) :/0 Pl (1 =) at. (2.17)

2.7 Whittaker transform

The Whittaker transform is defined in [51] as
W(z) = / (22t) Wy, (22) £(t) dt, (2.18)
0

whereW, ,(¢) is the Whittaker function. For A = 1 and 1 = £+ the Whittaker transform goes
over into the Laplace transform.

3 Fractional Kinetic Equations

The kinetic (reaction-type) equations have prime importance as mathematical tools widely used
in describing several astrophysical and physical phenomena. The production and destruction of
nuclei in the chemical (thermonuclear) reactions can be described by the reaction-type (kinetic)
equations. Reactions characterized by a time dependent quantity N = N(¢) can be formally
represented by the following Cauchy problem (See, Haubold and Mathai [52])

dN

ar = —0(N) + p(N), N(0) = No, (3.1
where ¢ and p are the destruction rate and the production rate of IV, respectively, and N is the
initial data. Haubold and Mathai [52] studied the following special case of the Cauchy problem,

aN

dt
Equation (3.2) is known as the standard kinetic equation. An alternative form of equation (3.2)
can be obtained as

= —9N, 9 €t, N(0) = Np. (3.2)

N(t) — No = —9oD;'N(t), 9,t e R", (3.3)

where oD, ! is the standard integral operator. Haubold and Mathai [52] have introduced a frac-
tional generalization of the standard kinetic equation (3.3) as

N(t) — No = =9 oD; " N(t), 9,teR", (3.4)

where (D, " is defined in (1.6). The solution of the fractional kinetic equation (3.4) takes the
form

N(t) = Ny ; F((V_Tllfl)(m)m. (3.5)

Further extensions and generalizations of kinetic fractional equations involving many fractional
operators have grown interest in applied science not only in mathematics but also in dynamical
systems, physical phenomena, engineering and control systems (see, [53, 54, 55]).
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4 Related Works

Several research have been conducted to study generalizations of the SFs. This section reviews
some works related to the generalized SFs associated with FCOs and ITs.

4.1 Fractional operators for the Wright hypergeometric matrix function

The generalized (Wright) hypergeometric function were first studied by Virchenko et al.(2001)[56]
as follows

I'(c) & ['(b+7n) 2"
2R5)(abcz X0 Z c—i—Tn )—,, T>0,]z] <L 4.1)

The matrix version of (4.1) was introduced by Bakhet et al. (2019) [57] as follows,

Definition 4.1. Let A, B and C be positive stable matrices in C"*™ such that the matrix C + nl
is invertible for every integer n > 0. Then, the Wright hypergeometric matrix function (WHMF)
is defined in the form:

R\7(4, B;C;2) =T (B)[(C)
o 4.2)
wr

XZ C’+TnI)F(B+Tn[)

where 7 € R, = (0, 00) for all integer n > 0, and

AA+D..(A+(n-1I) =T"YAT(A+nl), n>1,
(A), = (4.3)
1, n =0,

is the Pochhammer symbol of a matrix A, where
I'(4) = / e wA dw, wA™! = exp((A—1)Inw), (4.4)
0

is the Gamma matrix function (see [57]). For 7 = 1, (4.2) reduces to the Gauss hypergeometric
matrix function which is defined by J6dar and Cortés (1998) [50].

In this section, we investigate new properties of the WHMF in (4.2). Further, we introduce the
Wright type hypergeometric matrix functions by using the FCOs in (1.6) and (1.7), as follows,

v

w
R(w; A, B;v;\) = =———=2F1(A, B; (v + 1)I; \w)
I'(v+1) 4.5)
(w, v,heCand A, B € (Cnxn),
and
R(w; A, B; —pi; \) L R(A, B (1 — )T )
H (1 p) 2k H “6)

(w,u,)\ cCandA,B € (C”X">.

o Main Results

Theorem 4.2. [58]. Let A, B and C be positive stable matrices in C"*". Then for T > 0, m >
0, the following integrals hold true:
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i(A)n I'(B 4+ mI)T(C)

n=0

/Oo exp (‘“m) uC— (D1
0 2m

x ' (BN (C+ DI

“@.7

Q
|
—
\]
+
3
SN—
~
S—
<
3
—_—
QU
<

zC—TI
= ZRET)(A,B;C;Z), |z] < 1.
m

R4, B; (m+ 1)I31)
m

1
/ 2 R(A, BymI; 27)dz =
0 (4.8)
R4, By (m+2)151)
m(m+ 1)

. 2T < 1.

Theorem 4.3. [58]. Let A and B be positive stable matrices in C"*"™ such that B 4+ nl is
invertible for all integer n > 0 and |z| < 1, then

(s+1)2R(A, B; (s + 1)I;2) — ,R(A, B; (s + 2)I; 2)

RO SN P . T
=\ o) = (oR| (A,B,(s+3)1,z))+zm{7+2(s+1) 49)

d ., .
xg(zR(l (A, B; (s +3)I; z)) +5,R\7(A, B (s+3)I:2), Re(s) > 0.

Theorem 4.4. [58]. Let A and B be positive stable matrices in C"*™ with B + nl is invertible
for all integer n > 0 and \, i € C such that | \w| < 1, Re(u) < 1. Then

DI'R(w; A, B;v; \) = R(w; A, Byv + 73 \), (4.10)
DYR(w; A, B;v; \) = R(w; A, B;v — 73 A), 4.11)
I"R(w; A, B; —p; A) = R(w; A, Byy — 13 M), (4.12)
and
DRy (A, BiviA) = R(w; A, By —(y + p); A). (4.13)

Theorem 4.5. [58]. Let C be a positive stable matrix in C**"™, The Laplace transform of
R(w;—nl,C+ (n— DI;v;X) and R(w; —nl,C + (n — 1)I; —p; A); n € Nare given as

1
gv+l

,C{R(w; —nl,C+ (n— DLv; )\)} = V(O —s), (4.14)

and
1
L{R(w; —nl,C+ (n— ) —p )\)} = 7 VulCiX =), (4.15)

where Y,,(C; X, —s) is the generalized Bessel matrix polynomial [58].
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4.2 Results on the generalized hypergeometric matrix functions

The generalized Gauss and Confluent hypergeometric matrix functions are presented by Abdall
et al. (2021) [60] as follows.

Definition 4.6. Assume that A, B, A*, B*, C* and C* — B* are positive stable matrices in C"*",
such that B*C* = C*B* and p be a number with Re(p) > 0. Then, the generalized Gauss
hypergeometric matrix function (GGHMF) is defined by

n=0 4.16)

— * * * 2"
xB~Y(B*,C* -~ B )H’
and the generalized confluent hypergeometric matrix function (GCHMF) in the form

lFl(AB)(B*,C*,Z,p) — ZB<A7B>(B* + TLI7C* _ B*,p)
n=0 4.17)

n

— * * * z
x B~ Y(B*;C* -~ B )H'
Founded on the generalized Beta matrix function
1 * * 7}')
BAB)(B*, C*;p) :/ B (1 -0 1R <A;B;t(1t)> dt. (4.18)
0 —

and the Beta matrix function B (A, B) is given in (2.17).
Next, we give some new results for the GGHMF and GCHMF by the following theorems.

Theorem 4.7. [60]. For the GGHMF F\“-B)(A*, B*;C*; z; p), the following integral form holds
true.

F(A’B)(A*,B*;C*;z;p)
1
:/ (1 —tZ)_A tB _I(l _t)c —BT-I (419)
0
B~'(B*,C* — B\ Fy (A; B; ——2— ) dt
< (a0 2 (i
where |arg(1 — z)| < .
Theorem 4.8. [60]. For the GGHMF with |arg (1 — z)| < =, then the following transformation
formula holds true

F(A’B)(A*,B*,C*,Z,p) _ (1 . Z),A*F(A,B) <A*,C* o B*,C*, z 1,p> '
o —

Theorem 4.9. [60]. The GGHMF F(A’B)(A*, B*; C*; z;p) verifies the recurrence relation

2
B(B* 4 31;C* — B* +31I) p;—pz {F“"B)(A*, B* +31,C* + 61, z;p)}

_B(B* +2[;C* — B* +2I)B di [F(A’B>(A*, B* +21;C* + 4 z;p)}
p

_B(B* + ;0" — B* + I)pd% [F<A>B>(A*, B* + I:C* + 21 z;p)}

+AFAB) (4% B*.C*;zp) = 0. (4.20)
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Theorem 4.10. [60]. For the GCHMF 1F1(A’B> (B*; C*; z; p), the following recurrence relation
holds true

B(B* + 31;C* — B* + 31 ;‘L [1F< BB 431,0" + 6I;z;p)]
~B(B* +2I;C* — B* +2I)B di [ FAB)(B* 4 2I,C* 4+ 4T 2; p)]
~B(B* + I;C* — B*+1)p [ Bl(p* + 1,0 —l-ZIzp)}

+A 1F]<A’B)(B*; C*;z;p) = 0.

Theorem 4.11. [60]. The following Beta matrix transform formula holds true:

B{F(A>B>(P +Q,B*;C*;yz;p) P,Q}
4.21)

=B(P,Q)F“P) (P, B*;C*;w;p),

where A, B, B*,C*, P,Q, P + Q are positive stable matrices and commuting in C"*™ with
(Re(p) = 0, fw| < 1).

Theorem 4.12. /60]. If Re(s) > O,Re(p) > 0, M € C"*" and | £ |< 1, then the Laplace
transform given in (2.2), holds true:

£{ZM—1F<A’B)(A*,B*, C*,xz;p)}
(4.22)
= s M T(M) FAP) (A%, M, B*C7 2 p).
S

Theorem 4.13. [60]. If p,6 € C, Re(p) > O and | % |< 1, then the following Whittaker
transform formula (2.18) holds true,

/ =1 Wy, (5t) FAB)(A* B*, C* wt; p)dt
0

L3+ p+p)I(3 —,u-i-p)x (4.23)

—5F
ru—A+m

* 1 . vk w
2P (4, ( tutp) (5 = ptp) L BRCT (1= A+ p) ;i)
Remark 4.14. The above results improve and generalize some already known results presented
by Cekim (2013) [61], Agarwal (2014) [49] and Abdalla and Bakhet (2018) [62].
4.3 Certain fractional formulas of the extended k-hypergeometric functions

In 2007, Diaz and Pariguan [63] introduced the k-hypergeometric functions as

Definition 4.15. Let £ € R and a1, a2,y € Cand a3 € C\ Z; , then k-hypergeometric series
is defined in the form

k
2 Hj

(arsk), (a23k) | = (@D)nk (@2)np " 1
(a3 k) y} _ZOI(aT'H’ vl <% (4.24)

where (-), x is the k-Pochhammer symbol given by
yly+k)..y+(n—1k), neN,yeC

(y)n,k:
1, n=0,keR" yeC\{0}
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Recently, numerous works have been conducted for studying the k-hypergeometric functions,
for example, Asad et al. (2021)[64], Abdalla and Hidan (2021)[65], Jianrong et al. (2022)[66],
and Fuli et al.(2022)[67].

Particulary, Abdalla and Hidan [65] and Hidan et al. [68] introduced and studied several
properties of the following (p, k)-analogues of Gauss hypergeometric function:

gk | (k) (aask) | S (@ )
2 [ (Ol3;k> JE:O ',k (pj)y’ (425)

which is an entire function for p > 1, where k € R* and a1, ap,w € Cand a3 € C\ Z; .

The purpose of the next section is to continue the investigation of a new formulae like integral
transforms and fractional calculus operators on the (p, k)-analogues of Gauss hypergeometric
function (4.25).

e Main Results

Theorem 4.16. [56]. The Laplace transform for the 2H§p k) given in (4.25) has the following

Sform:
L) (p,k) (Oq,k)(az,k) .
[,{f 2H1 [ (043, k) »UJf] }

(4.26)
_ETHO) o [ (01, ) (o, K)(3.K) ] |

(a37k) 7k8
(al,az7u,§ € C,a3 € C\ Z;, Re(ar) > 0,Re(az) > 0,Re(s) >0, || <1, ke RTandp € N).

Theorem 4.17. [68]. For o, ar,w € C,a3 € C\Z;, Re(a;) >0, Re(w2) >0,k e RT, pe N
and 0 < B < 1, the following fractional Fourier transform (FFT) hold true:

Sﬁ{zHﬁ”’“ [ (ca, k) (02, k) w])

(Oé3, k)
- Z OQ n,k (w)—("[—;rl)(_l)n(l)f(n-‘rl) (427)
n=0 n k
1

S = D= 2)u(n— L)

Theorem 4.18. [68]. For o, a0, v,u € C,a3 € C\ Z;, Re(o;) > 0,Re(az) >0,k e RT, p e
Nand 0 < Re(v) < 1, we have

s (a17k)(a27k)
DZ{uk 2H§p’k) ;U }

(a37 k)
(4.28)

(Oé] y k)(az, k’)(5 + k, k})

U

ATFOY) sy
_ka(l—V+5)u i 13H§p |
(a3,k)(1 —v+4,k)

Theorem 4.19. [68]. Assume that o, 3,7,0,1,9, 01,00 € C, 3 € C\ Zy, v >0,k € R and
p € N such that Re () > max {0,Re(8 — 6),Re(a + B+~ —n)}, then we have
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ars k), (s k
(Igf,%&nw}z—l 2H(lp,k) [ (a13k), (a3 k)

el o

TFO)TE (9 — kB + kS)TE (9 — ka — kB — kv + kn)
TF(9 + kO)T* (0 — ka — kB + kn)TF(9 — kB — ky + kn)

—k" x—(x—[ﬂ”ﬂﬂr%—l

X 5H4(1p7k) l

(ay:k) (ansk)  (9:k) (9—kB+kdsk)  (9—ka—kB—ky+kn:k) ]
s L

(az3k) (9+késk) (9—ka—kB+knk)  (9—kB—ky+knk)

Remark 4.20. By invoking the Definitions (1.5), (1.6), (1.7), (1.8), (1.2), and (1.10), we find
various special cases from Theorem 4.19.

4.4 Extended Euler’s Beta-Logarithmic function

In this section, we introduce a generalization of the Euler’s Beta function (EBF), which we call
the extended Euler’s Beta-Logarithmic function (EEBLF). Also, we discuss various properties
and establish numerical comparisons between this generalization and the previous studies using
MATLAB (R2018a). Furthermore, we present a new version of the Beta distribution and acquire
some of its characteristics as an application in statistics.

The extended Euler’s Beta-Logarithmic function (EEBLF) is defined in [69] as

! Y4
. . 1—w gw ,, u—1 o v—1 o
EBL[a, B,u,v,f} = /0 o B w' (1 —w) exp ( 711)(1 — w)>dw, w29

(a, 3 € R* witha # 3,Re(u) > 0,Re(v) > 0, and Re(¢) > o),

Remark 4.21. We see certain particular cases of the EBL [a7 Biu,v; 4 as follows:

(i) If « = g = 1, then Eq (4.29) reduces to the extended Beta function (EBF) defined by
Choudhary et al. (1997) [70] in the form

1
— v— _é
EB (u,v:0) = /0 W e (G e (4.30)

(Re(u) > 0, Re(v) > 0, and Re(¢) > 0).

(ii) When ¢ = 0 in (4.29), we obtain the Beta-Logarithmic function (BLF) given by Raissouli
and Chergui (2022) [71] as

1
BLoncan (0,0501,02) = [ 016" w0~ (1 ) du,
’ 4.31)

(Re(dl) >0, Re(5y) > 0, 6, ¢ € R such that 0 ¢).

(iii) If v = v = 1, then Eq (4.29) reduces to a new extension of L,,.4,, Which is called the
extended logarithmic mean (EL,,cq5) as

EL,.can [a,ﬂ;é} = /01 al=® £ exp (11)(1£—m>dw’
(a, 3 e R* witha # 3, and Re(f) > 0).

(4.32)
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(vi) If we choose ¢ = 0 in (4.32), then we get the L., defined by

o—
! o= oA
Liean (9, ¢) = / 91—1 (bzdx = 4.33)

0 .
0, otherwise.

(v) Taking @« = 8 = 1 and ¢ = 0 in (4.29), we recover the classical Beta function defined in
(1.4).

Some properties of the EEBLF

Theorem 4.22. [69]. The EBL [a, B;u,v; 4 satisfies the following functional relation:
EBL|a, Biu+ 1,v;¢] + EBL|a, Biu,0+ 1;¢] = EBL [, B, v3¢].
Theorem 4.23. [69]. The following inequality holds for the EBL [a, B u,v; 4 :

min(a, 8) < EBL{a,B;u,v;E} < max(a, ),
(a, 3 € R* witha # B,Re(u) > 0,Re(v) > 0, and Re(() > 0).

Theorem 4.24. [69]. For o, 3 € RT such that o # 8, Re(u) > 0, Re(v) > 0, and Re({) > 0,
the EBL [a, B;u,v; 4 satisfies the following integral representations:

@

/B cos(¢)

EBL[a,ﬂ;u’v;g] =2a/ () 0052”71(90)51112“_1(@)
0 (0%
x exp (—€sec?(p) csc?(p)) dep,
(ID
BBL o, g id] = [ (@) (9)7F
0
vl |
X Ty O (ST d

(III)

0 (g); (14 7)1 (1 — 7).

x exp (—4¢/(1 —7%)) dr.

EBL|:O(76;U,’U;€:| :\/OziﬁZl—“—v /00

Theorem 4.25. [69]. For o, 8 € R" such that o # 3, Re(u) > 0, Re(v) > 0, and Re(¢) > 0,
the Mellin transform (2.12) of EEBLF is

M {EBL[a,B;u,v;K];U} =T'(0) BLinean [a,ﬁ;u +o,v+ a]

Theorem 4.26. For k, h € Ny, the following higher-order derivatives are valid for the EBL [04, B;u,v; é] :
@
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dan
k
% EBL[a,ﬁ;u,v,g]}
= ZO ak(rl_ i (1n(a))r7kEBL[1,B;u,v +r:¢|, Re(a)>0,r>Fk,
(I
k
aaﬂk{EBL[a, B, v }
(VD

ak’+h 1
W{EBL[Q,B;U,W;K}} :/0 al = B (1 — qp)
X lnk(w) In" (1 — w) exp <€)dw,

1 —w

(oz, B € R witha # 3, Re(u) > 0, Re(v) > 0, and Re(¢) > 0).

Numerical representations and graphs

The numerical representations of the values of the new generalizations of the logarithmic mean
and Euler’s Beta-Logarithmic function, besides some of its exceptional cases, are given in the
form of tabulated data and graphical outcomes utilizing the MATLAB program.
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Table 1. Comparison of numerical values of _F L4, in (4.32) for different values for all o, 3,

and /.
N «a B ELean
(=103 ¢4=75%x10"* £=5%x10"* ¢=25%x10"*¢=10"% (=0
1 01 025 0.16121 0.16176 0.16233 0.16296 0.1637 0.1637
2 0.1 0.5625 0.2633 0.26427 0.26531 0.26642 0.26777 0.26777
3 0.1 0.875 0.35094 0.35232 0.35378 0.35537 0.3573  0.3573
4 0.1 1.1875 0.4313 0.43307 0.43495 0.437 0.43949 0.43949
5 0.1 1.5  0.50698 0.50913 0.51142 0.51392 0.51698 0.51698
6 0.825 025 0.47407 0.47572 0.47746 0.47935 0.48161 0.48161
7 0.825 0.5625 0.67528 0.67751 0.67985 0.68238 0.68539 0.68539
8 0.825 0.875 0.83731 0.84005 0.84294 0.84605 0.84975 0.84975
9 0.825 1.1875 0.9806 0.98383 0.98723 0.9909 0.99527 0.99527
10 0.825 1.5 1.1122 1.1159 1.1198 1.1241 1.1291 1.1291
11 155 0.25 0.70045 0.70307 0.70585 0.70887 0.7125 0.7125
12 1.55 0.5625 0.95925 0.96254 0.96601 0.96975 0.97423 0.97423
13 1.55 0875 1.1629 1.1668 1.1709 1.1753 1.1805 1.1805
14 1.55 1.1875 1.3407 1.3451 1.3498 1.3548 1.3607 1.3607
15 155 1.5 1.5025 1.5074 1.5126 1.5182 1.5249 1.5249
16 2.275 0.25 0.9006 0.90415 0.90793 0.91203 0.91701 0.91701
17 2.275 0.5625 1.2059 1.2102 1.2147 1.2196 1.2255 1.2255
18 2.275 0.875 1.4428 1.4477 1.4529 1.4585 1.4652 1.4652
19 2.275 1.1875 1.6477 1.6532 1.659 1.6653 1.6727 1.6727
20 2275 1.5 1.8332 1.8392 1.8456 1.8525 1.8607 1.8607
21 3 0.25 1.086 1.0905 1.0952 1.1004 1.1067 1.1067
22 3 05625 1432 1.4372 1.4428 1.4488 1.4561 1.4561
23 3 0875 1.6975 1.7035 1.7097 1.7165 1.7246  1.7246
24 3 1.1875 1.9259 1.9324 1.9394 1.9468 1.9557 1.9557
25 3 1.5 2.1316 2.1387 2.1463 2.1544 2.164 2.164
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Table 2. Comparison of numerical values of EBLF in (4.29) for different values for all
a, B, u, v,and £.

N a=p U v EBL

(=0 ¢=0.40 ¢=0.80
1 1 0.1 0.25 13.547 0.3861 0.058419
2 1 0.25 0.25 7.4163 0.34229 0.05213
3 1 0.4 0.25 5.8075 0.30491 0.046648
4 1 0.55 0.25 5.0329 0.27285 0.041855
5 1 0.7 0.25 4.5627 0.2452 0.037651
6 1 0.85 0.25 4.2397 0.22123 0.033953
7 1 1 0.25 4 0.20035 0.030691
8 3 0.1 0.5 33.969 0.96446 0.14647
9 3 0.25 0.5 15.732 0.84903 0.13015
10 3 0.4 0.5 11.037 0.75113 0.11597
11 3 0.55 0.5 8.8274 0.66763 0.10363
12 3 0.7 0.5 7.5174 0.59602 0.092838
13 3 0.85 0.5 6.638 0.53431 0.083383
14 3 1 0.5 6 0.48085 0.075074
15 6 0.1 0.75 62.876 1.6251 0.24658
16 6 0.25 0.75 26.657 1.421 0.21819
17 6 0.4 0.75 17.479 1.2488 0.19363
18 6 0.55 0.75 13.24 1.1028 0.17232
19 6 0.7 0.75 10.776 0.97823 0.15376
20 6 0.85 0.75 9.1543 0.87145 0.13756
21 6 1 0.75 8 0.77946 0.12337
22 9 0.1 1 90 2.0755 0.31341
23 9 0.25 1 36 1.8032 0.27622
24 9 0.4 1 22.5 1.5747 0.24415
25 9 0.55 1 16.364 1.3818 0.21642
26 9 0.7 1 12.857 1.2182 0.19236
27 9 0.85 1 10.588 1.0786 0.17142
28 9 1 1 9 0.95902 0.15315
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Figure 1. Graphical representation of || EL,,can — Linean ||co Various values of 2.
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Figure 2. Plots of || EBL — EL,can ||co With equal values of u, v, and various values of ¢.
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Application

The extended Gauss and Kummer hypergeometric logarithmic functions of one complex variable is introduced
in this section utilizing the EEBLF in (4.29), as

0 M A2 il EBL[CVI,OQ; Ao+, A3 — Az;é] o
Glog lozl,oa’z = ()\])ni‘
A3 n=0 B ()\27 )\3 — )\2) n. (434)

(6 > 0;]z] < 1;Re(A1) > 0;Re(\3) > Re(X2) > 0; 1, a2 € R such that oy # az),

and
A2 0 EBL|:Oé],Oé2;)\2+’I’L,)\3+n;4 g
K‘iog ’al,az‘z = -
s =0 B (Az, A3 — Az) n (4.35)
(6 > 0;|2] < 1;Re(A3) > Re(A2) > 0;a, a0 € R such that oy # a2>,
respectively.

Remark 4.27. According to [70, 71] the series (4.34) is seen to converge when |z| < 1, provided that A3 €
C\Z;, £>0and ar,a; € R" such that a; # a.

Remark 4.28. For ¢ > 0 and o, € R* such that o # ap, the series (4.35) converges for all z, provided
that A3 € C\ Z, .

Additional findings on these functions are covered in [?].

4.5 Analytical properties of the two variables Jacobi matrix polynomials

Defez et al. (2004) [73] introduced the Jacobi matrix polynomials in the following definition.

Definition 4.29. Let £ and F be positive stable matrices in C™*™ then the Jacobi matrix polynomial (JMP)
P (2) is defined by

(E,F) :(E+I)nF —nl,E+F+(n+1)I 1-z
P (2) 2 E+1 ' T2

(4.36)

These polynomials are generalizations of several families of orthogonal matrix polynomials like the Legen-
dre, Chebyshev and Gegenbauer (ultraspherical) matrix polynomials.

In the current section, we define and establish the 2—variable analogue of Jacobi matrix polynomials (2VA-
JMP) with some properties, which have been proposed on the pattern for 2-variable Gegenbauer matrix poly-
nomials by Kahmmash (2008) [72], 2-variable Laguerre matrix polynomials by Khan and Hassan (2010) [74],
2-variable Hermite generalized matrix polynomials by Subuhi et al. (2010)[75], and 2-variable Shivley’s matrix
polynomials by He et al. (2019) [76].

Definition 4.30. [77]. Let E and F be the positive stable matrices in C™*" such that E + nl and F + nl are
invertible for all integers n > 0. Then J,,(E, F, z, w) takes the following explicit form:

n

FuB Py = 30 EE D, 12 4 1))
=0 ' ' 4.37)
x (E Wy E s,

where E and F’ satisfy the conditions EF' = F'E, and

Re(z) > -1V z€0(E), Re(z) > -1V z € o(F), (4.38)
with (E), denotes the matrix Pochhammer symbol.

e Main Results
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Theorem 4.31. [77]. Let E,F € C"*™ be positive stable matrices. The generating matrix function of
In(E,F, z,w) is

SE+F+DE+D) " J(BF 2wt =(1—t)

- {E+F+1),}QI+E+F) _ (2 —w) (z — Vo) (4-39)
A EHED 2L B4 E) ) (2= V) (z = vw)

X o Fy | 2 I+2E ;2t (1—t)2]’t|<1’|(1—t)2<1'

Theorem 4.32. [77]. Let E and F be positive stable matrices in C** and |1 (z—/w)| < 1and |%(z++/w)| <
1, the following Bateman’s generating matrix function holds true:

S TB (B + D7 (F + D)7

=0 (4.40)
— t — t

= oF} E+I;§(27\/E) < oFi F—}—I;E(er\/E) .

Theorem 4.33. [77].. Let D, E and F be commutative matrices in C"*" such that E and F satisfies the
spectral condition (4.38) with ’W#‘ < 1 and ‘wat%’ < 1, the following Brafman’s generating

matrix function holds true:

oo

Y (D)W(E+F =D+, [(E+1),] " [(F+1).]" Ju(E, F,zw)t"
v=0
_ p|pEsF-DrI 1-vut-R
— 21471 EJrI B >

D.E+F-D+1 1+ uwt—R B -
X 2P Far ; 3 :|7R—(1 2zt+wt) .

Theorem 4.34. [77]. Let E and F be matrices in C"*" satisfing (4.38). Then the 2VAIMP J,(E, F, z,w)
may be expressed as

TIn(B,F, 2 w) = (z = V) Pz + vw)*

2nn!

4 (4.41)

d(z = /)

Theorem 4.35. [77]. The 2VAJIMP J,(E, F, z,w) satisfies the following differential matrix recurrence rela-
tions:

% D" |:(Z _ \/E)E-Fnl(z + \/E)F+n1:| 7 D=

22(E+ F +nl)DJn(E, F, z,w)

n [Z(E —F)— (E+F +2n])Vo| DJn_(E, F, z,w)

(4.42)
= V(B + F +nl) |20 Tn(E, F, z,w) — (E — F) Ju_1(E, F, z,w) |,
2Vw(E+ F +nl)DJ,(E, F, z,w)
n [\/E(E _F) - (E+F+ 2nI)z] DJn1(E, F,z,w) (4.43)
=vVw(E+F+nl)(E+F +2nl) Jo-1(E, F, z,w),
and
D* J,.(E, F, z,0)
(4.44)

=2""(E+F+(n+1))s Tn—s(E+sI,F+sl,z,w), 0<s<n.

Remark 4.36. The current results enhance and expand previous findings by Rehana et al. (2017)[78].
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4.6 Hankel transforms of generalized Bessel matrix polynomials

Later on, evaluations of Hankel transform representations involving a variety of special functions and polyno-
mials have been archived by Debnath and Bhatta (2016) [79, Chapter 7]. Also, Abdalla et al. (2021) discussed
various integral transforms such as Fourier transforms [80], Laplace transforms [81], and matrix Riemann—
Liouville fractional integrals [82] associated with functions involving generalized Bessel matrix polynomials.

Motivated by previous work, we give a generalization of the scalar Hankel transform (2.10) and its inverse
into the matrix framework.

Definition 4.37. [83].(Matrix Hankel Transforms) Let S be a positive sable matrix in C"*" and let ®(u) be a
function defined for v > 0. The Hankel transform involving Bessel matrix function as kernel of ®(u) is defined
as

Es(v) = Hs{P(u);v} = / ®(u) vuv Js(uv) du, (4.45)

0
where v > 0 and Jg(uv) is the Bessel matrix function of the first kind defined by Jédar et al. (1994) [85].

It E (S) > 1/2, Hankel’s repeated integral immediately gives the inversion formula
®(u) = Hgs' {Es(v);u} = / Es(v) Vuv Js(uv) dv. (4.46)
0

e Main Results

Now, we introduce the evaluation of the Hankel matrix transforms with products of certain elementary functions
and the generalized Bessel matrix polynomials B, (u; M, N)

86.Ba (M, N) = > COZ o)1 4 (n - )N @.47)

where M and N are commuting matrices in C™"*™ such that N is an invertible matrix.
Theorem 4.38. [86]. Let S and N be commuting matrices in C™*™. If

D(u) = Yy ST DI gmov? Bn(N; (1 —2n)I — S, u?), (4.48)
then, we have

2
Es(v) = (20_)7(S+(2n+1)1) US+(2n+%)I oo

(4.49)
XBn(40(I — oN); (1 —2n)I — S, —v?),
where S is a positive stable matrix in C"*™, 3(S +nl) > —1,v > 0 and o € C such that Re(c) > 0.
Theorem 4.39. [86]. Let S, P and M be positive stable and commuting matrices in C"*™. When
D(u) = Wil emow’ B (1; M, ou?), (4.50)
then, we have
Es(v) _ (_l)n 0_7(%(P+S)+I) (2)7(s+1) vs+%1
XT3 (P + 8) (M + 3 (P+8)a T (S + D [(~ (5 (P +8)al” .

(1—=n)I+ 3P+ S),nI + M+ L(P+S), 22
x 2F, el
g
S+I1,M+L(P+S)

where B(P) > —32,v > 0and o € C such that Re(c) > 0.
Theorem 4.40. [86]. Let By, (u; M, N) be given in (4.47). If

®(u) = By (ou’; M, N), (4.52)
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then, we have

YT PO S P
s(v) =22 F(25+4I)F (2S+4I)

(]

—nI, M+ (n—1)I,55+31, 55+ 31,

(4.53)
x 4Fo ;40(1}2]\7)71 ,
where 3(S) > —1/2 and v > 0.
Theorem 4.41. [86]. Let B,,(u; M, N) be given in (4.47). When
®(u) = logu B, (Au’; M, N), (4.54)
then, we have
Zs(v) = L r(ls +3/41) r—l(ls + 1/41)
=TV 2 2
XY (=nl)m (M + (n— DI)m
m=0 (4.55)

(AW ~H™

1 -1
x(§S+3/4I)m(75+3/4I)m -

x{w(;5+ (3/4+m)I) + (35 + (1/4— m)T) - log(v2/4)}

where M, N and S are commuting matrices in C"*™ such that B(S) > —3/2, ¥(S) is the digamma matrix
function defined by
¥(S) =T H(S)r'(S),

where I~ (S) and T'(S) are reciprocal and derivative of the Gamma matrix function, respectively and v >
0, A>0.

Remark 4.42. Abdalla et al. (2021)[56] work into the Hankel matrix transform revealed further features and
applications such as the convolution property and solve of partial differential equations of second order.
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4.7 Applications.

Nowadays, an interesting application of special functions in allied sciences is solving generalized fractional
kinetic equations by using various integral transforms, including the recent papers by Agarwal et al. (2018)
[80], Singh et al. (2021) [85], Abdalla and Akel (2022) [83], Hidan et al. (2022) [89], Chand et al. (2024) [88],
and Algarni (2024) [89]. Here, we will show two applications to fractional kinetic equations.

Application of Mellin integral transform in solving generalized kinetic equations involving
Hadamard fractional operators

Here, we introduce the solution to generalized fractional kinetic equations involving Hadamard fractional inte-
gral and the generalized extended k-Hurwitz-Lerch ¢-matrix functions.

The generalized extended k-Hurwitz-Lerch (— matrix function is defined by

Definition 4.43. [82]. Let T, D, E and F be positive stable matrices in C™*™, such that T' + ¢1 and F' + 1
are invertible for all £ € Ny, 0 € Ry, k € R*, and « € C\ Z; . Then, for |w| < 1, the generalized extended
k-Hurwitz-Lerch {(— matrix function is defined by:

e e i (4 @) (D50 (B [(Fhns] ™ 2, (4.56)
where (D; 0)n, i is the generalized k-Pochhammer matrix symbols defined as
I9(D+nl)I; (D), (a(D)>0,0,ke R neN)
(D;0)nk =14 (D), (6 =0,ke€R" neN) 4.57)

I, (n=0,0=0,k=1)

Lemma 4.44. [83]. The Mellin transform of the extended k-Hurwitz-Lerch (— matrix function is given by

M{ZG)IT;’“’D‘;" D, E Jw :U—>5}
F
(4.58)
wur [ DtoLE
=T%(0) (D)s,k z®1T'k’ ’ I swl o,

where R(6) > 0 and (D + 6I) > Owheno =0and k = 1.

where $(g) > 0 and fi(D +eI) > Owhenp=0and k = 1.

(wIf) (1) = ﬁ /too (1og %)H @dr,t > 0, Re(y) > 0.

Lemma 4.45. [83]. IfRe(y) > 0, 7 € C, and the Mellin transform M(f)(7) exists for a function f, then the
following hold true

M (Il f) (1) = (=7)77 (M[) (1), Re(r) <0,
and

M (aI2f) (1) = (1)77 (MS)(7), Re(r) > 0.
where g 1] f and g 17 f are the Hadamard fractional integral operators of order vy € C defined in (1.12).

e Main Results

Theorem 4.46. [82]. Let T}, Dy, E,, F,, and C be positive stable matrices in C™*™ , such that T, + ¢I and
F, 441 are invertible forall s € N, £ € Ny, 6,0 € R{, d,k,& € R, and o,y € C\Z, . Then, fory € C\Z,,

t €10,&] and 2@?“ Koo o generalized of (2.6), the generalized fractional kinetic matrix equation

D, E

n
N(t)l - N0t6_| H 2@)171“’;]6“’&%1;‘7 "
©w

pn=1

" ;d”t”} = —C"yI)N(t) (4.59)
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is solvable. The solution to (4.59) is given by

N()I =Ny 5571 log(t) H Z s+ ay “ Dy 0)n ey (Ep)n ky, [(F“)"’k*‘}il
e (4.60)
s S\ K X > T
<d7 & ) >0 [ (logtc)q [logt*(”‘”é*l) [F[l —(yr+e+2)]
=0 £=0

A number of exceptional instances of this result are provided in [82].

Application of pathway-type integral transform in solving fractional A—Kinetic equations
involving the generalized degenerate hypergeometric functions
In the current section, we propose a new solution to fractional A—kinetic equations based on generalized de-

generate hypergeometric functions (GDHFs), which was further supported by graphical presentations derived
through pathway-type transform approach methodologies.

Recently, Yagci and Sahin [85] introduced the degenerate Pochhammer symbol using the degenerate Gamma
function as follows:

oo (4.61)
:7/ (14 dw)™ x w= dw, X >Re(w+4£) >0
0

where A € (0,1) and limx_o (w; A)¢ = (@), is the standard Pochhammer symbol. By using (4.61), the
GDHEF is defined in [?] as

X JO e T e i w
mDH (w) = mDHD § ’—.—,, (4.62)
By -0 (n)r 1!
1.7. n =

where w, v; € Cfori=1,2,3,...,m,and¥; € C\ Z; forj=1,2,3,....n

e Main Results

Theorem 4.47. [89]. Let o, 8,0, € RY,w € C,\ € (0,1),v; € Cfori=1,2,3,....,mand9; € C\ Z
forj =1,2,3,...,n. The solution of

K(w) — Ko mDH) (6P w?) = —p* oDy *K(w), (4.63)

fe = 7)\ rto 1 r r a a
K5 (w) =Ko D (W(;sl))...(f;)) LD o8 0 B (- ), (“4.64)
—0 r n)r

where Eg 9(n) is the generalized Mittag-Leffler function defined as

z

Eo.s( ; I w " (9,9 € C, Re(8) > 0, Re(d9) > 0). (4.65)

A variety of special cases of this result are given in [89].
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Figure 3. Solutions of (4.64) for K$ (w) with different values of X in (LA“1C).
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Figure 4. Solutions of (4.64) for K$ (w) with different values of o in (2A-2C).

5 Concluding Remarks and Future Works

The applications of special functions and fractional analysis theory are not restricted to the issues listed above.
Recently, the study of the extension of several special functions and polynomials linked with fractional operators
has gained importance. Thus, the researchers have derived several generalizations and developments of special
functions and fractional calculus through various studies. From this perspective, in this review article, we offer

a variety of results from these investigations.

As future work, we are, joining with others, planning to:
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« Extend the results given in the above sections to quaternionic and Clifford analysis.

* Investigate the numerical methods for special matrix functions related to fractional calculus.

* The applications of analytical properties of generalized special functions of fractional calculus across

different fields are studied.
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