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Preface

This monograph deals with Erdélyi-Kober fractional integrals and fractional deriva-
tives from a statistical perspective, inspired by solar neutrino physics. The applica-
tion of diffusion entropy analysis to Super-Kamiokande data led to ideas to consider
generalizations of entropy (entropic pathway) and diffusion (anomalous diffusion).
Examplified by Erdélyi-Kober fractional calculus it is shown that the statistical
density of a product of two statistically independently distributed real scalar
positive random variables or real positive definite matrix-variate random variables
or complex Hermitian positive definite matrix-variate random variables is a constant
multiple of the Erdélyi-Kober fractional integral of the second kind of order o and
parameter y, when the density of one of the random variables is arbitrary and the
density of the other random variable is a type-1 beta density with the parameters
(y + 1, «) in the real scalar case, (y + ot «) in the real p x p matrix-variate case,
and (y + p, @) in the complex p x p matrix-variate case. If x; > 0, x > 0 are the
real scalar random variables, X1 > O, X, > O arereal p X p matrix-variate random
variables, X1 > O, X, > O are the complex p x p matrix-variate random variables,
1 1

then the product is uy = x;x; (real scalar case), Uy = X7 X1 X; (real matrix-variate

1 1
case), and 172 = )?27 X 15(27 (complex matrix-variate case). Then the density of
us, U, and(}z, denoted by g2(u2), g2(U2), andgz(ﬁz), respectively, is a constant
multiple of the Erdélyi-Kober fractional integral of the second kind. It is showln
1 1 1
that the density of the ratio u; = jcc—f, U = X;XI_IXZZ, andU; = )?27)?1_1)?27,
in the real scalar case, in the real p x p matrix-variate case, and in the complex
p X p matrix-variate case, respectively, is a constant multiple of the Erdélyi-Kober
fractional integral of the first kind of order o and parameter y when one density
is arbitrary and the other density is a type-1 beta density with parameters (y, ) in
all the cases. When the functions are not densities, then it is shown that the second
kind and first kind Erdélyi-Kober fractional integrals are the Mellin convolution of
a product and ratio, respectively, in the scalar case and M-convolution of a product
and ratio in the matrix-variate case. General definitions of first kind and second
kind Erdélyi-Kober fractional integral operators are established, from where all the
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various fractional integrals introduced in the literature are available as special cases.
These ideas are extended to the real and complex matrix-variate cases. From these
fractional integral operators, fractional differential operators are derived, both in the
Riemann-Liouville and Caputo senses.

Chapter 1 provides a brief overview on solar neutrino detection and its back-
ground in terms of statistical mechanics and neutrino physics. Results of the
diffusion entropy analysis of solar neutrino data collected by Super-Kamiokande
are provided and discussed in terms of a prospective fractional diffusion model that
leads to a diffusion equation in terms of Erdélyi-Kober operators. This result is
the basis for the development of Erdélyi-Kober fractional calculus in the following
chapters from a statistical perspective.

Chapter 2 covers Erdélyi-Kober fractional integrals in the real scalar variable
case. A general notation is introduced to cover all fractional integrals and fractional
derivatives. It is shown that all the fractional integrals available in the literature
can be obtained as special cases from the general definition given here in terms of
statistical densities of product and ratios, Mellin convolutions of products and ratios,
or M-convolutions of products and ratios.

Chapter 3 deals with Erdélyi-Kober fractional integrals in the real matrix-variate
case. Connections to statistical densities of product and ratio of matrix-variate
random variables are also established here.

Chapter 4 introduces Erdélyi-Kober fractional integrals for the real multivariate
case. Multivariate means a collection of real scalar variables and real-valued
functions of these variables.

Chapter 5 generalizes these scalar variable results to real matrix-variate cases.

Chapter 6 starts with the discussion of Erdélyi-Kober fractional integrals in the
complex domain. The necessary tools for handling real-valued scalar functions
of matrix argument, when the argument matrix is Hermitian positive definite,
are developed in this chapter. Connections to complex matrix-variate statistical
distributions are also established. The basic idea in all these developments is
statistical densities of products and ratios and their connection to Erdélyi-Kober
fractional integrals.

In Chap. 7, differential operators, operating on real and complex matrices, are
developed. With the help of these differential operators, fractional derivatives in the
real and complex matrix-variate cases are derived from the corresponding fractional
integrals in Chaps. 3 and 6. Here, the operators introduced can work only on certain
types of functions of real and complex matrix argument and hence not universal.
This area is open to come up with universal differential operators operating on real-
valued functions of real and complex matrix argument.

Montreal, Canada A. M. Mathai
Vienna, Austria H. J. Haubold
20 February 2018
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Chapter 1 ®
Solar Neutrinos, Diffusion, Entropy, S
Fractional Calculus

The laws of nature are fundamentally random. This Springer Briefs in Mathematical
Physics is an attempt to illustrate elements of a research programme in mathematics
and statistics applied to selected problems in physics, particularly the relations
between solar neutrinos, diffusion, entropy, and fractional calculus as they appear
in neutrino astrophysics since the 1970s. The original research programme was
published in three monographs [18—-20]. An update of this research programme and
selected results achieved since the 1970s is contained in Mathai and Haubold [21]
and Mathai, Saxena, and Haubold [22]. The research programme connects
mathematics and statistics to theoretical physics with the following historical
background in mind.

History has seen a great relation between mathematics and statistics and their
impact on physics: Mathematical structures entered the development of theoretical
physics or, vice versa, problems aising in physics influenced strongly developments
in mathematics and statistics. Famous nineteenth-century and twentieth-century
examples are Boltzmann’s statistical mechanics and the mathematical concept of
entropy, the role of Riemannian geometry in general relativity, and the influence of
quantum mechanics in the development of functional analysis. Einstein finalized
general relativity in 1915 and quantum field theory has been an open problem
since its foundation in 1927 by Dirac. Today there are three fundamental theo-
ries in twenty-first century physics: statistical mechanics, general relativity, and
quantum field theory. These theories describe the same natural world on very
different scales. General relativity describes gravitation on an astronomical scale,
quantum field theory describes the interaction of elementary particles through
electromagnetic, strong, and weak forces, and statistical mechanics starts from
appropriate microscopic laws (classical, relativistic, quantum) and by adequately
using probability theory, to ultimately arrive to the thermodynamical relations and
laws extended deeper into quantum field theory. The unification of such theories
is pursued by mathematicians and physicists so far with some success. Einstein
invented general reativity to resolve an inconsistency between special relativity
and Newtonian gravity. Quantum field theory was invented to reconcile Maxwell’s

© The Author(s), under exclusive licence to Springer Nature Singapore Pte Ltd. 2018 1
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electromagnetism and special relativity with nonrelativistic quantum mechanics.
Einstein’s thought experiments guided the discovery of general relativity based on
the mathematics of Riemannian geometry. For quantum field theory experimental
results played the important role with no a priori mathematical model available.
Boltzmann-Gibbs entropy works perfectly but only within certain limits and if the
physical system is out of equilibrium or its component states depend strongly on one
another a generalized entropy should be used. Witten [34] summarized this situation
by saying that

Experiment is not likely to provide detailed guidance about reconciliation of general relativ-

ity with quantum field theory. One might, therefore, believe that the only hope is to emulate

the history of general relativity, inventing by sheer thought a new mathematical framework

which will generalize Riemannian geometry and will be capable of encompassing quantum

field theory. Many ambitious theoretical physicists have aspired to do such a thing, but little
has come of such efforts.

Boltzmann’s derivation of the second law of thermodynamics was based on
mechanics arguments. In his paper of 1872, Boltzmann considered the dynamics of
binary collisions and stated that “One has therefore rigorously proved that, whatever
the distribution of the kinetic energy at the initial time might have been, it will,
after a very long time, always necessarily approach that found by Maxwell” [1].
Boltzmann’s Stosszahlansatz, i.e. the assumption of molecular chaos used in his
equation, was a statistical assumption which had no dynamical basis. His equally
famous relation between entropy and probability, S ~ logW, in his paper “On the
relation between the second law of the mechanical theory of heat and probability
theory with respect to the laws of thermal equilibrium” [2] was not based on
dynamics either. At that time Boltzmanns Stosszahlansatz was heavily criticized
by Loschmidts reversibility paradox [3] and Zermelos recurrence paradox [4—6].

In the remarkable year 1900 for physics, Planck elaborated on the connection
between entropy and probability based on the universality of the second law of
thermodynamics and the established laws of probability and put in writing the final
form of the relation between entropy S and permutability P ~ W in its definitive
form S = klogW. He called k Boltzmann’s constant and came to the conclusion
that in every finite region of phase space the thermodynamic probability has a
finite magnitude limited by 4, representing Planck’s constant. At this point Planck
introduced his quantum hypothesis [31]. Concerning Planck’s hypothesis of light
quanta he strictly preserved Maxwell’s theory in vacuum and applied the quantum
hypothesis only to matter that interacts with radiation [28].

Following the above reasoning of Boltzmann, Planck, and Einstein, the research
programme referred to above turned to solar neutrino radiation and utilized the sta-
tistical methodology developed by Scafetta [30] by evaluating the scaling exponent
of the probability density function, through Boltzmann’s entropy, of the diffusion
process generated by complex fluctuations in the measurements of the solar neutrino
flux in the Super-Kamiokande experiment [9, 14, 29, 35]. This turn was justified by
earlier explorations of possible solutions to the so-called solar neutrino problem,
established in Davis’ Homestake experiment [12, 13, 32]. Neutrinos produced in
cycles of thermonuclear reactions (proton-proton chain and CNO cycle) in the Sun
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Fig. 1.1 Spectra of neutrinos emitted by fusion reactions in the Sun. Solid lines represent neutrinos
from the pp chain and dashed lines are neutrinos from the CNO cycle. Original image taken from
Orebi Gann [25] and modified by the author to include the sensitivity of various experimental
approaches

can be distinguished by their energy spectra. Figure 1.1 [25] shows the spectrum of
neutrinos emitted in each individual reaction: solid lines represent neutrinos from
the pp chain, and dashed lines are neutrinos from the CNO cycle. Also shown
are the energy regimes in which these neutrinos have been detected [29]. The
first experiment to detect neutrinos from the Sun was the Chlorine experiment
of Ray Davis et al. at the Homestake mine in South Dakota. These observations
were supported by later measurements from gallium-based experiments: GALLEX;
SAGE; and GNO. These radio-chemical experiments achieve very low energy
thresholds, but perform an integral measurement of all neutrinos above threshold,
producing a single integrated flux measurement. Water Cherenkov experiments
such as Super-Kamiokande and the Sudbury Neutrino Observatory have higher
thresholds but can perform real-time detection thus allowing extraction of both
directional and spectral information. This capability allowed Kamiokande I and II to
first demonstrate that the observed neutrinos were in fact coming from the Sun. For
several decades there was a large discrepancy between the flux of solar neutrinos
predicted by the Standard Solar Model and that measured in the above experiments.
This became known as the Solar Neutrino Problem. The combination of SNOs
measurements with Super-Kamiokandes measurements demonstrated eventually
that neutrinos produced in the Sun were oscillating among flavors prior to detection.
Scafetta’s method does focus on the scaling properties of the Super-Kamiokande
time series (see Fig. 1.2) generated by a supposedly unknown complex dynamical
phenomenon. By summing the terms of such a time series one gets a trajectory and
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Fig. 1.3 Diffusion Entropy Analysis and Standard Deviation Analysis of the Super-Kamiokande
I and II solar neutrino data [14]

this trajectory can be used to generate a diffusion process. The method is thus based
upon the evaluation of the Boltzmann entropy of the probability density function of
a diffusion process. The numerical result of diffusion entropy analysis of the solar
neutrino data from Super-Kamiokande is shown in Fig. 1.3.

Todays perception of the quantum mechanics of neutrino flavour oscillations can
be analyzed in a variety of ways in physics. There are treatments of this oscillation
phenomenon based on plane waves, on wave packets, and on quantum field
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theory. These treatments have yielded the standard expression for the probability
of oscillations. Neutrinos have been detected in three distinct flavours which
interact in particular ways with electrons, muons, and tau leptons, respectively.
Flavour oscillations occur because the flavour states are distinct from the neutrino
mass states. In particular, a given flavour state may be represented as a coherent
superposition of different mass states. In the recent MINOS experiment it was
discovered that the phenomenon of neutrino oscillations violates the Leggett-Garg
inequality, an analogue of Bell’s inequality, involving correlations of measurements
on neutrino oscillations at different times [11]. The MINOS experiment analysis did
show a violation of the classical limits imposed by the Leggett-Garg inequality. This
provided evidence for the existence of the quantum effect of entanglement between
the mass eigenstates which make up a flavour state. The entropy of entanglement
[16,27] is an entanglement measure for a many-body quantum state and the question
arises if the results shown in Fig. 1.3 may find an interpretation in terms of the
evolution of an entanglement entropy over time.

In principle, one can perceive the graphical result in Fig. 1.3 of the diffusion
entropy analysis (and standard deviation analysis for comparison) of solar neutrino
radiation similar to Planck’s analysis of black body radiation. What physical
meaning this carries remains to be seen. Assuming that the solar neutrino signal
is governed by a probability density function (pdf) with scaling given by the
asymptotic time evolution of a pdf, obeying the property:

1 X
plx,t) = t_‘sF(t_‘s)’

where § denotes the scaling exponent of the pdf.

Back to Fig. 1.3, it shows a phenomenon that follows certain scaling laws. This
Diffusion Entropy Analysis (DEA) measures the correlated variations in the Super-
Kamiokande solar neutrino time series. The analysis is based on the diffusion
process generated by the time series and measures the time evolution of the
Boltzmann entropy of the probability density function of this diffusion process,
possibly a quantum diffusion phenomenon. Similar to Brownian motion trajectories,
the value of a time series is interpreted as the steps of a diffusion process. The
trajectories of this process are defined by the cumulative sum of these steps and
obtain a different trajectory for each value of the time series over the full period
of time of measurements. Subsequently the probability density function p(x, ¢) is
evaluated that describes the probability that a given trajectory has a displacement
of x after ¢ steps. For every particular ¢ the temporal Boltzmann entropy of the
probability density function p(x, ) at time # is evaluated by S(#) = § logt, where §
is the diffusion exponent. For a random uncorrelated diffusion process with finite
variance, the p(x,t) will converge according to the central limit theorem to a
Gaussian pdf which exhibits § = 1/2. Figure 1.3 shows clearly that all §’s are
different from the value § = 1/2. These diffusion exponents are non-Gaussian and
exhibit diffusive fluctuations that cannot be modeled by random Gaussian diffusion
processes.
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To evaluate the Boltzmann entropy of the diffusion process at time 7, [30] defined
S(t) as:

+00
S@) = —/ dx p(x,t)In p(x,1t)

and with the previous p(x, ), one has:

~+o00
St)=A+6In@), A= _/ dyF(y)In F(y)

—0o0

The scaling exponent, §, is the slope of the entropy against the logarithmic
time scale. The slope is visible in Fig. 1.3 for the Super-Kamiokande data I and
I measured for the solar neutrino fluxes generated in 8 B and hep nuclear reactions
in the gravitationally stabilized solar fusion reactor. The Hurst exponents of the
Standadrd Deviation Analysis (SDA) of the same time series are H = 0.66 and
H = 0.36 for 8 B and hep, respectively, shown in Fig. 1.3. The pdf scaling exponents
for DEA are § = 0.88 and 8 = 0.80 for 8B and hep, respectively. The values
for both SDA and DEA indicate a deviation from Gaussian behavior, which would
require that H = § = 1/2.

In 1911 at the first Solvay Conference, Einstein literally put it as an requirement
that one needs a fundamental theory of dynamics to make sense of Boltzmann’s
connection between entropy and probability, even in the case of Planck’s use of
Boltzmann’s formula in the process of discovery of the quantum of action. Einstein’s
immediate reaction to Planck’s extensive report at the Solvay Congress was Eucken
[10]:

What I find strange about the way Mr. Planck applies Boltzmann’s equation is that he

introduces a state probability W without giving this quantity a physical definition. If one

proceeds in such a way, then, to begin with, Boltzmann’s equation does not have a physical
meaning. The circumstance that W is equated to the number of complexions belonging to

a state does not change anything here; for there is no indication of what is supposed to be

meant by the statement that two complexions are equally probable. Even if it were possible

to define the complexions in such a manner that the S obtained from Boltzmann’s equation

agrees with experience, it seems to me that with this conception of Boltzmann’s principle it

is not possible to draw any conclusions about the admissibility of any fundamental theory

whatsoever on the basis of the empirically known thermodynamic properties of a system.

Recently, Brush and Segal [8] commented on the above Boltzmann-Planck-
Einstein dispute from a historical point of view on how the interaction of theory
and experiment in physics with available applicable mathematics and statistics
lead to established theories and subsequently to predictions and explanations of
natural phenomena. He perceives Planck’s derivation of an equation for black-body
radiation that this equation, when mated with Boltzmann’s formula for entropy,
implied that radiation is composed of particles. Planck, as a strong supporter of the
wave theory of electromagnetic radiation, could not believe what the mathematics
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was telling him. Similarly, Kuhn [15] pointed out that Planck did not propose a
physical quantum theory but he used quantization only as a convenient method of
approximation.

The Boltzmann-Gibbs statistical mechanics exhibits highly relevant connections
at the microscopic, mesoscopic, and macroscopic physical levels as well as with
the theory of probabilities (Central Limit Theorem). In general, the effects of the
Central Limit Theorem with its Gaussian attractors (in the space of the distributions
of probabilities) dominate. However, when basic assumptions (molecuar chaos
hypothesis, ergodicity) for the applicability of the Boltzmann-Gibbs theory are
violated, the concept of entropy needs to be extended. Such extensions were put
forward by Mathai’s additive [18] and Tsallis non-additive [33] generalizations of
Boltzmann-Gibbs entropy.

One of the well known random walk models is the Continuous Time Random
Walk (CTRW) introduced by Montroll and Weiss [24]. It describes a large class
of random walks, both normal and anomalous, and can be described as follows.
Suppose a particle performs a random walk in such a way that the individual jump
x in space is governed by a probability density function and that all jumps are
independent and identically distributed. The characteristic function of the position
of the particle relative to the origin after n jumps is f”(k), where f*(k) is the
Fourier transform of f(x). Unlike discrete time random walks, the CTRW describes
a situation where the waiting time ¢ between jumps is not a constant. Rather, the
waiting time is governed by the PDF /() and all waiting times are mutually
independent and identically distributed. Thus, number of jumps n is a random
variable. Let p(x,t) be the Green function of the CTRW, the Montroll-Weiss
equation yields this function in Fourier—Laplace (k, u) space:

1— ¥ 1
u 1— )y )

All along the above we used the convention that the arguments in the parenthesis
define the space we are working in, thus v () is the Laplace transform of v (¢).
Properties of p(x,t) based on the Fourier-Laplace inversion of the previous
equation are well investigated, see Mainardi et al. [17]. In particular, it is well known
that the asymptotic behavior of p (x, ) depends on the long time behavior of v (¢).
An important assumption made in the derivation of the previous equation is that the
random walk begun at time t = 0. More precisely, it is assumed that the pdf of the
first waiting time, i.e., the time elapsing between start of the process at t = 0 and
the first jump event is v (¢). Thus the Montroll-Weiss CTRW approach describes a
particular choice of initial conditions, called non-equilibrium initial conditions.

The following diffusion models (Fig.1.4) utilize fractional-order spatial and
fractional-order temporal derivatives [23]

pk,u) =

oDf p(x.1) =1 «Dyp(x, 1),
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=1

ambivalent procesﬁ'. !

e nonmarkovian

« divergent spatial moments

o scale free disﬁ% ents

« scale free waiting times

 divergent temporal moments
d P §

temporal exponent o

spatial exponent 3

p=2

Fig. 1.4 The asymptotic universality classes of continuous time random walks as a function of
universality exponents 0 < o < l and 0 < 8 < 2 [7]

with the initial conditions oD ™' p(x,0) = 0(x),0 < B < 1, limys 400 p(x, 1) =
0, where 5 is a diffusion constant; n,t > 0,x € R;«, 60, are real parameters
with the constraints 0 < o < 2, |6| < min(a, 2 — «), and §(x) is the Dirac-delta
function. Then for the fundamental solution of the previous fractional differential
equation with initial conditions, there holds the formula

P o[ I
plx, 1) = H3's (1,1/),(1,1),(1,p)

(1,1/e0),(B,B/e),(1,p)
,a >0
olx| (nth)l/e ]

where p = %, in terms of Fox’s H-function. The following special cases of
the previous fractional differential equation are of special interest for fractional

diffusion models:

(i) For o = B, the corresponding solution of the fractional differential equation,
denoted by pz, can be expressed in terms of the H-function and can be defined
forx > 0:

Non-diffusion: 0 <o = < 2; 0 <min{o, 2 — a},

tot—l |x|
0 2,1

xX) = Hy
Pq(X) x| 133 [ml/a

(1.1/a). (@ 1).(1.p) _a—b
(L) (LD.(Lp) | * P = 5
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(i)

(iii)

(iv)

When 8 = 1,0 < o < 2;0 < min{«a, 2 — «}, then the previous fractional
differential equation reduces to the space-fractional diffusion equation, which
is the fundamental solution of the following space-time fractional diffusion
model:

op(x,t
p(a—xt) =nDfpx,t),n>0,x €R,
with the initial conditions p(x,t = 0) = o(x), lim p(x,t) = 0, where
x—+o0

n is a diffusion constant and o (x) is the Dirac-delta function. Hence for the
solution of the previous fractional differential equation there holds the formula

1,1 [(ﬁt)l/“

amol/e 22| x|

plx) =

1,1),(p,p) 0< 1.10] <
<;,;>,(p,p)] O<a<llfl=o

where p = %. The density represented by the above expression is known as
a-stable Lévy density. Another form of this density is given by

1

20 = 1,1[ x| Ja-L.b.a-p.p)
“ a()l/e 22| (no)t/e

0,1),(1—p,p)

],1<a<2,|9|§2—a.

If one takes @« = 2,0 < B < 2;0 = 0, then one obtains the time-fractional
diffusion, which is governed by the following time-fractional diffusion model:

?pa.n _ 982 (x,),n>0,x€R, 0<B <2
——5 = N7prpX, 1), >Ux , U< P = 4

arf T2
with the initial conditions ¢D? ' p(x, 0) = o'(x),0 D’ 2 p(x,0) = 0, for x €
r, limy - +o0 p(x, 1) = 0, where 7 is a diffusion constant and o (x) is the Dirac-
delta function, whose fundamental solution is given by the equation

p—1
ot to| Xl jse
plx,1) = x| Hy [(ntﬁ)l/Z (1.0

Ifonesetsa = 2,8 = 1 and & — 0, then for the fundamental solution of the
standard diffusion equation

9 9?
a. ) =n— 1),
et = 1 p(x 1)

with initial condition p(x,t = 0) = o (x), limy— +o p(x,t) = 0, there holds
the formula
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P 1) = LHI,O X jaa | @ty \/2 exp[_ﬁ]
D= g | i o dnt

which is the classical Gaussian density.

In a different way the previous fractional differential equation for p(x, ) can
also be written [26]

Op@. 1) _ 2H sy gp11-p 9P 0)
a B 2H/B axz

where _@,‘; " is the Erdélyi—Kober fractional derivative with respect to ¢ and then the
process was also referred to as Erdélyi—Kober fractional diffusion . Special cases of
the previous equation are: the classical diffusion (8 = 2H = 1), the fractional
Brownian motion master equation (8 = 1), and the time-fractional diffusion
equation (8 = 2H). A similar approach can be developed in the framework of
the space-time fractional diffusion equation, which includes all its special cases.
Propagation of neutrino radiation may put forward a new class of phenomena that
nonequiilibrium quantum systems may exhibit as shown in Fig. 1.3. This could be an
Erdélyi-Kober fractional diffusion operator, a mathematical operator that describes
the evolution of the probability density function of the quantum system, and the
partition function which describes the statitiscal properties of the system in thermal
nonequilibrium with the environment. This will be worked out in future research.
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Chapter 2 ®
Erdélyi-Kober Fractional Integrals Qe
in the Real Scalar Variable Case

2.1 Introduction

This monograph will examine a new definition for fractional integrals in terms
of the distributions of products and ratios of statistically independently distributed
positive scalar random variables or in terms of Mellin convolutions of products and
ratios in the case of real scalar variables. The idea will be generalized to cover real
multivariate cases as well as to real matrix-variate cases. In the matrix-variate case,
M-convolutions of products and ratios will be used to extend the ideas. Then we will
give a definition for the case of real-valued scalar functions of several real matrices.
Then we examine fractional calculus in the complex domain. Here p x p Hermitian
positive definite matrices and real-valued scalar functions of these matrices are
examined to define and evaluate fractional integrals. It is shown that one can define
all types of fractional integrals and fractional derivatives through Erdélyi-Kober
fractional integral operators and statistical distribution theory. Then differential
operators will be defined by using the following argument. If D¢ denotes fractional
integral of order « then D will be called fractional derivative of order «. For
n = 1,2,..., D" denotes the integer order derivatives. For R(n — o) > 0 we
can define DY = D"D~"=® or D* = D=~ D" The first will be fractional
derivative of order « in the Riemann-Liouville sense and the latter in the Caputo
sense. In the present chapter we concentrate on fractional integrals in the real scalar
cases.

We start with the examination of statistical densities of products and ratios
involving statistically independently distributed real scalar random variables
because the theory to be developed is intertwined with statistical distributions,
Mellin convolutions and Erdélyi-Kober fractional integrals. Let x; and x» be
statistically independently distributed real scalar positive random variables and
let u; = j—? and up = x1xp. Consider the densities of u; and u,. We will show
that Erdélyi1-Kober fractional integral operator of the second kind or right-sided,

© The Author(s), under exclusive licence to Springer Nature Singapore Pte Ltd. 2018 13
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operating on an arbitrary density, is available as the density of #, and Erdélyi-Kober
fractional integral operator of the first kind or left-sided, operating on an arbitrary
density, is available as the density of #; when x; has a type-1 beta density and x, has
an arbitrary density. Arbitrary density here means any chosen density, not specified
beforehand or any real-valued scalar function f(x) of the real scalar variable x
such that f(x) > O for all x and fx f(x)dx = 1. We also give interpretations for
Erdélyi-Kober fractional integrals of the first kind as Mellin convolutions of ratios
and Erdédyi-Kober fractional integrals of the second kind as Mellin convolutions
for products. Then various types of generalizations will be given thereby obtaining
a large collection of operators and fractional integrals which can all be called
generalized Erdélyi-Kober fractional integral operators and fractional integrals. One
generalization considered is through the pathway idea [14, 16] where one can move
from one family of fractional integrals to another family and yet another family
and in the limiting case end up with an exponential form. Common generalizations
in terms of a Gauss’ hypergeometric series are also given statistical interpretations
and put on a more general structure so that the standard generalizations given by
various authors, including Saigo operators, are given statistical interpretations and
are derivable as special cases of the general structure considered in this chapter.

The literature on fractional calculus in the real scalar variable case is vast. There
are various definitions of fractional integrals and fractional derivatives. An insight
into the area of fractional calculus of real scalar variables is available from Gorenflo
and Mainardi [2], Hilfer [4], Kilbas and Trujillo [5], Kiryakova [6], Mainardi et
al. [13], Metzler et al. [22], Miller and Ross [23], Nishimoto [24], Oldham and
Spanier [25], Podlubny [27] and Saigo and Kilbas [29]. An attempt is made by the
present authors to combine definitions of fractional integrals with the help of Mellin
convolutions of product and ratio and statistical densities of product and ratio of
statistically independently distributed positive scalar random variables. It is found
that this approach enables one to extend the theory of fractional calculus to the
complex domain as well as to real and complex matrix-variate cases.

Fractional differential equations have emerged as a new branch of applied
mathematics and have been utilized for modeling purposes, particularly in physics.
Fractional differential equations are considered as an alternative model to nonlinear
differential equations. For that purpose, several different fractional derivatives
and integrals were introduced: Riemann-Liouville, Caputo, Hadamard, Gruenwald-
Letnikov, Weyl-Riesz, and Erdélyi-Kober [30, 31]. For special values of parameters,
such operators can reduce to well-known differential, integro-differential, or integral
operators like the differential operators of hyper-Bessel type, the Riemann-Liouville
fractional derivative, the Caputo fractional derivative, and the Erdélyi-Kober frac-
tional derivatives and integrals [7, 11, 12]. Particularly appealing cases in physics
are methods of approximating equations with Erdélyi-Kober operators which arise
in mathematical and statistical descriptions of anomalous diffusion [1, 26, 28].
Generalized fractional Erdélyi-Kober integrals can be interpreted geometrically
[3, 17] for applications in particle physics [19].
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We will use the following standard notations. If X = (x;;) is a real m x n matrix
of functionally independent or distinct real variables x;;’s, then dX will stand for
the wedge product of the differentials. That is, dX = AL, A_; dxjj. Thus,
for example, if U is a row or column vector with real elements uq, ..., u, then
dU = dU’ = duj Aduy A ... Adu,, where a prime denotes the transpose. Matrices
in the complex domain will be denoted by a tilde such as X , 17, Zete. If X = X+iY
where X and Y are real m x n matrices, i = 4/(—1), then dX will be defined as
dX = dX A dY. For fractional integrals in the complex domain see Mathai (2013)
[17]. In the real matrix-variate case, all the matrices arising are p x p real positive
definite unless stated otherwise. In the real matrix-variate case, the notations X >
0,X > 0,X < 0,X < O will be used to denote positive definite, positive semi-
definite, negative definite, negative semi-definite matrices respectively. Matrices
which do not belong to the above four categories are called indefinite matrices.

1
Similar notations will be used for Hermitian positive definite matrices. X2 will
denote the real positive definite square root of the real positive definite matrix X.
1 1

Then U = X 27 X1X 27 is called a symmetric product of the matrices X; and X, and

1 1
U, = X27X1_1X2§ is called a symmetric ratio of X, over Xj. fx>0 F(X)dX will
denote the integral over the real-valued scalar function of the real matrix argument
X, over all positive definite matrices X. O < A < X < B will imply that
A>0,B>0,X—-—A>0,B—X > 0, all real positive definite. det(X)
will denote the determinant of X, tr(X) the trace of X, |det()~( )| the absolute value
of the determinant of X respectively. That is, for a matrix in the complex domain, if
det(f() =a+ib,i = i/(—1), a, b real scalars then the absolute value |det()~()| =

[(@a+ib)(a—i b)]% = +[a® + bz]%. Other notations will be described as and when
necessary.

2.2.1 Some of the Fractional Integrals and the Notations in the
Literature

The fractional calculus literature is filled up with all types of notations for various
factional integrals and fractional derivatives, introduced by various authors from
time to time. Some of the most popular fractional integrals, and the various notations
used to denote them, will be listed here for ready reference. The most popular
fractional integrals and fractional derivatives are the Riemann-Liouville fractional
integrals and the corresponding derivatives.
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The left-sided or first kind Riemann-Liouville fractional integral of order o,
left limit a

alxaf:Ig+fZan_af: 1(ax)f f (x =" lf(t)dt (@)

I(a)

for (o) > 0. Here o could be real integer, real fraction, complex number.

The last notation is ours. We will use —« as superscript when it is a fractional
integral and o or 4+« as superscript when it is a fractional derivative of order «.
First kind will be indicated by the number 1 as a subscript and the second kind by
the number 2. We reserve the letters W for Weyl fractional integral or derivative,
K for Erdélyi-Kober case, C for Caputo case, S for Saigo case and D is reserved
for Riemann-Liouville case since it is the most popular one. Thus, in our notation
(i) will be Dl_fcl f if the left limit for the Riemann-Liouville fractional integral of
order « is either zero or not specified. If the left limit is to be written then we use
Dl_‘(xa X) f. Here the character in f is unimportant and the parameter x appearing as
subscript parameter will be the final variable.

Riemann-Liouville second kind or right-sided fractional integral of order o
with the right limit »

1 [ -
D =T f =Dy f = Dy f = —/ (t =) f(0)dr, (@) >0.
F(Ol) t=x
(i)
If the right limit is not to be specified then our notation will be D, Sf

The first kind or left-sided Weyl fractional integral of order «

1 X
—oo i f = W f =W T f = —/ (x =07 f(0)dt, Ri(a) > 0.
’ I'a) J_oo
(@@ii)
The last one W, | ® f is our notation.

The right-sided or second kind Weyl fractional integral of order o

1 o
A f =10f = Wos @ f =W, % f = —/ (t — ) f()dr, R(a) > 0.
’ I'() Jx
(iv)
The last one is our notation. For the Riemann-Liouville and Weyl fractional

integral operators denoted above, replace —a by « and vice versa to denote the
corresponding fractional derivatives.
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The Erdélyi-Kober fractional integral of the first kind or left-sided of order o
and parameter ¢

IO =Tle, ¢ f] = Egs f =10 f = UF, ) = K% f
—Ol—{'

o ’ té‘(x — L f()dt, R(a) > 0. V)

lng

The last one in the first line and the left-side on the second line are our notations.

The Erdélyi-Kober fractional integral of the second kind of order o and
parameter ¢

RIf()] = Rla. &3 f(0)] = KiSf = (K, () = (K(@. 83 ))x) = K35 f
Kyvef = F(a)f e =) T (0 @) > 0. (vi)

The last one in the first line and the left side of the second line are our notations. For
Erdélyi-Kober fractional integral operators there are several types of generalizations
in single scalar variable case and there are several more notations. The whole thing
is a notational jungle. The corresponding fractional derivatives are not in general
denoted by replacing —a by +« and vice versa in the above notations. There are
additional notations for fractional derivatives.

Saigo left-sided fractional integral of order « and parameters 8, y

UgP Y0y = ST f =
—a x—a—ﬂ * a—1 .. ! .
Sivsr! = Ty i (x =0T FI @4, =i s 1= ) f()d1, R(e) >0
dn

= U DM@ < 0. =] + T =n. (v

The last one on the first line and the left side of the second line are our notations. In
the above representation [(-)] indicates the integer part of (-).

Saigo right-sided or second kind fractional integral of order « and parameters

B,y
U“PY ) =82, f =

Srapy = e )/ (=) B Pl (a+ B~y 1——)f(t)dt N(a)>0

=(= 1)" & i 1P £ (), @) < 0, [(—a)] + 1 =n,

(viii)
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In the Saigo case the corresponding fractional derivatives are denoted by the same
symbols as the fractional integrals where [ is replaced by D. More notations, more
definitions and more generalizations of each of the above, see Mathai et al. [21].

2.3 Fractional Integrals of the First Kind in the Real Scalar
Variable Case

Let x1 and x» be statistically independently distributed real positive scalar random
variables. Let u; = i—f Let x; have a type-1 beta density with parameters (8, «),
that is, the density of x1, denoted by fj(x1), is given by

(,3+),31

Wl (1 —x)¥ ! , 0<x1 <1, %) > 0,R(B) > 0.

2.1
Let x5 have an arbitrary density f>(x2) = f(x2) for some density f(x2) such that
f(x2) = 0for all x, and fxz f(x)dxy = 1 Then the density of u] = xz is available

by considering the transformation #; = =2, v = x». Then dx; Adx; = ——du1 Adv.

filxy) =

The joint density of u; and v and from there the marginal density of u1, denoted as
g1(u1), is available as

an = [ A, 22)
v uj uj

Limits of #; will be from oo to v and 0 < v < u1. Then the marginal density is the
following:

P ey Ly LB PN
g1(uy)= i, fl(ul)f(v)u%dv_—F(ﬂ)F(a) 0(Ml) (1— ] f(v)dv
Therefore

—B—a
I'(p) _ug at p
TE+a) +a)g1(ul) = T v) fydv=K st (2.3)

where K| B f denotes the left-sided or first kind Kober fractional integral operator
of order o and parameter §, operating on f. The general notation that we will use
is the following: For the Erdélyi-Kober operator, letter K is used. For the order, « is
used. If it is a fractional integral then —« is written as the superscript to K and if it
is derivative then o or 4« is written as a superscript. For the first kind or left-sided
fractional integral, number 1 is used. The kind 1, variable u; and the additional
parameter B are written as subscript to K. Thus, Erdélyi-Kober operator of the first
kind of order « and parameter B is K 3., P and this operating on f giving rise to
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fractional integral of order o, of the first kind and parameter 8, as K| Z‘l 8 f. Note
that our variable u is a parameter appearing as a subscript to K and the character
in f is unimportant here. We can have the following theorem:

Theorem 2.1 The Erdélyi-Kober fractional integral operator of the first kind,
operating on f,

Ko f = / (0 — 1o f()dv 2.4)

I' ()
for R(B) > 0, N(«) > 0, is available as %gl (u1) where g1(uy) is the density

ofu; = fc—f where x1 has a type-1 beta density with parameters (8, «) and x> has
an arbitrary density, and x1 and x; are statistically independently distributed.

When u; = Xz where x| and x; are independently distributed, we have, denoting
the expected Value of () by E(-),

B = E(xé“)E()cil)S—1 = E(y DEQ

o JTB+a) I'(B+1-3)
=T Tatpri-v (23)

for R(a) > 0, R(B+1—s) > 0 where f*(s) is the Mellin transform of the arbitrary
function f(x3). Then the Mellin transform of gi(x;), with Mellin parameter s,
denoted as g7 (s) and that of f(x1) as f;(s), we have

g1(s) = fr () f72—9). (2.6)

This means that the Erdélyi-Kober fractional integral operator of the first kind,
operating on f, K f;‘l 8 f, can be considered as the Mellin convolution of a ratio
Uy = i—f Erdélyi-Kober fractional integral operator of the second kind operating on
f can be considered as a Mellin convolution of a product u; = x1x3.

Hereafter the notation 1 will be used for the ratio u; = fc—f and u» for the product
upy = x1x7. If additional sets of x| and x; are considered then for the j-th set we will
use the notation u ; for the ratio and u5; for the product. If x; and x; independently
distributed positive real scalar random variables then the densities of u1 and uy will
be denoted by g1(u#1) and g>(u») respectively. If the densities of the j-th set of
variables are involved then we will use the notation g;; (1) for the density of the
ratio and g3 (u2) for the density of the product.

Note from (2.3) that

F(euf K% o f = /_]0 vy —v)* ! f(v)dv. (2.7)
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This is Euler transform of f(v), see for example Mathai et al. [21]. Note that all
transforms where the basic function is a type-1 beta form or either of the form
x%(1 —x)?, 0 < x < 1 or of the form (x — a)¥(b — x)?, a < x < b can be
connected to Erdélyi-Kober fractional integral operators.

2.4 A Pathway Generalization of Erdélyi-Kober Fractional
Integral Operator of the First Kind

Here the steps are parallel to those of the pathway extension of Erdélyi-Kober
fractional integral operator of the second kind. Let the density of x; be of the form

-
f11(X1)=61xi/ [1—a(l —q)x]™7 (2.8)
forl—a(l—q)x5>0,r)>0,q< 1,6 > 0,a > 0, where

sla(l = IF I(7 + 14 %)
rer; +1

cl =

Then let u; = ;—f where x; has the pathway density f11(x1) and x, has the density
f21(x2) = f(x2) where x| and x; are statistically independently distributed and f
is an arbitrary density. Then the density of u, denoted by g11(u1), is the following:

g11(u1):/f11(1)f21(v)12dv
v 231 uj

n
1—

=c1/(—>V 1[1—a(1—q><—)] fl(v>:—2dv

1

—y—(£L+1)

= cu, / o [ —a(l — 177 f(v)dv. (2.9)

Through ¢ one has a collection of operators from (2.9), which can be treated as a
generalization of Erdélyi-Kober fractional integral operator of the first kind.

2.5 Some Special Cases

Case(1): Fora=1,4=0,6=1 = a — 1 we have the following:

717

F'ly+ao) 5«
u

g1(ur) = T @™

/u' v’ (uy — v)*~! f(v)dv (2.10)
v=0
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for N(a) > 0, R(y) > 0. Therefore for R(x) > 0, R(y) > 0

') g1 (u 1)—
I'(e+vy) F()

/ o —0)* ! fydv = Ky S
(2.11)
Note that (2.9) gives a generalization of Erdélyi-Kober fractional integral
operator of the first kind operating on f. This generalization also gives a path
through ¢q. For various values of g one has a collection of functions which can all
be considered as generalizations of Erdélyi-Kober fractional integral operators of
the first kind operating on f. Also, (2.9) can be looked upon as a generalization of
the pathway integral transform introduced in Mathai et al. [20]. Observe that (2.9)
can also be looked upon as a generalized pathway transform of f(x). Finally,

when ¢ — 1_ we have the following form:
Case (2):

(I‘f'(’%‘; ! /v:o e G £(v)dy. 2.12)

This integral part when § = 1 is the Laplace transform of v” f(v) with Laplace
parameter )

All the functlons described from (2.9), (2.10) and (2.11) can be taken as
generalizations of Erdélyi-Kober fractional integral operators of the first kind
operating on f. Observe that in the limiting case the fractional nature of the
integral is lost.

Case (3): Fora=1,q=0,6§ =m, 1 = a — 1 we have a special case:

F(y+a)g11(u1) is (2.6.8) of Mathai an Haubold [18].

2.6 Erdélyi-Kober Fractional Integrals of the First Kind and
Hypergeometric Series

Let us append a hypergeometric series to our basic function xf _1(1 — x)* L
Consider the hypergeometric series, forg > por p =g + 1 and |ax| < 1,

pFylar, ... ap; b],...,bq;axl)xig_l(l—x])“_1
N (@1)k - - - (ap)k akxf p-1 a-1
Z xp (=)
=g Dk (bg)i k!

for 0 < x1 < 1 and zero elsewhere. The integral part is the following:

1
/ ALy ldyy = r+or@ r@re Bk 2.13)
0

T T+ B+k Ta+p) (a+ B’
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for N(a) > 0, R(B) > 0. Then the integral over the appended hypergeometric series
gives ¢! where

r@re)
W = e Fypa(@r, .o ap, i b, . by o+ B @) B (2.14)

c
I'(ax + pB)

We can assume all parameters a;’s, b;’s and a to be positive and o > 0, 8 > 0 in
order to assure positivity. Then the density of u; = i—’f denoted by g12(u1), is given
by

[e.e]

1 (@ ... (ap) a* v
gr2(uy) = (—Z( DDk (bp)k A /( YR — 1Ef(v)dv.

The integral part is the following:

—p-a [ I

i) / o ur = )" )f(v)dv
v=0

1 44 M _ v
ng(“l)ZWulﬂ a/ vﬂ(ul_v)a lqu(ala~-~aap;bl’---,bq;a_)f(v)du
c v=0 23]

(2.15)

A particular case of (2.15) in terms of a » F is (2.7.1) of Mathai and Haubold [18].
This particular case was given by others earlier as generalization of Erdélyi-Kober
fractional integral operator of the first kind operating on f, not as a statistical density
or as a Mellin convolution of a ratio. We may replace the argument ax; by aglx‘l32
in the hypergeometric function, for §; > 0,8, > 0, to get more general forms
of (2.15).

Instead of a ,F, with argument ax; let us append x{g_l(l — x* ! with a
hypergeometric function , F; with argument a(1 — x1). Then, proceeding as before
we get the normalizing constant as

re)r)
@ = pr1Fyri(ar, ..., ap, a; bl’”"bq’a—i_ﬂ;a)l“(a——i—ﬁ)’ (2.16)

for N(a) > 0, R(B) > 0. Then the density of u; = ;‘—f, denoted by g13(u1), is given
by the following:

(@i ---(apla Vg1 atk—1
g13Gur) = @Z(bl)k o >kk'/u(u1) 1= e

Then

_Ml—ﬂ—a Ui '3 w1 . ' v
ng(ul)_ C<2) OU (Ml_U) qu(als'-'vapvblv'-'qus a(l_u_l))f(v)dv
. 2.17)
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A particular case of (2.17) in terms of a » F is (2.7.3) of Mathai and Haubold [18].
This particular case was given by others earlier as a generalization of Erdélyi-Kober
fractional integral of the first kind. The argument in the hypergeometric function
could have been a®1 (1 — x1)% for 8; > 0,8, > 0 to produce a more general case.
Also, one could have taken the argument as aslez(l — x1)83. In all such cases,
g13(u1) as a density makes sense and at the same time keeping the basic structure of
Erdélyi-Kober fractional integral of the first kind intact. A particular case of (2.17)
is the Saigo operator of the first kind when the , Fy, is replaced by a » F;. The main
advantage of (2.17) is that it is a direct generalization of Erdélyi-Kober fractional
integral of the first kind and at the same time it is a statistical density of a ratio of
two statistically independently distributed real positive random variables.

2.7 Mellin Transform of the Generalized Erdélyi-Kober
Fractional Integral of the First Kind

Let us consider the Mellin transform in (2.15) and (2.17). The basic integral is the
following and will be evaluated through interchange of integrals:

[ee) uj vk
/ uj—l[uf”*"‘/ v (uy = v)* ' —duy]dv
0 v=0 uy

oo oo . '
= / f(U)Uﬁ+k[/ Mi_ —p-e- (u; — v)* 'duy]dv
v=0 u

1=V

= f(v)vﬂ”‘[/ Yy + o) PR dy e

v=0 y=0
00 )

=/ vs_lf(v)dv/ 2271 4 @A g,
v=0 z=0

FlrB+1—s) B+1—s)

=/ Fa+p+1—s) (@+B+1—s5)

for R(a) > 0, R(B + 1 —s) > 0. Therefore

r r 1—
M{gi2(uy) of (2.15); s} = c((g) F(a(—f;—i- 1 s_)s)

X pr1Fgri(ar,...,ap, B+1—s:b1,....bg,a+B+1—s5;0)f"(s)
(2.18)

for () > 0,R(s) < R(B + 1),a > 0. The basic integral to be evaluated in
corresponding Mellin transform of g13(u1) in (2.17) is the following:
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f K uw TP "‘[/ VA —v)* - l)kf(v)dulldv

up=

- f(v)vﬁ[/ Py — 0= (1= ey Jdv
v=0 ui

o0 o
:/ US—lf(v)dv/ Z(X+k—1(1 +Z)—((¥+/3+1—S+k)dz
v=0 z=0

rr+1-s) (@)
F'a+B+1—s) (@+B+1—s)

= f*(s)

for N(a) > 0, R(B + 1 —s) > 0. Therefore

') (B+1-s)
M{g13(u1)0f(2.]7);s}:mxp+1ﬂ,+l(al ,,,,, ap,a; by, ..., by, a+p+1-s;a)
(2.19)

for () >0, R(B+1—5)>0,a>0.

2.8 Riemann-Liouville Operators as Mellin Convolution

N 1=xpe!
1 @ and

Sfa(x2) = x5 f(x2). Letuy = fc—f V=X, X = % Then the Mellin convolution of
a ratio, denoted by g14(u1), is the following:

Consider the Mellin convolution of a ratio where f3(x;) =

v v 1 “ oa— —a —a
g14(u1)=/v f7(u—l)f8(v)u—%dv=m/1)=0(u1—v) 'f(v)dv=¢D; f=Di\f
(2.20)

is the left-sided Riemann-Liouville fractional integral operator of order o operating
on f. Thus, the left-sided Riemann-Liouville fractional integral operator can be
considered to be the Mellin convolution of a ratio. Consider the Mellin transform of
g14(u1) of (2.20). That is, evaluating through interchange of integrals,

o0
M{gi4; s} = f i grauy)duy
0

- / [f3(—)f4(v)(——)dv]du1

u|_

/ f4(v)[/ w30 (=) duy Jdv.
ui uj
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Put x; = = ——du1 = dx;. Then

m

00 1
/ f1<—)(— )dul—vA 1/
up=v 0

for f3(x1) = 0 outside the interval [0, 1].

— [ = M{f3;2 —sh'!
X1

f . v f(uydv = M{ fa; ).
Then

M{gi4; s} = M{f3;2 — s}M{f4; s} 2.21)

or the right side is of the form

X2 51 1
/ /(—) f3(x1) fa(xz)dx /\dx2=/
X1 JXx2 X1 xp X

— f3(x1)dx / x5! fa(xa)dx;
: ’ (2.22)

or in the form of a Mellin convolution for a ratio.

Theorem 2.2 The left-sided Riemann-Liouville fractional integral is the Mellin
convolution of a ratio u; = ;‘—f when the joint function of x1 and x> is of the form

f3(x1) fa(x2) where

—a—1
A=xD*Lo<x <1

_%
frlx) = @

and zero elsewhere, and f4(x2) = x5 f(x2) where f(x3) is an arbitrary function,
such that the Mellin transforms of f3(x1) and fi(x7) exist. That is,

s = | G = 0D = Doy f = Dish (2:23)

Note 2.1 Note that in this case f3(x1) is not a constant multiple of a statistical
density because the exponent of xj is —a — 1 where i(—a) < 0. Without loss
of generality, f4(x2) can be taken as a statistical density. The Mellin transform
of D;¥f = Dl_"("o’x) f is available in the literature, see for example Mathai and
Haubold [18].

—w riai—oa-s) .,
M{oD " f;s} = M{D (ox)f;S}Zﬂf (o +5), (2.24)
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for R(s) < 1, R(a + s) < 1 where f*(s) is the Mellin transform of f(x). Thus, if
f is replaced by x~* f then we have

. —a r‘i—o-s) ., ,
M{(D,“x " f)(x); 8} = —————=F"(5), N() < L, R(x +5) < 1.

ra=» (2.25)

2.9 Distribution of a Product and Erdélyi-Kober Operators
of the Second Kind

Let x; and x be real positive scalar random variables which are independently
distributed with density functions fs(x1) and fg(x2) respectively. Then the densities
of the product u; = x1x7 and ratio u; = j%’ will be denoted by g2 (u>) and g1 (u1)
respectively, where

1 1
&@ﬂ=f—ﬁ&uaww:/—ﬁm&¢My (226)
v U v y Yy y

Let f5 be a type-1 beta density and fg be an arbitrary density, denoted by f(x2),
arbitrary density in the sense any function f(x) such that f(x) > O for all x and
fx f(x)dx = 1. Then g2 (u>) will take an interesting form. Let

rg+1ta)

W 1(1—X)a ! 0<)C1<1 gﬁ(ot)>0‘)i(,3)>—l

f5(x) =

and f5(x1) = O elsewhere. In statistical problems, usually the parameters are real
but the results will hold for complex parameters and hence we list the conditions for
complex parameters. Then from (2.26) we have

_ lTe+p+) Oolﬂﬁ M2
802 = Fe i TG = od

_F(a+ﬁ+l) u2 / a—l,—p—a
=TT+ T, T Fnd

_F@+ﬂ+D P
T+ Kot

where K, f denotes the usual Kober fractional integral operator of order o
and parameter B and of the second kind operating on f, available in the literature.
Hereafter, Erdélyi-Kober operators will be denoted by K, order will be denoted by
«a; if it a fractional integral then the order will be written as —« and as a superscript
and if it is a fractional derivative then the order will be written as superscript o
or +«; if the fractional integral is of the second kind or right-sided then 2 will be
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written as a subscript; if it is of the first kind or left-sided then 1 will be written as
a subscript; the additional parameter 8 in Erdélyi-Kober operator and the variable
uy will be written as subscripts; thus the operator, operating on f, is written as
K, Z‘L 8 /. This means that in terms of a statistical density

» r@+1 \
K2,u2,/3f = mgz(uz), N(x) > 0, N(PB) > 0, 2.27)

where uy = u = x1x3, the product, with density g>(«). Then, we have the following
result:

Theorem 2.3 Erdélyi-Kober fractional integral operator of the second kind, oper-
ating on a real-valued scalar function f, is a constant multiple of the density of a
product of two real scalar statistically independently distributed positive random
variables x1 and x, where x1 has a type-1 beta density with the parameters
(B + 1, o), and x> has an arbitrary density f(x3).

Then looking at up = x1x» from the point of view of Mellin transforms, we
have the following in terms of expected values or statistical expectations, denoted
by E(-). Since x; and x; are independently distributed, we have

E@ ™ =ExHExS™. (2.28)

This Eq. (2.28), if interpreted in terms of Mellin transform with Mellin parameter s
then we have

Mg, (s) = Mg (s)My, (s) (2.29)

where

[e.e]

o
Mg, (s) =/ uy~ g2 (ua)duy, My, (s) =/ xj_lfj(xj)de,j =12
0 0
whenever the integrals are convergent. But

rB+1+a) [!
r+nHr) o
_Ta+B+1) T'(B+s)
T+ T'a+B+s)

Exj™h = Tl (= xp g

for RN(B) > 0,RN(B +s) > 0, N(x) > 0 and let E(xg_l) = f*(s) = the Mellin
transform of f(x). If the Mellin transform of g»>(u2), with Mellin parameter s, is
denoted by M{g2(u2); s} = Mg, (s), then

rg+1 o TBES
M{ng(M)’S}_—F(a—i—,B—i—s)f (S)—M{Kz,uzygfas}-(z o
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This is Mellin convolution of a product. Thus, Erdélyi-Kober fractional integral
operator of the second kind operating on f can be considered as a Mellin
convolution for a product. The inverse Mellin transform of (2.30) provides explicit
expression for Erdélyi-Kober fractional integral operator of the second kind operat-
ing on f, namely,
c+ioo
Kil‘fz’ﬂf = Zme ‘ #;i)s)f*(s)u_sds (2.31)
Cc—100
where the form is available through the convolution integral coming from the Mellin
convolution of a product, that is, a type-1 beta form with parameters (8 + 1, )
convoluted with the arbitrary function f(x).
If fs(x1) is a more general density than a type-1 beta density then we can get
some generalizations of Theorem 2.3. We will consider a pathway extension of type-
1 beta density first.

2.10 A Pathway Extension of Erdélyi-Kober Operator of the
Second Kind

Let f11(x1) be the pathway density

n

fuiGxn) = e 2l 11 —a(l — g)xd]™a (2.32)

forg < 1,7 >0,a > 0,5 > 0 where

+1
sla(l = )15 M + L+ 1)
FGHT (S +1)

11 =

Then the density of u» = xjxp, when x; has the above density f11(x1) and x, has
arbitrary density f (x2), is denoted by g21(#2), and it is given by

1
g21(u2) = e1y / L2y pwdv
TR
1 1
—en / S a1 — (21T f)dv
b UV v

o0 '
= cyu} f A —a(l = 1™ o7 =y o)y
v=uz[a(1—q)]%
(2.33)

Some particular cases here will be interesting.
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2.11 Special Cases

Case (1): Whend =m,q =0, 1= = o — 1 then (2.33) is the result (2.6.9) of
Mathai and Haubold [18].
Case(2): Whend=1,a=1,¢g=0,n=0a — 1 then

_ry+b __! y[“ R __ ke
F(y+1+a)g21(uz)—r(a)u : (v—u2)*" v fdv==K,, . f

(2.34)

=uy

is Erdélyi-Kober fractional integral of the second kind.
Case(3): Whend=1l,a=1,g=0,n=ao — 1,y =0then

1 1
mgzl (u2) = )

=Ky o of = WO =Wt f (1) (2.39)

f h (t —up)® '™ f(t)de
t=uyp

where (W% f = W, [ f is the Weyl right-sided fractional integral of order «,
which can also be called the right-sided Riemann-Liouville fractional integral of
order @ when the right limit is at oo, for the function t=* f(¢).

Let us look at (2.33) when g varies from —oo to 1. Here (2.33) is a collection
of generalized Erdélyi-Kober operators of the second kind operating on f. It can
also be considered as a Mellin convolution of a product where one function f(x>)
is arbitrary and the other function fi1(x1) is of the form in (2.32). Here g describes
a path of movement of the Erdélyi-Kober fractional integral of the second kind. In
the limit when ¢ — 1_ then (2.33) will be

: Ty a2y 7 [y —1gman(2y
lim go1(u2)=c13 —(—)"e v’ f(v)dv=c3u; v e v’ f(v)dv
qg—1_ =070V U =0
(2.36)
where
v+l
13 = (an) =
I

This (2.36) is also connected to Kritzel transform if f(v) can be written as
e_bUW(v). Then (2.36) will correspond to generalized Kritzel transform of v (v).
Kritzel transform is widely applied in various disciplines. This Kritzel transform
is also connected to inverse Gaussian density in stochastic processes, to Bayesian
analysis, to reaction rate probability integral in reaction rate theory, to P-transforms,
to fractional integral transforms and many other topics, the details may be seen from
Kumar, Kumar and Haubold, Kumar and Kilbas, Mathai, and Mathai, Provost and
Hayakawa [8-10, 15, 20].



30 2 Erdélyi-Kober Fractional Integrals in the Real Scalar Variable Case

We can also consider the case when ¢ > 1. Writing 1 — ¢ = —(g — 1) with
q > 1, fi1(x1) of (2.32) changes to the following form.

f12(x1) = clzxi/[l +a(g — l)x‘f]fq%l, a>0,6>0,n>0,g>1 2.37)

where
v+l
N R FGED o _y+l_,
regHreh -5h a-1 38
and
(an)’s
clp — 8 ST = 13 wheng — 14.
r'=-)

In this case 0 < x; < oo. Then the density of the product u, = x1x», denoted as
g22(u2), is the following:

*©1 _n
() = i / L2y 4 atg — 2P T fode
ot t t
- clzugf GRS 4 — DUl "7 f(1)dr. (2.38)
0

This can also be taken as a generalization of the Erdélyi-Kober fractional integral of
the second kind. When ¢ — 1, (2.38) goes into the following form.

o
lim g23(u2)=c13/ 17 le=an(®)’ £(1)ds (2.39)
g—1+ 0

It is easy to note that

lim ¢ = lim ¢y = c13.
qg—1_ q—14

2.12 Another Form of Generalization of Erdélyi-Kober
Operators of the Second Kind

One can take any specific density for f5(x1) and an arbitrary density for fg(x2).
Then take the Mellin convolution of a product. Then this will give a class of
generalized Erdélyi-Kober operators from a statistical point of view. For a fractional
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integral, which is found in the literature, one needs a type-1 beta form for f5(x1).
We can also relocate x; at x; = b so that x; > b for some b. Then also we can obtain
a fractional integral. From a mathematical point of view such a generalization may
not have much of a significance.

Another generalization is available in terms of hypergeometric functions. We
can append a convergent series to any given density, for example, append a
hypergeometric series to f5(x1), to get a general form. In model building situations
such appended forms may produce thicker or thinner tails and hence useful in model
building. Let us consider appending a hypergeometric series to the basic density
f5(x1) of x1. Let the appended density be denoted by f7.

fr(x1) = % pFalar, ... ap; by, ...,bq;axl)x{s(l —x)* L o<x <1
(2.40)
and f7(x1) = O elsewhere, where c; Uis the normalizing constant. We can create a
statistical density out of this form as follows: In order to assure nonnegativity of the
function let us assume that the parameters ay, ..., ap, by, ..., by, a are all positive.
Then, forqg > por p =¢g + 1 and |ax| < 1,

pFylar, ... ap; b1, ... by :axl)xf(l —x)*!

Fa—xpye,

_ i @i ... (ap)k akx{‘
= Ok (byk k!

where, for example, (a)y = a(a+ 1)...(a+k — 1),a # 0,(a)g = 1 is the
Pochhammer symbol . Total integral is available from the basic type-1 beta integral

/lxmk(l -l = LB+ +Or@ _ F@r@+1D B+
! Fa@+p+14+k  Ta+B+1) (@+B+ 1y

The normalizing constant is % where

_T@I(B+1)

= F, s, dp, 1;b1,....,b,, 1;a),
c7 F(a+’3+1)p+l g+1(ay ap, p+1; b o+ p+1;a)

for N(a) > 0, R(B) > 0. Then
1 B a—1
fr(x1) = - pFglar,....,ap; by, ... bysax)x| (1 —xp) ,0<x1 <1
7

and zero elsewhere is a density. Take this form of f7(x1) and fg(x2) = f(x2) an
arbitrary density, and proceed to find the density of u» = x1x, as before. Denoting
the density by g24(#2), we have
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@) ... (ap) a* a1 —B—a
g2412) = —Z(bl)k s e e

1 0 a auy
=—u§/ (—u2)* WP Fy(ar, ... ap; by, ..., byi—)f (v)dv.

7 v>u>0 v
2.41)

A particular case of this for a » F is equation (2.7.2) of Mathai and Haubold [18].
This particular case was given by others earlier. There is a serious drawback in
taking a » F| because there may be problems in taking Laplace, Mellin and other
transforms for the convergence of the series forms. It is safer to take ¢ > p in
the case of appending a hypergeometric series to the type-1 beta form for f7(xp).
Note that (2.41) is a generalization of Erdélyi-Kober operator of the second kind
operating on f as well as one has an interpretation in terms of a statistical density.

Another form of appending a hypergeometric series is to consider a hypergeo-
metric series with argument a(1 — x1) instead ax;. Going through the same process
as before, one can create a statistical density of the form, denoted by fo(x),

_ 1o @k (@) dt K1 = et -~
So(x1) C9ZO—(bl)k o K (I —x1) (2.42)

for 0 < x; < 1 and zero elsewhere, where

'+ DI (x)
_F(I?TWPHF"H(M’""a”’a;bl""’bq’ﬁ+1+a;a)’

fpr R(a) > 0,9(B) > 0. In order to guarantee nonnegativity we may assume all
parameters a;’s, b;’s, be positive, a > 0, > 0,g > p.If p = g + 1 then
take |a(1 — x1)| < 1. Proceeding exactly as before, taking x| having this appended
density fo(x1) and x; having an arbitrary density f19(x2) = f(x2), then the density
of up = x1x2, denoted by go5(u»2), is available as

1
gZS(”2)__ZEZBIZ EZP;Z;/ e S N

This can be simplified to the form

B
u 1 _B— u
gzs(uz)zi/ =) 0P Fylar, .. aps i, ... by a(1——))f (v)dy,
v>uy>0 v

9
(2.43)
for [a] < 1,v > up > 0. This is a generalization of Erdélyi-Kober fractional

integral of the second kind. Here also, one could have taken the argument of , F; as
a® (1—2x1)%2. These will provide more generalized forms. A particular case of (2.43)
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is (2.7.4) of Mathai and Haubold [18]. This particular case, in terms of a » ], was
given by others earlier. As remarked above, there is a disadvantage in taking a » F;.
This special case in terms of a o Fj is Saigo operator, see (2.7.8) of Mathai and
Haubold [18].

Remark 2.1 Tt may be noted from (2.41) and (2.43) that one can consider fo(x1)
in terms of a hypergeometric function with argument ax; or a‘slx(lsz ora(l — x1)
or a® (1 — x1)* or a® (1 — x1)x> with §; > 0, j = 1,2, 3. The procedure will
be the same. If statistical densities are not needed then one can take multiplicative
factors for fo(x1) as well as for fio(x2). Instead of a hypergeometric series, one
can consider fo(x1) in terms of a Meijer’s G-function or H-function with arguments
any one of the forms mentioned above. If g»(u7) to remain as a statistical density
then, apart from convergence of the series and integrals, the parameters are to be
restricted so that the functions remain positive in the range 0 < x; < 1 and zero
outside this range. Since these generalizations are routine mathematical exercises,
we will not give the explicit expressions for each generalization of Erdélyi-Kober
fractional integral of the second kind here.

2.13 Mellin Transform of the Generalized Erdélyi-Kober
Operator of the Second Kind

For the generalized form in (2.41) the Mellin transform is available by evaluating
the integral, through interchange of integrals,

/0 uy b ( —up)® Pk f(v)d)

v>uy>0

o0 v
= / T u;_l+ﬁ+k(v — u2)* 'duydv
v

=0 uy=0
oo 1

— / vxflf(v)dv/ ys+ﬂ+k*1(l _ y)otfldy
v=0 0

@' B+s) (B+s)

S Ta+B+s) (a+ B+

f(s),

for N(aw) > 0,N(B + s) > 0. Therefore the Mellin transform of (2.41) is the
following:
M{gr4(uz) of (2.41); s}

T I'(B+ys)
g T@+p+

s)p+1Fq+1(a1,...,a,,,ﬂ+s;b1,...,bq,a+,3+s;a).
(2.44)
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In a similar manner one can compute the Mellin transform of g»5(u) of (2.43). The
basic integral to be evaluated is the following, through interchange of integrals:

o0 o0
[ s e = S
u=0 v=up>0 v

* —B—ata—1 ! U2 \o+k—1 Bts—1
= / v FOU[ =2 dug
v=0

ur=0

e} 1
=f v“_lf(v)dv[f YT = ptElay]
v 0

=0

T (BE (@) (o0)k ,
= f*(s) F@tpts) (a+’3+s)k,ﬂi(a)>O,5H(/3+s)>0.

Hence

') I'B+s)

M f(243); s} = — ——— ; sa).
{g25(u2) of (2.43); 5} o F(a+'6+)p+l Fypi(ay,...,ap, a5 b1, ..., by, 00 + B +5;0)

(2.45)

The right-sided Weyl fractional integral of order « is given by

l o0
W =Wy o f = fo t —x)* " F(1)dr, R(a) > 0. (2.46)

The Mellin transform is FI(:X(j_)S) f*(a + s5). Such a form can be generated from the

Mellin convolution of a product as well as from a statistical density. Consider

1
fis(x) = ——(1 = x)*! N(a) > 0.
I' (@)
Note that f15(x1) here is a constant multiple of a statistical density. In fact, I" (o +
1) f15(x1) is a type-1 beta density. Let f16(x2) = f(x2) be an arbitrary function. Let
Up = X1X2,V = X1, Xp = % Then the Mellin convolution of a product for f(x;)
and x;“ f15(x1) is given by the following:

v a—1 _ 2 __E
/F(a)( v) f( ) dv (t= , sdv = t2dt)

_ 1 u2 _ u_z a—1
- / 2y fayar

4" - - — —o —a 7 —
=@ /t=u2(t —u)* 7 f (DAt = LW f1=w Wy T f (247)
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Theorem 2.4 The right-sided Weyl fractional integral operator of order «,
W = W_’)‘;‘, operating on f, can be taken as a Mellin convolution of a product

of fi5(x1) and fie(x2) = f(x2) where f15(x1) is a constant multiple of a type-1
beta density.

2.14 A Geometrical and Some Physical Interpretations
of Fractional Integrals

The name “fractional integral” suggests any type of incomplete integral. In this
respect an incomplete gamma function or incomplete beta function or any integral of
the form [“_ f(x)dx or of the form [° f(x)dx or [3' f(x)dx or fab f(x)dx could
be taken as fractions of total integrals. But in the literature of fractional integrals,
any such fraction of the total integral is not taken as “fractional integrals”. It may be
noted that a certain fraction of the total integral is taken but the structure is that it
is a fraction of the total integral in a product of two functions where one is a type-1
beta type. Consider the product of two real-valued scalar functions of the real scalar
variables x| and x7, in the form f(x1) f2(x2). If one function is a power function of
the form fj(x1) = xf‘_l and if we take the Laplace convolution for a sum, denoted
by D;;‘, then

X
D% = / (x — 0 H()dt (2.48)

t=a
for some a, including a = —oo. If both x; and x; are restricted to be positive
variables then a = 0. In the Laplace convolution of a sum we are making the

transformation x = xj + x2, xo = ¢. This integral in (2.48), divided by a constant
I'(a), R(x) > 0, is the left-sided or first kind Riemann-Liouville fractional integral
in the literature. Hence one interpretation is that Riemann-Liouville left-sided
fractional integral is the Laplace convolution for a sum where one function is a
power function.

2.14.1 An Interpretation in Terms of Densities of Sum and
Difference

Let us consider two real scalar positive random variables x; > 0,x; > 0. Let
the densities be fj(x1) and f>(x2) respectively. Let the variables be independently
distributed or enjoy the product probability property (ppp). Then the joint density
is f1(x1) fa(x2). Let z1 = x1 + x2 and 2o = xp — x1, xo = ¢, with zo > 0. Then

a—1

the density of z;, denoted by %1(z1), is the following, when fi(x1) = cix{ ,
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0 < x1 <1, fi(x;) = 0 elsewhere, a power function density, where c; is the
normalizing constant:

21
hi(z1) = ci /0 (z1 — ¥ fr(1)de. (2.49)

A constant multiple in (2.49) or if ¢ is replaced by %, N(a) > 0 then (2.49) is
Riemann-Liouville first kind or left-sided fractional integral of order «. Hence this
fractional integral can be interpreted as a constant multiple of a density of a sum.
Now, let us look into the density of the difference zo when fj(x1) is again a power
function density as above. Then the density of z,, denoted by h,(z2), is given by the
following:

ha(z2) = ¢ / (t — 220" fa()dr, (250)

If ¢ is replaced by %, NR(«) > 0 then we obtain Riemann-Liouville right-sided
or second kind fractional integral of order . Therefore, a constant multiple of (2.50)
is Riemann-Liouville right-sided fractional integral of order «.

2.14.2 Fractional Integrals as Fractions of Total Probabilities

Consider the total integral coming from a type-1 beta density with parameters
(B, o), that is, observing that the total integral in a statistical density is 1,

ra+pg (! p—1 a—1
l=——— 1— d
r@r@ bl T
_ I'(e +B) X(L)ﬂfl(l_i)afldt
') (B) X X
_ I'la+P)
a+p—1 _ ne—l.B-1
X (1) = e )F(ﬂ)/ (x—1) t dr. (2.51)

The left-side in the last line of (2.51) is a fraction of the total probability 1, namely
x®*tB=1 times (1) observing that 0 < x < 1. Hence (2.51), which is a Riemann-
Liouville left-sided fractional integral of order o where the arbitrary function is
=1, is a fraction of the total probability in a statistical density.

Consider the total probability coming from a gamma density with parameter «.
Then we have

1 e 1
1= —/ y* e Vdy, R(a) > 0.
I () Jo
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Fig. 2.1 Integration over Xz
. . T X1=Xz

simplices
Xz:b

Xa=x é

Consider a fraction of this total probability, namely e (1). Then

—X e " * a—1_—y
e (1)=F(a) e dy

" T /0 Y leT My (1 =x + y)
1 *© 1.,—t
= (t —x)*" e dr. (2.52)
I (o) /x

The right side in the last line of (2.52) is right-sided Riemann-Liouville fractional
integral of order @ where the arbitrary function is e~ and the left side is a fraction
of a total probability.

2.14.3 A Geometrical Interpretation

Here we consider a geometrical interpretation of the left-sided as well as the right-
sided Riemann-Liouville fractional integral of order «. The following geometrical
interpretation is given by Mathai [17]. Consider the following square of length b —a,
the line x; = x7 and the left-sided and right-sided triangles as shown in Fig. 2.1.

Consider the area of the triangle on the left of the line x; = x, in a plane or
2-space. We will use physicist’s notation of writing the differential elements soon
after the integral sign, for convenience. The area

X X X
/ dx; / dxy = / (x — x1)dxq.
X1=a X2=X] xX1=a

But for the corresponding simplex in 3-space the volume is given by the following:

X X x X X X (x — x1 )2
dx dxy dxz= X1 dxy(x—x2)= ——dx;.
x|=a X=X X3=Xx) xX1=a Xp=X1] x|=a 2!
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n—1
Then the volume of the left-sided simplex in the n-space is = fxxl —a (x(;x_—lf)!dxl .

Note that if we had integrated out a function of x; alone, say f (x1) the result would
have been

. (x _)C])n_1 . X (x _ t)n_l
—/x1=a Wf(m)dxl = /zza Wf(t)dt'

We may denote this left-sided integral as , D" f(t) = Dl_?a x) f the integral over

the left simplex in n-space. If n is replaced by a general o then we have the left-sided
or first kind Riemann-Liouville fractional integral of order o, denoted by

l X
DO =D o f = s / @0 0d @ = 0

and hence the corresponding fractional derivative of order « will be denoted by
«DEf(t) = D‘lx (@.x) f. Here —« indicates integral and +« indicates derivative.
Now, consider the right-sided triangle in Fig. 2.1.Its area is given by

b X1 b
/ dx1 f dxz = f (x1 - x)dxl.
X1=Xx Xp=x X1=Xx

The volume of a corresponding simplex in 3-space is

b X1 X2 b — )2
/ dx1 / dXQ d)C3 = [ deL
X1=x X=X X3=X X1=Xx 2!

The volume of the right-sided simplex in n-space is then

b n—1 b n—1
X1 —x x| —Xx
f (x1 —x) d = / (x1 —x) dxy.
x=x @ — D! X|=x I'(n)
Now, if an arbitrary function of x; alone is integrated over this simplex then the

volume over the simplex, which is a fraction of the volume over the cube, is given
by

b (xl _ x)n—l b (l‘ _ x)n—l

WD PO =Dy = | SR fenda = | S fad,

If n is replaced by an arbitrary « then the right-sided integral of order «, denoted by
DY f() = D;,?x,b)f is given by

1

xDl:af(t) = D;,?x,b)f = m

b
/ (t —x)* ' f()dt, R(a) > 0.
1=x
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This is the Riemann-Liouville right-sided or second kind fractional integral of order
a. The corresponding derivative of order a will be denoted by D} = D3 x.b) f
taking derivative as anti-integral.

2.15 A General Definition of Fractional Integrals

From all the discussions and results so far, we have seen the following: Fractional
integrals considered in the literature are not arbitrary type of incomplete integrals.
They are incomplete integrals coming from a product structure where one function
has a part which is of the form of a type-1 beta function and the other function
has a part which is an arbitrary function. This is the common feature in all the
fractional integrals in the literature, originally coming from a consideration of the
geometry given in Fig. 2.1. Hence one can have a general definition based on Mellin
convolutions of products and ratios or densities of products and ratios. Let our
original f1(x1) and f,(x3) be of the following forms:

filx) = G111 — x)* L and f2(x2) = ¢a(x2) £ (x2) (2.53)

I'(x)

where () > 0, ¢1 and ¢, are specified functions, f is an arbitrary function. From
the structure in (2.53), where f; has one part a specified function and the other part
a type-1 beta function, f> has one part a specified function and the other part an
arbitrary function. By specifying ¢ and ¢, and then taking Mellin convolutions
of ratios and products we can derive all the left-sided and right-sided fractional
integrals in the literature.

2.15.1 Mellin Convolution of Product and Second Kind
Integrals

Let us consider the Mellin convolution of a product, denoted by g>(u2), where u, =
X1X2,V = Xp Or x| = =2, xp = v, then

1 1 uy U2 41 .
g2(uz) = T / =91 ()1 = =) (v) f(v)dv, R(a) > 0. (2.54)
() Jy v v v

In (2.54) let ¢1 = 1 and ¢ (v) = v*. Then (2.54) becomes

b
g (u2) = L / (v — 1) f(v)dv, R(a) > 0. (2.55)
I (@) Jy=u,
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This is Riemann-Liouville second kind or right-sided fractional integral of order
o, namely D2 (Uta.b) f if there is an upper bound for v. If the upper bound is 400
then (2.55) is second kind or right-sided Weyl fractional integral of order «.

Let ¢1(x1) = )c1 ,¢2 = 1 in (2.54) and let the upper bound for v be +oo.
Then (2.54) becomes the following, again denoted by g2 (u2):

o (ur) = f - VY (0 — 1) ! f(w)dv, R(e) > 0. (2.56)

2
I'(x)

This (2.56) is nothing but Erdélyi-Kober fractional integral of the second kind of
order « and parameter y, namely, K, Z;y f.

2.15.2 Mellin Convolution of a Ratio and First Kind Fractional
Integrals

Letu; = 2, xp =vorx; = % and the Jacobian is ——5. Again, let fj(x;) and

f2(x2) be as in (2.53). Then the Melhn convolution of a ratlo or the density of a
ratio when fj and f, are statistical densities, denoted by g (u1), is the following:

_ PPy Vet
g1(un) = F(ot),/;u%(pl(u])(l T 620 f (). (2.57)

Now, by specializing ¢; and ¢ one should get all the left-sided or first kind
fractional integrals in the literature from (2.57).

Let ¢1(x1) = xi/_l, ¢> = 11in (2.57). Then (2.57) becomes the following, again
denoted by g (u1):

g1 = 1 . /Ml v? (g —v)* ! f(v)dv (2.58)
') Ju=o ' '

This is Erdélyi Kober fractional integral of the first kind of order « and parameter

y, namely Ko f. Let 1(x1) = X% !, ¢a(v) = v®. Then (2.57) becomes the
following, again denoted by g1(u1):

g1(uy) = ; /ul (u1 —v)*~ f(v)dv, R(a) > 0. (2.59)
I'(a) Jy=0

This (2.59) is Riemann-Liouville left-sided or first kind fractional integral of order
o where the left limit is zero, namely, Dl_’;‘l foroD,, ~“f.
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Chapter 3
Erdélyi-Kober Fractional Integrals in the oo
Real Matrix-Variante Case

General notations on matrices, determinants, traces etc. are given in the introduction
to Chap. 2 and hence they will not be repeated here. Before starting the discussion,
we will need some Jacobians of matrix transformations here. For results on
Jacobians, see Mathai [3]. For the real matrix-variate case, the determinant of X
will be denoted by either det(X) or by |X|. When complex matrices are involved
we will use the notation det(X) for determinant because we would like to reserve
the notation |(-)| for the absolute value of (-). In this case the absolute value of the
determinant of X will be written as |det(X)], denoting a matrix X in the complex
domain as X. All matrices appearing in this chapter are p x p real positive definite
unless stated otherwise. Some Jacobians of matrix transformations will be stated
here as lemmas without proofs. For proofs and other details, see Mathai [3].

Lemma 3.1 Let A be m x m and B be n x n nonsingular constant matrices. Let
X = (xjj) and Y = (y;j) be m xn matrices of mn distinct real variables as elements.
Then

Y = AXB, |A| #0,|B| #0,= dY = |A"|B|"dX. (3.1)

Lemma3.2 Let X = X' and Y = Y’ be real symmetric p x p matrices with
p(p + 1)/2 distinct elements as real scalar variables, where a prime denotes the
transpose. Let A be a p x p nonsingular constant matrix. Then

Y = AXA,|A| #£ 0= dY = |A|PTldX. (3.2)
Lemma 3.3 Let X be p x p and nonsingular. Then

|X|~2PdX for a general X

Yy=X'=dy =
|X|~P+tDdX for X = X'.

(3.3)
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We will denote the unique positive definite square root of a real positive definite

matrix A by AZ. The following standard property will be used very often in this
paper. For p x p nonsingular matrices A and B

|[I £ AB| =|I £ BA| = |A] |A_1 + B| = |B| |B_1 + A| (when nonsingular)

I + AB| = |I + A2 BA?| = |I + B AB?| (when positive definite). (3.4)
Lemma 3.4 Let the p x p matrix X be real positive definite. Let T = (1;;) be a
lower triangular matrix with t;;’s ,i > j be distinct real variables, t;; = 0,1 < j

and the diagonal elements be positive, tj; > 0, j = 1,..., p. Then we can show
that the transformation X = TT’ is unique. Then

p .
X =TT = dX = 22{] [ /). (3.4)
j=1

By using Lemma 3.4 we can evaluate a real matrix-variate gamma integral,
denoted by I', (o) where

1
Iy(a) = / 1X|¢= e gx, (3.5)
X>0

Apply Lemma 3.4 to the right side of (3.5). Then the integral splits into p integrals
on tj;’s and p(p — 1)/2 integrals on t;;’s, i > j. The t;;-integral gives I'(a —

%), N(a) > %, j =1,..., p which gives the final condition as % () > pT_l
Each of the #;;-integral for i > j gives /7 and there are p(p — 1)/2 of them, thus
.. pp=1)
giving the final factor 7~ # . Hence
1
Fp(a):/ X%~ et Mg x
X>0
p(p=1) 1 p—1_ p—1
= 14 F(a)r(a—5)...1“(0[—7),91(0[) > — (3.6)

Lemma 3.5 Let Y be p x n, n > p and be of rank p or let Y be a full rank
matrix of np distinct real scalar variables as elements. Let S = YY'. Then S > O
(positive definite). Then writing Y = T U where T is a p X p lower triangular matrix
with positive diagonal elements and U is p x n semi-orthonormal matrix so that
S=YY =TUU'T' = TT'. Then integrating out the differential elements coming
Jfrom the semi-orthonormal matrix U or integrating out over the Stiefel manifold and
then substituting for dT, we can connect the differential elements dS and dY. The
result is the following:
7
Ip(3)

ptl

dy = 1S|2- 7 dS

where I'y(%) is defined in (3.6).
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This Lemma 3.5 is very important in the theory of functions of matrix argument.
This lemma enables us to extend the results from positive definite matrices to
rectangular matrices of full rank. There are many applications of this result in
different disciplines, some of which may be seen from Mathai [4, 5], Mathai and
Princy [13, 14].

We need real matrix-variate type-1 and type-2 beta functions, beta integrals and
beta densities in our discussion later on. Hence these will be given here. The real
matrix-variate type-1 beta density for the p x p real positive definite matrix X,
with parameters « and 8 and denoted by f1(X1), is defined as follows:

Iy(a+B) _pl _pil
X)) =" X, 7T 11 -X1P"7, 0 <X, <1 (type-1 3.7
Si(X1) F,,(a)l“,,(ﬂ)' 1l | 1 < Xy <[ (type-1) (3.7)
Ip(a+B) _ptl _ptl
YD) = L—— "y~ I =Yy |* T dYy, 0 < Yy < I (type-1
L) Fp(a)Fp(,B)| 1l | 1l 1,0 <Y1 < I (type-1)

for M) > 271, R(B) > 251, and f(X1) = 0, /(Y1) = O elsewhere. Type-1
and Type-2 beta integrals and beta functions are defined and denoted as follows for
N(x) > pr1, NP) > pr1, where B (c, B) is the real matrix-variate beta function
which is defined in terms of gamma functions as given below:

Ip () (B)

Bl P =T v p

/ X[ |1 = X [P~ dX (type-1)
O<X<I
=f YIF="5 |1 = Y]~ dY (ype-1)
O<Y<I
1
=/ U2 |1 + U~ PdU (type-2)
U>0

:/ \VIE=5 T + VI~V (type-2) (3.8)
V>0

3.1 Explicit Evaluations of Matrix-Variate Gamma and Beta
Integrals

The integrals in (3.6) and (3.8) look complicated as multivariate integrals. Is it
possible to evaluate these integrals by integrating out over the elements of the
matrices or as multiple integrals or as multivariate real scalar variable integrals?
If evaluated over the individual real scalar variables, is it going to give the same
results in terms of gamma products such as the ones in (3.6)? We will examine this
aspect in this section.
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Matrix transformations in terms of triangular matrices is the easiest way of
evaluating matrix-variate gamma and beta integrals in the real cases. Here we give
several procedures of explicit evaluation of gamma and beta integrals in the general
real situations. The procedure also reveals the structure of these matrix-variate
integrals. Apart from the evaluation of matrix-variate gamma and beta integrals,
the procedure can also be applied to evaluate such integrals explicitly in similar
situations. Various methods described here will be useful to those who are working
on integrals involving real-valued scalar functions of matrix argument in general
and gamma and beta integrals in particular.

First we consider matrix-variate gamma integrals in the real case, then we look
at matrix-variate type-1 beta integrals in the real case. The procedure is parallel in
the matrix-variate type-2 beta integrals.

3.1.1 Explicit Evaluation of Real Matrix-Variate Gamma
Integral

Matrix-variate gamma integral is a very popular integral in many areas. A particular
case is the most popular Wishart density in multivariate statistical analysis. Let X
be a p x p real symmetric and positive definite matrix of mathematical or random
variables. Consider the real-valued function of matrix argument

FX) = C X[~ e B0 (a)

where C is a constant. When X is real and positive definite, X > O, then f(X)

in (a) represents a real matrix-variate gamma density when C = ILB(la)
P

B > O is a constant matrix. When B is of the form B = %V’l, V=V s>o,
where a prime denotes the transpose, then f(X) in (a) is the Wishart density in
multivariate statistical analysis, which is the central density in the area, see for
example, Anderson [1], Kshirsagar [2], Srivastava and Khatri [17]. The real matrix-
variate gamma integral is given in (3.6). The integral in (3.6) is evaluated there by
using the standard technique of writing X = TT’ where T is a lower or upper
triangular matrix with positive diagonal elements and evaluating the integrals over
t;j’s as discussed after (3.6).

When Wishart density is derived, starting from samples from a Gaussian
population, the basic technique is the triangularization process. Can we evaluate
the integral on the right of (a) or (3.6) by using conventional methods, or by direct
evaluation? We will look into this problem by using the technique of partitioned
matrices, see also Mathai [8, 9]. Let us partition

X — [Xu X12i|
X211 X»

where
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where let X22 = xpp so that X21 = (xp1,...,Xpp—1), X12 = X},. Then

ot—— -1 a2t
|X| =|X1l"" s [xpp_XZIX“ X12]

by using partitioned matrix and determinant. Note that when X is positive definite
thatis, X > O, then X1 > O, x;, > 0 and the quadratic form X»; X X2 > 0
Note that
-1 _ptl a—2H ]
[xpp_X21X11 X1pl*7 2 = Xpp S -

1 1 _1
Xpp X21 X117 X7 Xioxpp 197
Let Y = xpp X21X77 then dY = xpp

p—l

[ X11” 2dX21 for fixed X1, xpp, see
Mathai (1997, Theorem 1.18.) [3] or Lemma 3.1. The integral over x, gives

Let u = YY’. Then from Lemma 3.5 or from Theorem 2.16 and Remark 2.13 of
Mathai [3] and after integrating out over the Stiefel manifold we have

p—1
T2 -

dYy = — u'T ~du.
rz)

(Note that n in Theorem 2.16 of Mathai [3] corresponds to p — 1 and p corresponds
to 1). Then the integral over u gives

1 —1 p+1 p_—l — p_—l —
/ upz - ( w2 du = G 2 ), N(a) > p—1
0 (o)

from a real scalar variable type-1 beta integral. Now, collecting all the factors, we
have

p=1 -1 -1
- (&M e—2- —
et e T T Dt - I
rsh r(a)
for N(a) > pT
of the first part

tooz+%—p—H

2

Note that |Xil)| is(p—1) x (p—1) and | X 1] after the completion
art of the operations is denoted by | X ml and the exponent is changed

Now repeat the process by separating x, 1,1, that is by writing
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Here Xil is of order (p 2) x (p—2) and Xél is of order 1 X (p 2). As before,

letu =YY Y = x,2  XPIX{7172. Then dv = xp X maxg).

p—2

Integral over the Stiefel manifold gives ;(”T*Z) uT_ldu and the factor containing
=

(1 —u)yis(1 — u)‘”%’pTH and the integral over u gives

1 B p=2 _p=2
/ W ettty = D@ )
0 I'(a)

Intgral over v = x,_1,,—1 gives

1 1, p=2 ptl
/ vt T e Vdy = M), R(a) > 0.
0

Taking all product we have

) —
P2 %) > 2

)
|X(2)|Ot+]f— pTF((X _

Successive evaluations by using the same procedure gives the exponent of m as
pT_l + pT_Z + ...+ % = w and the gamma product is I' (o — pT_l)F(a -

pT_2) ... I' (@) and the final result is I, (). Hence the result is verified.

3.1.2 Evaluation of Matrix-Variate Type-1 Beta Integral in the
Real Case

The real matrix-variate type-1 beta density is available from (3.7) and type-1 beta
integrals from (3.8). For evaluating real matrix-variate gamma integral an easy
method is to make the transformation X = T T’ where T is a lower triangular matrix
with positive diagonal elements. Even if this transformation is applied here in the
case of beta integrals the integral does not simplify due to the presence of the factor

I —X|P ~*T . Hence we will try to evaluate the integral by using a partitioning of
the matrices and then integrating step by step. Let X = (x;;) be a p x p matrix. Let
us separate X . This can be done by partitioning | X| and |/ — X|. That is, let

_ [Xu X12i|
X211 X»
where X1 is the (p—1) x (p—1) leading sub-matrix, X1 is 1 x (p—1), X22 = xpp
and X12 = X5,. Then |X| = |X11|[xpp — X21X};' X12] and



3.1 Explicit Evaluations of Matrix-Variate Gamma and Beta Integrals 49

_ptl ,L .

|X|a = X" 2 [xpp — X21X11 X12]* 2 (@)

_pkl _ptl — —rtl .

= XIP~7 =1 =Xl 7 [ —xpp) = X = X1) ' X2l (id)

From (i) we have x,, > X21X1_11X12 and from (ii) we have x,, < 1 — X21(I —
X11)_1X12. That is, X21X1_11X12 < xpp < 1= X1 — X11)_1X12. Lety =
Xpp — X21X1_11X12 = dy = dx,, for fixed X»1, X11. Also, 0 < y < b where

b=1- X21X]_11X12 — X1 (I = X11) "' X12
1 1 I
=1— XX "I = X1)72( = X1) 72 X" X2
1
=1- WW/, W= X21X112 (I - Xll)_%

The second factor on the right in (ii) becomes

-t -2t _LH
[b—y/P="F = bF=" 51 - 1ﬂ
Put u = “EV for fixed b. Then the factors containing # and b become
petB=(p D o=t (1 —uw)f" Integral over u gives
— 1 — el
/u t 72du:F(Ol z)F(IB 2)’
0 I'e+p—(p—D)

_1
for N(a) > ”— NR(PB) > —.Let W= X21X112(I—X11)_% for fixed X ;. Then

dXo = |X11| |7 — X11|2dW from Lemma 2.1 or from Theorem 1.18 of Mathai
[3], where X1 is (p—1) x (p — 1). Put v = WW’ and integrate out over the Stiefel
manifold by using Lemma 2.5 or Theorem 2.16 and Remark 2.13 of Mathai [3].
Then we have

Now the integral over b becomes

1 p=1 _(p—
/bﬁﬂ*/’dxﬂ:/ vaul(l_v)H,e,,,dv:F( ) (e + B _(lp 1)),m(a+,3)>p_1.
0 I'a+pg—5-7)

Now, multiplying all the factors together we have

mngf(a—’%lﬂ"(ﬂ—’%l)

|X(])|a+*—7|1 X(l)lﬂ-i- —
Fa+p -5
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for N(a) > — , RPB) > p—l . Here Xil indicates the (p — 1) x (p — 1) leading
sub-matrix at the end of the ﬁrst set of operations. At the end of the second set of

operations we will denote the (p — 2) x (p — 2) leading sub-matrix by X 521), and so
on. The second step of operations starts by separating x,_1,,—1 and writing

2 2 2)— 2
XV = 1 X3 o = XX x D)

where X ;1 is 1 x (p — 2). Now, proceed as in the first sequence of steps to obtain
the final factors of the following form:

P N R L )

1
|X(2)|Ol+l—7|1 X(2)|ﬂ+l_&ﬂ' —
Fa+p—-55)

for N(a) > prz, NRPB) > prz Proceeding like this the exponent of 7 at the end
will be of the form

p—1 p=2 I p(p—1
R I S e

The gamma product will be of the form

Me—29re-22) .. .rere-=5%4...re
F(Ol—i-ﬁ—T)u«F(Ol‘f‘ﬁ)
. rp=1 . Ip(a)p(B)
These gamma products, together with 7 4 can be written as Taip)

B (a, B) and hence the result. Thus, it is possible to evaluate the type-1 real matrix-
variate beta integral directly to obtain the beta function in the real matrix-variate
case.

A similar procedure can yield the real matrix-variate beta function from the type-
2 real matrix-variate beta integral of the form

1
/ X[+ X|m@+Pax
X>0

for X =X > O and p x p, R(a) > ”T_l, R(B) > ”T_l The procedure for the
evaluation will be parallel.

3.1.3 General Partitions

In Sects.3.1.1 and 3.1.2, we have considered integrating one variable at a time
by suitably partitioning the matrices. Is it possible to have a general partitioning



3.1 Explicit Evaluations of Matrix-Variate Gamma and Beta Integrals 51

and integrate a block of variables at a time, rather than integrating out individual
variables? Let us consider the real matrix-variate gamma integral first. Let

_ [Xu X2
Xo1 X»

i|, X111s p1 x p1and X2 1s p2 X p2

so that X7 is p; X pp and X1 = X/12 and p; + p» = p. Without loss of generality,
let us assume that p; > p;. Then the determinant can be partitioned as follows:

_ptl _ptl —1 _ptl
X772 =|X0|" 7 [ X2 — X1 X X2|* 2
oL q_ Pt -3 —1 —3 gt
=X |"7 7 [ X2l T = Xy X X X2 X YT 2
Put
_% _% _n _P
Y = X5" X1 X" = dY = | X2 2 | X11]” 2dX2g
for fixed X1 and X»o;.

1
X = X [ Xt S — vy e

The Jacobian above is available from Lemma 3.1 or from Theorem 1.18 of Mahai
[3]. Let S = YY’'. Then integrating out over the Stiefel manifold we have

rir2
v Pl [)2 +1

b4
g%
T, (%)| |

dYy = 7 dS,

see Lemma 3.5 or Theorem 2.16 and Remark 2.13 of Mathai [3]. Now, integral over
S gives

p D I Jas I _ P
/ |S|ITI_PZTH|[_S|O‘_%I_%dS: (3 @ 2),
0<S<I sz(()t)

for N(a) > p‘T_l Collecting all the factors, we have

UXANIV Tpy(a —5)

| X111 IXzzla_
Iy, (a)

From here, one can also observe that the original determinant splits into functions
of X1 and Xpp. This also shows that if we are considering a real matrix-variate
gamma density then the diagonal blocks X1 and X»; are statistically independently
distributed, where X1; will have a p{-variate gamma distribution and X5, has a p>-
variate gamma distribution. Observe that tr(X) = tr(X11) + tr(X32) and hence the
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integral over X gives I, («) and the integral over Xy gives Iy, (a). Hence the
total integral is available as

nps Dpy(@ — 5

Iy (o) p, () (@)

= Fp(a)

since 712" Iy () Tpy (0 — BL) = Tp(@).

Hence it is seen that instead of integrating out variables one at a time we could
have also integrated out blocks of variables at a time and could have verified the
result. Similar procedure works for real matrix-variate type-1 and type-2 beta also.

3.1.4 A Method of Avoiding Integration Over the Stiefel
Manifold

The general method of partitioning described above involves the integration over the
Stiefel manifold as an intermediate step of substituting for the differential element of
a lower triangular matrix. Another method will be considered here, which will avoid
integration over Stiefel manifold. Let us consider the real matrix-variate gamma case
first. Again, we start with the decomposition

X1 = X0 Xa — Xy X Xl (iii)
Instead of integrating out X1 or X1 let us integrate out X»>. Let X1 be p; X pj
and X7, be p» x py with p; + pp = p. In the above partitioning we require that
X11 be nonsingular. But when X is positive definite, both X1; and X, will be
positive definite, thereby nonsingular also. From the second factor in (iii), X2o >
XX ]_11 X12 from Xop — X1 X 1_11X 12 being positive definite. We will try to integrate

out Xpy first. Let U = Xy — X21X1_11X12 so that dU = dX»; for fixed X{; and
X17. Since tr(X) = tr(X 1) + tr(X22) we have

o (X2) _ o—t(U)—t(X21 X7} X12)
Integrating out U we have
p+1 —1
/ U e AU = Iy (0 — 21, 9oy > 2
U>0 2 2

. _ptl _  p1_ patl
since ¢ — - =« 5 = . Let

_1
Y = X21X112 = dY = |X11|_p72dX21
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for fixed X 1. Then

/ e—tr(X21X1_11X|2)dX2] — |X”|p72 / e_H(YY/)dY.
X21 Y

But tr(Y'Y’) is the sum of squares of the pj ps elements in Y and each integral is of
the form [ e~“dz = /7. Hence

_ ’ rip2
/e vYY)qy =772,
Y
Now we can integrate out Xq1.

P2 _ptl _ _pitl
/ IXul“t7T -7 e tr(X“)CIX11=/ 1X 1% 7 e " XdXy =T ().
X11>0 X11>0

Hence we have the following factors:

Pip2 P1
72 Ipy(a— ?)Fpl(a) =TI)(a)

since
p1(p;— 1) " pz(pi— 1) . P12P2 _ p(p4— 1)’ b= p1+ pa
and
@ (@ — 2 = M@ =2y ... r@ - 2= = 24
2 2 2 2
—I(@)...[(a— %prl).

Hence the result. In this procedure we did not have to go through integration over
the Stiefel manifold and we did not have to assume that p; > p>. We could have
integrated out X first if needed. In this case, expand

_ptl _ptl 1 _ptl
X772 = X2 7 | X011 — X12Xp X177

Then proceed as before by integrating out X1 first. Then we end up with

P1rP2

LAL) P2
72y (@ = )y (@) = Tple), p = p1 + pa.

Note 3.1 If we are considering a real matrix-variate gamma density, such as the
Wishart density, then from the above procedure observe that after integrating
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out Xy, the only factor containing X»; is the exponential function, which has
the structure of a matrix-variate Gaussian density. Hence for given X1, X1 is
matrix-variate Gaussian distributed. Similarly, for given X7, X2 is matrix-variate
Gaussian distributed. Further, the diagonal blocks X1 and X, are independently
distributed.

As seen from the above considerations, one can integrate elements one at a time
and finally evaluate a matrix-variate gamma or beta integrals or one can integrate
blocks of variables at a time and evaluate the matrix-variate gamma and beta
integrals. But we will see that the matrix methods adopted in our procedures is the
simplest when it comes to real-valued scalar functions with matrix arguments and
integrals over them. Some applications of the real matrix-variate integrals are given
in Mathai [5-8], Mathai and Haubold [11, 12], Mathai and Princy [13, 14], Thomas
and Mathai [16].

3.2 Erdélyi-Kober Fractional Integral Operator of the
Second Kind for the Real Matrix-Variate Case

In the real matrix-variate case, it is easier to introduce the second kind fractional
integrals compared to the first kind fractional integrals. Hence we will start with the
second kind fractional integrals first.

As in the real scalar variable case, we will use the following notation: For
Erdélyi-Kober fractional integral or differential operators we will use the letter K.
For the first kind or left-sided we use the number 1 and for the second kind or right-
sided we use the number 2. The order is denoted by «. When it is a fractional integral
the order o will be written as a superscript to K as —« and for fractional derivative
the superscript will be written as o or +«. The kind number, variable and the
additional parameter will be written as subscripts to K. Thus, for example, K| % P f
will denote Erdélyi-Kober fractional integral operator of order o and parameter
and of the first kind operating on the arbitrary function f. K, f will be Erdélyi-
Kober fractional integral of order «, parameter 8 and of the second kind.

Definition 3.1 We will define and denote Erdélyi-Kober fractional integral operator
of the second kind, operating on a real-valued scalar function f of real matrix
argument as follows:

1X1°

— p—
ZX{f Fp(a)

- X[~ T |59 £ (T)dT, B(a) >
T>X>
3.9)

Here T > X > O meansthat7T > O, X > O,T — X > O. The definition in (3.9)
for p = 1 corresponds to Erdélyi-Kober fractional integral of order o and of the

second kind and hence we will call (3.9) as the corresponding fractional integral
in the real matrix-variate case. Consider two p x p real positive definite matrix-
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variate random variables X and X», independently distributed, where X has a real
matrix-variate type-1 beta density f3(X) with parameters (¢ + ”T'H, a), that is,

Iy +o+ 2

1
I+ P+1)F (o )|X1|;|I _X1|a_%, 0O<X <1
p

HXy) =

for R(¢) > —1, N(a) > 21 and f3(X1) = 0 elsewhere. Let X, have the density

fa(X2) = f(X2) where f is arbitrary, in the sense f(X>) > O for all X, and

fX2 f(X2)dX, = 1. Then the joint density of X| and X» is f3(X1) f(X>2). Let us
1 1

consider the transformation Uy = X;X1X;,X> = V so that X, = V, X| =

1
V_%UZV_% and the Jacobian is given by dX| A dX, = |V|_%dU2 A dV. If the
joint density is denoted by f (U, V) then

I +a+ 25

Uy, V)dU; AdV =
T e A = e + 25

_1 _1 ,_ptl _ptl
X | — V72UV 125 f(V) V=52 dU, A dV.

Here U, will be called a symmetric product of the matrices X and X». Therefore
the marginal density of U;, denoted by g>(U>), is available by integrating out V
from f(U,, V). That s,

gz(U2)=/ BEVERYH F v av
\%4

L@ +a+

-l ot 2L _ptl
i Vi |U2|§|V| VIV —Ua* 2 f(V)AV
Iyt + ﬂ) V>Up>0 Fp(a)

Qw+g+”)|mv

Us) = VTN Y — Uy T F(V)dY
82(Ur) = e+ &) T ) V>U2>0\ | | 2 f( )
_ et %) f
r,¢+ 24 Kavnet
where, R(a) > T’ RE) > 5. K, _“ 0 ¢ will denote the Erdélyi-Kober fractional

integral operator of the second k1nd of order o and parameter ¢ for the real matrix-
variate case. Hence we have the following theorem:

Theorem 3.1 When X| and X, are independently distributed p X p positive definite
1 1

real matrix-variate random variables and when X, = V and Uy = X;X 1X27 or

X = V_%UQV_%, Xo> = V and when X\ has a real matrix-variate type-1 beta
distribution with the parameters ({ + pT'H, a) and if g2(Us) denotes the density of
U; then
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Ip(¢ + 25
Tpyla+ ¢+ ”T“)

g2WU) =K, 0, f (3.10)

is Erdélyi-Kober fractional integral operator of the second kind of order a and
parameter ¢ for the real matrix-variate case, operating on f.

As a special case of (3.10), or independently, we can derive a result for the
right-sided Weyl operator for the real matrix-variate case. Let the right-sided Weyl
fractional integral operator of order ¢, parameter ¢ and of the second kind or right-
sided be denoted by W, y.

Theorem 3.2 Let X1, Xo, Us, V be as deﬁned in Theorem 3.1. Let X1 have a type-
1 beta density with the parameters (2L 5 ,oc). Let the density of X» be denoted by

fa(X2) = | X2|* f(X2) where f(X2) is arbitrary. Let the density of Uy be denoted
by g21(U3). Then

1 , pFl
= Wt pvyay = 22
Fp(a) V>Uy>0 Fp(a + PT)

—1
21(Ua), K@) > "T
3.11)

The following notations will be used hereafter. We will denote a symmetric matrix
1 1
product as X22X 1X22 = U, and U; as a symmetric matrix ratio where U; =

1 1

Xg X 1_1X27 . The density of U, will be denoted by g2(U>) in general. Then for the
Jj-th set of X and X the density of U will be denoted as g;(U>). Similarly for
the j-th set of X and X the density of U; will be denoted as g1 (Uy). For Erdélyi-
Kober operators, letter K will be used, for Weyl operators letter W will be used
and for Saigo and Caputo operators the letters S and C will be used respectively.
For the first kind integral we will use the number 1 and for the second kind the
number 2. D* denotes the fractional differential operator of order & and D™ the
corresponding integral operator.

3.3 A Pathway Generalization of Erdélyi-Kober Fractional
Integral Operator of the Second Kind in the Real
Matrix- Variate Case

A pathway generalization, parallel to the results in the scalar case can be considered.
For the general pathway models in real matrix-variate case, see Mathai [4]. In the
pathway case when generalization to matrices is considered we take § = 1. For a
general 8, there will be problems with Jacobians of transformations for X° even if
X > O and § > 0, see for example Mathai [3] for the case § = 2 and when X = X’
to see the type of complications. Hence we take the case § = 1 only. Let X| have a
pathway density
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f5(X1) = Cs| X1 | —a(l — g)X| 77 (3.12)

for I —a(l —g)X > O,q < 1,n > 0,a > 0 where Cs can be seen to be the
following:

p(l

a1 = I 55 My 4 1+ (p + 1)

(3.13)
Loy + 5D (2 + 5

5 =

When g > 1 we may write | —g = —(g — 1), ¢ > 1. Then the pathway density f5
for X changes to the form

n

fiX) =XV +alg — DX 4T, X1 >0 (3.14)
fora > 0,9 >1,7n>0,R(y) > —1 and
o lata- 1)]!’?““’ () 1)
7 = .
Loy + 550, (——V—”—+1

for R(y) > —1, ?R(q%l o erl) > pT The corresponding density for X, will
be denoted by fg(X2). When ¢ — 1_in (3.12) and ¢ — 14 in (3.14) the densities
for X1 will go to

fo(X1) = Co| X |V e @ XD x| > 0 (3.16)

where a > 0, n > 0 and

(an)py+ p(p+l)

Cg= ———
Iy + 2

(3.17)

fora > 0,7 > 0,%(y) > —1. The corresponding density for X, will be denoted

by fi0(X2).
In (3.12) let X, have the density fg(X2) = f(X2) where f is arbitrary. Let X
1 1

and X be statistically independently distributed. Let Uy = X7 XX}, X, = V or

X1 = V_% Uy V_%. Let the density of U; be denoted as g2>(U3), corresponding to
f5 and fs. Then, going through the earlier steps we have the following:

gzz(Uz>=cs|Uz|V/ VIO —a(l—q)Us| T £ (V)AV.
V>a(l—q)Uy>0
(3.18)
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Then

p(p+l)

[a(l = 1P+ I, (r + 2 + 252)
ry(; + pTH)

+1
Iy + pT)gzz(Uz) = Ua |

/. ,yf(L+L+l)
X [V —a(l —q)Us| ™4 |V] stz f(V)dV
V>a(l—-q)Uy>0

—( n + p+1 )
:I(ZUIZ)/(z(]2 f (319)
—(tZg+24) . o
where KZ’UZ% a.q f can be called the generalized pathway Erdélyi-Kober frac-

tional integral operator of the second kind in the real matrix-variate case, operating
on f. When the pathway parameter g varies from —oo to 1 it provides a pathway or
a class of fractional integrals and all these fractional integrals in this pathway class

will eventually go to the exponential form. Fora = 1, g = 0, ﬁ =a— pTH and
y = ¢ we have
(L = n + p+l )
K2U2yaq f= 2U2{f (3.20)

the Erdélyi-Kober fractional integral of the second kind as a constant multiple of the
density of the symmetric product of two matrix-variate independently distributed
random variables. Note that when ¢ — 1_ we can evaluate the limit of g(U>) by
using the following lemmas:

Lemma 3.6

(a7
lim Cc5 = lim c7 = —-I—l (l)
q—1- q—14 Iy + 57)

Proof Open up each I',(-) in ¢5 of (3.13) in terms of ordinary gamma functions.
Then use the following asymptotic approximation for gamma functions. For |z] —

oo and y a bounded quantity

[z 4y) ~ V2r 71672, (ii)

This is the first term in an asymptotic series for gamma functions. This term is also

known as Stirling’s approximation. When ¢ — 1_ we have ﬁ — oo and hence

take |z| as % and expand all gammas by using Stirling’s approximation to see that
¢s reduces to (i) above.
Lemma 3.7

lim |1 —a(l —q)X|T7 = et (iif)

q—1_



3.3 A Pathway Generalization of Erdélyi-Kober Fractional Integral Operator. .. 59

Proof Writing the determinant in terms of eigenvalues we have

e b e
11 —a(l —g)X|™ =[] —a(l —g)ij)™ (iv)
j=1
where 11, ..., A, are the eigenvalues of X. Now
Jim (1 —a(1 g2, )G = ek, (v)
Hence
11m I —a(l —g)X|T7 = He_‘”’ b= eman u(X)
j=1
which establishes (iii).
Now by using Lemmas 3.6 and 3.7 we have
py+p(p+l)
lim gna(U) = Pl [ i e b hgy,
q—>1- FP()/ PT) V>0
(3.21)

This is the limiting form of the pathway Erdélyi-Kober fractional integral of the
second kind in this class of pathway fractional integrals of the second kind in the
real matrix-variate case. Note that in the limiting situation, the fractional nature of
the integral is lost.

In the pathway generalization, one can also replace the parameter a with a
constant positive definite matrix A. In this case the model will be written as

1 1 N
Xy =CuAIXi "I — (1 —q)A2XA2| T (3.22)

forqg <1,A>0,X1>0,I—-(1 —q)A%XlA% > 0. The pathway parameter is
still g. In this case

p(p

(1 — )Py At F(y+1”q+(p+1>)
Loy + HH 0 (2 + 55

Cn(A) = (3.23)

Then g27(U>) of (3.18) goes to the following form, denoted by g4 (U>)

_n_
ga(U2) = C11(A)|A| ™ |Ua|”
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Lo 1 - —y—(i—i-p—ﬂ)
X [V2ZAT'V2 — (1 —q)Us| ™4 |V]| I=¢ 7 27 £(V)dV
V*>0
(3.24)

where
VE=VIATIVI — (1 — q)Us.

Then one can define a pathway generalized Erdélyi-Kober fractional integral
of the second kind in the real matrix-variate case as the following, taking the
corresponding density as f12(X2) = f(X3) where f is arbitrary:

—(Z5+85 p+1

Ko vsyag F =1 +—

)8 (U2)

p(p+1) n_ ptl
(l_q)py+’f’z |A|V+|—q+ 2 Fp(y+%+(p+l))|U v

= 2
PROPES

T a-lya v+ 2
X [V2AT'V2 — (1 —q)Us| T4 |V]| =7 27 £(V)dV
V*>0
(3.25)
In this case, as ¢ — 1_ we have

p+l1 p(p+1)
AP+ vt

FP(V+pTH)

lim ga(U>) = |U> "
q—1_

1 1 11
x/ (V| WATVTILYTIAD) poyyqy . (3.06)
V>A

3.4 M-Transforms of Erdélyi-Kober Fractional Integral of
the Second Kind in the Real Matrix-Variate Case

The generalized matrix transform or M-transform is defined and illustrated in
Mathai [3]. The M-transform of Erdélyi-Kober fractional integral of the second kind
in the real matrix-variate case is the following:

Theorem 3.3 For the Erdélyi-Kober fractional integral of the second kind in the
real matrix-variate case defined in (3.9) the M-transform with parameter s is given
by
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X|¢ 1
M{K5§;f;s}=/ IXISJTH[ 1X] |T—X|°"%|T|’f’°‘f(T)dT]dX
- X>0 T>x>0 I'p(a@)

_ [}({—FS) *
_—F(a+§+s)f (), W& +s) >

p—1

, p—1
M) > —
(3.27)

where f*(s) is the M-transform of f (X).
Proof Interchanging the integral we have
1

IX[EH 5T — xje 5 axdT.
Fp(a) O0<X<T

MK fis = [

T>

IT|7E F(D
o
Note that
1
T —X|=|T||I —T 3XT" 2|, Y =T 2XT"2 = dY = |T|~ "> dX.
Hence

/ |X|§JT+I|T—X|°‘JT+IdX=|T|‘”“SJT+]/ Y[y e T gy,
0<X<T Y

We can evaluate the Y-integral by using real matrix-variate type-1 beta integral.

/ |Y|{+9*pT+I|I_Y|Dt*%dY — FP(§+S)FP(°‘)
0<Y<I Iy +¢ +5)
for N(a) > pT_l, R +5) > pT_l. Now the T-integral gives

/ TP~ F(T)dT = £*(s)
T>0

where f*(s) is the M-transform of f(X). Hence (3.27) follows. Note that for p = 1
the result agrees with that in the scalar case, which is available in the literature, see
for example Mathai and Haubold [10].

From (3.27) for ¢ = 0 and N («) > pr1 we have the special case of the Erdélyi-
Kober fractional integral of the second kind in the real matrix-variate case

Kre o1 T — X|*="3 | T~ £ (T)dT (3.28)
2500 @) Jraxso ' ’

But the right side of (3.28) is Weyl fractional integral of the second kind of order
o in the matrix-variate case, x W * f = W, § f, except for the factor |7'|~*. The
Weyl integral of the second kind in the real matrix case is
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1 p+1 —
xWIfX) =W, 5 f= To@ Jrox-o T — X|°7F f(1)AT, %@ > ¥
(3.29)

The oo sitting in x W2* is to be interpreted as that X is not bounded above by a
positive definite constant matrix. Hence we have the following corollary.

Corollary 3.1 The M-transform of the right-sided or second kind Weyl fractional
integral in the real matrix-variate case is given by

Ip(s)

mf (s) (3.30)

M{xW X7 f(X); s} = M{W, x| X|7“f} =

for R(s) > pT_l, N(a) > pT_l where f*(s) is the M-transform of f(X).

The proof is parallel to that in Theorem 3.3. Let us see whether a Mellin convolution
type formula holds for Erdélyi-Kober fractional integral of the second kind in the
matrix-variate case. Let

823(U2)=/ IVIJTHf13(V_%U2V_%)f14(V)dV (3.31)
%

where f13(X1) is a type-1 matrix-variate beta density with parameters (¢ + £~ +1 , Q).
That is,

Tpla+¢ + 2
Tp(a)Tp(¢ + 24

Ji3(X1) = X161 = X", 0 < Xy <1 (3.32)

for N(a) > pT_l, N(¢) > —1and f13(X1) = Oelsewhere. Let f14(X2) = f(X2) be
the corresponding density for X» where f is arbitrary. Substituting (3.32) in (3.31)
we have

Iy + 2 _en 1 artl
i (Un) = /|V| UV = VIR0,V 3 5 f(v)av
Fple+¢+57) F(“)

|Uz|4/ - _ext
= Vv NV —U|* 7 f(V)dV
o Jy V17 ST fw)
|Ua | VS R
= V= Usy|*" 2 |V f(V)AV
P @ Sy’ TN T VW)
=K 0,0 f (3.33)

which is the Erdélyi-Kober fractional integral of the second kind of order « in the
real matrix-variate case. Hence we have the following theorem:
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Theorem 3.4 A constant multiple of the Erdélyi-Kober fractional integral of the
second kind of order « in the real matrix-variate case can also be represented as a
Mellin convolution type formula

Kyxof = /IVI " As(VEXV ) fia(V)dv

where f13(X1) is a type-1 beta density with parameters (¢ + PTH, o) and (V) =
f(V) is an arbitrary function or arbitrary density if the Erdélyi-Kober fractional
integral is to be taken as a constant multiple of a statistical density.

3.5 Generalization in Terms of Hypergeometric Series for
Erdélyi-Kober Fractional Integral of the Second Kind in
the Real Matrix-Variate Case

For introducing hypergeometric series of matrix argument we will need the def-
initions, notation and lemmas. Hypergeometric functions of matrix argument are
defined in terms of matrix-variate Laplace transforms, M-transforms and zonal
polynomials. Explicit series form for all cases is available through the definition in
terms of zonal polynomials and hence we will define in terms of zonal polynomials.
Some derivations and properties of zonal polynomials may be seen from Mathai,
Provost and Hayakawa [15].

r Cx(Z
7 Fo(Z) =, Fs(ar,...,ar; b1, ..., b5, Z) = ZZ((ZI))I; (fb))lj( Kk(| )

K
(3.34)
where K = (ky,...,kp), k1 +... +kp, =kisapartiionof k =0,1,2, ...
@k = H(a - )kj, B, =bb+1)...(b+kj—1),b)o=1,b#0
(3.35)

and Ck (Z) is a zonal polynomial of order k and Z is a p x p matrix. The series is
defined for the real and complex matrices. Zonal polynomials are certain symmetric
functions of the eigenvalues of Z. In our discussions, Z will be real and positive
definite. For more details about zonal polynomials see Mathai et al. [15]. The
following basic results are needed in our discussions. A standard notation in this
area is

Iya, K) = Fy(a)(@)k. (3.36)

The following basic results are needed in our discussion.
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Lemma 3.8
I p r K)I
/ |X|O‘JT+'|1 _ X|ﬂ*%CK(TX)dX - MCK(T) (3.37)
0 Iy(a+ B, K)

for R(@) > L R(B) > L
Lemma 3.9 For(a) > 2, A>0,8> 0

Tp(a, K)Tp (25

F=s |A|*Ck (ZA). (3.38)
F,,(Ol + 3 K)

/ |S|¢ L Cx (ZS)dS =
K( )
O<S<A

Let us assume that all the parameters a1, ..., ar, by, ..., bs are real and positive
and let the argument matrices be p x p and positive definite. For A > O, let the
density of X be

1 ¢ bl
flS(Xl):;rFs(alv---yar;bl,~--7bs§AXl)|X1| [ — X172

(ak ... (ar)k 1 _ptl
= — — —— Cr(AXDIX I—Xq¢
¢ kEO EK bk . bog k! k(AXDIX1]¢] 1

(3.39)

where the normalizing constant # is available by integrating out term by term
with the help of Lemma 3.8. It will be available in terms of a ,41 Fy4+1. Let the
correspondlng den51ty for Xo, f16(X2) = f (X 2) be an arbitrary density. As before,

let Uy = X2 X1X2 , Xo=V,or X1 =V~ 2U2V 2 then denoting the density of
Us, denoted by g24(U3), we have

824(U2)=/Vf15(V_%U2V_%)f(V)|V|‘pTHdV
_ L Dttt SOy @@k L
Cf Mp(¢ + 2 ry(e) =% b0k - (by)k k!
/IV SV = VR YT v
X CK(AV_§U2V_5)f(V)dV (3.40)

This is the generalization of a constant times the Erdélyi-Kober fractional integral
of order o and parameter ¢ of the second kind in the real matrix-variate case. For
+Fs = 2 F1 one has the matrix-variate generalization of a constant times the Saigo
operator of the second kind in the real matrix-variate case.
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3.6 Erdélyi-Kober Fractional Integral of the First Kind in
the Real Matrix-Variate Case

Definition 3.2 We will give the following definition and notation for Erdélyi-Kober
fractional integral of the first kind in the real matrix-variate case:

X~

_ptl
T oy X|X—V|"‘ VIS F(V)AV (3.41)
P <V<

Kix. f=

for () > —1, N(a) > "’T_l This definition is used because, for p = 1 in the
real scalar variable case the corresponding item is called Erdélyi-Kober fractional
integral of the first kind.

Theorem 3.5 For (o) > pT_l, N(¢) > —1 the M-transform, with parameter s, of
Erdélyi-Kober fractional integral of the first kind of order o and parameter ¢ in the
real matrix-variate case, is given by

pri | X787

_ _p+l _ptl
M{Kl,%,;f;s}=/ xp- a2 XV VI £(V)dVIdX
X>0 [}@U 0<V<X

Iy + 231 =)

= ),
pa+¢+ 2 )

R(s) < R + 1), @) > pT_l (3.42)

where [*(s) is the M-transform of f(X).
Proof Integrating out X first we have the X-integral

f IXPtme=t x — ve-ax
X>V>0

1 1
- / Y + VIPSe ety (Y = X — V)
Y>0

= vt [ 4+ Voryy-bp-i-e=t3t ye-t gy,
Y>0

Put Z = V_%YV_% =dZ = |V|_pT+ldY. Then the X-integral is

2t Ty (B 0 —5)
r,Z va+t¢—s

|V|S’§JTH/ Al R e S P I E
Z>0
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for R(a) > pT_l, N( — s) > —1 by evaluating the integral by using a type-2
matrix-variate beta integral in the real case. Now, the V-integral becomes

/ VI F(V)AV = £ ().
V>0

Hence

Fp(pTH+§_s)
)

MK % fish= @) (3.43)

for R(w) > Z51, RN(¢ —5) > —1. Note that for ¢ = 0,
Kixof =1XI"%Dx"f =1XI"*D % f (3.44)

where gDy “ is the left-sided Riemann-Liouville fractional integral of order o for
the real matrix-variate case. Note that for the scalar case, for p = 1,

. T+t —y)
M{le;f,s}—F(HaJr{_s) (3.45)

for N(a) > 0, N(¢ — 5) > —1 agreeing with the corresponding Mellin transform in
the scalar case.

Corollary 3.2 The M-transform of | X|~%0Dy* f = |X|"*Dy [ is given by

H(ZEL )

L 3.46
”“—s)f(s) (3.46)

M{X|™%0Dy" fi s} = M{X|""D % f3 s} =
’ Ip(5= +o—

for R(a) > p— ,N(s) < 1.

The proof is parallel to that in Theorem 3.5.

Let us treat a Erdélyi-Kober fractional integral operator of the first kind operating
on f as a statistical density. Let X, have a real matrix-variate density f1g(X2) =
f(X2), where f is arbitrary, and let X have a real matrix-variate type-1 beta density
f17(X1) with parameters (¢, ). That is,

¢ +a)

-t oa— Pt
_F(é')F (Ol)lX]| 2|1 — X4 2, 0< X1 <1 (3.47)
p p

fir(X1)

for N(¢) > p; M) > p; and f17(X;) = 0 elsewhere Let X and X, be

statistically independently distributed. Let Uy = X > X X 5 be the symmetric ratio
of X, to X ;. Consider the transformation X» =V, X| = V% Ufl V%. The Jacobian
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is given by
U~ D
dXy AdX, = V| 2 U] dU; A dV.

The marginal density of Uy, denoted by g11(Uy), is given by

gnlU) = ——— Lt /IV U_IVZ“*

() Tp(a)
x |1 — ViU ViRt fy v oy e Dy
I'y(C +a) e _ptl
P> " 4“/ U — VI 2 |V|5 F(V)AV
T, il 0<V<Ul| 1=V IVIEF(V)
_F(§+ot)
) Kl

where K| ¢, . will denote the Erd’elyi-Kober fractional integral operator of the first
kind and of order o and parameter ¢. Therefore

() |Ui| =~ _
T oasnn = ——— VIEF(V)AV = K% . f. 3.48
Fp(§+a)811( 1) Iy @ 0<V<U| > £ (V) Lot (3.48)

This is Erdélyi-Kober fractional integral of the first kind of order o and parameter
¢ in the real matrix-variate case and it can be considered as a constant multiple of
a real matrix-variate statistical density. For p = 1 the integral in (3.48) is Erdélyi-
Kober fractional integral of the first kind of order o and parameter ¢ in the real
scalar variable case and hence we will call the fractional integral in (3.48) as the
corresponding fractional integral in the real matrix-variate case.

One can also consider a pathway extension for the real matrix-variate Erdélyi-
Kober fractional integral operator of the first kind in the real matrix-variate case.

3.7 Pathway Extension of Erdélyi-Kober Fractional Integral
of the First Kind in the Real Matrix-Variate Case

Consider the following pathway modified form of the density for X;. That is,
_ptl N
fio(X) =ClX "2 [l —a(l =) X\ |70, I —a(l—¢)X; > 0 (349)
forg < 1,a > 0,n > 0 where

[a(l = )IPY Ty (y + 12 + 555
(e + ”*‘)F )

19 = (3.50)
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and the corresponding density X», fo0(X2) = f(X2) where f is arbitrary. Consider

the same type of transformation as before: X, = V,X; = V%Uf V2. The
marginal density of Uy, denoted by g12(U1), is given by

11,1, _ptl 1 g1 10
gnU) =Ci | |V2U VI 2 I —a(l —q)V2U; V2|4
Vv

x FOIVIE Uy~ Day (3.51)
p+1
= C19|U1|‘V“ﬁ+17)f Ui—a(1—q) V|7 | V| f(V)dV.
Ui>a(l—q)V>0

Then

[a(l — 1P Tp(y + 12 + 45

+1
(2 + 5

xf U1 —a(l = )V
Ui>a(l—q)V>0

The right side of (3.52) is the pathway extension of Erdélyi-Kober fractional integral
of the first kind in the real matrix-variate case. The right side divided by I',(y) is
also a statistical density of a type of ratio of independently distributed matrix-variate
random variables.

Note that fora = 1,q = 0, 1% + pT'H = «, (3.52) reduces to the special
case (3.47) for y = ¢. Thus, (3.52) describes a vast family of fractional integrals
which can all be considered as generalizations of the Erdélyi-Kober fractional
integral of the first kind in the real matrix-variate case. The limiting form when
q — 1_ is available from the structure in (3.51). Note that

Ip(y)grUy) =

n
T—

|\VIY f(V)dV.  (3.52)

Jim | —a(l =g VAU VT = e sviopivh (3:53)
Hence
Jim gi2Un = (Jim Cro) | U vy
X e uVIUTV) £y (3.54)
where
lim Cpo = M

g—1- Ip(¥)
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That is,
. )Py il B o1
Jim g2 =" ST | et EEYRF(V)AV = gis (U).
: » §
(3.55)

In this case also one can replace the parameter a in f19(X1) by a constant positive
definite matrix A > O. Then f19(X1) denoted by f>1(X1) can be written as

_ptl 1 1o.n
1(X1) = Co(A)X1|"" 7 |1 = (1 —q)AZX 1 A2| T4
where

(1= PY Al Tp(y + 5 + 25

Cr1(A
21(A) = Fp(y)Fp(qﬂL‘"H)

Then the density of Uy, where X| = V%Uf1 V%, X, =V, denoted by g14(U1), is
given by

n
T—

(1 ptl 1
gua(U) = Cor(A)| Uy |77~ =a >/ L IVPUI—(1—g)VIAVE T £(V)dV.

Ui>(1-q)VZAVZ>0
(3.56)

3.8 A General Definition

From the various types of fractional integrals of order o, 9i(e) > pr1, defined
so far for the real p x p matrix-variate case a few observations can be made.
They are all M-convolutions of products and ratios where one function f1(X1) is

of the form f1(X;) = ¢1(X1)ﬁ|1 — X, |o‘_pT+l and the other function is of

the form f,(X2) = ¢2(X2) f(X2) where f is an arbitrary function and ¢ (X1)
and ¢, (X>) are some specified functions. We can make use of this observation and
define fractional integrals of the first kind and second kind as follows: Let

fiXy) = ¢1(X1) I — X% "+ and H(X2) = ¢2(X2) f(X2) (3.57)

( )

1 1
Let Uy = X; X1 X; with X, = Vor X| = V’%UzV’% be the symmetric product

1 1
and U = X5 Xlef with X, = Vor X; = V%Ufl V1 be the symmetric ratio of
X5 to X1. Then the Jacobians are already evaluated. They are

AX) AdXy = V"5 dU, AdV = V55U, =P DdU, A dV.
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Let the density of U,, if f; and f, are statistical densities and if not let the M-
convolution of the product be denoted by g>(U>), and the density of U; or the M-
convolution of a ratio be denoted by g1 (Uy).

Definition 3.3 (Fractional integral of the second kind of order « in the real
matrix-variate case) Fractional integrals of the second kind of order « in the real
positive definite p x p matrix-variate case is defined as g, (U») where,

1
Fp((x)

_ptl _1 _1 _1 1 g ptl
§2(U2)= WVIT 2 or(V 2V ) I =V 202V 2|77 2 o (V) f(V)AV.
14

(3.58)

3.8.1 Special Cases

Case (1)1 Let ¢1(X1) = |XoI = [VIUVI[.¢p = L (@) > 25
Then (3.58) becomes

|Ua Y

@ Jvoveo V7YV — Uzl“_pTHf(V)dV =K, 0, f (3.59)
p >Up>

2,Uz,y

which is Erdélyi-Kober fractional integral of order «, parameter y and of the
second kind in the real p x p matrix-variate case.
Case (2): Letg; =1,¢02(V) = |V|¥ N(e) > pT_l. Then (3.58) becomes

1

+1 _
el IV = =" f(V)AV = W 2 f (3.60)
P >Up>

which is Weyl fractional integral of order o and of the second kind in the real
p X p matrix-variate case. If there is an upper bound B for V, where B > O
is a constant positive definite matrix, then (3.60) is Riemann-Liouville fractional
integral of the second kind of order « in the real p x p matrix-variate case. By
specializing ¢; and ¢, one can derive all the fractional integrals of the second
kind in the literature for p = 1 and hence the corresponding g>(U>) of (3.58) can
be taken as the corresponding real matrix-variate cases.

Definition 3.4 (Fractional integral of the first kind of order « in the real matrix-
variate case) Fractional integrals of the first kind of order « in the real positive
definite p x p matrix-variate case is defined as g1 (U}), the density of the symmetric
ratio of matrices X, to X1 or M-convolution of a ratio as given above, where

gi1(Uy) = T

1 p+1
x/ V15T U Py (VIUT VT — VIUT VT gy (V) F(V)AV,
\%
(3.61)
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for N(a) > pT_l. One should be able to get all fractional integrals of order « and of
the first kind from (3.61) by specializing ¢; and ¢».

3.8.2 Special Cases of First Kind Fractional Integrals

Case (1): Let ¢1(X1) = |X1|V_pT+l,¢2 = 11in (3.61) for N(a) > prl Then
g1(Uy) of (3.61) becomes the following:

U777

r@ Joovou |V|V|U1—V|a_pTHf(V)dV=K7“ f (3.62)
p <V<U

LUy

which is Erdélyi-Kober fractional integral of the first kind of order « and

parameter y in the real matrix-variate case for N () > prl

Case (2): Let ¢1(X1) = |X1|_°‘_pT+l,¢2(X2) = X§. Then g;(Uy) of (3.61)
becomes the following:
1
Fp(a) 0<V<U;

UL = VI F(v)ay = wig (3.63)

which is Weyl fractional integral of order « and of the first kind in the real matrix-
variate case. If V is bounded below by a positive definite constant matrix A > O
then it is the Riemann-Liouville fractional integral of the first kind and of order
« in the real matrix-variate case for fi(«) > pT_l. By specializing ¢ and ¢»
for p = 1 one can derive all first kind fractional integrals of order « in the
real scalar case and hence the special cases of (3.61) will give the real matrix-
variate versions of all those special cases. In the real scalar case one can also take
x‘f , N(8) > 0in the type-1 beta function part in f(x1), instead of x1, but in the
real matrix-variate case for § # 1 there is problem with the Jacobian and hence
8 = 11is to be taken.
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Chapter 4
Erdélyi-Kober Fractional Integrals in the oo
Many Real Scalar Variables Case

When going from a one-variable function to many-variable function there is no
unique one to one correspondence. Many types of multivariate functions can be
considered when one has the preselected one-variable function. Hence there is
nothing called the multivariate analogue of a univariate operator or univariate
integral. Hence we construct one multivariate operator here which is analogous to
a one variable Erdélyi-Kober fractional integral operator of the second kind or first
kind. Other such analogues can be defined. The second kind fractional integrals will
be considered first. In this chapter, multivariate case means the case of many real
scalar variables.

Definition 4.1 (Erdélyi-Kober fractional integral of the second kind in the
multivariate case) This will be defined as the following fractional integral and
denoted as follows:

k
—aj 1 ai—1_ —¢i—aj
] W}{n [ vt s,

vj=uj

4.1

This definition is parallel to the one in the one variable case. We will now look
at various connections to different problems. First we will establish a number of
results in connection with statistical distribution theory. We will show that (4.1) can
be treated as a constant multiple of a joint density of a number of random variables
ui, ..., uy appearing in different contexts. This type of interpretations for fractional
integrals are easier to comprehend.
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4.1 Erdélyi-Kober Fractional Integrals of the Second Kind in
Multivariate Case as Statistical Densities

Let x1, x3, . .., xx be independently distributed type-1 beta random variables with
parameters (§; + 1,a;), j = 1,...,k, ¢; > =L, a; > 0,j = 1,..., k. Usually
the parameters in a statistical density are real but the following integrals also exist
for complex parameters and in that case the conditions will be 9({) > —1 and
NR(a;) >0, j=1,..., k. Thatis, the density of x; is of the form

f,(x,-):M G —xp)®0<x; <1 42)
T (gi+1) 7

foraj > 0,¢; > —1 and fj(x;) = O elsewhere, j = 1,..., k so that the joint
density of xi, ..., x; is the product fi(x1)... fr(xx). Let vy, ..., vr be another
sequence of real scalar positive random variables having an arbitrary joint density
f(v1,...,vr), arbitrary in the sense, any real-valued function f such that f > 0
forall vy, ..., vx and /Ul ...ka f1,...,v)dvp A... Adyg = 1. Let the two sets
(x1, ..., xx)and (v1, ..., vr) be independently distributed in the sense that the joint
density of the sets {x1, ..., xx} and {vy, ..., vi} is the product of the joint density
of {x1,...,xx} and the joint density of {vy, ..., vix}. Note that the joint density
of the set {x1,...,xx} is f1(x1)... fir(xx) and the joint density of {vi, ..., vr} is
f(v1, ..., vr). Thus the joint density of both the sets is f(vy, ..., vr) ]_[1;21 fi(xp).
Consider the transformation #; = x;v; or x; = ':—j, v; = v; and the Jacobian of
the transformation is

k k k k k
([ ] Adepy Ad] ] Advjd = (] T ™ ] [ Adujy A (] ] Advj) (4.3)
j=1 j=1 j=1 j=1 j=1

Then the joint density of uy, ..., ug, denoted by g>(u1, ..., ug), is given by

r
ga(ui, ... uk)—{]_[ @itet )}{]_[/<’)<“J(1 ’)“1‘1}
aj

L €+ DI (e
X f(ur,...,v)dvy AL Adug

Flaj+&+ I// =1, 5
{1"[ [ 7+ 1)r(a,)”n v,_u, uj) =M T
X f(vi,...,v)dvy AL Adug. 4.4)

We will use g» to denote second kind fractional integrals and g to denote first kind
fractional integrals. Therefore one can write
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Theorem 4.1 Let xj,uj,vj, j = 1,...,k be as defined above where x1, . .., xi
are independently type-1 beta distributed with parameters (§; + 1,0;),j =
..k, v1, ..., vr having a joint arbitrary density f (vy, ..., vk) with (x1, ..., Xk)

and (vy, ..., vx) being independently distributed. If the joint density of uy, ..., ug
is denoted as go(uy, ..., uy) then

k

re¢+n _—ajj=lok
{H [ 7o gy 0 = Kol S (4.5)

Jor N(;) > —1,Ma;) > 0,j =1,...,k where K2 ui ; 1"" ::::: ¢ Will be called
Erdélyi-Kober fractional integral operator of the second kmd for the multivariate

or for the many real scalar variables case.

In this case we have xi, ..., x; mutually independently distributed and thus
there are a total of k + 1 densities involved, the k& of xi,..., xt and the one
of (vy,...,vr). Let us see what happens if xp,...,x; are not independently
distributed but they have a joint density f1(x1,...,xx) and (v, ..., vx) having
a joint density f>(vy,...,vr). Then we can show that if f] can be eventually
reduced to independent type-1 beta form, still we can consider Erdélyi-Kober
fractional integrals of the second kind in the multivariate case as constant multiples
of statistical densities.

Let (x1,...,xx) have a joint type-1 Dirichlet density with parameters («; +
Lo+ 1 opgr), Rej) > =1, j=1,...,k Nags+1) > 0, that is,

r k
Jfilxt, ..., xx)= k(al+ + o +6) x(1¥1 ...)C;:k(l—xl—...—Xk)ak“_l,
(T T @) + DI (g
O<xj<lj=1,...,kk0<xi+...+x <1 4.6)
and f1(x1,...,xr) = O elsewhere. Let us consider the transformations x; =

yi,x2=y2(0 —y),...xx =0 =y ...(1 = y—1) or

xj=y;i(d=ypd—=y)...(1 =yj—1),j=1,...,kor
x]‘ .
e VLR PN (4.7)
= —Xj—1

Under this transformation the Jacobian is (1 — yl)k_1 e (1 — yg—1). It is easy to

show that under this transformation yy, ..., yx will be independently distributed as

type-1 beta variables with the parameters («; + 1, B;) with 8; = a1 +aj2 +
..+ o + (k — j) 4+ agq or y; has the density

I'(a +1)F(f3) 7 =apfT 0 <y <1

fiyj) =
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and f;(y;) = O elsewhere, a; > —1,8; > 0, j = 1,..., k. In the light of these
observations, let us consider two sets of positive random variables (xy, ..., xx) and
(v1, ..., vr) where the two sets are independently distributed with (x1, ..., xg)
having a type-1 Dirichlet distribution. Let u; = y;jv; = v j(l_xl_)fﬁ), j =
1,...,k. Then following through the same procedure as above we have the
following theorem.

Theorem 4.2 Let (x1, ..., x;) and (vy, ..., vx) be two sets of real scalar positive
random variables where the two sets are independently distributed. Let (v, ..., V)
have a joint density fa(vy,...,vx) = f(v1,...,vx) where f is arbitrary, and let
(x1, ..., xx) have a type-1 Dirichlet density with the parameters (o1 + 1, ..., ax +
1; atg+1) or with the density

fiter, o x) =Cralt ot —x — . — xp) %+l 4.8)
Jor0 <x; < 1,0 <x1+...+xx <L, j=1,...,kand fi(x1,...,x) =0
elsewhere, where Cy is the normalizing constant. Let uj = Vil - ). J =

—.mXj

1, ..., k. If the joint density of uy, ..., ux is denoted by g»1(uy, ..., uy) then

{ﬁ Iaj+1)

_ 4.9
joi D@+ pi+1) e 9

Year(ur, ... up) = K2,uj,aj,j=1

,,,,,

where B; = aji1 +aji2+ ... +op+ k=) tarr,j=1,...,k Raj) >
=L j=1...kNRgy1) >0,NB;)>0,j=1,...,k

The above structure indicates that we can consider any multivariate density
fi(x1, ..., x) for a set of real scalar positive random variables (xi, ..., xx) and if
we can find a suitable transformation to bring the joint density of the new variables
as products of type-1 beta densities then the Erdélyi-Kober fractional integrals of
the second kind for the multivariate case can be written in terms of a statistical
density as shown above. There are many densities where a transformation can bring
fi(x1, ..., xx) to product of type-1 beta densities. There are several generalizations
of type-1 and type-2 Dirichlet models where suitable transformations exist which
can bring a set of mutually independently distributed type-1 beta random variables.
We will list one more example of this type before quitting this section.

Let us consider a generalized type-1 Dirichlet model of the following type.
Several types of generalizations of the following category are available.

w0 = Gy (1= xp)Pg? (1 —x —x0)P

473 -1
XX (I —xp — ... — xp ) Peterni—1

O<xi+...+x;<l,j=1,...k (4.10)
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and f3(xg,...,xx) = 0 elsewhere, where C3 is a normalizing constant. Let the
corresponding density for (vy, ..., vk) be fa(vy, ..., vk) = f(v1, ..., vr) where f
is arbitrary. Let us consider the same transformation as in (4.7). Then we can show
that yi, ..., yx will be mutually independently distributed as type-1 beta random
variables with the parameters («; + 1, v;), j = 1,..., k where

vi=ajitajo+. oo BB+ B+ k— ) 4.11)

for j = 1,....k with ®(@j) > —1,j = 1,....k, N(axs1) > 0and R(y;) >
0,j=1,....k

Theorem 4.3 Let xi,...,xx have a joint density of the form in (4.10). Let
V1, ..., Vx be another set of real scalar positive random variables having an
arbitrary density f(vy, ..., vg). Between sets let (x1, ..., x;) and (vy, ..., Vi) be

independently distributed. Consider the transformation as in (4.7) where

Let the joint density of uy, ..., uy be denoted by g»(u1, ..., uy). Then

I'aj+1) —yii=1k
{1_[ m}gzz(ul, cu) =Ky S (4.12)

where vi=ajr1+ajo+. o +Bi+Bj+. .+t k=) j=1,... .k
Sfor R(ej) > =1, N(y;) >0,j=1,...,k Nagy1) > 0.

4.2 A Pathway Generalization of Erdélyi-Kober Fractional
Integral Operator of the Second Kind in the Multivariate
Case

Let x1, ..., xx be independently distributed with x; having a pathway density given
by

n

Fin(xj) = cjp x;‘f[l —a;(1—q)x;17% (4.13)

for1 —a;j(1—-gqj)x; > 0,a; > 0,9; <1,n; >0,¢; > —1and fj,(x;) =0
elsewhere, where
[aj(1 =gt (g + 14 24

Cip = -
" P+ DI+ 1)

-+ 1)
J . (4.14)
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Let vy, ..., vx be real scalar positive random variables with a joint density
fuy, ..., ve). Let (x1,...,xk) and (vl,...,vk) be statistically independently
distributed. Let u; = xjv;, x; = U ,J = 1,..., k. Then the Jacobian of the

transformation is (vy...vg)~ I Let the joint density of uy, ..., u; be denoted by
g23(uy, ..., ug). Then from the standard technique of transformation of variables
the density g3 is given by

C] (L y1)
g(uy, ... uk)—{l—[ij” / a q
vj=a;(l— q,)u
i
x [vj —a(l —gju;1" 4} f(vr, ..., v)dvr A ... Adyg. (4.15)

Hence we may define a pathway extension of Erdélyi-Kober fractional integral of
the second kind in the multivariate case.

Definition 4.2 (A Pathway Erdélyi-Kober Fractional Integral of the Second
Kind for the Multivariate Case) It will be defined and denoted as follows:

K—(lﬁ—gj+1),j=1,,..,k k [aj(l—qj)]fj“u? —g— (L +1)
2uj.8j.aj,qj,j=1,.., kf - {1_[ (i 1 Yj
j=1 (l—qj + ) vi>aj(l—q;)u;j>0

i
xj—aj(l —qj)uj)""f' Yy, .o, vp)dor AL A dug.
(4.16)

foraj > 0,q; <1,n7; > 0,R(;) > —1.

Theorem 4.4 Let xy, ..., Xk, vi,..., 0 Uj, j=1,...,kand g3(uy, ..., ux) be
as defined in (4.15). Let the pathway extended Erdélyi-Kober fractional integral of
the second kind be as defined in (4.16). Then

k , _(# D,j=1,...k
I1 ¢+ 1 i 2 (4.17)

lr(§/+ bgasur, ..., u) = K 2uj.8j.aj.q5,j=1....,
]:

When any particular g, — 1_ then we can see the corresponding factor going to
the exponential form.

A —g)ore + £ 42) 1 :
Jim T e T e S — g, (1 — g ()T
gr—1_ F(l—,q, + 1) v U Uy
1 Ur
=% +1( Yo —e= @M () 0 <y, < oo. (4.18)

Uy Ur
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Thus, individual ¢;’s can go to 1 and the corresponding factor will go to exponential
form or the correspondingly we get a gamma density structure for that factor.

4.3 Mellin Transform in the Multivariate Case for
Erdélyi-Kober Fractional Integral of the Second Kind

The Mellin transform in the multivariate case is defined as

MA{f (1, s Xk); ST, e Sk} = / / Sl_l Sk lf(xl,...,xk)dxl/\.../\dxk
4.19)

whenever it exists, where s7, ..., sx in general are complex parameters. Hence for
the Erdélyi-Kober fractional integral operator of the second kind we have

j j=l,. 00 00 v .
- . _ S1— Sk—
M{Kuf,;f.j . kf(ul ..... UK)} STy vvns sk} = A /0 u Sy

( —u; )a/ l gfaj}

{H

x f(ur,...,v00dV AdU @)

F(aj) vj>u;>0

where, for example, dU = duj A ... Adug,dV = dvy A ... A dvg. Then the right
side of (i) is

00 00 k e
:/0 /O Fr o[ T, ” f}[{]‘[/o uy ") du 1AV
j=1 j=1

Take out v;, put y; = —”f then the integral over u; will go to
J p y] v g 7] g
J

£/+%+Y1—1F(O‘/)F(§/ +5/)
vj T, +¢+5)

Hence the required Mellin transform is
k

Er(a/’+§j+sj) VANCIRRRRRE

where f* is the Mellin transform of f. Then we have the following theorem.
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Theorem 4.5 For the Erdélyi-Kober fractional integral of the second kind in the
multivariate case as defined in (4.1) the Mellin transform, with Mellin parameters
Si, ..., Sk is given by

k
—aj.j=l..k . ' +s5)
M{szu/]’gjyjzl !!!!! kf7s15"'7sk}= Hm f*(sl""ask)
Jj=1

(4.20)
Jor R(aj) > 0,0(; +55) > 0,j =1,...,k where f* is the Mellin transform
of f.

4.4 Erdélyi-Kober Fractional Integral of the First Kind for
Multivariate Case

For the first kind integrals the orders «q, ..., ay will be written as (—«;j, j =
1, ..., k) The letter K will stand for Erdélyi-Kober fractional integral. The first kind
integrals will be denoted by 1 and the second kind by 2. The orders are written as

superscript to K as —aj, j = 1, ..., k and the additional parameters, variables and

. . . . —aj,j=1,...k
the kind number will be written as subscripts to K. For example, K| ul’ Cijml.k f

will represent Erdélyi-Kober fractional integral of the first kind in the multivariate
case of orders j, j =1, ..., k and parameters {;, j =1, ..., k.
In the multivariate case we will start with the following definition and notation.

Definition 4.3 (Erdélyi-Kober Fractional Integral of the First Kind in the
Multivariate Case)

uj

—aj,j=1,...k _ J N IR ¥
Kl,u_,-,;_,—,j:l ’’’’’ kf_{l_[ @) vj=0(uj v;)™ v; Y, .., vp)dor AL A dug.
j:

4.21)

For k = 1, (4.21) corresponds to Erdélyi-Kober fractional integral of the first
kind in the real scalar variable case. First, we will derive the integral in (4.21) as a
constant multiple of a statistical density. To this end, let x1, . .., x; be independently
distributed type-1 beta random variables with the parameters (¢;, ), j =1,...,k
or with the density

F(é’j +Otj) x;_/—l

Feor@)’ A=x) 7 0<x;<1, (4.22)
J J

f5i(xj) =

fora; > 0,¢; > 0or N(aj) > 0,R(;) > 0 when the parameters are in the
complex domain, and f5;(x;) = 0 otherwise. Let (v1, ..., vx) be real scalar positive
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random variables hav_ing a joint density fe(vi, ..., vr) = f(v1, ..., vg) where f is
arbitrary. Letu; = ;—-:_, j =1,..., k. The Jacobian is given by

k
v
dX AdV =[] [(=L)1dU ~dV (4.23)
us
Jj=1 J
where the earlier simplified notation is used. The joint density of uy, ..., ug,
following through the earlier steps, denoted by g1 (u1, ..., ug), is given by

re; + - 1t
s1u, ... uk)_{l_[ F((;’)F(‘Z’j)}{]_[ u© f/vzo @ = v W i vdv AL A dug
4.24)

Here the 1 in g; stands for the first kind fractional integral. If the j-th set of
(x1,...,x%) and (vq, ..., vx) are being considered then the corresponding g; will
be denoted as g1 ;. We have the following theorem.

Theorem 4.6 Let xi,...,x; be independently distributed type-1 beta random
variables with the parameters (¢, aj), j =1,...,k, andlet vy, ..., v, uy, ..., ug
be as defined in (4.22) and (4.23). Let the joint density of u1, ..., ux be denoted by
g1(uy, ..., ux). Then

k

I'¢;) T I=
{l_[ —— dei(uy, ..., up) =K1,L,j,;j,j:1

. 4.25
L7 +ap it (4.25)

.....

We can have pathway extension to Erdélyi-Kober fractional integral of the first
kind, parallel to the results for the case of second kind. Other properties follow
parallel to those for the case of the fractional integral of the second kind. We will
evaluate the multivariate Mellin transform following through steps parallel to those
in the case of the second kind and hence we give the result here as a theorem.

Theorem 4.7 The Mellin transform, with Mellin parameters sy, . . ., S, for Erdélyi-
Kober fractional integral of the first kind in the multivariate case is given by the
following:

=

ajj=1.., ra+
MK lujgjjll ..... kf S EREREEY }_{1—[ 1'*(1:_ ij_é.j_ )}f (St -y 8%)
j=

(4.26)
SJor R(a;) > 0, N(;) > 0,N(s) < 1+N()), j=1,...,kwhere f* is the Mellin
transform of f.

We can obtain theorems parallel to the ones for the second kind integrals. Some
of these will be stated here without proofs. The derivations are parallel to those for
the second kind integrals and hence omitted.
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Theorem 4.8 Let x1, ..., x; be independently distributed as the pathway model
in (4.13) with ¢; replaced by ¢j — 1, j = 1,..., k. Let (vy,...., v) have a joint
arbitrary density f(vy, ..., vg). Let (x1, ..., xk) and (vy, ..., vg) be independently
distributed. Letu ; = v— orxj 0 2 j=1,..., k. Letthe joint density of uy, . .., ux
be again denoted by g11 (uy, .. uk) Then
_(/_( I q +1 . u;
(L D=k u, T laj(1—g 1% Ei=n] i,
= —a;(1— 4y
Luj, {] aj.qj.j=1, &f {jl:[l F(ln, 10 /u,:o luj—ajd=g;v;I v}
X fug,..., vp)dvy AL A dug
k
r
H “’) Yer1 Gy, ... ug) @.27)

r(;,+1 = +1)

fora; >0,q; <1,7; >0,0(;)>0,j=1,...,k

From here we can have a definition for a pathway extension of Erdélyi-Kober
fractional integral of the first kind in the multivariate case.

Definition 4.4 (Erdélyi-Kober fractional integral of the first kind in the mul-
tivariate case) Let the variables and parameters be as defined in Theorem 4.8.
Then the pathway extended Erdélyi-Kober fractional integral of the first kind in
the multivariate case is defined and denoted as follows:

~4j= (4D _
(A D=k u; laj(1 — g%

— J
Kl'u/ $j.aj.qj,j= 1,..., kf - {1_[

lfaj(lfz]j) ljil {J
X [uj —a;(1—gqgj)v;] "fvj}
v;=0

X f(ui,...,v)dvy A ... Adug (4.28)

fora; >0,q; <1,7; >0,%(¢;)>0,j=1,...,k.

We can list several theorems when x1, . .., x; are not independently distributed.
Two such cases will be listed here without proofs. The proofs will be parallel to
those in the second kind cases and hence omitted.

Theorem 4.9 Let xy, ..., xx have a type-1 Dirichlet density as in (4.6) with o

replaced by aj — 1 for j = 1,....k and let (v1,...,vx) have an arbitrary

joint density f(vi, ..., vk) where (x1,...,x;) and (vi, ..., vk) are independently

distributed. Let y; = ﬁ and let y; = %, Jj = 1,... k. Let the joint
J= J

density of u, ..., uy be denoted by g12(u1, ..., ux). Let Bj = ojr1+ajio+...+
k1. Then
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k
Kl,uj,aj] 1 ,,,,, = U (Ol]_l_ﬂj)]ng(ul»n-, ug). 4.29)

The next theorem is parallel to Theorem 4.3 for the fractional integral of the
second kind.

Theorem 4. 10 Let x1, ..., xx have ajomt density as in (4.10) with a; replaced by

aj—1,j = , k. Lety] = T _x asdeﬁnedm @4.7). Let (vy, ..., vg)
have an arbztraryjoznt density f(vq, vk) Let (x1,...,xx) and (vy, ..., vr) be
independently distributed. Let u; = ;—] oryj= ::]_ s = 1, ook Letyj =aji1 +

ajio+ ... +agr1 + B+ Bjr1+ ...+ B Then

k
—yji=1,k I'(a))
Kl,z:j-,ézj,j—l kf = {1_[ —’}g12(u1, ey UE) (4.30)

.....

Jor R(aj) > 0,N(y;) >0,j=1,... k.

4.5 A General Definition for First and Second Kind
Fractional Integrals in the Multivariate Case

We recall the general definition for the one matrix-variate case from Sect. 3.8 of
Chap. 3. By introducing prefixed functions ¢; and ¢, we can give some general
definitions for the multivariate case. Let {x1, ..., x¢} and {vy, ..., vt} be the two
sets of real scalar positive variables. Let the joint functions associated with these sets
be denoted by fi(x1,...,xx) and fo(v1, ..., vg) respectively. If x;’s and v;’s are
random variables then we may take fi and f> as the corresponding joint densities.
Let f1 and f; be of the following forms:

fic )= 1 ( )]‘[“_x”a’ q
11X, .o, X)) = Q1 (X1, ..., X an
I (o))

vty oo o) = da(vr, - v) f(01, -5 vk) (4.31)
where f(a;) > 0,j = 1,...,k;¢1 and ¢, are pre-specified functions and
f(v1, ..., vg) is an arbitrary function. Consid_er the case of second kind integrals
first for convenience. Let u; = xjv;, x; = L;—;, j = 1,..., k. Consider the trans-
formation (x;,v;) — (uj,v;),j = 1,..., k. Then the Jacobian is (v; ... ve) L
Let the joint density of these products u; = xjv; be denoted by g»(u1, ..., ug). If

the variables are random variables and if the corresponding functions are statistical
densities then go(u1, ..., uy) is the joint density of uy, ..., ug, otherwise it is the
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Mellin convolution of the product. Then

g2ur, ... up) = {HF( )}f /(vl BTG Z—Z)
o

X ¢ (v, . ) f (vl vk){l_[(l f)“ Ddvy A LA dyg.
(4.32)

Definition 4.5 (General definition for fractional integral of the second kind in
the multivariate case) The integral on the right side of (4.32) is called fractional
integral of the second kind of orders «1, ..., @ in the multivariate or many real
scalar variable case, where ¢; and ¢, are prefixed functions and f is an arbitrary
function.

Before we give a general definition for fractional integral of the first kind, let us
examine one special case here for the sake of illustration.

4.5.1 A Special Case of (4.32)

Let ¢1(x1,...,x) = ]_[1]‘ lx " and ¢> = 1. Then (4.32) will reduce to the
following, denoted by g»1 (11, ..., ur):
k S .
g, ... ) = ! v, T )T
Jljllr(a/) vi>u;>0 / ! !
X fr,...,v)dvr AL Ado, R(ej) > 0,7 =1,..., k.

(4.33)

Observe that (4.33) is the Erdélyi-Kober fractional integral of the second kind of

orders o, .. ., a and parameters {1, .. ., .

Now, let us give a general definition for fractional integrals of the first kind.
In order to avoid too many symbols, we will use the same uy, ..., u; to denote
ratios also. Let uj = ;—’ or xj; = %,vj = wvj,j = 1,...,k. Then the

) J J
Jacobian is ]_[];:1 Z—é Let the joint density of these ratios ui, ..., u; be denoted

J
by g1(u1, ..., ux). Then
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k
1
g1, w0 = ([ m,-)}/l / I ){1‘[(1 sy
J:1 v v

X go(v1, ..., v f(ur, ..., vk){H 2}dv1/\ . A dug
j= l
(4.34)

for N(e;) >0,j=1,...,k.

Definition 4.6 (Fractional Integral of the First Kind in the Multivariate Case)
A general definition for fractional integral of the first kind of orders a7, ..., o is
the right side in (4.34), where ¢ and ¢, are prefixed functions and f is an arbitrary
function.

For the sake of illustration we will examine one special case here.

4.5.2 Special Case of (4.34)

Let ¢1(x1,...,x;) = H’;zl xfj_l and ¢ = 1. Then (4.34) reduces to the

following, denoted by g11(u1, ..., ug).

ko, Tk .
gn,..u) ={J] 1{ : }{H/ v (uj —vp®
=1 (O(]) =1 O<vj<uj
X fui,...,v)dvy A Adyg, Nej) >0,/ =1,... k.

(4.35)

Observe that (4.35) is Eerdélyi-Kober fractional integral of the first kind of orders

a1, ..., and parameters ¢1, .. ., . For more details, see [1].

Reference

1. A.M. Mathai, Fractional integral operators involving many matrix variables. Linear Algebra
Appl. 446, 196-215 (2014)



Chapter 5 ®
Erdélyi-Kober Fractional Integrals Qe
Involving Many Real Matrices

All the matrices appearing in this chapter are p x p real positive definite unless
stated otherwise. In order to avoid too many symbols we will use u; = ;‘—T for the

1 1
ratio of x, to x in the real scalar variable case, U} = X22 X ]_1X22 , Ssymmetric ratio,
in the real p x p matrix-variate case. The corresponding density of u; and U; will
be indicated by g; we will use uy = x1x7 for the product in the real scalar variable
1 1

case and U = Xg X1 Xzi , the symmetric product, in the real p x p matrix-variate
case. The corresponding density of u, or Uy will be indicated by g>. If x; and x; are
statistically independently distributed real scalar random variables, and X and X»
are statistically independently distributed real matrix-variate random variables, then
g2(up) or go(Uz) and g1(u1) or g1(U;) will denote product and ratio distributions
or M-convolutions of product and ratio whatever be the set of variables. In all the
preceding chapters the basic claim is that fractional integrals are of two kinds, the
first kind or left-sided and the second kind or right-sided. The first kind of fractional
integrals belong to the class of Mellin convolution of a ratio and the second kind
of fractional integrals belong to the class of Mellin convolution of a product. In the
matrix-variate case these will be M-convolutions of ratio and product respectively. If
the variables are random variables then g; and g, correspond to the densities of ratio
and product respectively. We will give the following formal definition of fractional
integral operators of the first kind and second kind. For the sake of completeness we
will recall the general definitions from Chaps. 3 and 4.

Definition 5.1 (Fractional integral of the first kind in one scalar or matrix
variable case) A fractional integral of the first kind of order « and of one scalar or
matrix variable is a Mellin convolution of a ratio with the first function f7(x;) is of
the form

1— a—1
filxy) = ¢1(x1);(a)x1) , N(a) >0 (5.1

© The Author(s), under exclusive licence to Springer Nature Singapore Pte Ltd. 2018 87
A. M. Mathai, H. J. Haubold, Erdélyi—Kober Fractional Calculus, SpringerBriefs
in Mathematical Physics 31, https://doi.org/10.1007/978-981-13-1159-8_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-1159-8_5&domain=pdf
https://doi.org/10.1007/978-981-13-1159-8_5

88 5 Erdélyi-Kober Fractional Integrals Involving Many Real Matrices
in the real scalar variable case,

_pit
dXDI — X172 P

Si(X1) = @ , R(a) >

(5.2)

in the single matrix variable case, where ¢ (x1) and ¢ (X1) are specified functions,
and fr(x2) = ¢2(x2) f(x2) where ¢2(x2) is a specified function and f(x3) is an
arbitrary function, in the real scalar case, and f>(X2) = ¢2(X>2) f(X>2) in the real
matrix-variate case where X, is a p x p real positive definite matrix, so that the
fractional integral of the first kind of order « is given by the Mellin convolution
formula for a ratio, namely

v Vo4 v
g1(uy) = ¢1(u—1)(1 — Z) ¢2(U)Pf(v)dv (5.3)
1

I'(a) O<v<uj
in the scalar variable case, and for one matrix variable case

1
Fp(a)

lor—1y4 [ S oy Laal
g1(Un) = p1 (VU V) I —VIU[ ' VI[* 2
O0<V<U

< VI UL TP D gy (V) £ (V)AV, () > 2=

54

L, . . -
where, for example, V 2 is the real positive definite square root of the real positive
definite matrix V.

Definition 5.2 (Fractional integral of the second kind of order « for the one
positive real scalar variable case or one p x p real positive definite matrix-
variate case) Let f; and f> be as given in Definition 5.1. Then the fractional
integral of the second kind of order « is defined as the Mellin convolution of a
product, denoted by g, and given by

u

1
“o1 ()1 — %)“”qsz(v)f(v)dv,mm) >0 (55)

82u2) = ——
I'(a) v>uy U v

for the real scalar case, and for the real matrix-variate case

_ptl _1 _1 _1 1 ptl
g2h) = VI 2 1 (VT ZULV )T =V 20UV 2|% 2

Fp(a) V>U>0

X (V) f(V)AV, (@) > 2=

(5.6)

Note that if fij(x;) and f>(xp) are statistical densities of real positive scalar
random variables x; and x, then gj(u;) will represent the density of the ratio

1 1
U = fc—f In the matrix case g1 (Uj) will represent the density of U; = X22 X1_1X22 s
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the symmetric ratio, where X; = V%U -1 V% and X, = V. Similarly, g>(u7) and
1 1

g2(U») will represent the density of the product u» = xjx; and U, = X; XX}
respectively. This is the statistical connection and later we will see that Erdélyi-
Kober fractional integrals are constant multiples of statistical densities when f; and
f> are densities. Special cases of specified functions ¢; and ¢, will give various
fractional integrals available in the literature for p = 1 or for real scalar case. Then
the theory of real scalar case can be extended to that of real matrix-variate case.
Some of these are given in Chaps. 2 and 3 and hence these will not be repeated here.

Definition 5.3 (Fractional integral of the first kind of orders «y, ..., o in the
multivariate case) Let fi(xq,...,xx) and f>(vi, ..., vg) be real-valued scalar
functions of the scalar variables xi, ..., xx and vy, ..., v; respectively, where fi

is of the form

1
fi=di(x, ... m{]‘[( Ff’)) LR(@) >0,j=1,....k
aj

and

L, v) =g, . v) for, ., o)

where f is an arbitrary function and ¢ and ¢, are prefixed functions. Then
the fractional integral of the first kind or left-sided of orders «y, ..., in the
multivariate scalar case is given by

k
1 o
giur,....w) ={] | (1_U_1)a,71v_£}
j

-1 I'(aj) vj<uj uj u;

v v
X 1=, Eygo(or, . v fr, . v)dY,
Ui Uk

dV =dv; A ... Adug. (5.7

In the corresponding many matrix-variate case g1(Uy, ..., Uy) is given by the
following:

g1U.....Up={]] . - v uitv? |“f’*|V| T U |~y

il Ip(eaj) Jo<v,<u;

1 1
X $1(V} U_1V2 LLVEUTtvE

XPo Vi, ..o s Vi) f(V1, ..., Vp)dV,dV =dVy A ... AdV, (5.8)

for R(aj) > L4, j=1,....k
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Definition 5.4 (Fractional integral of the second kind of orders o, ..., o in
the multivariate case) Let f1(xq, ..., xx) and f(vy, ..., vg) be real-valued scalar
functions of the scalar variables x1, ..., xx and vy, ..., v; respectively, where fj is
of the form
)oz -1
fi=¢1(x, ... xk){l_[ L) >0,j=1,....,k
I'(a))

and fo = ¢a(vy, ..., ) f(v1, ..., vx) where f is an arbitrary function and ¢; and
¢, are prefixed functions. Then the fractional integral of the second kind of orders
o1, ..., af in the multivariate scalar case is given by

k Ui 1

gaur, ... up) = (1 —Lys=t—)
jl:II F(aj) vj>u;>0 v; Vj

ui Uk
X ¢l(_1 ey —)(1)2(7}1, ey Uk)f(vlv RN Uk)dv,
V] Vk
dV =dvy A ... Adyg, 5.9

for M(aj) > 0, j =1, ..., k. In the corresponding many matrix-variate case, g3 is
given by

1

_1 _1 _1 _1
gz(Ul,...,Uk)Z/ / ¢1(V1 2U1V1 2""’Vk 2Uka 2)
Vi>U;>0 Vi>Ur>0

“iy et 2l
{1"[”]) UV T
X G Vi, .., Vi) f(Vi, ..., Vi)dV,dV =dVi A ... AdV,

(5.10)
for R(a;) > L4, j=1,....k
5.1 Second Kind Fractional Integrals in the Many

Matrix-variate Case and Statistical Densities

Let X1, ..., Xy and Vq, ..., Vi be two sequences of positive definite p x p matrix
random variables where between the sets the two sets are statistically independently
distributed. Further, let X1, ..., X} be mutually independently distributed type-1

real matrix-variate beta random variables with the parameters (¢; + pTH, aj), j =
1,..., k. Thatis, X; has the density
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I (aj+§]+ 2t )
Ty + %“)

. _p+l
(X)) = | X151 — X%~ 2 (5.11)

for O < X; < I, R(aj) > %,Sﬁ(g) > —land f;(X;) = 0, j
1,..., k elsewhere. Let the joint density of Vi,..., Vi be fo(Vi,..., Vi) =
1 1

f(Vi,...., Vi) where f is arbitrary. Let U; = V7 X;V7?, j = 1,..., k. Consider

_1 _1
the transformation X =V, “U;j v *,Vj =V;,j =1,..., k then the Jacobian

is |V1|_p2 IVk| . Substituting in (5.11) the joint density of Uy, ..., Uy,
denoted by gz(Ul, R Uk), is given by

LT+ + 2
Wi, ..., Uy = {1_[ - (a]j)r (éi/ T2

p+l

_pxt 1 -3 _1 s
X Vi~ 2 |Vj UjVj RAVEA 2UjVj %7727}
Vi>U;>0
X f(Vi,...,Vp)dVi AL AdV;

Tplaj + ¢+ 2 |U;19
F(aj)r (§j+ )F(O[J)

1
x/ V5|V — U (Vi VDY,
Vi>U;>0
dV =dVi A...AdV, (5.12)
for N(aj) > pT_l, N;) > —1,j = 1,..., k. Hence we will define Erdélyi-

Kober fractional integral of the second kind and of orders («q, . .., ax) for the many
matrix-variate case , and denote as follows:

—aj,j=1,.. U, % ey, st
K ). j=L,...k J V: {j—aj V. —U;:|% 2
2,058, j=1,... {H LT ) V,»>U]->0| il |V; jl }
p—1 .
x f(Vi, ..., Vk)dvl/\.../\de,Sﬁ(ocj)>T,J =1,...k.
(5.13)

Therefore this Erdélyi-Kober fractional integral is a constant times a statistical
density function, namely,

k

{1—[ p\5>J p+l }g2(U1,.. Uk) = 2?/3,2/’»]._]
it Dplaj + ¢+ 245 |

,,,,,
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for N(o;) > pT_l,ER(gj) > —1,j = 1,...,k. Now, let us consider f; having a
joint density of the positive definite matrix variables X1, ..., Xy and f> is a joint
density of the positive definite matrix variables V7, ..., Vx where the two sets are
independently distributed. Some such joint densities may be seen from Kurian et
al. [1], Mathai [2], Mathai and Provost [3]. Then we can have several interesting
results where the Erdélyi-Kober fractional integral of (5.14) will become constant
multiples of statistical densities coming from various considerations.

Theorem 5.1 Let the two sets X1, ..., Xy and Vi, ..., Vi of real positive definite
matrix random variables be independently distributed. Further, let X1, ..., Xy have
a joint type-1 Dirichlet density with the parameters ({; + pTH, j=1,...,k; Ckr1),
Jj =1,..., k. Consider the transformation

X1 =Y

Xo=(I - Y)Y —1))?

Xi=(U—=Y)I.. (=YY —Y;_)2...(I—Y)2, j=2,.. .k

(5.15)
= Bj1YjB)_ Bioi=(I—YD?...(I - Y
Orifwewrite ] — X —...—X;_1 = CC’ then
Y;=C'X;(C) ' j=2,....k Y =X]. (5.16)

Since the matrices are symmetric the transposes are themselves except for the
change in the order of a product. What we need is a representation of the form
CC'. Consider the transformation

1 1

1 1
UjZVjZYjVjZ,Yj:Vj 2U.,'Vj 2 j=1,... k. 5.17)
Then the joint density of Uy, . . ., Uy is constant times the generalized Erdélyi-Kober

fractional integral of the second kind defined in (5.14).

Proof Under the transformation in (5.15) or (5.16) the Jacobian is

1 1 1
J =1 =y | DED [ Z k25— y (5.18)
and that Yy, ..., Y} are independently distributed as type-1 real matrix-variate beta
random variables with the parameters (¢; + pT'H Bj),j=1,..., k where
p+1

ﬂj=§j+1+§j+2+~--+§k+1+(k—j)(T) (5.19)
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see, for example Mathai [2]. Now, it is equivalent to the situation in (5.13) and (5.14)
with Y;’s standing in place of the independently distributed X ;’s, that is, U; =

1 1
ij Y; ij , and hence from (5.14) we have the following result:

k
Iy + 2 5oLk

11 lr (U, .., Up) = Ky =0

j=1 Fp(ﬂj + {] + P+1) ]aé']a./

o (5.20)

.....

where B; is given in (5.19), R(B;) > pT_l,SR(gj) >—1,j=1,...,k, RN(+1) >
pT_l. Hence the result.

We can consider several generalized models belonging to the family of general-
ized type-1 Dirichlet family in the many matrix-variate cases. In all such situations
we can derive the generalized Erdélyi-Kober fractional integral of the second kind
in many matrices. We will take one such generalization here and obtain a theorem.
Let f1(Xq, ..., Xx) be of the form

AKX X)) = C XM = X7 X |2 — X — X2
1
X XR KT = Xy — .. — X |Gt (5.21)
where O < X1 + ...+ X; < IL,j = 1,...,kkN¢) > —1,j =

Gk, R(Crr1) > pT_l, C is the normalizing constant. Other conditions on
the parameters will be given later. In this connection we can establish the following
theorem.

Theorem 5.2 Let X1, ..., Xy have a joint density as in (5.21). Consider the
transformation as in (5.15) and (5.16) with the U;’s and V;’s defined as in (5.17).
Let the joint density of Uy, . .., Uy be again denoted as g>(Uy, ..., Uy). Let

. +1 .
Sj=§j+1+...+Ck+1+J/j+)/j+1+...—|—)/k+(k—])(pT),]=1,...,k.
(5.22)
Then

k

I+ 1’ oty 8j,j=1,....k
H ! p+1 Je2(Uy, ..., Up) = z(/-,/;-,jzl
Fp(fj-f-T‘f‘Sj) Y

N (5.23)

.....

j=1

where & is defined in (5.22) and the Erdélyi-Kober fractional integral of the second
kind in (5.14), () > —1,R6) > L4 j =1,k R(Ges) > 2

Proof We can show that under the transformation in (5.15) or (5.16) the Y;’s are
independently distributed as real matrix-variate type-1 beta random variables with
the parameters (¢; + pTH, 8;),j = 1,..., k. Now the result follows from the
procedure of the proof in Theorem 5.1.
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Note 5.1 Special cases connecting to Riemann-Liouville fractional integral, Weyl
fractional integral and Saigo fractional integral, corresponding to the ones in
Sect. 5.1 for Erdélyi-Kober fractional integral of the second kind, are already
mentioned in Chaps.2 and 3, for one scalar variable or one matrix-variate case.
These results can be extended to many scalar variables or many matrix variables
case.

5.2 Fractional Integrals of the First Kind in the Case of
Many Real Matrix Variables

Let f1(X1,..., Xx) be a function of many p x p real positive definite matrices
and f>(Vy, ..., Vi) be another function of another sequence of p x p real positive
definite matrices V1, ..., Vi. Let f1 be of the form
k I +aj) +1 +1
_pHl _ptl
Ay X {1'[ LI XIS =Xy (5.24)

T, (aj)r (C})

for O < X; < I, R(aj) > prl,SR({j) > %,j = 1,..., k. These are the real

matrix-variate type-1 beta densities, with the parameters ({;, ), j = 1,...,k,
1 1

on the right side. Let U; = V7 X7'V?.X; = VU7V, j = 1. k Let

LV, ..., Vi) = f(Vi,..., Vi) where f is arbitrary. Let the joint density of

Ui, ..., Uy be again denoted by g1 (Uy, ..., Ug). Then

k
Ip(E&)) 1 LSRR S5 |
Up,..., Uy = ViUT'V2ISi— 2

{l_[r(gj e 0 {E[lfp@w) viur'v

0<V;<U;j
x| — V Uy V (= V1 U D)
Xf(Vi,..,Vi)dVi Ao AdVg (5.25)
—oj,j=1,...k

=K, U’ el of (5.26)
for R(¢j) > %, R(ej) > pT j= , k. Then (5.26) will be taken as the
definition of fractional integral of the ﬁrst klnd of orders «q, ..., ak, variables
Ui, ..., U and parameters {i,..., ¢ in the many matrix-variate case, where
g1(Uy, ..., Uy) is a statistical density when f(V7, ..., V) is a statistical density.

Simplifying (5.25), we have a definition for generalized Erdélyi-Kober fractional
integral of the first kind in many matrix variables case. We note that
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—aj,j=1,... _ U178 Wy — v
K, UL j=1,. kf {1_[ Tp(c)) 0, U, [Vil*|U; — V1%~ 727}
x f(Vi, ..., Vi)dVa ... AdV, (5.27)

for R(ej) > 251, 0(g;) > 252, j = 1,..., k. Hence from (5.24) to (5.27) we can
have the following theorem.

Theorem 5.3 Let X,..., Xy be independently distributed as real p X p
matrix-variate type-1 beta random variables with parameters (§j,aj),j =

Sk, N(aj) > pT_l, R > pT_l Let Vi, ..., Vi be another sequence of
p X p real positive definite matrices having a joint density f(Vi,..., Vi). Let
the two sets (X 1, ey Xi) and (Vl, ..., Vi) be independently distributed. Let

Uj = V X V2 X; = VJ U; ij,j =1,....k Let g1(Uy, ..., Uy) be the
Jjoint a’enszty of U 1s - - Ug. Then the Erdélyi-Kober fractional integral of the first
kind for many matrix variables case as defined in (5.26) is a constant multiple of
g1(U1, ..., Ur) asin (5.25).

We can also have theorems parallel to the ones in Sect. 5.2 and the proofs are
parallel. Hence we list two such theorems here without proofs.

Theorem 5.4 Let X1, ..., Xy have a joint real p X p matrix-variate type-1 Dirich-
let density with the parameters ({1, ..., Ck; Ck+1). Consider the transformation
in (5.15), (5.16) and let Y1, ..., Yy be as defined there. Let Vi, ..., Vi be another
sequence of p x p real positive definite matrix random variables having a joint
density f(Vi,..., Vi) wlhere let1 (X1, ..., Xk? and (‘{1, ..., Vi) be independently
distributed. Let U = VY 'V, orY; = VIUT'VE, j = 1,... k. Let the joint
density of Uy, ..., Ug be again denoted by g1(Uy, ..., Uy). Let

Vi =78j+1+ ..+ Ckt1. (5.28)
Then
Tp(G + V)| vji=lok
giU1,.... U, ]_[ X VK0 S (5.29)
Or
£ Iy (§ i=1,...k
J _ V=l
{H oy B U0 = Ky gl (5.30)

forv@) > B j =1, k+ L%y > 5L j=1,... &
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Theorem 5.5 Let X1, ... Xy have a joint density as in (5.21) with {; replaced

by ¢; — P—H and the remaining transformations and notations remain as in
Theorem 5. 3 Let

Si=¢imi+...+ &1 +Bi+...+ B (5.31)

Let the joint density of Uy, ..., Uy be again denoted by g (Uy, ..., Uy). Then
g1(Uy, ..., Uy) is a density and

P(gj Sivj=1,, X
{HF(C+6) §1Un -, U) = lUjj,{j,j—l,..A,kf' (5.32)

forR@) > 22 i =1, k+1,006) > 5L j=1,... k

5.3 M-Transforms for the Fractional Integrals in the Many
Real Matrix-Variate Case

Here we look at the M-transforms for fractional integrals of the first and second
kind in the many real matrix-variate case. Consider the first kind fractional integral
in (5.27). The M-transform is given by

—aj,j=1,..k ——
MK s = [ [ o e
1> k>
—aj,j=1,...,
><K1 U]; el kf(Ul,...,Uk)dUl/\ oA dU

The U j-integral is given by

P

L_ptl ri—a: L_pl
v/U v ()‘Ujlx/ UG |ITIT U — VT AU
iZVi=

s 2EL _pil _ Y=o -1 -1

= |Vt /.>0|Yf|a’ T+ YT GTOT Ry T = U = VY = VTV
J

pst rp(a,)r,,(” +¢j—s5)

=|V;|75Fsi—
! L2+ ¢+ —5))

by evaluating the 1ntegral by using type-2 real matrix-variate beta integral, for
NRis) < R + p ) ‘ﬁ(aj) > 21,] = 1,..., k. Now the Vj-integrals give
the M-transform of f (V1, ..., Vk). Hence we can have the following theorem.
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Theorem 5.6 For the Erdélyi-kober fractional integral of the first kind of orders
a1, ...,k defined in (5.30) the M-transform is given by

k

. M2 +¢—s))
MUK, 7 = kf StyeeesSkb= 708150004 Sk)nr(p s ;a .
J J J

Jor W(sj) < N(;) + 1, R(aj) > pT_l,j =1,..., k., where f*(s1,...,s) is the
M-transform of f(Vi, ..., V).

In a similar manner we can work out the M-transform of fractional integral of the
second kind in the many real matrix-variate case. In this context we start with (5.13).
The M-transform is given by

aj j=1l,...,

—aj, N2 ti—a;
MKy vy =1, kf Stoee st =1 UjIF= V==

Iy (Olj) Uj>0 Vi>U;j>0

Vi — Us =AU f (Ve .. VOdVE AL AdV;

for R(ej) > 255, R > —1,j=1,...,k
The Uj-integral is given by

Yk SR _ptl
/ U5~ 2 +§J|Vj_Uj|“./ T dU;
o<U;<V;
_ptl p_pFl _1 =
= |Vj|af 2 / |Uj|s-’+§/ |1 -V72U; V., 2% du;.
o<U;<V !

PutY; =V~ > U; V -3 and integrate out by using a real matrix-variate type-1 beta
1ntegral then the U. 1ntegra1 is

el ve Tp @D TG +5))
Tp(aj +&j+s))

= VI

for N(aj) > pT_l, N +s5) > pT_l. Now the V-integrals give the M-transform
of f. Hence we have the following theorem.

Theorem 5.7 For the Erdélyi-Kober fractional integral of the second kind defined
in (5.13) the M-transform is given by

k

1 Iy +sj)
MU s = P [ 2
o Iplaj 8+
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for R(aj) > ”T_I,E)‘L(gj +5j) > 5=, j = 1,...,k where f*(s1,...,st) is the
M-transform of f(V1, ..., V).

Note that for k = 1 the corresponding M-transforms in the one real matrix
variable case, for the first and second kind fractional integrals are available from
Theorems 4.7 and 4.5. For p = 1 the corresponding Mellin transforms in the k real
scalar variables case and for p = 1, k = 1 the corresponding Mellin transforms in
the one real scalar variable case for the Erdélyi-Kober fractional integral of the first
and second kinds are obtained from Theorems 3.5 and 3.3 respectively.
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Chapter 6
Erdélyi-Kober Fractional Integrals in the oo
Complex Domain

6.1 Introduction

In Chaps. 2, 3, 4, and 5 we considered the real scalar variable case, real multivariate
case, real one matrix-variate case, real several matrix-variate case. In the present
chapter we will look into fractional calculus in the complex domain. Since we
will be dealing with p x p Hermitian positive definite matrices, for p = 1
Hermitian positive definite means a real scalar positive variable. Hence we start
with p > 2. Fractional calculus of one real scalar variable case is the one most
frequently appearing in various theoretical and applied areas. Fractional calculus in
the complex domain was considered only recently, see Mathai [2]. The following
discussion is based on this work.

The following are the standard notations which will be used in the present and
succeeding chapters. All matrices appearing are p x p with elements in the complex
domain unless stated otherwise. det(-) will denote the determinant of (-). |det(-)|
will be the absolute value of the determinant of (-). A matrix X with scalar complex
variables as elements will be denoted by a tilde as X. Constant matrices will not be
written with a tilde whether in the real or complex domain. tr(X) is the trace of X,
(dX) = (dx;;) is the matrix of differentials dx;;’s. Let X = X| +iX, where X and
X, are real m x n matrices and i = v/(—1). Then dX = dX; A dX, where

m

n m n
dx; =[[[] Adxiji and dXs = [T [ | Adxijz

i=1j=1 i=1j=1

where x;;1 and x;;; are the (i, j) — th elements in X; and X, respectively, and A
denotes the wedge product. For any p x p matrix A = A; 4 i A in the complex
domain, the determinant will be a complex number of the form det(A) = a + ib
where a and b are real scalar quantities. Then the absolute value of the determinant

will be of the form |det(A)| = +[(a + ib)(a — ib)]2 = +[a® + b2]2. Note that the
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conjugate of Ay + iAy is A] — i Az. Then the square of the absolute valye of the
determinant of A can also be written as the following determinant, where A denotes
the conjugate of A:

|det(A)|> = det(A)det(A) = det(A; + i Ar)det(A| — i As)

A1 +iA; 0]
= det . 6.1
¢ [ %) Al—iAJ ©.1)

The block diagonal determinant on the right can be brought to the following forms:

(0] Al —iA

A Ay Al —Ay
[—Az Al} [Az Ay ] ©2

det |:A1 +idy O } = det(B) = det(C),

Hence we have
|det(A)| = |det(B)|% = |det(C)|%. (6.3)

We need a few basic results on Jacobians of matrix transformations in the complex
domain. These and further properties may be seen from Mathai [1]. The results that
we need will be listed as lemmas here without proofs.

Lemma 6.1 Ler X and Y be m x n matrices in the complex domain. Let A be m x m
and B be n x n nonsingular constant matrices in the sense of free of the elements in
X and Y. Let C be a constant m x n matrix. Then

Y = AXB + C, det(A) # 0, det(B) # 0 = dY = |det(AA™)|"|det(BB*)|"dX,
(6.4)
where A* and B* denote the conjugate transposes of A and B respectively.

When A = A*, that is, when a matrix A in the complex domain is equal to its
conjugate transpose then it is called a Hermitian matrix. The next result is about the
transformation of a Hermitian matrix to a Hermitian matrix.

Lemma 6.2 Let X and Y be p x p Hermitian matrices and let A be a nonsingular
constant matrix. Then

- - - 2pdx
P = ARA* = qF = | detAITAX (6.5)
|det(AA%)|PdX

The next result is on a decomposition of the Hermitian positive definite matrix
X=X*>o0.
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Lemma 6.3 Let X be a p x p Hermitian positive definite matrix. Let T be a
p X p lower triangular matrix with diagonal elements tj;’s being real and positive.
Consider the unique representation X = TT*. Then

X=TT"= 21’{]_[#(1’ Drhar, (6.6)

Next we define a complex matrix-variate gamma function, denoted by f‘p (), as

~ pp=1
Fy(a)=m"2

T(a—p+1, fa) > p—1. (6.7)

This complex matrix-variate gamma has the following integral representation:
[y = / |det(X)|* P~ 04X R(a) > p — 1. (6.8)
X>0

This can be established by using Lemma 6.3. With the help of (6.8) and Lemma 6.2
we can define a matrix-variate gamma density in the complex domain as follows:

f(X)= %|det(}?)|“ﬁe“<”), X=X*>0, Ra)>p—1 (69

(o
and f (X) = 0 elsewhere, where B = B* > O is a constant Hermitian positive
definite matrix.

Lemma 6.4 Let X be a nonsingular matrix and let Y = X~'. Then

1 4f = |det(X X*)|~2PdX for a general X

o ~ - - - (6.10)
|[det(XX*)| 7P for X = X* or X = —X*.

Lemma 6.5 Let Y be p x n,n > p and of full rank p. Let YY* = S. Then after
integrating over the Stiefel manifold

- np
dy

|det(S)|"~PdS,
p(n)

see Mathai ([1], Corollaries 4.5.2, 4.5.3).

We need complex matrix-variate beta function and its integral representations.
The complex matrix-variate beta function will be denoted and defined as follows:

(O, B) = M M) >p—1,%B)>p—1 (6.11)
Fp(oz+/3)
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=f ~|det(X)|*P|det(I — X)|F~PdX, (type-1) (6.12)

O<X<I

= / |det(0)|*~P|det(I + U)|~“+PdU, (type-2) (6.13)
U>0

for N(a) > p—1,N(B) > p—1 where, in general, fA<)~(<B f(f()df( will mean the
integral of a real-valued scalar function f (X) of complex matrix argument X and
the integral is taken over all X suchthat A = A* > O,B=B*> 0,X = X* >
0, X—A> 0,B— X > O, where A and B are constant matrices.

6.2 Explicit Evaluations of Gamma and Beta Integrals in the
Complex Domain

We have seen from (6.8) that
Fy(a) = / det(X)[*Pe X g%, (6.14)
X>0

One standard procedure to evaluate the integral in (6.14) is to write the Hermitian
positive definite matrix as X = TT* where T is a lower triangular matrix with
real and positive diagonal elements 7;; > 0, j = 1, ..., p, where * indicates the
conjugate transpose. Then the Jacobian is available from Lemma 6.3. Then

tr(X) = tr(TT*)
=t 4., P+ P

and

Now, integrating out over ¢ for j > k

Tl .~ Y P
/ eIl dtjr = / / e TRt Adtjrp =1
1jk —00 J—00

and

pp=1
[[r=r"5"

Jj>k
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Now,
o0 20—2j+1 —12
2/0 ;e jidtjj =T'(a—j+1), Na) > j—1,
for j = 1,..., p. Now the product of all these gives

pp="1

T2 F(ot)F(ot—1)...F(a—p+1)=fp(a), New) >p—1

and hence the result is verified.

6.2.1 An Alternate Method Based on Partitioned Matrix

Let us separate x,,. When X is p x p Hermitian positive definite then all its diagonal
elements are real and positive. Thatis, x;; > 0, j =1,..., p. Let

%= [X:u X]z}
X21 Xpp

where X11is (p — 1) x (p — 1) and

|det(X) (%7 = [det(X11)[* P xpp — X X1 K12l P
and

tr(X) = tr(X11) + xpp.
Then
Wpp = Xa1 X1 X1l = x% 7|1 — x;p%XElXh‘%X]f%th;ﬁ“"’.

Put

7= X1 X117 = d7 = P det(X71)] " d Xy

from Lemma 6.1. Now, the integral over x,,, gives

o
/0 xg;er(pf])e—xppdxpp = I'(@), R(a) > 0.
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Letu = YY* ThendY = up’z%du from Lemma 6.5

/Oo w011 =gyt = LT DI 2 D) oy
0 I (o)

Taking the product we have

nP=t I'(p— DI (@—(p—1)

et R P T @ s )

= 2P (@ = (p — 1)|det(X V)@ t1=P

where X 511) indicates X1 after the first set of integrations. Now for the second stage,
separate x,_1, ,—1 and the first (p —2) x (p —2) block may be denoted by X 521) Now
proceed as before to get |det()~(§21)) | F2=P P22 (o — (p —2)). Proceeding like this
we have the exponentof ras (p — 1)+ (p—2)+ ...+ 1 = p(p — 1)/2 and the
gamma product willbe I'(a¢ — (p — 1) (¢ — (p —2)) ... (@) for R(a) > p— 1.
That is,

rp

M P @) M —1)... T@— (p— 1) = ).

6.3 Evaluation of Matrix-Variate Beta Integrals in the
Complex Domain

Here we will consider a direct way of evaluating matrix-variate type-1 and type-2
beta integrals in the real and complex cases, see also Mathai [3].
One integral representation for B, («, 8) in the complex case is the following:

/ |det(X)|*~P|det(I — X)|P~PdX = B,(a, B)
O<X<I

for N(a) > p — 1, R(B) > p — 1 where det(-) denotes the determinant of (-) and
|det(-)| denotes the absolute value of the determinant of (-). Here X = (%;j) is a
p x p Hermitian positive definite matrix and hence all the diagonal elements are
real and positive. As in the real case, let us separate x, by partitioning:

X = [{(“ {(12] aswellas I — X = |:I _~X11 _Xiz i|
X571 X2 —Xo I —Xn»
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Then the absolute value of the determinants are of the form:
|det(X)]* 7 = |det(X1D)[*P|xpp — X X} X177 (i)
where * indicates conjugate transpose, and
|det(7 = X)1P77 = |det( = X1)|P~P|(1=xpp) = X1 (1 = X1 ' XP 7P (i)

Note that when X and I — X are Hermitian positive definite then Xl_]l and
- X 11) I are also Hermitian positive definite. Further, the Hermitian forms

X21X11 X*2 and Xo1(I — X11)~ 1X*2 remain real and positive. From (i) and (ii)
it follows that
Xu X' Xty < xpp < 1= Xo(I = X1) 7' X5,
Since Hermitian forms are real, the lower and upper bounds of x,, are real. Let
S S IV S
for fixed X 11. Then
dXa1 = |det(X )|~ |det(1 — X1)|~'dW
and |det(X)|*~P, |det(/ — Xi1)|f~P change to |det(X;y)|*t' =7, |det(] —

X)) |fH1-»p respectlvely Then we can write: y = x,, — X21X“1X12, b =
1 — X1 X' X12 — Xa1(1 — X11)~" X1 so that

(1= xpp) = Xy X171 X5, — Xon (T = X1) ' XlP P = (b= )PP = bPP[1 — %1*"‘1’.

Put u = % Then the factors containing # and b will be of the form u*~?(1 —
u)P=PpetB=2p+1 and the integral over u gives

’

1 —(p — — —
/ (| — gy = L@@ = DB = (= 1)
0 F@+p—2p—1)

for R(e) > p— 1, R(B) > p — 1. Let v = WW*. Then from Lemma 6.5

v P=D=1 gy,
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The integral over b gives

1
/b"“rﬂle’“df(zl = [ pP=D=L(q —yyetA=2rFl gy = Ip=DIte+p=2p+2)
0 F'a+Bg—-—p+1)

for N(x) > p — 1, 9NR(B) > p — 1. Now, taking the product of all factors we have

Tlao—p+DHI'B—p+1)

det(X )% TP det(] — X)) |PH —PrP—
|det(X11)] |det( 1)] Fatp—ptl

for N(a) > p — 1, N(B) > p — 1. Separate x,_1,,— from )~(11 and [ — )~(11 and
continue the process. Then at the end, the exponent of 7 willbe (p — 1)+ (p —2) +
o+ 1= p(pT_l) and the gamma product will be

Fla—(p-—I)a—-(p=2)... @B -(p-D)...I"(B)
Fa+p—(p—-D)...I'a+pB) '

. plp= .,
These factors, together with = give

M = By(a, B), R(a) > p—1,R(B) > p— L.

r p (@+B)
The procedure for evaluating a type-2 matrix-variate beta integral by the method of
partitioning is parallel and hence it will not be detailed here. We can also consider a
general partitioning as in the real case. Also, we can consider a method of avoiding
the integration over the Stiefel manifold and the steps are parallel to those in the real
case and hence deleted.

6.4 Fractional Integrals in the Matrix-Variate Case in the
Complex Domain

We will introduce a general definition of what is meant by fractional integrals in
the complex matrix-variate case. This definition will be introduced in terms of M-
convolutions of products and ratios or convolutions in terms of generalized matrix
transforms or M-transforms discussed in Mathai [1]. It is easy to introduce the
concepts in terms of statistical densities of products and ratios of matrices in the
complex domain. This will also give a physical interpretation of M-transforms. In
order to illustrate the concepts let us look at the problem of deriving the density
of a product of two matrix-variate random variables in the complex domain. Let

- L 1 - .
U, = X;X1X; where U, X1, X5 are p x p matrices in the complex domain.

~ L1
This U, will be interpreted as the symmetric product of matrices. Here X5 denotes
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the Hermitian positive definite square root of f(z. When X 2 is Hermitian positive
definite all its eigenvalues are real and positive and there exists a unitary matrix
Z,72*7 = 1,ZZ* = I such that X, = Z*DZ, D = diag(Ai, ..., A,) where
~ ~ 1 ~ ~
Aj o> ?,j = }, ..., p are the eigenvalues of X». Then X22 = Z*D%Z, D% =
diag(kz, e, Ag). Let )~(1 = f(i‘ > O and )~(2 = )23‘ > O be Hermitian positive
definite with the densities fl(f( 1) and fg(f(z) respectively. Here, a density means
a real-valued scalar function of matrix argument with the matrix in the complex
domain, f(X), such that f(X) > 0 for all X and the total integral ff{ f(X)dX = 1.

Let X, and X> be independently distributed and let the density of Nﬁz be denoted

by g2(U>). Then the joint density of X; and X5, denoted by f (X1, X~2), is the

product of marginal densities due to statistical independence. That is, (X1, X») =
1 1

fl()zl)fz(f(g). Consider the transformation (72 = )227)2'15(7, )~(2 = V so that

)~(2 = V and f(] = \7_%1,72\7_%. Then from Lemma 6.2 the Jacobian of this
transformation is given by

dX| AdX, = |det(V)|7PdU, A dV (6.15)

and then the density of U is given by
L . DA QR | ;L
é)’z(Uz):f~ [det(V)[7P fi(VT2U2V72) fo(V)dV. (6.16)
1%

Note that when f] and f2 are statlstlcal densities then gz(Uz) is the statistical density

of the product U2 = X X 1X : If f1 and f> are arbitrary functions, need not be
densities, then gz(Uz) of (6.16) will be called the M-convolution of a product and
when p = 1, (6.16) is nothing but the Mellin convolution of a product. It is trivial
to note that the M-transform of g; in (6.16) is the product of the M-transforms of f}
and f>. This will be stated as Theorem 6.1. The M-transform of a real-valued scalar
function f(X) with parameter s, where X=X*>0Oisa p X p Hermitian positive
definite matrix in the complex domain, is defined as follows, when the integral is
convergent (see Mathai [1]):

My(s) = M{f; s} :/~ |det(X)|* P f(X)dX. (6.17)
X>0

Theorem 6.1 For the M-transform defined in (6.17), the M-transform of g
of (6.16) is given by

Mg, (s) = My, (s)My,(s). (6.18)

Proof Taking the M-transform on both sides, with parameter s, we have
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My, (s) = / \det(U)|* =7 [ Idet(V) |7 f1(V= 20,V 2) f2(V)dV 1dU>
Uy>0 |4
= ffz(v)[ f (det(U)[* P |det(V)| P f1(V ™20,V 2)d0,1dV (2
\%4 U

Now, put W = V-20,V"2 = dU, = |det(V)|?dW. Then the right side in (a)
becomes

/W (et (W)~ £y (W)dW /V (det(V) [P f2(V)dV = B, (5) 3, s)

and hence the result.

Now, we can give a formal definition of fractional integrals in the complex
matrix-variate case.

Definition 6.1 (Fractional Integral of the Second Kind of Order « in the
Complex Matrix-variate Case) Fractional integral of the second kind of order «
in the complex matrix-variate case will be defined as the M-convolution of a product
as in (6.16) where

|det(I — X)|*~P

X)) = ¢1(X _
fXD) =¢1(X1) o

for R(a) > p — 1, where ¢ (f( 1) is a specified function, and
fr(X2) = $2(X2) f (X2)

where ¢ (X») is a specified function and f (X,) is an arbitrary function.

Note 6.1 In the real matrix-variate case this definition will become as follows:
F(X2) = ¢2(X2) f(X2) where ¢ is a specified function and f(X») is an arbitrary
function, and

1
Fp(a)

S1(X1) = ¢1(X1) [det(7 — XDI*~"F | 9i(@) > 2=

where ¢1(X1) is a specified function, I',(«) is the real matrix-variate gamma
function defined as

rp—1

Fy@) =7"5 @) e %) T — pT_l)f}i(a) > pT_l. (6.19)
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6.4.1 Erdélyi-Kober Fractional Integral of the Second Kind of
Order o

Let ¢»(X») = 1 and

Fpy@+p+p)

- |det(X)|P.
FoB+p) :

o1(X1) =

In this case, fi(X1) is a complex matrix-variate type-1 beta density with the
parameters (8 + p, ). If the arbitrary function f(X5) is an arbitrary density then

~ - Sl 1 - -
g2(U2) of (6.16) is a statistical density of Uy = X; X1 X5, where X; and X»
are statistically independently distributed Hermitian positive definite p x p matrix
random variables in the complex domain. In this case, from (6.16),

L,B+p . - mwbwf B aia D PN pOAT
—2((U)) = ————— det(V Y|det(V — Up)|*"P f(V)AV
Pt bt = T oo oIV O AV

(6.20)
:K;gz,ﬁf

where 1%2—"[; f is Erdélyi-Kober fractional integral of the second kind of order o
2

and pararﬁetér B for the complex matrix-variate case. In the real matrix-variate case
the right side of (6.20) will be of the following form:

- [@M@ﬁ/ e ot

K;%  f=—"" [det(V)]"*Pldet(V — Uy)1*~ 7 f(V)dV.
2t2p Ip@  Jvsuv,20

These are called the Erdélyi-Kober fractional integrals because for p = 1 they agree

with Erdélyi-Kober fractional integral of the second kind. Note that for p = 1 a

Hermitian positive definite matrix is a real scalar positive variable.

Theorem 6.2 For the Erdélyi-Kober fractional integral of the second kind of order
o, as defined in (6.20), the M-transform is given by the following:

- I,(B+s) -
M{K % fis}=—2L"""" M 6.21
KotV = g (©2D

forRPB+s)>p—1,NRa) >p—1
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Proof

- = sy ldet(U)]?
o . _ s—p s
M{K2’U2~’ﬁf,s}_/ﬁz>0|det(U2)| [ 7@

x / |det(V — Uy)|*~P|det(V)|~*~F £(V)dV1dU>.
‘7>L72>0
Integrating out U, we have

s , . N - _ Ty()T
/ |det(U») PSP |det(V — Un)|*~PdU, = |det(V)|* A+ M
0<Uy<V Iy (a+B+s)

for R(B+s5) > p— 1, N(e) > p — 1. Here the transformations are the following:

det(V — Ua)[*~P = [det(V)|*P|det(I — V20,V ~2)[@—P

W =V"20,V"2 = dW = |det(V)|"PdUs.

Now by taking the integral over V we have M £(s) and hence the result.

6.4.2 The Right-Sided Riemann-Liouville and Weyl Fractional
Integrals in the Complex Matrix-Variate Case

Let ¢1(X1) = 1 and ¢»(X») = |det(X2)|%. Then

- -~ - 1 - - -~
AVTI0,V™1)|det(V)| P = ——|det(V)| P |det(] — V™20,V "2)[%~P
()

1 - -
= ol )|det(V)|7"‘|det(V —U)|*7P.

pla

Now we have

82(Uh) =

_ det(V — U)|*~P £(V)dV
Fp(a)/MPOw( DITPFW)

which is the right-sided or second kind Riemann-Liouville fractional integral in the
complex matrix-variate case if V is bounded above by a constant matrix B = B* >
O, and if not, it is the right-sided or second kind Weyl fractional integral for the
complex matrix-variate case.
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6.4.3 Saigo and Related Fractional Integrals of the Second
Kind

Saigo fractional integrals in the real scalar case is defined in terms of a hyper-
geometric series of the type 2 F; or Gauss’ hypergeometric series. But » F] has
the defect that when it comes to Laplace transforms and Mellin transforms the
series forms will have convergence problems and hence we will consider a general
hypergeometric series in the complex matrix-variate case. For getting this special
case from Definition 6.1 we will specialize ¢;(X1) by taking a hypergeometric
series for it. The definitions in the complex case will be slightly different from those
in the real case, whether scalar case or matrix case. We need some notations, which
will be introduced here. Let K = (ki, ..., kp), ki +...+k, = k, be the partitioning

of a non-negative integer k into p parts, k1, ..., kp. Let
[a] ﬁ( 1y, = 2@ ) (6.22)
alg = o — ki = ——= .
o T R@

where (&), = a(a +1)...(x +m — 1), ()9 = 1,a # 0 is the Pochhammer
symbol, and

~ p(p 1)

Ip(a, K

F@+kj—j+1)

T :lu

14
o) [[@ =i+ i = Fplalk. (6.23)
=1

A general hypergeometric series with m upper and n lower parameters and argument
a complex matrix X will be defined as the following series:

mFn(X) = mFEu(ar, ..., am: b1, ..., by X)
ZZ lailk ... lam]lk Ckx(X) (6.24)
[bilg ... [bnlk k!

k=0 K

where Ck (X) is the zonal polynomial of order k in the complex matrix-variate case.
For the definition and details see Mathai [1, 5]. The series in (6.24) is convergent for
all X whenn > m and convergent for IX|l < 1 whenm = n+1 where ||(-)|| denotes
a norm of (-). Since fi (Xl) has two factors ¢>1(X1) and |det(/ — X1)|°‘ P we can
consider a hypergeometric series with argument AX or with argument A(] — X1)
where A is a real positive scalar constant or Hermitian positive definite constant
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matrix. For simplicity we may take A = I. Then the kernel of the integrals to be
considered are of two types, we may call them /4 and /p respectively, That is,

Iy = / |det(V)| ™7 Ck (X1)|det( — X1)[*7P f(V)dV (6.25)
\%
and
Ip = / |det(V)|"PCx (I — X1)|det( — X1)|*7P fo(V)dV. (6.26)
\%

For evaluating such integrals the following known results will be useful, which will
be stated as lemmas.

Lemma 6.5 For Z,S Hermitian positive definite, N(a) > p — 1, K =
ki, ... kp), ki +...+k, =k

/~ 59| e(2)[* P Cx (ZTIZ = Iy (e, K)ldet(S)*Cx (F5).
Z>0
(6.27)

Lemma 6.6 For O <Z < I,%(a)>p—1L,RPB) > p—1

Typ(a, K)F(B)Ck (S)

/ _|det(Z)|*7P|det(I — Z)|P7PCx (Z28)dZ =
O<Z<lI

[y + B, K)
(6.28)
When
$1(XD) = mFa(ar, ... ami b1, ... by AX1) (6.29)
then the M-convolution of a product is given by the following:
R 1 -, = - s~ 1
&) = = / |det(V)|"PmFular, ..., am; b1, ..., by; AV 2ULVT2)
Iy(a) Jv

x |det(I — V=202 V=2)[ %P (V) F(V)AV.
The M-transform of the M-convolution of a product when ¢ ()N( 1) is given by (6.29)
is given by the following theorem.

Theorem 6.3 The M-transform, with parameter s, of the 82(Ua) of the M-
convolution of a product when ¢1(X1) is given by (6.29) is given by
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) - .
M{g(Ua); s} = ﬁm+1Fn+l(alz cesQp, Sy by, oo by, s oy A)YM g, (s)
(6.30)
forR(s) >p—1,Nwo) >p-—1
Proof The M-transform of g, (U,) is available as
M(f(U): s} = ZZ i [“’"] / det(U2) |~ P[——— |det(V)] 7
b1k nlkk! Jo,>0 I'y(a)

k=0 K

xCx (AV™2 UQV—%)met(I—V—% TV =) Py (V)f (V)dV 1d0p.

g
=
<t

-3 U, V2. Then the W-integral is given by

/ |det(W)|* P Cx (AW)|det(I — W)|*~PdW|det(V)|*~P
I »(a)

1 Tp(s, K)p(@)Ck (A)

= — . |det(V)|*~7,
I'y(a) I'y(s +a, K)

from Lemma 6.6. Substituting these we have

Ip(s)

_— F, (ai,...,a ,s;b,...,b,s—}—a;A)M (s)
FP(S—I-Ol)m_H n+11d1 m 1 n f2

M{g2(Ua); s} =
for N(s) > p—1,N(x) > p— 1.
A companion result can also be obtained by taking
$1(X1) = mFuar, ... am; bi, ... by AU = X1)). (6.31)

for 0 < X 1 < I and ¢ ()~( 1) = 0 elsewhere. Then the fractional integral of the
second kind in the complex matrix-variate case will be of the following form:

_ larlk - .- lamlx P I g |
2(Un)= ;}; TRPRRTAP k,r(a)/ [det(V)| 7P Cx (AU — V20,7 72))

x |det(I — V=20V =2) |4 Pa (V) f(V)dV. (6.32)

In this case the M-transform of g, (U,) is given by the following theorem:

Theorem 6.4 For the ¢1(X)) defined in (6.31) the M-transform of the M-
convolution of a product or M-transform of the fractional integral of the second
kind in the complex matrix-variate case is given by
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~ .~ f(s) - -
M{§2(U); s} = =M p()mp1 Fug1(at, ... am, a3 by, ... by, + 55 A)
Iy(a+s)

(6.33)

forR(a) >p—1,R()>p—1.

The proof is parallel to that in Theorem 6.3. Make the substitutions W =

Vo2 UZV_%, T = I — W. Then proceed as in the proof of Theorem 6.3 to establish
the result.

Note 6.2 The Definition 6.1 covers all the known fractional integrals of the second
kind or right-sided fractional integrals in the real or complex scalar and matrix cases.
Hence Definition 6.1 can be taken as the definition for fractional integrals as Mellin
convolution of a product in the scalar case and M-convolution of a product in the
matrix-variate cases where the matrices are either real positive definite or Hermitian
positive definite and the functions f; and f; are such that f> (5( 2) = (])2(5( Df ()~( 2)
where ¢, is a specified function and f is an arbitrary function, and

1

_ det(I — X1)|*~? 6.34
Fp(a)let( DI (6.34)

fi(X1) = ¢1(X1)

for O < X 1 < I and zero elsewhere, where qﬁl(f( 1) is a specified function, for
N(a) > p — 1. In the real case the binomial factor is of the form

+1 p—l

[det(] — Xl)]o‘_pT for O < Xq < I, V(o) > and zero elsewhere.

Iy ()

For p = 1 one gets the corresponding scalar versions.

Now, we will give a pathway generalized definition of fractional integrals of the
second kind, which will encompass Definition 6.1 also.

6.4.4 A Pathway Generalized Definition of Fractional Integrals
of the Second Kind in the Complex Matrix-Variate Case

It will be defined as in Definition 6.1 except that f1(X) will be of the following
form:

1

_ det(l —a(l —g)X)|*P 6.35
Fp(a)let( a(l —qg)X1)| (6.35)

fi(X1) = ¢1(X1)

for I — a(~1 — q)f(l > 0,a > 0,9 < 1,N(«) > p — 1 and zero elsewhere,
where ¢1(X1) is a specified function. Note that when a = 1, g = 0 this pathway
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extension agrees with Definition 6.1. Pathway idea may be seen from Mathai and
Provost [4]. But for —oco < g < 1, (6.35) describes a collection of functions or
a path leading to the limiting form when ¢ — 1_. Note that when ¢ < 1 the
functional form in (6.35) stays in the generalized type-1 beta family of functions.
This extended definition also enables us to go to two other functional forms, namely
forg > 1 (write | —q as —(q — 1) for g > 1) we get into a wide class of functions
belonging to type-2 beta family of functions and when ¢ — 1 we end up with a
gamma family of functions. Thus, this pathway extended definition can be taken as
a very general definition for fractional integrals of the second kind or the right-sided
fractional integrals as the M-convolution of a product where one function f] is of
the form in (6.35). Properties and M-transforms of the pathway extension can be
studied parallel to the study in the non-extended situation and hence further details
are omitted.

6.5 Fractional Integral of Order « and Parameter 8 of the
First Kind in the Complex Matrix-variate Case

Here we will introduce a formal definition of fractional integral of the first kind
in the complex matrix-variate case. In order to illustrate the process we will
start with the evaluation of the density of a ratio. Let X; and X be p x p
Hermitian positive definite matrix-variate random variables in the complex domain
and statistically independently distributed with the density functions fi (X1) and
f2 (X2) respectively, where f] and f; are real-valued scalar functions of the matrices

. - . Sl 1
X1 and X» respectively. Let us consider the following ratio Uy = X; X lezz.

Consider the transformation f(z = Vand X 1 = V%ljf] \7% The Jacobinan is
given by

dX| A dX, = |det(V)|P|det(T U, )| "PdU, A dV (6.36)

from Lemmas 6.2 and 6.4. Let the density of U} be denoted by g (Uy). Then the
density of Uj is given by

-1

21(0) = /V \det(V)[?|det(T1 U, )P f1(V20, V) fo(V)dV.  (6.37)

If f1 and f> are arbitrary real-valued scalar functions of p x p Hermitian positive
definite matrices in the complex domain, need not be densities, and if (6.37) is
convergent, then (6.37) is called the M-convolution of a ratio. Fractional integral
of the first kind of order « in the complex matrix-variate case will be defined in
terms of M-convolution of a ratio.
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Definition 6.2 (Fractional Integral of Order « of the First Kind in the Com-
plex Matrix-variate Case) It is defined as g1(Uy) of (6.37) where f2(X3) =
$2(X2) f(X2) where ¢ is a specified function and f is an arbitrary function, and

fl(Xl) = ¢ (X )% N(x) > p — 1 where ¢ is a specified function.

In this case, g (U)) of (6.37) becomes

[ es = G e g A0, v
\%4

~ 1
g1(U1) = =
& I'y(a

x |det(V)|?|det(U1 Uy )| "o (V) £ (V)dV

1 ~1 o~ ] ~1 ~ S~ —a—
== / $1(V2U;  V2)|det(V)|P|det(Up)|~* 7
Iy(a) Jo<V<U,
x |det(U; — V)|* P (V) f(V)AV. (6.38)

In the real case (6.38) will be the following:

g1(Uy) = ¢1(V2U V) [det(V)]F [det(U)]F

Iy(a) Jo<v<y,
X [det(U; — V)]“_%qbz(V)f(V)dV. (6.39)

Theorem 6.5 If h (X1) is a type-1 beta density with parameters (B, o) and if
f2 (Xz) = f(Xz) is an arbitrary density then ¢1 of (6.37) is given by

o DpetB) o
X)) = £ det(X)|P~P 6.40
¢1(X1) @) |det(X1)| (6.40)

and the density of the ratio, g (UY), is given by

_ o~ Ty(a+p)|det(Uy)| - IO
Up)=- ~ / det(V)|P|det(U; = V)|*~P £(V)dV.
g1Uy) 7.6) @ 0<V<U]| et(V)|”|det(U1—V)| f((6)41)

Note that the result is available from (6.39) by substituting for ¢ from (6.40).
By rewriting (6.41) we can define Erdélyi-Kober fractional integral of the first
kind of order « in the complex matrix-variate case.
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6.5.1 Erdélyi-Kober Fractional Integral of Order o of the First
Kind for Complex Matrix-Variate Case

It will be denoted by K "% £, and it is given by the following:

1,ULLB
B30 N
U) =K%
F(oc+,3) &1 (W) 1sU1~ﬂf
where
o—a I®K@Nﬂ“ﬁ/' P e
K = d V d U Vv oa—p V)dv.
I’Ul'ﬁf Iy(a) O<V<U1| tVIFldet(Ur = MIFEAV)

(6.42)
Note that gl(Ul) in (6 41) and (6.42) is the statistical density of a ratio of the

formU1=XX lXzz,whereXl X*>0andX2—X*>0arep><p
statistically 1ndependently distributed Hermitian positive definite matrix random
variables where X has a type-1 beta density with parameters (8, ) and X, has
an arbitrary density f(X7).

Theorem 6.6 The M-transform of the Erdélyi-Kober fractional integral of the first
kind as defined in (6.42) is given by

— LLB+p—s -
M{K™% fis}=—2L M
(Ko o fis) FoatBin—5 ()

forR(a)>p—-—1,RB+p—s5)>p—1
Proof

1 s
M{K™% f:s / det(U,)|* P~ A
Ko 7s= Iy(a) U1>0| vl

x [ |det(V)[P|det(U; — V)|*~P f(V)dV]dU;.
0O<V<U

Put W = U; — V. Then the U, -integral is given by

/~, |det(U1)| = PP |det(U; — V)[*~PdU,
Ui>V=>0

= / |det(V + W)| "¢ PHS=P|det(W) |~ PdW
W>0
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= |det(V)|7*~FHs=p / Idet(I 4+ V=2 WV =)~ B+=P |det(W)[*~PdW
W>0

= |det(x7)|—ﬂ+s—/’/ |det(T)|*~P|det(I + T)|" ¢ AT=PdT, T =V 2WV ™2
T>0

L Fy(B+p—s)
= |det(V)|"PTs—PF P
|det(V)] p(a)F,,(a+,3+p—s)

for W) > p— 1,N(B + p —s) > p — 1. The integral above is evaluated by
using a complex matrix-variate type-2 beta integral and the substitution is 7 =

VoIWVTI. Now, evaluating the V-integral we have the M-transform of f and
hence the result.

6.5.2 Riemann-Liouvile and Weyl Fractional Integrals of the
First Kind of Order o for the Complex Matrix-Variate
Case

In Definition 6.2, put
¢1(X1) = |det(X1)|7% 7 and ¢ (X2) = |det(X2)|*.

Then g (lj 1) of (6.38) will reduce to the Riemmann-Liouville left-side~d fractional
integral of order « for the complex matrix variate case, denoted by Dl_% f, and
»U1

given by

~ 1 ~ ~ .~
D% f=— det(U; — V)|*7P f(V)dV. 6.43
0 = B /v<m' et(Uy = V)“P F(V) (6.43)

If V is bounded below by a constant matrix A then it is the Riemann-Liouville left-
sided fractional integral and otherwise it is the left-sided Weyl fractional integral.

In Definition 6.2, we can replace ¢;(X1) by any specified function of X; and
then consider the M-convolution of a ratio. Then we get a corresponding fractional
integral operator of the first kind in the complex matrix-variate case. For example,
if ¢1 is a general hypergeometric series with argument either AX| or A(I — X))
for O < X| < I and zero elsewhere then we can obtain the extension to complex
matrix-variate case of Saigo and related fractional integral operators. The procedure
is parallel to that in Sect. 6.4.3. One can consider a pathway extension of f] (X1)
as in Eq. (6.35) and then consider the M-convolution of a ratio. Then we have a
pathway extension of fractional integrals of the first kind. Since the steps will be
parallel we will not elaborate these items here.
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Fractional integrals involving many matrix variables, in the real and complex
cases, can be dealt with without much difficulty. The real case is discussed in
Chap. 5. Results parallel to those in many real scalar variables in Chap.4 and the
real many matrices case in Chap. 5 can be obtained for the many complex matrix-
variates case. In order to limit the size of this monograph, those materials will not
be included here.
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