Preface

These notes are devoted to a systematic and unified development of a new generalized
fractional calculus, closely related to special functions of a rather general nature. Gene-
ralized operators of integration and differentiation of arbitrary (not necessarily integer)
multiorders 6 = (§; > 0,...,0,, > 0),m > 1, are introduced by means of kernel-functions,
being G%:?n— and Hg%,’g@—functions. Due to this peculiar choice of Meijer’s G-functions
(Foz’s H-functions) in the single integral representations of the operators that are intro-
duced here, a decomposition into commuting Erdélyi-Kober fractional operators holds,
under suitable conditions. Thus, complicated multiple integrals or differintegral expres-
sions can be represented alternatively by means of single integrals involving generalized
hypergeometric functions. The beauty and succinctness of the notations and proper-
ties of the latter functions allow the development of a full chain of operational rules,
mapping properties and convolutional structure of the generalized (m-tuple) fractional
integrals as well as an appropriate explicit definition of the corresponding generalized
derivatives. On the other hand, the frequent appearance of compositions of classical
Riemann-Liouville and Erdélyi-Kober fractional operators in various problems of applied
analysis is the key to the great number of applications and known special cases of our gen-
eralized fractional differintegrals (i.e. generalized operators of integration, differentiation
or integro-differentiation), some of which are established in the present notes.

In the Introduction we give some historical background and present some of the main
points of the theory presented here, from the author’s point of view. Chapter 1 deals
with the basic definitions of the generalized (multiple) Erdélyi-Kober fractional inte-
grals and derivatives, their properties and various special cases. In Chapter 2 we go
deeper into some less known aspects and details concerning the classical Erdélyi-Kober
operators. Chapter 3 is specially devoted to the important class of the so-called hyper-
Bessel integral and differential operators, Bessel type equations of arbitrary order, their
explicit solutions in terms of Meijer’s G-functions, transmutations and Obrechkoff inte-
gral transforms. Special cases of all these elements investigated by different authors are
mentioned. In Chapter 4 we find new integral and differintegral (integral, differential
or integro-differential) formulas for the ,Fy-functions, which are generalizations both of
Poisson type integrals and Rodrigues differential formulas for particular special functions.
On the basis of these representations, a new classification of the generalized hypergeo-
metric functions is proposed. Chapter 5 deals with other applications of the generalized
fractional calculus: to Abel integral equations, dual integral equations, univalent function
theory and generalized Laplace type transformations. More general fractional integra-
tion operators involving Fox’s H;g;fn—function are studied there in different functional
spaces. To make our presentation self-contained, in the Appendiz we have collected most
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of the definitions and basic properties of the special functions that are used in these
notes. The References include 519 titles and a Citation Index is provided, showing the
articles referred to in the sections. The notes also contain some open problems, aimed at
stimulating further research on this topic.
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1 Generalized operators of fractional
integration and differentiation

1.1. Definitions and examples of the generalized fractional integration
operators

1.1.i. Functional spaces

First let us specify the main functional spaces X where the generalized operators of
integration and differentiation of arbitrary fractional multiorder will be considered.

a) For the purposes of the practical applications and unity of the exposition,
in Chapter 1 we confine our considerations mainly to spaces of functions which are
continuous in the interval (0,00) and subject to some growth conditions at zero and
infinity. In this way, we follow the pattern of Erdélyi [104]-[105], Dimovski [64]-[71],
Saigo [415]-[417], [420], Lowndes [268]-[269] and others.

Let a be an arbitrary real number, k£ a non negative integer and let C' (k) [0, 00) denote
the set of real-valued functions with continuous k-th derivatives in [0,00). Denote by

C&k) the linear space of functions
k ~ ~
o) = {f(x) ::Upf(a;);p>a,f€C(k)[O,oo)}. (1.1.1)

The space
X =Cq:=CY (1.1.1)
is the basic one in which the Riemann-Liouville type generalized fractional integrals will
be considered. This definition of the spaces Cy, C’((lk) is due to Dimovski [64]-[71].
When dealing with the Weyl type fractional integrals whose upper limit of integration
is infinity, we have to impose some additional conditions on the growth of the functions

in a neighbourhood of this point. For instance, we shall consider the linear spaces of
functions

oM =L f(a) = 217 ()i g < 0", ] € CW0, 00, ] < 4} (11.2)

with o* being a real number, a constant A 7 and C}. 1= CZSP). The following inclusions
are easily verified:

ciY c ey, i c el for ar > s, af < af, ki > k.
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b)Fractional integrals and derivatives are often considered also in Hélder (Lip-
schitz) classes X = HM(Q) of functions satisfying conditions of the form:

|$1 —$2|/\
1+ [z )P (1 + |za])?

f (@) = f (22)] < Alay — ol |f (1) = [ (@2)] < (1.1.3)

in Q being a finite interval [a, b] or the half-line (0, 00). Weighted versions of such spaces
(with respect to the points 2 = a, x = b or = 0, © = o) like X = H ((0,00), zH),
X = H*(Q, p(z)) are also used. For details see Samko, Kilbas annd Marichev [434, §1],
Saigo [485], Kilbas [188], etc.

c) It is most natural however, to consider the Riemann-Liouville, Erdélyi-Kober
fractional integrals and their generalizations for functions which are locally integrable
in [0,00) (i.e. Lebesgue integrable in [0, X] for every X € [0,00)). Then, appropriate
functional spaces are: X = L(0,00) (see e.g. Love [265]); more generaly: X = LP(0, c0),
1 < p < oo (see e.g. Hardy, Littlewood and Polya [125], Parashar [355], Kalla [163]-[164],
etc.); or its weighted versions like: X = L, (Rooney [399]-[400], Kalla and Kiryakova
[174)-[175]; X = Fp, (McBride [288]-[290], Raina and Saigo [394], Saigo and Glaeske
[422]); X = L((0,00),x") (Love [262], Marichev [274]); X = LP ((0,00),z") (Samko,
Kilbas and Marichev [434]), etc.

For example, we deal (see Chapter 5) with the spaces L p,1 < p < oo,u € R. This
is a brief denotation for the weighted space Ly, (0, 00) of Lebesgue measurable functions
f(x) defined almost everywhere on (0,00) and such that

o p

1 flup = /x“_1|f(a:)|dx < 00. (1.1.4)

0

d) Fractional integrals and differintegrals have been considered also for comp-
lex-valued functions f(z) of a complex variable z € C, e.g. in the space $(£2) of analytic
functions in a domain € (or especially in a disk |z|] < R, R > 0), see Hadamard [124],
Dzrbashjan [101], Nishimoto [324]-[326], Srivastava and Owa [471]-[476], Gelfond and
Leontiev [120], Tkachenko [488]-[492], Dimovski [72]-[73], etc.

In particular, we shall consider the following classes of functions:
9u(Q) = {F(2) = #F(2): () € 9D}, 5o(Q) := H(Q), (1.1.5)

where 11 > 0 is a real number (usually = 0,1,2,...) and H(Q) is the space of functions,
holomorphic (analytic and single-valued) in a domain €, starlike with respect the origin
z = 0. See Chapters 2 and 5.

1.1.ii. Definitions

We introduce the following generalizations of the Riemann-Liouville and Erdélyi-Kober
operators concerning integration of fractional multiorder of functions associated with
weights of the form pj(z) = 27, k = 1,...,m. The meaning of this characterization will
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become clear after we establish the composition structure of these operators in Section
1.2. The definitions and the main results of this chapter have appeared first in Kiryakova
[194], [196], [201]-[202], [208] and Dimovski and Kiryakova [79].

Definition 1.1.1. Let m > 1 be an integer, 8 > 0, y1,...,%m and d0; > 0,...,0,;, > 0
be arbitrary real numbers. Consider the set v = (v1,...,7m) as a multiweight and
0 = (81,...,0m) as a positive multiorder of integration. For functions f € Cy, a >
mgx[—ﬁ(vk + 1)], we define the multiple Erdélyi-Kober (multi-E.-K.) operators in the

following way:
1

Ig?’ii’(&’“)f(x) = /G%j?n [0 ’ (WC(;];)%)T] f(xcr%) do. (1.1.6)

)

0

Then, each operator of the form
Rf(z) = xﬁéolgzz’(ék)f(x) with arbitrary d, > 0, (1.1.7)

is said to be a generalized (m-tuple) operator of fractional integration of Riemann-
Liouwville type, or briefly: a generalized R.-L. fractional integral.

Definition 1.1.2. The corresponding generalized operators of fractional integration of
Weyl type are introduced by the representation

W f(z) = aPow e (), 6, >0, (1.1.8)
where
Wé /G la 7’?:%51) ]f(xaé)da (1.1.9)

are the multi-E.-K. operators of Weyl type defined for functions f € C., a < mkin(ﬁvk).

Note. Other representations of the multi-E.-K. operators (1.1.6), (1.1.9), close to the
commonly used forms of the Riemann-Liouville, Weyl, Erdélyi-Kober and other known
fractional integrals, are:

i = fo @) [0 et e
Wi s ‘”/ Gin [‘ ‘m(v:%) }fmd(fﬂ)- (1.19)

However, we prefer using the representations of Definitions 1.1.1, 1.1.2 as more conve-
nient, especially in the case of a complex variable z = x. Then, the choice of a single-
valued branch in (1.1.6) depends on the fixed point z = 0 only, while in representation
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(1.1.6') the branch-point z = x is variable. This approach, descending from Hadamard
[124], allows us to consider functions defined in starlike complex domains even if they
are only integrable there.
Note. One can suitably modify Definitions 1.1.1, 1.1.2 for multiorders of integrations ¢
consisting also of arbitrary complex components with PRd;. > 0, k = 1,...,m as well as
for purely imaginary multiorders with SR, = 0, k = 1,...,m. In this case the pattern
from the classical fractional calculus should be followed; see Mikolas [302], Love [263],
Ross [407], Marichev [275], Samko, Kilbas and Marichev [434, §4], etc.

The kernel-function of integral operators (1.1.6), (1.1.9) is a special case of the Meijer
G-function, suitably chosen for our purposes. In the general case, this special function
is defined by means of the contour Mellin-Barnes type integral

p
Gmn {U (ak)l } _qmn [a g, ... 7ap]
pg (by)d p.q bi,...,bg
1 [, T(bg — 9) H?Zl L(1-a;+s) 5 g (1.1.10)
271 o T = by +s) H§:n+1 I (a; —s)

L

Here o # 0 is a complex variable, the integers 0 < m < ¢, 0 < n < p define the order
(m,n;p,q) of the G-function, the parameters (aj)]f, (b;.)? are such that none of the poles
of I'(by, —s), k = 1,...,m coincide with any of the poles of I'(1—-a;+s),j =1,...,n and
the infinite contour L is situated in the complex plane in such a manner that it separates
the poles of these two sets of I'-functions in the numerator of the integrand. Depending
on the values of all these parameters, Meijer’s G-function is analytic in the whole complex
plane, only in the unit disk |o| < 1 or outside it. More details about the three possible
contours £ = L40, Lino in (1.1.10), the historical origin of this function and its excellent
(simple but quite general and useful) properties and numerous special cases (among them
most of the known special functions and the basic elementary functions) can be found
in any of the handbooks of Erdélyi [106, I], Luke [272], Marichev [276], Mathai and
Saxena [286], Prudnikov, Brychkov and Marichev [369] etc. A brief exposition of all the
properties of the G-function is proposed in the Appendix of this book.

Here we mention only some characteristic properties of the chosen subclass of G-
functions of order (m,0; m,m) (with m =p =q¢,n = 0):

m

(ap)" | _ 1 NOEDAPN
(bk)inl B 27ri£/ (g p(ak_s)) ds. (1.1.11)

For m = 1 and m = 2 functions (1.1.11) are well-known (see the examples in 1.2.2),
namely: they are the kernel-functions of the Erdélyi-Kober operators and of Love’s hy-
pergeometric fractional integrals, respectively. For m > 2 the function G%:?n cannot be
identified with any known elementary or special functions (except for a number of quite
particular cases). It is interesting that these kinds of functions have been used by Kabe
[153] in statistics as density functions of a random variable. Naturally, for m = 1 and
m = 2 the “beta-distribution” and the “hypergeometric”-distribution respectively are

Giim(o) = G [a
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obtained (see also [468], p. 262-263). It is worth mentioning that in 1982 McBride [289]
used the G%:Om—function as a kernel of the integral representation of the fractional powers
of Bessel type operators. After establishing the role of another Meijer’s G-function ( the
Gg},;g—function) in the theory of Bessel type operators, in 1983 Dimovski and Kiryakova
[79] also used the G%;?n-function for these purposes. This was a starting point for the au-

thor to choose function (1.1.11) as a kernel of the generalized fractional integrals Igﬁz %)

of a more general nature.

Meijer’s G%:Sn—function has three reqular singular points: ¢ = 0,0 = 1 and o = oo.
In the unit disk and outside it, this function is representable by two different analytic
functions, namely:

For |o| <1 this is the uniformly convergent integral (1.1.11), where £ = L
is a loop starting and ending at infinity and encircling all the poles sg; = by, +1, | =
0,1,2,..., k=1,2,...,m of the functions I'(b;, — s), once in the negative direction.

For |o| > 1, if we choose the contour £ = L_4 to be a loop inside which the
integrand has no poles, then we obtain that

m,0
Gm'm [a

(ar)] _
() } =0, |o|>1. (1.1.12)

The asymptotic behaviour of the G%:?n—function near the origin ¢ = 0 follows easily
by the general result (A.21), viz.:

Gm7?n(o.) — O (|O-’,LL) as o — 0’ Where M = min (bk). (1.1.13)
) 1<k<m

The problem of the asymptotics of the G%:?n—function (and more generally of the
GZ?’n—functions) in a neighbourhood of the singular point ¢ = 1 has been obscure until
recently (see [106, I, p. 221] : “ ... In this case (—1)P~"" is also a regular singular
point, however no fundamental system is known in the literature in a neighbourhood
of this point”). In 1981 Marichev [280] proposed asymptotic formulas for G%:?n(a) as
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m

o — 1, in a few variants, depending on the values of v}y, = —v —1 = > (a; — b;) — 1.
k=1

For example if v}, #0,£1,+2, ..., then

<ak>an] (o)

=% a8 1, o<l 1.1.14
o)r | T o7 h 0 (1.1.14)

m,0
Gm'm {0

For vy, > 0 this function is continuous at the point ¢ = 1. In our case ap = 7 + dz,
b = and for o, >0, k=1,...,m:

m m
—v =) 6,>0, therefore v, = & —1> —1, (1.1.15)
k=1 k=1
m
ie. vy £ —1,-2.... If Y 6 #1,2,..., then v;, # 0,1,2,... and (1.1.14) is valid.
k=1

m
Otherwise, if > 0 is a natural number, then the function G%:gn(a) has a logarithmic
k—1
singularity at the point 0 = 1. For more details see Marichev [280, p. 390].
In this book attention is paid mainly to the study and applications of the Riemann-
Liouville type generalized fractional integrals. The corresponding results for Weyl type
counterparts (1.1.9) are mentioned in Section 1.4 and used in some applications.

1.1.iii. Examples

We consider separately the cases m = 1,2 (for which many generalized integration and
differentiation operators introduced and used by various authors are included as special
cases) and m > 2 (for which operators (1.1.7), (1.1.8) are comparatively unknown and
used only in their alternative, repeated integrals representations; see further (1.2.27),
(1.2.31)).

i) m = 1. The kernel-functions of the generalized fractional integrals are the
simple elementary functions (see [286, p. 37] or [369, p. 631, (3)—(4)]):

70157
5 (1—0) o 1
Gy {a ‘ v } = { rey v V<o<l (1.1.16)
’ g 0, o> 1,
analogously,
d—1
1lv+0+1 — O 5=040) 51
1,0 Y 0,1 Y )
G {_ e } e {U - _5} :{ w0 (1.1.16%)
o |7 g 0, 0<o<l.

Therefore, for arbitrary § > 0, v and 6 > 0 the generalized fractional integrals Ig:f

(1.1.6) and Wg’f (1.1.9) coincide with the well-known Erdélyi-Kober fractional integrals
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(see [404, p. 55|, [452], [454]-[455], [164], [289], etc.), namely:

— T 6710 1
0w - | A9 " faoh)do

; r'(5)
0 ’ (1.1.17)
B_ B
_ 2B+ / (2 F(;)) e f(r) d(Tﬂ)—Igf
0
and
P 5—1,5—(y+0) 1
S e e
N 5 (1.1.17%)
B _ .By0—1
— B / %7_&7*5)]’@) d(rP) = Wg:ff(;z;).

Here the following particular cases are listed:

a) Ordinary n-fold integrations (integer n > 0):

l”f(m):/mdx17dx2... 7_1]0(3:”) dz
0 0 i

(1.1.a)
1 _
= oy [ =@ = R @)
0
and
1 o0
f(x)= = /(7’ —z)" T f(r)dr = "W, T (). (1.1.a*)
‘ X
b) The Riemann-Liouville (R.-L.) fractional integral of order 6 > 0:
1 x
_ 1)
R(Sf(x> = m /(IL‘ - 7')6 1f(7') dr = 1176]10:1 f(:lf) (1.1.b)
0
and the Weyl fractional integral (actually introduced by Liouville in 1834):
0
5 z° 5—1 Syyr—0,0 .
Wi = g [ =2 @ =W ), )

xr
including the operators of a) for integer 6 = n > 0.
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¢) The Hardy-Littlewood (Cesaro) integration operator (see e.g. [240])
Liof(x /f = g,ﬁlf(x)

and its generalization for integers m,n; n > m — 1 (for its commutant see Hristova
[139]-[141], also Section 2.3):

x

Lynnf(x) = x_m/T"f(T) dr = x”_mﬂlﬁ’llf(x). (1.1.c)

0

d) The operators, usually referred to as Erdélyi-Kober operators I, s = I;’d, K.5;=
Kg’é:

— 1)
L sf(x) = 23:1“2(57;—) /(902 — )02 () dr = I;”fsf(:v), (1.1.d)
0
K%éf(x) = ?:1;(_;; /(7‘2 — x2)7_2(7+5)+1f(7')d7' = W;’léf(x), (1.1.d%)

introduced by Sneddon [452], [454]-[455]. They follow from (1.1.17), (1.1.17%) for
(B = 2, while those originally considered by Kober [220] and Erdélyi [104] have 5 = 1.

e) The Uspensky integral transform ([499])

1

s 1 1t
F(O&l—f— l) /(1 _02)a_5f(20')d0' = §I2,12’ +2f(2’), (116)
2 0

POf(z) =
used successfully by Rusev [413], [414] in solving the problem of the representation
of analytic functions by series in Laguerre polynomials L (z), arbitrary real a #
—1,-2,..., by referring to the corresponding results for the Hermite polynomials.
To this end, the transmutation formula Uspensky([499]) is used:

1

2(—1)"T 1 1
()T (n+at )/(1—02)a 2 Hop(zo)do, n=0,1,2,... .

VT2n)IT (o + 3)

L%a) (zZ) =

f) An example of a Weyl type operator Wg’ is the transmutation operator considered
for functions, analytic in a starlike neighbourhood of infinity z = oo:

Tf(2%) = Z/wa_lf( é)da = ZW3_1§75f( ). (L1
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This operator is a counterpart of the Riemann-Liouville type generahzed Sonine trans-
formation corresponding to the Bessel type operator B = Z dZQ , proposed by Dimovski
[44], [52]. The operator (1.1.f) is used in Kiryakova [191] to give another explanation
of the Stokes phenomenon for the Airy equation % — zu = 0. For details see Section
3.7.1ii.

A generalized differential operator D, was used by Iliev [146], [147, p. 41-42] in the

o0

theory of Laguerre entire functions. For power series f(z) = > akzk (i.e. feH(Apg:
k=0

|z| < R)) this operator Dy, a > 0 is defined by

k: 1
D, f(z Zak + ))zk_l, D,z = 0. (1.1.¢")

Its right inverse operator Ly, considered by the author in [77], [196] is a generalized
fractional integral (see Section 2.2), viz.

PRER SRR

o INa(k+2
1
= Z/%aa_lf (20%)do = zlgjll’af(z). (1.1.¢)
0

Here the integral representation is an analytical extension of the series to the larger
space H_1(2) of functions f(z) = 2Pf(z), p > —1 with f(z) analytic in a starlike
domain € 5 z. The integer powers of L, can also be represented in terms of (1.1.7):

L f(z) = F18pz), k=12, .

An operator of the form (1.1.7), more general than (1.1.g), is the so-called general-
ized Gelfond-Leontiev integration with respect to the Mittag-Leffler function Ep(z;p)
(Dzrbashjan-Gelfond-Leontiev integration, see Section 2.2.). For p > 0, u € C,

o0
Ry > 0 and for power series f(z) = 3 agz* this operator acts in the following way:
k=0

k
Lpuf(z) = iak%zkﬂ (1.1.1")

and for functions analytic in a domain 2 starlike with respect to the origin, its
extension is the generalized fractional integral

1
1

(%> /(1 — J)ll)_la:u_lf (zg%) do = lelizl’ﬁf(z). (1.1.h)

0

lp,uf(z) =

17



For ;i = 1 some aspects of these operators are investigated by Tkachenko [488], [491]
and by Dimovski [72], [73] who proposes convolutional representations of the operators
commuting with [, ; or with its integer powers l§,1~ For real . > 1 results for operators
lpu, like convolutions, transmutation operators, corresponding integral transforms
(Borel-Dzrbashjan transforms) etc. are discussed by Dimovski and Kiryakova in [77],
[78] and Kiryakova [196], [206]. Some extensions for complex values of y are made by
Linchouk [258]. More details on this topic are given in Section 2.2.

Other points of view and variants of single (classical) fractional integrals and deriva-
tives, related results and applications can be seen also in: Al-Bassam [7]-[21], Al-Bassam
and Kala [22], Bora and Saxena [35], Love [264]-[266], Martic [285], Nahoushev [312]-
[314], Nahoushev and Salathidinov [315], Ross and Sachdeva [410], Shulev [449], etc.

ii) m=2. In this case the kernel function of (1.1.6) can be represented in terms
of the Gauss hypergeometric function oF; (see [286, p. 64] and [369, p.718]):

G0 [ 71+51,72+52}
22 |0
’ 717’725 5 (1 1 18)
o0 _ +do—1 1.
_ { 02(%(5?152)2 oF1(72 + 02 —71,01501 + G251 — o) for o < 1,
0 for o > 1.
(V)5 (0k)

Therefore, the operators I

3.2 are the so-called “hypergeometric fractional integrals”:

15 12) 51362
Hf(@) = 157 f (@)

/ o2(1 — 0_)51+52—1
a / ['(d1 + d2)

(1.1.19)

2Fi (72 + 82 — 1, 61561 + 8531 — 0) f (g;gﬁ) do,
0

introduced first by Love [262] and considered in different modifications by Tricomi [493],
Kalla and Saxena [177]-[178], Sprinkhuizen-Kuiper [457], Koornwinder [233], Saigo [415]-
[418], [421], McBride [289], Saigo and Glaeske [422], Saigo and Raina [424] and other
authors. For more particular choices of the parameters (v1,72), (d1,02) fractional inte-
gration operators involving confluent hypergeometric functions and Bessel functions (see
Lowndes [268]-[269]) as kernels can be derived, among them operators involving orthog-
onal polynomials and even elementary functions (see for instance the extensive table of
examples of Gg:g-functions in [369, p. 630-727]).

Here we mention only a few examples.

j) The simplest “two-tuple fractional integrals” are: the two-dimensional fractional
Riemann-Liouville integral

P _ a—1(1 _ b6—1
RO f(z) = / / a Ulg(a)(rl( 5)02) flzora)dordoy = TP p@)  (1.14)
0 O
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D

and the two-dimensional Weyl integral (cf. [387]-[390]):

—1)* gy — 1)1 e
WP f(x) // & 0(25) ) f(zo109)doydoy = W1(,2a’ ﬂ)’(a’ﬁ)f($)~

(1.1.j")
The reason why (1.1.j), (1.1.j’) are referred to as fractional integrals in the sense of
Definitions 1.1.1, 1.1.2 will become clear after obtaining the decomposition theorem in
Section 1.2. (the same holds for the other examples of repeated integrals referred to
below, e.g. in Case iii).

For the second-order Bessel type differential operator B = x%%xo‘l%x% with 8 =
2

2 — > ap > 0 McBride [289], [291] proposed integral representations of its fractional
0

powers B~% a > 0 (more exactly, they are positive powers of the right inverse integral
operator L, see also example o) ):

B f(a) :% 7 («" - Tﬁ)”‘l
0

(1.1.k)
s
X ok <’72 M+ o, 052051 — x—5> f(r)d (7-5> 7
T

where v; = %(al +az—1), 72 = %062. This means that the operators B~%, a > 0 are
generalized fractional integrals of the form (1.1.19):

ﬂ a alta—1 ag
rre (Z_> 1 T ) a0

It will be seen further (see Sections 1.6 and 3.1) that the positive powers of B them-
selves are generalized fractional derivatives. For the more general Bessel type opera-
tors of arbitrary order m > 1 see example o) below.

In a series of papers [415]-[418] Saigo introduced the following pair of operators of
fractional integration :

—(a+h)
19 () = xl“(a) /(x — )R (a + B3, —n;0;1 — %) f(r)dr (1.1.0)
0
and
JOBN () = /T_x )00 S, (ot B~ s 1= 1) f(r)dr (111
(a ) ) T

0
for a > 0, real 3,7 and for functions of the spaces (1.1.1), (1.1.2) respectively. Written
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in terms of the notations Igﬁi wk), Wgﬁz k) they look as follows:

Iaaﬁ777 — x_ﬁl(n_ﬁao)a(_naa""n);
JO[,,B,'I] — x—ﬁWl(ga—Za—ﬁ—Qﬂ),(—ﬁ,aJrﬂ)‘ (111/)

Saigo used these operators ([419]-[421]) in solving boundary value problems for the
Euler-Darboux equation. A modification of operator (1.1.1), defined by means of the
Hadamard product of series (o):

F(a,b,c)f(x) = {zoFi(a,b;c;x)} o f(z) = %11(72—2,6—2),(1—@,0—@ (1.1.1)

is considered by Hohlov [135]-[136] for the purposes of the theory of univalent func-
tions. Saigo’s operators (1.1.1-1') are used from the same point of view in [418].

iii) m > 2. In this case operators of the form (1.1.7), (1.1.8) are considered less
often and are used mainly in their alternative representations (1.2.27) without using the
G-function. Nevertheless, let us list here some examples:

m) The simplest example is the operator " of n-fold integration (1.1.a), this time consi-
dered as an n-tuple fractional integral. To this end, it is necessary to use the following
corollary

(1—t)t

(n— 1) "

1—n nao
n "Gpln

(%),
o
n 1
of a more general formula (see [272, I, p. 150, (5)] or [286, p. 6, (1.2.5)] ). So, " can

be written also in the form

o 3
—_
I

~ait

1 1

" f(x) :xn/wf(:z:t)dt: o /t”—l(;Z;%
0 0

(n—1)!

1

-y e

0

<§ - 1>1 B (1..1.m)

n) In [274], [434] Marichev considers an integral operator with the Horn Fj-function as
kernel ([106], I, p. 223) and PRc > 0:

T
T

Ff(z) = /%Fg(a, a b b 1— ; L= ) f(r)dr (1.1.n)

for Lebesgue integrable functions of the form (1.1.4). Using the representation [369,
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p. 727, (2)]:

1— c—1 1 1— c—1 1
¢F3 a,d bb,c,1—=1—0 =¢F3 a,d bb,c,1—0,1—=
I'(c) o I'(c) o

3,0
et [

we can rewrite F f(x) in the form of a “3-multiple” generalized fractional integral

a+b,c— a' c—b/
a,b,c— a—b’

}, Re > 0,

(1.1.0)

I(a b,c—a'—b'), (b,c—a/—b,a,)f(x).

Further (see Section 1.2), we establish that this generalized fractional integral can be
represented as a composition of three commuting FErdélyi-Kober operators, for instance

Ff(x) = aCI 0 e =bpema'=tha (1.1.0")

Y

or in terms of Riemann-Liouville operators (see also [434], p. 158, (10.46)):
Ff(zx)= oV RY ¢V ge-a'~by—apgbya (1.1.0"")

o) In a series of papers [64]-[71] Dimovski considered the hyper-Bessel integral operator

/ /[Hﬂ’“] 2(th, . t) P | dty ... dim (1.1.0)

as a linear right inverse operator (BL = I) of the most general differential operator
B of Bessel type and arbitrary order m > 1:

T d d d
B=z" — =gt M g0m .
T IH (xdg,‘ + 5%) T T A 6>0

The operator L can be rewritten in the form (see Chapter 3)

1 0
f(z) ﬁm/G { ‘Wf)+ i ]f(xo—ﬁ) do—:ﬁ—mfgfgg*”f(x), (1.1.0')

and therefore it is a generalized fractional integral of arbitrary multiplicity m > 1 with
arbitrary multiweight v = (71, ...,vm) and multiorder 6 = (1,1,...,1). Chapter 3 is
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devoted entirely to the generalized m-tuple fractional derivatives and integrals B and
L, called hyper-Bessel operators. It is shown that the transmutation operators related
to them (the so-called Poisson-Sonine-Dimouvski transformations) are also generalized
fractional differintegrals, representable by means of the Meijer’s G-function.

p) As will be seen in the next Section 1.2, every composition of m arbitrary Erdélyi-
Kober operators with the same 3 > 0:

B ()

/ / [ (1 —t 5:) 1t7k] ¥ [m(h .. .tm)%] dty ... dtp, (1.1.p)

has also the Igfg %) _pepresentation (1.1.6):

- {Ig2’62 o (It (@)) | = 15O ()

- Jeu
(1.1.p)

and this fact is the key for many useful applications of our generalized fmctional cal-

culus. Due to the simple properties of the G-functions and of the ng) (k)

k)+ )T 1 f (m%> do, Vf € Cu, a>max[—B(v; + 1)]

-operators,
we are able to use more effectively the operators

(Vk)-(0k) det a ")
Igm [T
k=1

Most of the results in Chapters 3, 4 and 5 are Corollarles of this property which

can be considered either as a composition theorem for I ﬂ%) k)

decomposition theorem with respect to Igfr)b (0k)

-operators (1.1.p), or as a

-operators (1.1.p/).

1.2. The I(gk) (k) —operators as integral transforms of convolutional type and
as compositions of Erdélyi-Kober operators

Lemma 1.2.1. The multiple Erdélyi-Kober operators (1.1.6) are well defined in the space
Co with o > mlgl,x[—ﬁ(’yk +1)] and preserve there (up to a constant multiplier) the power

functions :

m Ty +5+1)

TOROR) £ py 2P where ¢, =
g = cp P Hr(ykﬂs,ﬁ%ntl)

, P> a. (1.2.1)
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Proof. First we verify the correctness of Definition 1.1.1. Let f(z) = 2P f(x) be a
function of Cy, i.e. p > «, f € C[0,00) which yields the boundedness of f in every finite
interval [0, X], X > 0. Due to property (A.14) of the G-function, we obtain

1
m ~ 1
Igfri,(ék)f(x) = /G%:?n {U 8’6)_7{;—1616)1 ] xpg%f(xaﬁ)da
’ k)1
(1.2.2)

0
/ [ | (v + 0 + BT
Tk kT3l | 7 %
::cp/Gm’O a‘ g 1f:c05 do.
A T A

According to (1.1.13), Gm:?n(a) = O(o") as ¢ — 0, where u = n%{in(vk + p/B). Since
p/B > a/f and a > mgx[—ﬂ(vk +1)] yield v, > —1 - % for k = 1,...,m, we obtain

that 4 > —1. On the other hand, f(zc'/?) = O(1) as o — 0. Therefore, the integrand
of (1.2.2) is O(o#), u > —1 as 0 — 0.

It remains to investigate the asymptotic behaviour of the term G%j?n[a]f(:ral/ B) near
the other singular point 0 = 1. This is determined by the behaviour of the G-function
there. Let us make use of Marichev’s results [280] (see also (1.1.14)):

*

(1 —0)"m

m,0
Gl 1)

aso —1, o<1,

for vy, = (30)L, 0k) — 1 # 0,+1,£2,... Here >}, 6 > 0 and therefore 15, > —1, i.e.
v # —1,—2,... is fulfilled. In the case that >} 6 =1,2,3,... and vy, =0,1,2,...,
in the above formula a logarithmic term appears (see [280, p. 390]) which does not
weaken the convergence of the integral. So, the conditions

fykz—l—%, 5, >0, k=1,...,m, (1.2.3)
ensuring that > —1, v, > —1 turn out to be sufficient for the absolute convergence of

the improper integral (1.2.2) in C,, and for the correctness of Definition 1.1.1.

It is interesting to evaluate the image of the function f(x) = 2P, p > a. Equality
(1.2.2) implies that

— D
do = z"¢cp.

o +p/B)"
TORGR) p p/Gm,o { ‘(wﬁ k i
C 7\ (v, +p/B)

The value ¢, of the integral above can be easily found according to Lemma B.2 (see
Appendix, (B.4)) and gives (1.2.1).

Note. For p > « of the form

p = B[—(v + 6 + 1) — j] with some integers j =0,1,2, ... , k=1,...,m,
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the coefficient ¢, = 0 and therefore,
1RO {40} = 0, (1.2.1)

This is a corollary of the fact that the corresponding factor I" (’yk + 0 + % + 1) in the

denominator of the constant ¢, has a pole —j = i + 6 + % +1(j=0,1,2,...).
In the same way the images of the other basic functions of C, can be found. For the
sake of completeness, we adduce here the following comparatively general result.

Lemma 1.2.2. The I(%)’(ék)—image of a G-function of Cy is also a G-function whose

B,m
last three components of the order (u,v;o,T) are increased by m, namely
\O m O
70R):%) {Gu,v {wmﬂ ‘ (e)i H _ gt {wxﬂ ‘ (=" ()] . (124
I Sl A ) Bl R TR Y S L R

Proof. Due to property (A.14), it is sufficient to consider the case o < 7. Then
Gﬁ:? [wxﬁ] =0 <xd*> as x — 0,

where d* = fmind; and the condition d* > a > max [—0 (7% + 1)] can be written in the
J
form

in d; in g > 1. 1.2.5
ESE AR =L (125

Let o # 7, for instance o < 7. Then,
f(2) = G5 [wa?| = 2" J(x)
with d* > o and a function
d*U
(i = %) ]
d*T )
(4~ %)

continuous in [0, 00), provided that (1.2.5) is satisfied.

To evaluate the integral (1.2.4) we use the known result (A.29) (see Appendix) for
integrals involving products of two G-functions and also the fact that Gm:?n(a) =0 for
o> 1:

flz)=GhHY [w:cﬂ

_ 5 ym i o
Z/G%Z%L o 8’;;; 2 GhY |waPo (01)17 do

m O
— qHvtm l Jé] ’ (=) (€i)9 _
CEENT, (e — 0T
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The major part of the conditions usually required for the validity of the formula (A.29)
(see Luke [272, I, p. 159-164]) concern the behaviour of the integrand to infinity and
here they are superfluous. So, we shall require the conditions (1.2.5), 0 # 7, w # 0,
largw| < prwith p=p+v—2L >0, ¢,—d;j #1,2,3, ..., i=1,2,...,v,j=1,2,...,p
to be fulfilled. The same result, under some specifications, is true for ¢ = 7, p > 0 too.

This lemma allows us to find the images of almost all the elementary and special
functions, being special cases of the G-functions.

1.2.i. Mellin transform of fractional integrals and corresponding convolutional
representations of them

One of the most commonly used tools in studing fractional integration operators and
other convolutional type integral transforms (see e.g. Kalla [157]-[161], [163]-[164],
Marichev [276], McBride [288]-[290], Tuan [495], [496], Tuan, Marichev and Yakubovich
[497], etc.) is the well-known Mellin transform

oo

M(s) = M{ f(x): 5} = /xs_lf(x)dx (1.2.6)
0
with its complex inversion formula
f(z) = %ﬂ/m(s)x_sd& (1.2.7)
C

For more details about the contour C = L0 4400, conditions for existence and inver-
tibility, see for instance [451], [107], [90], [276, p. 31-35], etc. The operation

o0
i

fog@) = [ 1(2)an (1.28)

T T
0

is a convolution of the Mellin transform (Theorem for the Mellin convolution):

M {f o g(x); s} = M{f(a); s} M{g(x): s} (1.2.9)

As is done for instance by Marichev [286, p. 32], here we confine ourselves to the
subspace

Coar = {f(x) € Cl0,1]NC[L,00); |f] < Az®,0 <z < 1; |f| < Az®",z > 1} (1.2.10)

of the basic spaces Cy, C}+. For a* < a the Mellin transform of f € C, o+ exists in the
vertical strip {Rs = v, —a <y < —a*} and defines there an analytic function 9(s).

Theorem 1.2.3. For function of the subspace Cy o+ C Coq the operator Igyfrz’(ék) has the
following convolutional representation

5 % 1 + 0 + 1) 1
G () =amn[F T er () e
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by means of the Mellin convolution (1.2.8) and the Mellin images ofI f and f are
related through the equality

m {150 f(a):s} = ﬁ ; é Ezlfé = 1>1> M {f(x); s} (1:2.12)
5

Proof. Since Gm’m(x) = 0 for 7 > z, then using also (A.15) we obtain

T

()= fesn [l o) T

’ (=% — o) T

Il
0\8 =}

Gom § (=77 ]f<T%>d_T

_ oom (=) 3\ _ mo [ 1Ok +o + 17" ]
= G [x <—vk16k>?%]°f<“>—%m L- (et )m ] £(7

which is (1.2.11). According to property (1.2.9) it follows that

Ok ¢ (5. ) om 2| (=" . 5).
m{lﬁfn f(IL‘B),S}—m{GmJn |:; (_,yk_(sk){n ;S gﬁ{f (Iﬁ)78}.
After routine calculations using the following property of the Mellin transform ([107, I,

p. 307, (7)]):

Q=

)

Dﬁ{xﬁF (amh> ;s} _ _h#im{F(a:); 5—;6} (1.2.13)

for a > 0, h > 0, one can find for s; = fs:

m

(=71 ”1};§%}ﬂﬁ{fcr%81}'

M{If(x);s1} = m{G?”'"‘mm {m (=% — 0p)1

The known formula for the Mellin transform of the G-function (A.25) gives

CRNCAPVRREE o O (-3 +1) .
o {15 ’“f(fc),S}—IHF<%+51€_%H)?ﬁ{f(m),sl},

which completes the proof of the theorem.

Theorem 1.2.3'. Using property (1.2.13) we can find also the Mellin transform of the
generalized fractional integrals of form the (1.1.7): Rf(x) = xwo]gg’(ék)f(x), dg > 0,
namely:

C(w=5-0+1)
’Yk;+5k;_3—50+

M{Rf(z);s} = H ( >2)Jt{f(x);s}. (1.2.14)
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Let us discuss some special cases.

Corollary 1.2.4. The convolutional representation of the Riemann-Liouville fractional
integral (1.1.b) is:

5 _ (55_7')5_1 -1 f 1,07
R —O/Wf(T)dT—x 0/G171 |:E

_ {gﬁG};i’ E \f* : } } 0 f(x) = {%} “f(2),

where (x) is the Duhamel convolution (2.1.1).

HEGL:
(1.2.15)

Corollary 1.2.5. For the Erdélyi-Kober operators, Ig’é Theorem 1.2.3 yields the convo-
lutional representation

131 () = i

(1.2.16)
_ 5 (@ — 1)+ 4
{x (7+0) ) }of (mﬁ>
and the well-known result (cf. McBride [289, Theorem 5.4.]):
Ffy—3%+1
{1307 ()5} = 0 =5+1) M {f(x); 5} (1.2.17)
r (fy +5— 5+ 1)

Corollary 1.2.6. In the case m = 2 the statement of Theorem 1.2.3 takes the form: tbe
hypergeometric fractional integrals(1.1.19) have convolutional representations

IR HE

p, (1.2.18)

Y1+ +1,72+0+1 of( %)
’71—{_1772_*'1 .

(the Gg:g—function can be expressed also in terms of the o Fy-function). The Mellin trans-
form is:

r(%—%H)r(%—%ﬂ)

MA{H f(z);s} = ; :
F(’Y1+51—B+1)F<72+52—B+1

)gﬁ{f(x),s} (1.2.19)

The above results, specialized for the operators (1.1.1) give:

Corollary 1.2.7. The Mellin transform acts on Saigo’s fractional integrals Jo8:m (1.1.1-
!') in the following way:

'n—s+1IN(B—-s+1)
Fl—=s)l'(a+p+n—s+

zm{lav/’v”f(x);s} - 1)9)t{x—5f(x);s}. (1.2.20)
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For arbitrary m > 1 we have such a particular result.

Corollary 1.2.8. Let us consider the hyper-Bessel integral operator L (1.1.0-0'). The
Mellin convolutional representation

Lf (x%> = 55—1 {G%ﬁm {x

<—vk>§_”1)m] o f (ﬁ)} (1.2.21)

(_Wc 1

and its generalization for the fractional powers L)‘, A > 0 (see McBride [289], Dimouvski
and Kiryakova [79]) following from Theorem 1.2.3 and are used in Chapter 3 for devel-
oping a new approach to the hyper-Bessel operators. Their Mellin images can be derived

immediately from (1.2.12') by taking into acount that 5o = 6 = -+ = &y = 1 and
A
% = %, for example:

SR B )

gt T e —%+1
kl_l (w3 (1.2.22)
= o o { o f(w); s}
[T By —s)
k=1
70K 08

This list of corollaries can be easily extended for any of the special cases of Bm

operators mentioned in Section 1.1.iii.

1.2.ii. Decomposition of the multi-Erdélyi-Kober operators

It is known that most of the integral transformations can be represented as composi-

tions of other, usually simpler integral transformations. Decompositions of the I W% k)

operators in some particular cases, especialy for m = 2, were proposed by Love [262],
Saigo [415] etc. In a more general aspect this problem is considered for convolutional type
integral transforms by McBride [289], Brychkov, Glaeske and Marichev [44], Marichev
[281], Marichev and Tuan [282]-[284], Tuan [495]-[496], Tuan, Marichev and Yakubovich
[497], Nahoushev and Salathidinov [315], Samko, Kilbas and Marichev [434] etc. These
papers propose a new approach to integral transformations, developed in details for the
G- and H-transforms of convolutional type by Tuan in [496], Nguen Hai and Yakubovich
[317], Saigo and Yakubovich [426], etc.

Here we propose a particular result describing the composition structure of the gen-
eralized fractional integration operators considered in this book.

Combining the results (1.2.17), (1.2.12), we find that the Mellin image of the operator
TOk),(Ok)

Bm

is a product of the Mellin images of the Erdélyi-Kober operators ng’ék, k=
1,...,m:

migg o= M) oo
k=1
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This is quite naturaly, since the same is true for their kernel-functions taking part in the
convolutional representations (1.2.11), (1.2.16):

wfein i o} - It - {7 ]

(1.2.24)

)5(0k)

This fact suggests the conclusion that the operator Igﬁl itself is a composition

of the commuting Erdélyi-Kober operators Ig’“’ék, k=1,...,m. Before formulating the

result, let us consider the operator generated by such a composition. We shall

denote it by the same symbol: Iﬂpy"C ) Ok)

Lemma 1.2.9. The operator
(6 def ™ Om m—1,0m—1 ,51
e e D))

/ /H [ 1_0k 5k : %] f [x(al...am)ﬂ doy...dom, (1.2.25)

where ng’ék, k=1,...,m, are Erdélyi-Kober fractional integration operators of the form
(1.1.17), is well defined in the space Cq, a > max [—B (v +1)], does not depend on

the arrangement of the multipliers ng’ak k=1,...,m and the Ig’“)’((gk)-image (1.2.25)

of any power function f(x) = xP € Cy coincides with its Ig’f)( k) -image (1.1.6), i.e
formula (1.2.1) is again true:

m T <7k +5+ 1)
Ig%’(ék) {2P} = cpaP with ¢) = H b
’ k:1F<’Yk+5k+%+1)

forp > a. (1.2.26)

Proof. Let f(z) = aPf(x), p > max [—8 (v +1)] and hence, %—k e > -1, k=
1,...,m. Then the integral (1.2.25):

1 '7k+g

m 1_ (Sk _ 1
1000 () _xp/ /H "’f Tk f[x(gl...am)é]dal...dam
0 k=1

(k)
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is absolutely convergent, since

}[$(01...0m)%]‘d01...d0m

For f(z) =1, ie. f(x) =P with p > a, we obtain formula (1.2.26).
Due to the Weierstrass theorem, a continuous function f € C[0,00) can be uniformly
approximated on every finite interval [0, X], X > 0 by means of the sequence of polyno-

mials P, (z) = Z an, p¥. n =1,2,... . Then the function f(z) = xPf(z) itself can be

approximated by the sequence of functions
fn(x) = 2P Py (x Zankxp+ , p>a, n=12...

By virtue of Lemmas 1.2.1 and 1.2.9, the operators , Igfri’(é’“) defined by (1.1.6) and

)

(1.2.25) coincide for such functions, namely:

n

0 0k)
Iggx k>fn(m)zzan7klgg,< k) {xpw} Zank Al
k=0

Hence letting n — oo we find that these operators coincide for each function f(x) of
space the C,, being defined correctly there. This proves the following basic proposition
for which we also give another direct proof (by means of mathematical induction).

Theorem 1.2.10. In Cy, o > m}gx[—ﬁ (i + 1)] each multiple Erdélyi-Kober operator
(1.1.6) with 6, > 0, k=1,...,m

IR0 g /G { ’ 7’“; 2 }f(:::a%) do

can be represented also by an m-tuple composition of commuting classical Erdélyi-Kober
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fractional integrals (1.1.17):

Ing) 51@ (H [7k75k>

(1-— ak 5’9_10]?“ 1
/ / f [m(cl...am)ﬁ doy...dom,
L'(dy)
and conversely.

Proof. To prove (1.2.27) we use the method of mathematical induction. Without loss
of generality, we can assume for brevity that § = 1 (see Lemma 1.3.3). For m = 1 we
have already seen that

(1.2.27)

1

—0 5_10
R L

[o'””}f(m)da-fg; f(@).

Consider the case m = 2. Writing I; (7’“)1’(5’“ H 1, 7% i) the form:

k=1
( 5 ) / (ZC — t2)52_1 (1461) “ (tg — t1)51—1
— Y2402 Y2 — (71101 71
x / AR 28 ¢, / STy t1f (ty) dty p dty

xT

01—1
'72+§2 / t t'71 dt / ('CC B t2) t’Y2 Y1—01 (t2 - tl) dt
f(th) ) A Ty Y

131

we can evaluate the inner integral, after changing the order of integrations by virtue of
Fubini’s theorem. According to [368, p. 301, (1)], its value is

(.fC — t1)61+52 1 Ny — tl tl
L'(6, + 62) ty* . 2F1(’72+52 Y13 01301 + 0951 E>

It remains to change the variable and to use (1.1.18), whence

1
I;E:};1772)7(51762)f($) — /Gg:g |:0.
0

Y1+ 01,72 + 02
V1,72

] Flao)do = 170 {175 (@)}

Suppose now that assertion (1.2.27) is true for the all (m — 1)-tuple operators, that

m— 5 m—1 m—1 5

k=1

is:
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Then, for arbitrary m > 1 we have:

m75 " m m 76 mafsm 6 et
If’%gh (0k)y f( _ I’Y (H I'Yk kf ) _ IiY (va/fz)ll (Ok)1 f(x))

y Om—1
= x_('}’m'f'ém) / —(.CE _ tm) " t’ym
m
L'(6m)

82)?5?)?1_1} F(tm—s)dtm—1 o dtm.

t
1 m—1,0 m—1
X t /Gm 1,m— 1[

Due to Fubini’s theorem, we change the order of integrations:

T T
Om—1
—t m
IR0 pa) = et [ () Sy [
0

I'(6m)

ts
(Ym — )7 "

(Ym — Y% — 0)7"

m—1m—1 tm 1

> GO,m—l { tm

Since G70nm1;n 1 [t;ml} = 0 for ty; < tm—1 (see (A.12)), the inner integral written as

an integral from 0 to z can be evaluated as a Riemann-Liouville fractional integral of a
G-function (A.23). Its value is

_
G0 {m_l

(1 —ym — 0m + + )71 ]
X

(1 — Ym — Om + ’7k)71n_17 1=

In this manner after routine transformations using (A.14) we obtain :

(v + 5k) Y (Ym A+ Om) }

V)T vm f (tm—1) dtm—y

x
(6 - 0 |[tm—1
08 s = [ ot |
0

1

_ /G,”;{;?n [a ‘ 82)?6’%1} f(z0) do,

i.e. the operators Ilw“ 1O defined first by (1.1.6) and then by (1.2.27) coincide for
arbitrary m > 1 in the space Cq, o > max [—8 (7% + 1)], where both of them are well

defined. This completes the proof.
Note. The commutability of operators ng’ék, k=1,...,min (1.2.27) is also a simple

m
corollary of the fact that the kernel-function of the operator Igfn) (Ok) — I1 ng’ék, the

k=1
(v + 0x)7"

function Gm:?n [0 ’ ()"
k

} in (1.1.6), is symmetric in the parameters (g + 0x)je;
(Vs -
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Consider now some corollaries.

Corollary 1.2.11. The hypergeometric fractional integrals (1.1.19) are compositions of
two commuting Erdélyi-Kober operators and can be written also by means of repeated
integrals:

1y /)2 51762 2762 1761
H f(x) = T30 000 (@) = [P0 f(w)

51 1 52_1
151751172752]0 // (5 )02) 0‘1%0‘272]0 [CL‘(U102)%] d01d02.
2

0 0
(1.2.28)

Corollary 1.2.12. In particular, for Saigo’s fractional integrals (1.1.1) the following
decompositions hold:

Iaaﬁanf( ) — x_ﬂln_57_nloua+nf( ) — x_BI?’a+nI?_ﬂ7_nf(x)

— o) (1 o) 1.2.29
_x_ﬁ// 1 0'1 (la _:';; a?_ﬂf(xalag)daldgz ( )

for functions of C, A > max(—n+ f — 1,—1) provided a > —n > 0. The same de-
compositions are obtained by Saigo [415, p. 138], written in terms of Riemann-Liouville
operators as follows:

1900 f () = 2= BRI RN f(2) = R™Ma PR f(z). (1.2.29')
Corollary 1.2.13. For m = 3 from Theorem 1.2.10 the decomposition (1.1.n")
Ff(:li‘) _ Iclablbc a’ bI1C a' -V a ,f(x)
of Marichev’s Fs-fractional integral (1.1.n) can be obtained.

Corollary 1.2.14. The representations (1.1.0) and (1.1.0') of the hyper-Bessel integral
operator L are equivalent, since

2P g
L= 2 om0 H el L H (IR |
Bm ﬂ m ﬁm pgm P

This result of McBride [289] and Dimovski and Kiryakova [79] is used repeatedly in
Chapter 3. Another example of an (m — 1)-tuple fractional integration operator is the
generalized Sonine transformation

_ m+1)—1 k 9
SOf( ) g™ )~ / / akk
A= —va) (1.2.30)

m 1
Xf[fﬁ( .tm_l)ﬁ] dtl...dtm_l,
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proposed by Dimouvski [68]-[71] and playing the role of a transmutation operator from L
to the m-fold integration I', viz.
m
m
oL = (—) M.
B

According to Theorem 1.2.10, the Sonine-Dimovski transformation (1.2.30) can be writ-
ten also in the form

» R
or () a0 )

m—1,m—1
V)T

1 m
= xﬂ(va“mTﬂ) /Gml’o {a ‘ ('ym + m)1 } f <xa%> do.
) (

This representation is more useful in various applications; see for instance Sections
3.5, 3.6, 3.7, 3.8. On the base of Theorem 1.2.10 new simpler representations using G-
function can be found also for the generalized Poisson-Dimovski transformations (Chapter
3). They are used in Chapter 4 for obtaining new Poisson type integral representations
of the hyper-Bessel functions of Delerue and more generally, of the ,Fy-functions with
p <gq.

These and other examples reveal the important and two-fold role which Theorem

1.2.10 has in the theory of generalized fractional integrals. Firstly, every operator [ (771;2 /(O%)

b

of the form (1.1.6) with G%:?n—function as kernel can be written by means of repeated

I W% Ok) of an arbitrary

integrals without a G-function . Conversely, every composition
number of Erdélyi-Kober operators can be represented by a sinfple integral involving
Meijer’s G-function. Such compositions arise very often in various problems of analysis
and its applications. Their properties, inversion formulas etc., can be easily found if one
uses the simple integral representations and the usefull properties of the G-function .
This is the key to the most of the applications considered in Chapters 3, 4 and 5.

(7k)>(0k)
I5m

1.2.iii The operators as isomorphisms in Cj,

Theorem 1.2.15. The multi- Erdélyi- Kober operator

1
O oy [ ~m0 (v + 03) " 1
st = [ o] (0" | £ (o?) do

’ 1

://ﬁ [%a%’“]f{x(al...am)é doy...dom

is an invertible linear mapping of the space Cy, o > max [—B (v + 1)] into itself. If

(1.2.31)

0] +1 or non integer &
nk:{[k] J T 1 m, (1.2.32)

0y, for integer 0y,
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then in the image-space

I('Yk)v((sk) (Ca) — O&nl+"'+nm) c Cy, (1233)

B,m

the following inversion formula holds:

f ((mem)%) = <ﬁ xl:yk) % {g< )ﬁ l~c+5k}7 1 2'34)
k=1 1

‘tbl'-‘

.. 0xyy

where g(x) = Igﬁi 5k)f( ).

Proof. If f € Cy, then Igﬁz’(a’“)f € Cy too as is seen from the proof of Lemma 1.2.1.
This can also be seen as a corollary of the “decomposition” Theorem 1.2.10. Indeed, the
well-known result for the Erdélyi-Kober operators:

IF% : Co — CIW C Cy

yields that

m
[=[]1F%: Co — CEPFm) c
k=1

(Vk)>(0k)

It remains to prove that [ is an injective and surjective mapping. We shall

prove this directly by establishihg that the unique solution of the integral equation

IR O8) () /G { ‘ ’Yk)‘|‘5k> 1f(m%> do =0 (1.2.35)

is the function f(z) = 0.
Let us put 2% = 21...2m, opxE = T, k= 1,...,m in (1.2.31) and multiply by
$¥1+61 .. .:L'?anm # 0. Denote by

@l

b(z1,...,Tm) = [ﬁxzk] f [(.ﬁL’l.’L'm) ]
k=1
and o
c(xy, ... ) = [H xZ’“Mk] g [(ml . xm)%} .
k=1

D tmm Sp—1
c(xl...xm):/.../< M)b(ﬁ,...,Tm) dri...drm.  (1.2.36)
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When g(z) = 0, we obtain equation (1.2.35) written in the more convenient form

T T, N 51
// [H %] b(Tl,...,Tm) dTldTm = 0. (1235’)
0 0 Lk=1

Now the following theorem is applicable.

Theorem of Mikusinski and Ryll-Nardzewski ([307]). Let the functions a(zy, ...,
xm) and b(xy,...,xy) be defined for xj. > 0, k =1,...,m and have the form

A - ~
a(zy,. .. xm) =2 . apra (. wm); b (@, am) = 2 (2, o)
with A\, > —1, pp > =1, k = 1,...,m and continuous functions a(xi,...,xTm),

B(ml, cesXm) forxp >0, k=1,...,m. Then the equality

Xq I
/.../a(wl—Tl,...,xm—Tm)b(Tl,...,Tm)dTl...dTm=O
0 0

yields that a =0 or b =0 at least.
6k 1
Let us choose now a (z1,...,T,) = H?ZT) The conditions ;. > 0, k =1,...,m
k k

yield 0, —1 > —1, k =1,...,m. The function b (z1,...,z),) has the form
Tkt L dLT
HZU ﬂ [ Ty - f@} H Zba:l,...,a;m) with pup > -1, k=1,...,m

since p > meax [—8 (v +1)] and pp = v + %. Then due to the above cited theorem, it

follows that b(xy,...,xmy) =0, that is f(x) =0
Equation (1.2.36) can be written in the form

ROR% ...RO™ {b(x1,...,xm)} = c(z1,. .., xm) (1.2.36')
with Riemann-Liouville fractional integrations Rx17 cee Rg’;’% with respect to the variables

ZT1,...,%y. In this manner we find the inversion formula

DX D% ... DI {c(x1y. . am)} = b (21, Tm),

or in terms of the functions f(z), Ig%’(ék)f(x) =g(x) € Cé"ﬁ"'”m) :

m
1 _ 1 5
f <($1,---,xm)5) = <ka%) D3 D% ... Dim {g( g) Haﬂw k},
k=1

which is (1.2.34). The theorem is proved.
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Let us note that inversion formula (1.2.34) is a modification of Dimouvski’s formula

[68], [69] for the generalized Sonine transformation (1.2.30). Another type of formula
(Vk)(0k)
1

B;m
will be proposed in Section 1.5. It is related to the G-function representation of the

generalized fractional integrals.

for inversion of the -operators , without the use of functions of many variables,

Corollary 1.2.16. The generalized fractional integration operators
,(0
Rf(x) = 20180 f(z), 6y > 0

: it 41
map Cq into Cc(w:ﬁéo m) C Coi 6,

Results analogous to Theorems 1.2.10 and 1.2.15 can be proved also for other kinds
of functional spaces, for example in L, 5, or H,(£2) (see definitions (1.1.4), (1.1.5)). The
corresponding result for Lebesgue integrable functions can be found in [434], namely as
a suitable specialization of the more general result [434, Theorem 10.7]. This gives the
following analogue of Theorems 1.2.10 and 1.2.15 for the case 3 = 1.

Theorem 1.2.17. Let us consider LP(0,00), p > 1 and let the conditions
1
BO+M) > 20 >0 b=1,m (1.2.37)

be satisfied. Then the operators

ngﬁk _ [:1:_(7’“+5’f)R5k$7’“} 5 E=1,....,m (1.2.38)
r—X

commute, their composition can be represented also in the more concise form

s = [t [o| (™ | seohar 29

and this operator maps boundedly the space LP into itself:

I/g)/’,k;za((sk) . Lp(07 OO) —_— Lp(O, OO),

namely:
1
I (41 55)
b T (o + 0+ 1— )

In particular, for p = 1 we obtain that the conditions under which the operators

Il%’ék, k=1,...,m, commute and their product I(Wfé’(ék‘)

<

HI(%),(%)‘

B,m

< Q.
p

acts from a space into itself,

are equivalent for the spaces C_; (o = —1) and Ll(O’, o0) (p = 1), namely:
>0, 6,>0, k=1,...,m. (1.2.40)
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They are corollaries of conditions (1.2.3) and (1.2.37) for p = 1.

More general theorems for operators written by means of Fox’s Hnﬂf”fn—function and
in the space L, ;(0,00) are proved in Chapter 5 (see Theorems 5.1.3 and 5.2.1). Re-
sults concerning analytic functions in starlike domains have been mentioned in Examples
(1.1.c), (1.1.e), (1.1.g), (1.1.h), (1.1.1). Here, we only meniton the corresponding result,
analogous to Theorems 1.2.10, 1.2.15, 1.2.17, namely:

Theorem 1.2.18. Consider the classes of functions (1.1.5):

5u() = {£(z) = #F(2): F(2) € 5O}, 90(Q) := H(9),

where > 0 and H(QY) denotes the space of analytic functions in a domain Q C C,
starlike with respect to the origin z = 0. Suppose additionally that the conditions

e > —% ~1(ie p>max[F (D), G >0 k=1...m (1.2.41)

are satisfied. Then, the Erdélyi-Kober fractional integrals (1.2.38) commute and their
composition is represented as a generalized fractional integral (1.2.39):

1
M 0 — 1()+(6k) _ m,0 (v + 0" 1
Iglgk k] f(z) _Iﬁﬂ’% M f(z) —O/Gm,m {a‘ ()" 1 :|f<zgﬂ>d0" fenuQ).

(1.2.42)
This operator maps Sﬁu(Q) into itself, preserving the power functions up to a constant
multiplier (as in formula (1.2.1)) and the image of a power series f € 9, (]z| < R) C

Hu(2):

m o T (g 1)

) o0
Igyfrz’(ék) {Z‘uzanzn} = Z’uzan H
n=0 n=0

k:1F<yk+6k+%ﬂ+1)

2" (1.2.43)

has the same radius of convergence R > 0.
Proof. See Kiryakova [199].

For example, in [413]-[414] Rusev proved that Uspensky’s integral transform P(®),
(1.1.e) is an isomorphism of a subspace $(7y) of the analytic functions in a strip S(79)
and proposed an inversion formula for it. Now, one can obtain the corresponding result

_laal
by a suitable specialization of the above theorem for P = 112712’(”2

=3 . By means of this

transformation Rusev solved the problem of the representation of analytic functions by
series in Laguerre polynomials.

Erdélyi-Kober fractional integrals and derivatives of analytic functions are widely used
in Chapter 2, in studying the so-called Dzrbashjan-Gelfond-Leontiev operators (1.1.h)
(see Sections 2.2-2.4).

A proof of Theorem 1.2.18, in a more general case of fractional integrals involving
Fox’s H-functions will be given in details in Section 5.5.
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1.3. Basic properties of Riemann-Liouville type generalized fractional inte-

grals
Now using the G-function representations (1.1.6) of the linear and homogeneous opera-
tors TR0k,
B.m
TOK):(0k) — 7Om)-0k) I(Wc) (Ok) 1.3.1
(0 (0
1§90 (af(er)) = a (Igfn k) f) (cz), (1.3.2)

we derive a chain of rules analogous to the well-known results of the theory of classical

fractional integrals of Riemann-Liouville and Erdélyi-Kober: R‘S, Ig’(s.

Lemma 1.3.1. For f € Cyy, o =a— A= max [—8 (v + A+ 1)] the operator [(771%),(%)

can be displaced (shifted) with the power functions 2P by the following rule:

Ing)a(‘Sk)xﬁA flz) = 2P ]ggﬂv(‘;k) f(x), AeR. (1.3.3)

,m

Proof. Property (A.14) of the G-function in representation (1.1.6) be used, namely:

1
() Ok) [ BA m.0 e+ 07" | _saa .
Iﬁ { f(z )} /Gm,m [U‘(vk)gn "o f (:caﬁ) do
) . 1
= lﬁA/G%:?n o (v —{7;15k)1 ] O')\f <x03> do

(V)1
) do

A=

oo [ amo [ O+ A+ )T

5/\Ié7k+)‘) (6k)f(x)

Lemma 1.3.2. For f € C’&l), a > m]?X[—ﬁ (v +1)], 1 > 0 the following relationship

between the j-th derivatives (7 =0,1,2,...,1) ofI (k)0 f and f at the point zero holds:
) @) ; )

{Igf}i( k)f(x)} (0) = ¢; f9(0), where j =0,1,2,...,1 (1.3.4)

m ()

and c; = ' .
7 Pl r(7k+6k+%+1)
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J 1 7 ] 1
Proof. Since (%) f <x05> =oh ( ) , where u = zof is substituted, then

differentiating under the integral sign in (1.1.6) and using (A.14) again, we obtain:

asends =1 (2) / Gl (20t do
- /1 G (o) (%)U) f (z0?) do

1

m,0

=0

x=0

(’Yk + 0 + ﬁ)m ] £0) (;m%> do

0 <W€+6> m =0
zf(ﬁ(O)/lG%:?n H 7“5@;%)1 do.
0 <7k+%)1

Then, the above integral is evaluated according to (B.4) (see Appendix, Lemma B.2) and
this gives . _

{1 @)} = ¢ f9(0)
with ¢; as in the statement of Lemma 1.3.2.

Further, for brevity we denote by R the class of all the operators of the form (1.1.6)
with the same 8 > 0, and analogously, by 25 the class of operators (1.1.9) with 5 > 0.

Lemma 1.3.3. The mapping

= flz) — f(z)=f(2), w>0, (1.3.5)

)
. Ca (6 . .
15 a stmalarity between the operators Iévf;’(ék) and ng%( ) with different B > 0, 31 =
Bw > 0, that is

198O f(z) ==~ (Iéllf;;(ak)Ef (w)> , (1.3.6)

or briefly:
ERg = iﬁﬁwE.

This result allows us to consider, without loss of generality, only the case § =1, or
to transfer the results of the class Ry into the corresponding results for Rg, .

Lemma 1.3.4. If I = Iﬁ% € Ry, W = Wﬁ(%) (%) € Wy are the corresponding
generalized fractional integrals of Riemann-Liouville type and of Weyl type respectively,

" 1 {m_w f G) } — W, {f(2)}, (1.3.7)
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where the notation

Igo(x)f(x> = (If)x—xp(x) ’W@(x)f( ) (Wf)ﬂc—“P

is used. Furthermore, the formula for generalized fractional integration by parts holds:

/xf(ac)[x% {g (aﬁ) } dx = /xg(x)Wx% {f (33/8) } dx. (1.3.8)

The above results include as particular cases some known properties of Riemann-
Liouville and Erdélyi-Kober fractional integrals, as for instance:

Corollary 1.3.5.

IE/\Ig’(s = Ig_%’dx)‘f(x (1.3.3")

Igvéf(x) - (Il%éf (x%>>x—>xg N <x WHS)Réaﬂf <x%>>x—>xﬂ (1.3.6)

[at@i g(a)ae = [ gl foyiz, 5 (1.3.8)
0 0

(cf. McBride [289, (2.24)], Sneddon [454, p. 41, (2.14)], [455] etc.).

Corollary 1.3.6. For operators (1.1.1), (1.1.I") the following results of Saigo [415] can
be obtained from (1.3.3) and (1.3.8):

Iavﬁvnxﬂ_nf(x) — Iaanvﬂf(x)7
1900 f(2) = o= IO f ()

and
o

/ F(@) TP g(x)da = / 9().JO0N f () d
0

0

Corollary 1.3.7. For Uspensky’s transformation (1.1.e) Lemma 1.3.2 yields the formu-
las (see Rusev [414, p. 53]):

J1
o (a+§+1)

(P f) F90), j=0,1,2,... (1.3.47)

The well-known first index law (law of exponents, semigroup property ) of the classical
fractional calculus

R°R’ = R'R° = R°",  5>0,6>0 (1.3.9)
has the following generalization in our theory.
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Theorem 1.3.8. For fixred 3 >0, m > 1,
a) the operators (1.1.6) of the class Rg commute:

TTR)OR) 7O)sOk) 7 OV):(0k) (T (O) (1.3.10)

B’m ﬁ7m ﬁ7m ﬁ7m

for 0. > 0, 0. >0, k=1,...,m in the space Cy, with
o 2 max{—f(ry +1); —B v+ 1)}
b) The following index law

7OwF08):(0%) 10,60) _ 7 (w),(G+o)

pm B,m B,m ’

holds in Cy, a > max [—8 (v + 1)].

0k>0,5k>0;k=1,...,m (1.3.11)

1), (0%)

» (Y)5(07)
c) The composition of two operators [ B.m, 1

s L m, with the same 6 > 0
and different multiplicities m; > 1, ms > 1 is an operator of the same form (1.1.6) but
of multiplicity m = my + my, namely:

(7)5(61) (V) (07) (6
TUTR k) T O f(x):I(wc)(k») f(z)

ﬁ)ml ﬁam2 ﬁ7m1+m2
1
1.3.12)
: (v + 0p)y "™ - (
= /Gzii%;(;nﬁ-ﬁm |:0- ‘ (7k)'§n1+77112 f (xaﬁ) dO',
0
where the set of parameters ()" "2, (6;,)7" " is taken as follows:
_{’y]/g, k=1,...,m 5 _{52’ kE=1,...,m
T ,Yllﬁl—ml’ k:m1+17...,m1+m2, k 5%—7’)7,1’ k::ml—}—l,...,ml—i—mg'
Proof.
a) For functions f € Co, o > =G (v +1), k = 1,...,m, the image f*(z) =
Igﬁ)b’(ak)f(x) € Cg, and therefore f**(z) = Ié:’;)’(ak)f*(x) is also defined in Cy, o >

—5 (. + 1), k=1,...,m,and f**(z) € Cy too. After a substitution y = o7 in the inner
integral for f**(x) we obtain:

1

m,0 [ (Tk‘|’0k)71n / m,0 ('Yk‘l"dk)?ln % %
Gm'm _a ()" do | Gplm |T ()T f<£L’O' T )dT

Il
—

[ (@)

0

0
1 (o}
mo [ |7 +op =D mo [y | (v +0g)Y" 5
o/Gmm MICE do | Gmim | & ()7 d <xy >dy'

Changing the order of integrations, using (A.15) and taking into account (A.12), (A.12'),
viz.

Grim(o)=0for o >1; Gpm (f) =0for0<o<y,
Y
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one gets:

1 1
1 [ +op =D om [T Q=)0 ]
(e :/ xyB ) d /Gm’o o (7 k Lghm | g 1 do
[ @) f<y) Y| mam T (g —1)m 17y (= = 0T
y
o (e For =D ] om [1 (=) ]
o Gy -0 do.
/f / T (1 = DY 17y (= = )Y

Then, the new inner integral can be evaluated by formula (A.29) and its value is:

yGZmO {y ‘ (ve + 0 — D (e + 0, = DT } _ gamo [ ‘ (Vi + 0)7" s (T + o)}
A 7 (v = DY (7 — DY 2 7] (ve) T ()t
whence:
)1 a(Tk)

For a > =B (v, +1), a > —ﬁ (. +1), 6 > 0, £k = 1,...,m, the latter integral is
absolutely convergent (which is to justify the correct change in the order of integrations)
and defines a 2m-tuple operator of generalized fractional integration:

Its kernel-function Gg%:gm is symmetric in the groups parameters in the first row as well
as in the second row. Therefore, the representation obtained for f**(z) is symmetric
with respect of the parameters of the m-tuple generalized integrals whose product it is.
This shows that they commute:

701 7o) @) _ ()5 () (7). (%))

B,m m B,2m
_ 7(),(0k) (1), (o))
=g gm

b) The condition a« > —f(y + 1), yields also @ > —f (v + 5 + 1), since
0, > 0, k =1,...,m. From the representation of the form (1.3.12") for composition
Igﬁjdk)’(gk)lgﬁi’(ék), we find

1

iy _ [ q2mo (Ve + 0k + o))" (v + )7 3
[ (x) = O/Ggm,Qm {y ’ (v + 5k)§n 7 (’Yk);n f (1’0 ) do.

Due to property (A.13'), the equal parameters (v + ;)" in the first and second rows
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2m,0 . . . ™m,0 . .
of the Gy 9 -function cancel each other and it turns into a Gy -function, i.e.

(Vg + 0p, + o) .
1

(@) = / oo, M
)

(
Ok ),
= 1MW) pq)
which proves b).

c) The proof is analogous to that of a), leading to the representation of the form
(1.3.12)).

The following index laws (product rules) are the simplest corollaries from Theorem
1.3.8.

Corollary 1.3.9. For the Erdélyi-Kober operators we obtain the well-known formulas
(Sneddon [454, (2.11)], McBride [289; (2.26), (2.29)]):

0 0
Ig ”Ig = Jg Ig“, 7> 0,0 > 0; (1.3.10")
Ig““’]g 0 _ Iy T 50,6 > 0. (1.3.11')

Corollary 1.3.10. The following product rules for the hypergeometric fractional integrals
(see Saigo [415]-[420]):

IO[76’7]I’7767O[+77 — Ia+77ﬂ+5a7]

Imﬂﬂ?j%&ﬂ—ﬂ—’y—é — Ia+’y,ﬁ+5777_fy_5 (1.313)

follow from Theorem 1.3.8, b) for the two-tuple operators (m = 2)

Iaaﬁ n_— xfﬂj /6) 0),( 77704+77).

Then, the product of two operators of this kind (see [{15, (3.12)]) can be represented in
the form

[Olaﬁﬂ?[’Y 5 Cf( ) _/6)[(77 ﬁ 0),(—=n,a+n) _5I(C7570)7(7C77+<)
ﬂ+6)[ 6 5 5( 60 77704+777*<77+<)f(x)

) 4, —0,
e oo

(a corollary of (1.3.12)). Taking into account property (A.13):

G4,O o —(5—|—5),&+77—5,—5,’7+< _G3,0 o _<ﬁ+6)7a+7)_5;7+<
4 U—ﬂ—5,—57C—570 N 33 —5—57C—570
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we obtain the following new result: The product of two Saigo’s operators of the form
(1.1.1-) can be considered also as a S-tuple generalized fractional integral having the
single integral representation

1
. —(B+3),a+n—dy+
0

or equivalently, as a composition of three Erdélyi-Kober operators :

I()é7ﬁ,77]’)/,(5,<f(x> — ',L,_(ﬁ-ﬁ-(s)11(373_5_67(_570)’(_naa+n_g77+g)f(l.)

1.3.15
x—(ﬁ-ﬁ-(s)117_5_57_WIIC_57Q+77_CI?7'Y+C]C(x)_ ( )

Compositions of the form %" M J70.6  JesBa .0, involving both Riemann-Liouville
and the Weyl type hypergeometric fractional integrals are considered by Saigo [420] and
Srivastava and Saigo [480].

For arbitrary m > 1 the above properties will be used in Chapters 3, 4 and 5.

. . . (0
1.4. Some properties of Weyl type generalized fractional integrals W/G('WTI;L) (%)

First, let us note that referring to the operator

oo 1

_xé 1 o — 0—1
WO f(x) :/(t F(é)) .r‘;/ 1 f(zo)do (1.4.1)

x 0

as the Weyl operator is a historical misunderstanding since the fractional integration over
an infinite integral had been introduced by Liouville (1834) (see [434, p.13]). That is why
there is a trend in some papers to call the Riemann-Liouville type operators RO (1.1.b),

Igd (1.1.17), Igﬁi (k) (1.1.6) “right-hand sided” fractional integrals and respectively,

the operators W9 (1.1.b*)-(1.4.1), Kg’é (1.1.17%), WéT:,L)’(“’“) (1.1.9) “left-hand sided”
fractional integrals. Nevertheless, to keep the established tradition, we refer to operators

(1.1.9): N
Wi s = [t |

as Weyl type generalized (m-tuple) fractional integrals.

The Weyl fractional operator (1.4.1) has been defined e.g. by Miller [309], in the
so-called class 2 of good functions introduced by Lighthill [257, p. 15]. One says that a

function f(x) is a good function, if it is everywhere differentiable any number of times
-N

ER A SO

and if it and all its derivatives are O (a: ) as x increases without limit, for all V.

Examples of good functions are f(x) = P(x)exp(—yx), where P(z) is a polynomial,
v > 0.
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Similarly, two-dimensional analogues of (1.4.1), the so-called two-dimensional Erdélyi-
Kober operators of fractional integration of orders a > 0, 5 > 0:

oo

U B
KRB f(z y) = %//t—n—%—é—ﬁ(t —2) Y — y)PTLE (L, ) dtdr,
Ty

have been considered by different authors in the modified class A of good functions:
f(z,y) — differentiable any number of times and having partial derivatives which are
O (|z| =51, ly|~%2) as & — o0, y — oo, for all & > 0, e2 > 0. See e.g. Raina [384]-[388],
Raina and Koul [393], Raina and Kiryakova [390], Saxena and Ram [441], R. Srivastava
[483], Saxena and Kiryakova [438], Saxena, Kiryakova and Davie [439], etc.

Here, we consider operators (1.4.2) in the spaces

Cr, = {f(x) — 29F(2); q < a*, | € C[0,0), ‘f‘ < Af} (1.4.3)

and in the more general ones (1.1.2), since it is natural that the integration over an
infinite interval requires additional conditions on the growth of f(z) near z = oo.

These properties can be proved either directly, following the method of proving their
Riemann-Liouville type counterparts (see Sections 1.2, 1.3), or by using the relationship
(1.3.7) (Lemma 1.3.4) between the Riemann-Liouville and Weyl type integrals.

Lemma 1.4.1. The multiple Erdélyi-Kober fractional integrals (1.4.2) are well defined
in the spaces C{x with a* < mkin (671.) and preserve the power functions up to constant

multipliers:

Wé?ﬁl)’(ak) {9} = dya?,  where (1.4.4)

dq:ﬁ F<Tk_%>

k:lF(Tk+O‘k_%>

qg<a.

Lemma 1.4.2. The Wﬁ(%)’(ak)—image of a G-function of C?. is another G-function, for

example:

(ei)] s (T + o)V

(7" ()] (14)

Wi e font ua?

(Ci)g — ghtmy Jé]
(a7 | = Gt s

Then, as particular cases the generalized Weyl images of various elementary and
special functions can be obtained.

46



Theorem 1.4.3. In the subspace (1.2.10): Cy o+ C C, the Mellin transform of the
generalized Weyl fractional integrals is represented by the relation

o o () oy ) = ﬁ - ék(f;é)%) M{f()s).  (146)

Theorem 1.4.4. The generalized (m-tuple) Weyl type fractional integrals (1.4.2) can be
represnted in C’;*, a* < mkin (671) as m-tuple compositions of commuting Erdélyi- Kober

operators of Weyl type of the form (1.1.17°):

s o — a—lo.—(7'+a) N
K5 f(a) = /( 1)F(a) f(zo)do = Wit f(x), (1.4.7)
namely:
Wi @) = QT K) f()
= 70 ) 7 ﬁ (0= 1)O‘k_1a_(7k+0‘k’> f [:L“ (01...0 )é doy ...dop.
A Pl I (ag) " "

(1.4.8)
Conversely, the operators of the form (1.4.8) can be put in the single integral form (1.4.2)
involving Meijer’s G%:%—function.

Lemma 1.4.5. For f € Clu, o™ = a" — A < mkin B (1. — )], the following shift
property holds:

w T 50 f () = 2Py ) £, (1.4.9)

Corollary 1.4.6. For the Weyl type Erdélyi-Kober operator (1.1.17°) and Saigo’s oper-
ator (1.1.1") the shift properties take the forms:

A
K7 = (1.4.10)
Jaﬁaﬁxa'*'ﬂ'*'ﬁ — Jav_a_na_a_ﬂ

(cf. McBride [289, (2.25)], Saigo [415, (1.12)]).

Theorem 1.4.7. For fized B > 0 and integer m > 1, if ag. > 0, 0. >0, k =1,...,m,
then the Weyl type multiple fractional integrals (1.4.2) have the following properties:
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a) They commute in C7., o < mkin (BTr, BYg):

(MO0 b6 _ gy 0y (). (o)

_ o 0m): (). (k) -(a))

G,2m

(1.4.11)

(in general, the product of my-tuple and ma-tuple fractional integrals is a (my + mo)-tuple
one);

b) The index law has the form:

) 0) () 0] _ gy ) Gvron) 1412

c) The formal inversion formula holds:

—1
() !t v
since Wé?’“}’(o""’o) = I is adopted to be the identity operator in C., a* < mlgn (B7).

The explicit inversion formula corresponding to (1.4.13) can be written by means of
a differintegral expression in the way used in Section 1.5 for the Riemann-Liouville type
operators. This is to generalize the fractional derivatives of Weyl type (Weyl fractional
integrals (1.4.1), (1.4.7) of negative order):

d

W0 f(x) o= D f() = (~1)" (%) W f () (1.4.14)

with 6 > 0 and integer n so that 0 <n — 4§ < 1;
(K7} fo) = K77 (@)
1d

— (_1)77x27'+2a—1 (_

n
2%56—1) 22T 42041 {K; n+a,n af(x)}

(1.4.15)
with @ > 0, 8 = 2 and integer 1 so that 0 <7 — « < 1 (see Sneddon [452], [455, p. 9]).
(k) ()
many variables and similar to (1.2.34) holds too. A speci,al case of it is found and used in

Kiryakova [191], see Chapter 3 (Section 3.7.iii). From (1.4.4) and (1.4.13) one can easily
deduce the following theorem.

Another type of inversion formula for operators W in terms of functions of

Theorem 1.4.8. The Weyl type generalized fractional integral (multiple Erdélyi-Kober

7k )- (o)

operator) Wﬁ(

,ap >0, k= 1,...,m, is an invertable linear mapping of C.,

a* < mkin (B13.) into itself. (If o™ is fized, then we require Tj, > %*, ap>0,k=1,...,m.)

48



The corresponding result for the functions of the spaces Ly (0, 00) and for more
general fractional integrals, involving Fox’s H-function instead of Meijer’s G-function, is
discussed in Chapter 5. For the simpler case of operators (1.4.2) with 3 = 1 and spaces
LP(0,00), it can be found for example in Samko, Kilbas and Marichev [434, p. 159,
Theorem 10.7]. Here we state the following theorema.

Theorem 1.4.9. Let us consider LP(0,00), p > 1, and let the conditions
1
ﬁTk>—, ap,>0, k=1,....m (1.4.16)
p

be satisfied. Then, the operators Kg’“’ak, k=1,...,m, of the form (1.4.7) commute,
their composition can be represented in the single integral form (1.4.2) and the operator
o (7))

Gm , obtained in this way, maps boundedly the space LP(0,00) into itself, namely:

Sm F<T/€+p_16>

L ka T (m+op + )

HK(TQ’(O"“) < 0. (1.4.17)

1.5. Generalized operators of fractional differentiation. Inversion formula for

the operators [g%,(ék)

%) were defined by (1.1.6) only for a strongly

The generalized fractional integrals Igf; o(
positive multiorder of integration , that is for 0p >0, k=1,...,m. Now we are going
to extend this definition to the case when some (or all) of the components ¢ of the
multiorder can be zero or negative numbers. This definition has to coincide with the
original Definition 1.1.1, when all the §;, are positive. Furthermore, in the case of zero
multiorder of integration § = (0,...,0) it must generalize in a suitable manner the
identities from the classical fractional calculus:

R =1, Ig’o =1, (1.5.1)

where I denotes the identity operator ,v is arbitrary real and 6 = 0.

Lemma 1.5.1. For arbitrary multiweight v = (v1,...,7vm) and zero multiorder of inte-
gration 61 = 0y = - -+ = Oy, = 0 the multi- Erdélyi- Kober operator I(V%’(ék) coincides with
the identity operator I in the space Cq, v > m};ax (=8 (v +1)]:

Ig:y;;...,Vm)’(O,...,O)f(x) — f(ZL‘), f c Coz~ (152)
More generally, R = 295 1§%) = [ for 8y = 8, = - = by = 0.
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m
Proof. As Igfg’(é’“) = ]I ng’5k> the proof is evident in view of (1.5.1). It is seen
’ k=1

also by the Mellin transform approach: formula (1.2.12) with §;, =0, k = 1,...,m yields

{110 s f = ﬁ - Eg_‘;o% ;)1) M{f(@);s}

i_e. I(’yk)v(o,...,o)f

gm

(1.5.2) follows.

Nevertheless, a direct proof using the G-function property (A.13’) and leading to the
next more general statement (Corollary 1.5.2) seems to be useful from a propaedentic
point of view.

= f almost everythere in (0, 00). In particular, if f € Cy 4+ C Cq, then

First, let us assume that 0 < 6; < 1 and 93 = --- = 6§, = 0. Since in this case
vi, =01 —1> =1, v} #0,£1,+2,..., the asymptotic formula (1.1.14) yields that the

01,0,... *
integrand in I(VT];;)’( . ’O)f(x) is O <(1 — U)”m) with v, > —1 as 0 — 1 and, therefore
integral (1.1.6) is still convergent.

Property (A.13') gives for the kernel function:

)

+ 01,72, -5 Ym 1,0 M+ (1_0)61_1‘7%
Gm,O |:O' ‘ T ’ ) ) — G\ s _ 7
o Ty Ym 11 71 F((51)

e, 100000 gy 1 p(),

If we assume additionally that 6; = 0 and take into account (1.5.1), then the multiple
Erdélyi-Kober fractional integral (1.1.6) of multiorder (0,...,0) turns into the identity
operator in Cy,.

For a kernel-function with §; = 6, = -+ = d3 = 0, 1 < s < m — 1, property (A.13')
takes the form

Gm,O
m,m |0
Yoo Vs Vsl -+ -5 Tm

’)/1,...,’75,75+1+55+17"'7’ym+6m:|

_ ~Mm—s,0
- Gmfs,mfs {

Ys+1 +53+1>-~~;7m +0m
Ys+1y---5Tm

and yields the following corollary.
Corollary 1.5.2. Lets (1 < s <m—1) of the components v, k=1,...,m be zero and
the rest be positive, e.q.

0251: e :53 < 55+1§ e S(Sm
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Then, the operator Igﬁi’(ék) reduces itself to an (m — s)-dimensional one:

(’Yk):n7(0,...,0,63+1,...,5m) (’yk)zj_l,((sk;):il

I/Bam f(l') = Iﬁ’m—s f(fl?)
1
1.5.
— /Gm—S,O p Ys+1 + 53+1, e Ym + 5m f <$0é> o ( ) 3)
mesmes Vs+15--+5Tm ’
0

The following inversion formulas for the classical Riemann-Liouville and Erdélyi-
Kober operators of fractional integration hold:

<R5)_1 ~ R, (Ig"s)_l =137, (1.5.4)

of negative order §' = —6 < 0 are defined as

where the “integrations” R—57 Ig+5,—6

differintegral operators usually referred to as fractional derivatives.

In a similar way, let us formally put o), = —d;, k = 1,...,m, in the index law (1.3.11).
Using in addition Lemma 1.5.1 we obtain

(M+08)+(—0k) (), Ok _ ()0 _
L3.m Lo =1pm =1

From here the following formal inversion formula is suggested (it will be justified below):

V), O L " (VetOk)5(— k)
(gt — (1.5.5)

as a generalization of the known result (1.5.4) for Erdélyi-Kober operators . It remains
(V+0k ) ,(— k)

to give a meaning to the symbol I3~

for negative components (52 = —0 < 0,
k=1,...,m, of the multiorder.

Before giving this extended definition, we offer some suggestive reasons for it. Let us
go back again to the classical example of the Riemann-Liouville integral of order 6 > 0:

T T

T — 6—1
ROf(x) = /%f(t)dt = /@5(x,t)f(t)dt. (1.5.6)

0 0

For 6 < 0 denote by n the smallest positive integer number so that 6 +n > 0 (i.e.
n = [—0]+1if § is non integer and n = —¢ for integer § < 0). Then, the Riemann-Liouville
operator is analytically extended to a differintegral operator, the so-called fractional
derivative of order &' = —§ > 0):

5 s B i n se B i Ux(x_t)5+77—1
DY ta) = 1 1(o) = () Bp0) = () / Ci e s
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n
with kernel-function (if (%) is formally put under the integral sign):

d\" A\ (x — t)5+n—1

— | Psip(z,t) = (= (—

dx dx I'(0+mn)
As (1.5.7) is an analytical continuation of (1.5.6), their kernel functions can be equated,
le.

n
(%) (I)(g+77(x,t) = Os(z,t), (1.5.8)

due to the differential relation

d\"(x— )0t (z— )0
(%) Torn - e (1.5.9)

Our operators Igyﬁ)b’(ék), defined for ;. > 0, £ = 1,...,m, by means of the integral
(1.1.6"), have as a kernel the G-function

O, o () = G [(%)6 ‘ Ez:)z;%){n] . (1.5.10)

If we try to find an analytical continuation of I(Vfg’(ék) for 0, < 0, k =1,...,m, then
it is quite natural to look for some differential relations satisfied by ®5 s, (z,t) and
analogous to (1.5.8)-(1.5.9). Fortunately, such relations have been found by the author
in [202]. In the general case of a Gy -function there are formulated and proved in
Appendix, Lemma B.3. As a particular case, from Corollary B.6, (B.12) we obtain:

8 m Nk
4+ 5,)"
G%:%[(;) ‘g HH( +7k+5k+.7—1)

h=1]=1 (1.5.11)
Bl (i 4 & 4
% Gm:(;n [(é) ‘ (% ‘)7’151 +771)1 ] .

(%‘)1
This differential relation can be written also in the form

Dy®s yp o (T 1) = ®5 5 (2,1), (1.5.12)

where D;, denotes the differential operator

m Tk
D/ nh - HH( +’Yk+5k +J—1> (1.5.13)

k=17j=1

a polynomial of the Euler differential operator d, = x% of degree n = n1 + -+ + nm.
Now we are ready to propose the following definition.
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Definition 1.5.3. Let us consider an arbitrary multiweight 7/ = (’y{, e ,fy;n) and a
multiorder of “integration” §' = ((5{, . ,(%n) whose components (52: are also arbitrary real
numbers. We introduce the integers

[—5]’{} +1 for non integer 5/k <0,
n, =13 —0p. for integer &) < 0, k=1,...,m. (1.5.14)
0 for (52, > 0,

/ 5/
Then, by the symbol I (771;1)7( k) we mean the following differintegral operator defined in

/ e /
the space ngﬁ +im) by

Ig;’g)’(‘y) D, 27 )G ) (1.5.15)

where the differential operator D?’7 , of order 1/ = (77{ ++ nén) has the form

m mnk

Dy, =114, =1111 (ﬁ dd + 9 + 6 +g) (1.5.16)

k=1 k=1j=1

It is evident that if some 52 are non negative, then the corresponding 77;C = 0 and
therefore, the factor A;} , in D% , is lacking. When all the (5,2, are positive, that is, all
k
the 77;6 are equal to zero, then D% being the empty product is interpreted as the identity
Y 5
operator [ Ié,vk) () _ I évﬁl) (%) . Therefore, in this case the extended Definition 1.5.3
coincides with the initial Definition 1.1.1.

. 0% ), (=6 . .
Now we are able to interpret the symbol I 27:; £)(=%) from the “formal” inversion

formula (1.5.5). Let us put v = i, + 0, 6 = =0, k =1,...,m in (1.5.15). Thus we

obtain the following meaning of the symbol inverting the operator ng) ),

S 8 ) O ) (k=0
Y e

Usually, the differintegral operators inverting fractional integrals are called fractional
derivatives, or operators of fractional differentiation. Then, it is natural to give the
following definition.

Definition 1.5.4. Let v, 6;. > 0, k =1,...,m, be arbitrary real numbers and

0] +1  for non integer ¢;.,
nk:{[’“] S =1, m. (1.5.18)

O, for integer d;,
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The differintegral operator

(Vk)5(Op) def (V+0k), (M —5k)
Dﬁjf W E Dyl

B,m
m M (1.5.19)
0 ),(ng—46
— | TITI (Gogs + ) [ 15700 nm),
k=17j=1
(et +70m)

defined for functions of Cj , is said to be a generalized (m-tuple) Erdélyi-Kober
fractional derivative . More generally, the generalized operators of fractional differentia-

tion, corresponding to the generalized fractional integrals R = xﬁéofgyﬁ@) ’(6’“), dg > 0, are
defined as

Df(x) = m_mOD(%_&O)’(ak)f(x) = D(’Yk)’(ak)x_wof(x), dp > 0. (1.5.20)

This definition is justified by:

Theorem 1.5.5. Let d;, > 0, k =1,...,m. The generalized fractional integral Iﬁvfrz’((sk)

is a linear right inverse operator of the generalized fractional derivative ng (5k) that

18:

D(ﬁ’?k),(fsk)lggi,@k)f(x) = f(x) for every f € Cp, a0 > m]?x (=8 (v +1)]. (1.5.21)

7m )

In terms of notations (1.1.7) and (1.5.20) this means that

DRf(w) = Dk =050 [0 08 f(3) = f (), (1.5.21")

(V&)
B.m
t.e. DR=1.

Proof. For a direct and simple proof, using the differential relation (1.5.11), even in
a more general case of operators, see the proof of Theorem 5.1.9. Here we illustrate the
use of decomposition Theorem 1.2.10. For brevity, denote by

Nk

1 d
HA%J H(ﬁ dr +7k+]>

m
the multipliers in the differential operator Dy, = [] Ay, , being a polynomial of the Euler
k=1
differential operator d, = x% of order n = (n1 + -+ + nm) with zeros py, ; = =8 ( + J),
=1,....m,3=1,...,n.

i) First consider the case when all the 05, = ny, k =1,...,m are integers. Then,
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by Definition 1.5.4 and Lemma 1.5.1 it follows that

m
0 V1) (0)
Dk — DnI( EHIE1 ) Dy =[] An

Bm
k=1
m - (1.5.22)
1 d d
=11 Geg +w+d) = [ ITIT (= + e+
k=1j=1 k=1j=1 JOR
Since J J
_ | ;
Bipj = (ZE + Vk,j) =z EZV’W,
substituting vy, ; = v +J, 2 = 2" we receive
Nk
o d . d \ "k
— VeI o) ) — LR Vet
Any. = H (z k e k > =z k(dz) ALl (1.5.23)
j=1
n the other han is a composition of the Erdélyi-Kober operators
On the other hand, %% ; ition of the Erdélyi-Kob
(ng,5k> _ ([1%,51@) _ zf(%*é’f)R‘;szﬂ, k=1,....m,
x z
namely:
m
Igfg’(ék) = H ng’dk, in this case with d, =n, k=1,...,m. (1.5.24)
k=1
Since
d \ "k d "\ "k
A TR — () e <Z*(”Yk+5k)R5kz'Yk) — L) TR —
M1 dz dz ’
for k =1,...,m, combining (1.5.22), (1.5.24) we obtain identity (1.5.21):
) 6 ’ 6 motim 9 )
R ] B (R € A

ii) It remains to consider the case when some or all the §;. are non integers. By

definition, Dﬂwjn 1 0k) = Dyl gﬁék) (=) . By the law of indices (1.3.11):

7Or01) (1 =01) 70,0k _ 7w (mp)

ﬁam ﬁ m ﬁ,m
is an operator of integration of integer multiorder nn = (71, ..., 7, ) and we obtain that

(V) (0k) 7(Vk)>(O) __ (Ye)>(Mk) __
Dom  Hgm = Dnlgp™ =1

by virtue of i). The proof of the theorem is over.
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This theorem shows that the generalized fractional integrals and derivatives act by
the scheme:

C, i} <Cc(y7h+...+77m) C Ca) A Cl. (1.5.25)

It also gives the meaning of the formal inversion (1.5.5), realized by means of the
generalized fractional derivatives, namely:
Inversion formula for the generalized fractional integrals Igfé’((sk), o0p > 0, k =
1,....,m: 7

([(w (5k)) = DR gy = 7R (Z0k) o

B,m Bm B,m
m m (1.5.26)
(v + 7)1y 3

HH +7k+j—1> /G { ‘ 5™ g<maﬁ)d0,

k1 jo1 (Vi + O )1
defined in the functional space C’énﬁmwm).
Corollary 1.5.6. Forg e C’(771+ +im) the integral equation

(0
Iﬁ% k) £(2) = g(x) (1.5.27)

—1
has the solution f = ( 5”2 (5’“)) g € Cq, defined by (1.5.26).

Special cases of inversion formula (1.5.26) are:

Corollary 1.5.7. (for Erdélyi-Kober operators, cf. formula (1.5.4)):

v,0\ T y+6,—6
(3°) =13
(Sneddon, [453, p. 50], [454, p. 40], [455]; Kalla [164], McBride [289, (2.18)], etc.)
Corollary 1.5.8. (for m = 2, Saigo’s operators (1.1.1)):

(Iavﬂan> - — I_av_ﬂanrT’

(cf. Saigo [415], [420], [421]).
In both these cases, the symbols [g+5’_5, I~%=B.04n are interpreted by means of

differintegral expressions, being special cases of (1.5.15)-(1.5.16), (1.5.19). However, we
point out that such differintegral inversion formulas have not been considered as new
objects, namely, as generalized fractional derivatives. This interpretation, for special
cases, will be done in the next section.

1.6. Properties and examples of generalized (multiple) Erdélyi-Kober deriva-
tives.

Most of the properties of the generalized fractional integrals 1% ﬁ ) have their counter-

parts for the generalized derivatives D(ﬂwfn 5k), defined by (1.5.19).
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Lemma 1.6.1. The multi- Erdélyi-Kober derivatives (1.5.19)

YOECE olmttim) o (1.6.1)
. . (7]1+"'+"7m) X
preserve the power functions of Cy (they are simultaneosly of the subspace Cy ):

xp}_xpﬁr(yk+5k+ﬁ+1>

=1 <7k+%+1)

, p>a. (1.6.2)

Proof. Formally, this follows from (1.5.21), (1.2.1). The regular proof exploits defi-
nition (1.5.19), (1.2.1):

0x) +0r ), (N —0
D/(Bwf)( k) {:Ep} D?7 gr?/; k) (’7k k:) {xp}
ﬁ P (e + 0, +5+1)
k:1F<’7k+5kz+nk—5k+g+1>

Dy {«P} .

The differential formula ([272, I, p. 24, (3)]):

k=1j=1
p | T m [ 1
= 2P HH(BJr%Jrj) sl <7/<;+B+J)
k=1j=1 k=1 \j=1
Since
I m T (g + 5+ 1)
H Vet +J)=H
3_1( B k=1 F(’Yk+%+1>
we obtain
m [T (40, +5+1) T (g +m+5+1)
D{xp}:po ) 2

b1 F<7k+nk+%+1) F(wﬁ%“)

Lemma 1.6.2. The shift property for the generalized fractional derivatives in C (771;)\ im)
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has the form

DY f () = oPADJEA ) g, (1.6.3)

Proof. For integers 0, =n, >0,k =1,...,m, property (1.6.3) in C(mgA i) follows
from the identity

(; dd +%+J) 2P () = 2P (5 dd +(7k+)\)+j) f(x),

i.e. denoting
DGR . pim. POk (m) _ 5 (+A)

B,m B,m K ’

we obtain

7):ﬁm‘f(fc) = :Lﬂ)‘Dq(ﬂJr)‘)f(x). (1.6.4)

Then, for arbitrary d;, > 0, k =1,...,m, we use (1.6.4) and the shift property (1.3.3)
for the multi-Erdélyi-Kober integrals, namely:

DORROD LA p( ) = D1(7’V)I<'Vk:+5k:)a(T}k—(sk)xﬂ)\f(x) _ D(’Y)xﬁAI[g’YT];;I+5k+)\),(nk—5k)f(x)

ﬁam /B,m
xﬁ/\Dg}/-i—/\)]gY?I%‘*‘)\‘*‘ak)a(nk_5k)f(x) @\Dgﬂﬁ)\) (5k)f(x)

An analogue of Lemma 1.3.3 is the following lemma.

Lemma 1.6.3.
DRI £(z) — le%(ék)f (x%ﬂ _ (1.6.5)

J)—>$ﬂ

Ezamples of generalized fractional derivatives of the form (1.5.19), (1.5.20) are all the
differintegral operators whose linear right-inverse operators are the generalized fractional
integrals listed in Section 1.1.iii. Some authors, whose names are associated with the
examples there, introduce as their starting point the generalized differential operators
and use them exclusively (e.g. Iliev [146], [147], Gelfond and Leontiev [120], Ruscheweyh
[412], Dimovski [64]-[69], McBride [289], etc.).

Other authors consider operators of fractional and generalized integration only, invert-
ing them by formal (divergent) or contour integrals (Kalla [156]-[164], Parashar [355]).
In other series of papers, along with the generalized integrals, differintegral (differential,
integro-differential) operators are introduced naturally as their inverse operators but are
not considered as separate objects with their own meaning like generalized derivatives.
Often, these differintegrals are seen just as analytical continuations of the generalized
fractional integrals for negative (multi)orders of integration (McBride [289], [291], Saigo
[415]-[421], etc.).

Our aim is to consider the operators of generalized fractional integration and dif-
ferentiation simultaneously and in parallel, as a united object: generalized fractional
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differintegrals. Sometimes we study and use mainly the “integrals”, otherwise we prefer
dealing with the “derivatives” (being differential or integro-differential operators) and
this depends on the multiorder of integration (differentiation), particular conditions and
purposes.

First, let us consider the form of the generalized fractional derivatives (1.5.19), (1.5.20)
when m = 1. As special cases (some of them listed below) many differential (differinte-
gral) operators, introduced by various authors can be obtained.

Due to Lemma 1.6.3,

Dy @) = [D1f ()]

and so, without loss of generality one can consider the 1-tuple Erdélyi-Kober fractional
derivative

I’HSC/B

DY’ f(x) := DY f(x).

b

By Definition 1.5.4,
DY = DI, (1.6.6)

Since (see the proof of Theorem 1.5.5)

1
Dy=A,=27" (di) g1 YOO () g0, 748
X

taking into account that (see e.g. [101], [404])

d\" d\°
— ) Ri= (= forn>n—6>0,6>0,
dx dx

we obtain the following formal representation of (1.6.6):

d )
DY’(Sf(:U) = [x_7 (%> :137“1 f(x). (1.6.7)
For the general case with 3 > 0:
7,0 — Y0 |y (4 ’ Y46 3
Dj f(x) := D@lf(:v) = |z <%> ' f (:U ) B. (1.6.7)

One should have in mind however, that behind the Riemann-Liouville fractional

)
derivative D® = (%) , 0 > 0, a differintegral expression is hidden.

This operator (1.6.7) has an important role and applications in our considerations
and in fractional calculus generally, but until now it has not been referred to by a special
name. Its linear right inverse operator is the Erdélyi-Kober fractional integral Ig’(s
(1.1.17), symbolically written as:

I%(Sf(a;) = 2= (007 ¢ <xé)]

5 (1.6.8)

I*).Tﬂ
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That is why, we introduce the following definition.

Definition 1.6.4. By Erdélyi-Kober fractional derivatives (1-tuple operators of frac-
tional differentiation) we mean the differintegral operators

_ il d _
DY’ f() = Dyl () = |]] (%%””) BT @), (169)
j=1

defined in spaces

O with o > . q 0, if § is integer, L6.10
o’ with a2 =f(y+1) and n = [0] +1 if § is non integer, (1.6.10)
and having the symbolical form (1.6.7).
In particular, for 8 = 1 operators (1.6.6), (1.6.7") have the explicit form
U / 61 40
~,8 _ i - (1—0)" o
Dy flz) = jl_[l (:de +’Y+]) / T (7= 0) f(zo)do. (1.6.11)
= 0

Now, we give a list of several examples of Erdélyi-Kober fractional derivatives.
i) m=1
a) the classical Riemann-Liouville fractional derivatives, including the m-fold
differentiation:

0

d _

Do = (d—> — 29D = pMy=i 550
xXr

d m
D™ = (%) , m=202>1 integer; (1.6.a)
b) Hardy-Littlewood differentiation (cf. (1.1.c))

d
D =2~ = DMl s — 1, (1.6.b)
Xz

where n and m are integers;
c) Gelfond-Leontiev generalized differentiations with respect to Mittag-Leffler
functions E,(x; ) ([120], cf. (1.1.h-h’)), defined for power series:

(0.9] (0. @] E
k I (,0 N 1) k—1
Dp Zakx = Zakmx , p> 0, (16C)
k=0 k=1 D +
and analytically extended by the differintegral expressions

—1

D,f(x) = % <x% +p> x_lo/%f <x0%> do — F(j—_l)f(()), p>1,

P
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or
Dpf(a) = f(@), ifp=1, (1.6.¢)

in the space of functions analytic in a starlike domain. Section 2.2 is devoted to operators
(1.6.c-¢) and the more general operators D,, ;, (the so-called Dzrbashjan-Gelfond-Leontiev
operators) and their inverse integral operators [, ;. It is seen that

"
K p.

Dy=D,y=x"'D,"”

bl*—‘

Dy =D,

d) The so-called Rusheweyh derivatives:

xT

Do f(r) = {m} of(z), a>0 (1.6.d)

are defined by means of the Hadamard product (o) of power series:

(0.} o0 o0
(Z anx”> o (Z bnx”> = Z anbpx”.
n=0 n=0 n=0

However, D, can be represented also as an Erdélyi-Kober fractional derivative of order
a, namely,

Daf(@) = syt (o) @70 = o @) (1.6.)

More details about the Rusheweyh derivatives, their multiple analogues and other (mul-
tiple) Erdélyi-Kober fractional derivatives used in the theory of univalent functions can
be found in Section 5.4.

ii) m = 2. By Definition 1.5.4, the 2-tuple Erdélyi-Kober fractional deriva-
tives Dé@“ )(%%) have the form

(1172)5(01.02) (V+0k)» (e —0)
D@2 = Ay Anzlﬁ )

Ui 1 d T2 1 d 5 5 5 5
_ Y1+01,71—01 y7Y2+02,7)2—02
— H(ﬁ - +71+2)H(ﬁ - +72+g) I I ,

(1.6.12)
but as we show in Chapters 3 and 5 (even for arbitrary m > 2), they can be put in the

symbolical form
51 52
Dg?;»%);@h%) — 2™ (%) s} (%) xa2’ (1.6.13)

01 >0, 03 > 0; o, a1, g are determined by (3, v1, Ve-
Such differential operators are related to the differential equations satisfied by the

Gauss, Bessel and Wright functions and the polynomials of mathematical physics.
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EXAMPLES:
e) The 2-tuple (“2-dimensional”) fractional differentiations (o > 0, 5 > 0):

B
408 — (%)ama (%) 0 = D%O),(a,ﬁ)’ (1.6.e)

extensions of the “two-dimensional Riemann-Liouville and Weyl fractional integrals”
(1.1.j-j") (see Raina [387], Raina and Kiryakova [390]).
f) Special cases of operators (1.6.13), when §; = d, = 1, are the Bessel type
differential operators of second order:
d d (71 ’Yz) (1 1)x_6 wﬁ (’Yl—l 72—1) (1,1)
_ 00 7 0 T O ’ EASaR] _ ) FAG)

B=x dex 1dxx 2 —Dﬂ’2 - 52D5»2 , (1.6.f)
where 8 =2 — (ag+a; +az) >0, v = %2_1, Yo = %. The best-known examples of
(1.6.f) are the Bessel operators

a2 1d v . 2 vd

B, = -, 7 p_% 7%

Y da? xd:ﬁ+x2’ YT de? zdx’

related to the Bessel functions Jy,(z). One can see e.g. McBride [289], Sprinkhnizen-
Kuiper [457], and also Chapter 3 (for m := 2).

g) Saigo [415]-[421] extends his operators of fractional integration I®0:7, Jefn

(1.1.1-1) to the case of negative order o’ = —a < 0 by means of differintegral operators,

e.g.

(1.6.1)

! Al d\" / /
Ia aﬂ 5T = (d_> Ia +7”L,6 —n,n —TL,
i

where n is the smallest integer such that 0 < o/ +n < 1. Then, in our sense his inversion
formula is realized by means of the 2-tuple Erdélyi-Kober fractional derivative:

<Ia’5777> - [ Ban _ d " Jn—asn—pF,a+n—n (1.6.¢")
- 6.
= oD ) gappesnppon - (Y e ()

We denote this differintegral operator by

a+n -n _
DmML:(£) xmﬂ(%) = (187)7" (1.6.5)

and call it, naturally, Saigo’s fractional derivative.

h) It is of special interest to consider a differential operator, related to Wright’s
functions (D.2), (E.36) (also called Bessel-Maitland functions, see Sections D and E
of Appendix and Wright [511]-[512], Stankovic [484]-[485], Gajic and Stankovic [117],
Marichev [276]):

(1) S (—o)"
T (@) _];) KT (1+ v + pik)
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When p = g is rational, Pathak [360, p. 50] shows that JH )(90) satisfies a differential
equation of order (p + q) (see also [511, p. 74], [485, p. 120]):

—1)4
DY 7 @) = =L M) T (@),

where DY can be put in the form of 2-tuple Erdélyi-Kober derivatives (1.6.13) of integer
multiorder (p, q):

_vn [ d\P d\1? —p—1 _(5-p,—q).,

A similar differential operator, introduced by Kratzel [239] leads to an open problem
considered in Section 5.4, see (5.4.3).

iii) for arbitrary m > 2 we establish the analogue of decomposition Theorem
1.2.10, namely:

Lemma 1.6.5. The generalized operators of fractional differentiation (m-tuple Erdélyi-

Vi) >(Ok
m

Kober fractional derivatives) D(ﬁ ) of the form (1.5.19) can be represented by com-

positions of m commuting Erdélyi-Kober fractional derivatives D(ﬂwfé’(é’“) (1.6.9), (1.6.7),

namely:

(’7k)7(5k‘) I 71751 72762 ’me(sm
Dﬂ’m e Dﬁ .D/B .« .. Dﬂ )

and therefore, they have the symbolical form:

& 8 om
) _ | ao (AN o (4 AN o g (o
Dﬁ,m [:L' (da:) x (d:l; -\ xmf <a: ) (1.6.15)

l‘—>.’176

(1.6.14)

with 61 > 0,...,0;m > 0 and real vy, ..., vm, respectively ay, ..., .

Proof. In view of Lemma 1.6.3 we can consider the simple case 3 = 1. For functions
f(z) = 2P, the Erdélyi-Kober derivatives (1.6.9) have values

5 T(v+6+p-+1)
D] ° {zP} = 2P , >—(y+1).
Then, operators D?k’dk, k=1,...,m, applied subsequently to zP give:

(Ve + 0k +p+1)
Ly +p+1)

Y

m

r
D' {aPy = DI ... DI (o) = 2P I
k=1

(Vk)v(5k) {xp}

the same as given by Lemma 1.6.1, (1.6.2) for Dy

As like in the proof of Lemma 1.2.9, on each finite interval [0,x], x > 0, one can

approximate uniformly a function f(z) € Cénﬁ-"mm) ie. f(z)=aPf(x); p>asf €
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Cén1+...+nm) [0, 00) by means of the sequence of functions
n
o) = 3w, pa,
k=0

for which operators D’ and D(ﬂw;;)L Ok coincide. By letting X — oo and n — oo we obtain

m
) . X D,
that operators D' = [] D?k’(sk and Dl(?,],fb)’( ¢) coincide for each f € C’O(j7l+ i ), a >
k=1

m]?X [— (7% + 1)], where i, k = 1,...,m, are the smallest integers greater than d;,, k =

1,...,m. For arbitrary 8 > 0, Lemma 1.6.5 holds in Co(én1+'~'+77m)7 o> max (=8 (v + 1))

From (1.6.7) we have also

) 1) )
d\™* d \"? d\"m
Dl(?r/’rz)’(dk) — [x’h (daj) $’Y1+51] [x’Yz (dx> x’)’2+52] [x’Ym (dw) x’Yer(sm]

and putting
ap=—7; =V 0k —Vha, k=1.,m =1 am=9m+m,  (1.6.16)

we find the following general (but formal) representation of the multiple fractional deriva-
tives of order 6 = 6 + -+ - + 9, > O:

1) 0 1)
Yk )5 (0 d ' d ’ m— d " m
Dl(,'n’;) ( k) = xao <%> Zl'fal (%) .. .CL’a ! (% ZL’a . (1617)
The most typical operators of this form are the hyper-Bessel differential operators
(0 =+ =06y = 1) considered in Chapter 3.

THE MAIN RESULTS OF CHAPTER 1 HAVE BEEN PUBLISHED IN: Kiryakova [194], [196], [201]-[202],
[208] and Dimovski and Kiryakova [79].
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2 Recent aspects of classical
Erdelyi-Kober operators

In a series of papers [104], [109], [220] Erdélyi and Kober investigated the properties of
the fractional integrals

g e f a—1,m—1 ' i a—1;—a—
“T(a) O/(x — )T f(t)dt, T(a) x/(t — )T f ()t

(o > 0, n > 0) which are obvious generalizations of the Riemann-Liouville and Weyl
fractional integrals (1.1.b), (1.1.b*). Sneddon [452], [454]-[455] considered the following
modifications of the Erdélyi-Kober operators:

—2a—2n

In,af(w) = 2xr(a)

(2% — )T 2 () dt

O—g

1
) >07 Z__
(6] Ui 5

Kpaof(z) = %y(czg (2 — :cQ)O‘_l 2020 £(¢)

R g

and illustrated their various applications in applied mathematics, in particular, in solving
mixed boundary value problems of potential theory, solutions of dual and triple integral
equations, problems of GASPT and diffraction theory, in electrostatics and elastostatics,
etc. Sneddon revealed also the close relationship of these operators with the modified
operators Sy o of the Hankel transforms, their Mellin transforms, and further general-
izations involving the Bessel functions (studied also by Lowndes [268]-[269]). As shown
in Rooney [399]-[400], Kalla [161], [164], McBride [289], etc, the same considerations are
easily transferred to a more general case with an additional parameter 5 > 0 (one should
put 8 =1, 3 = 2 to obtain the above operators). In our notation, these are operators
(1.1.17), (1.1.17%):

68 _ - B\0—1
=g [ T () () = 1)
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and
o

_1 0—1 —(”y+5) 1
KWS /U () f(xoP)do

7'5 — xﬁ 01
= o / i i) = Wi po)

referred to simply in this work as Erdélyi-Kober fractional integration operators (inte-
grals). Since an overall exposition of their basic properties and applications has been
given in the above-cited literature (as well as in other works from the References), in
this chapter we are aiming only to add some more recent aspects and results on the
Erdélyi-Kober operators which are closely related to the ideas of the generalized frac-
tional calculus developed here.

2.1. Convolutions of the Erdélyi-Kober fractional integration operators

The notion of convolution is important in many problems of analysis and its applications.
The best known examples of convolutions: are the convolution of the Fourier transform

(0. 0]

(F#9) / fla—t)g
and the Duhamel convolution (corresponding to the Laplace transform)

(f*g)(z /f (x—1)g (2.1.1)

The latter operation has been used by Mikusinski [306] as a basis for his direct algebraic
approach to the Heaviside operational calculus.

The more general notion of convolution of a linear operator mapping a linear space
into itself, introduced by Dimovski in 1966 (see e.g. [64], [69]-[73]), is conceived as a
“multiplication” in this space such that the space becomes a commutative and associative
algebra. By means of this generalized concept for a convolution, it is possible to find non
trivial analytical results using simple algebraic considerations only.

Definition 2.1.1. (Dimovski [64], [70], [73]) Let X be a linear space and let L : X — X
be a linear operator . A bilinear, commutative and associative operation * : X XX — X
is said to be a convolution of the linear operator L in X if the relation

L(fxg)=(Lf)*g (2.1.2)
is fulfilled for all f, g € X.
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In the sense of this definition the Duhamel convolution (2.1.1) is a convolution of the
Volterra integration operator

If(z) = /f(t)dt (2.1.3)

in the space X = C ([0, 00)), of the continuous functions in [0, c0), into itself. Definition
2.1.1 is the basis of Dimovski’s convolutional calculus (see [73]). This definition can
be considered also as an inversion of the definition of a multiplier of a commutative
and associative algebra, the basis of Larsen’s general theory of multipliers. One of the
applications of such convolutions is in developing operational calculi for the operators L.
In [70] and [73] a general scheme of such operational calculi is proposed together with
its particular realizations for the most commonly used and sufficiently general cases of
operators. Convolutions are found for the linear right inverse operators of the general non
singular differential operators of first and second order, singular differential operators of
second order related to Bessel, Legendre and Laguerre functions, and singular differential
operators of Bessel type of arbitrary order m > 1 etc.

Here we propose a family of convolutions of the Erdélyi-Kober fractional integration
operators of the form

Lf(x) = LO f(z) = 2P 1} f(x)
_ xﬂ‘sofl (1_1,‘8;;7107]0 <x0%) do, 0>0 (2.1.4)
f(x), 0=0,

acting from the space Cy, a > —((y + 1) into itself, namely, LO . Cy — a+88 C Ca.
The following proposition is inspired by a series of papers of Dimovski (e.g. [64], [68]-[69])
containing a family of convolutions of the hyper-Bessel operators of order m > 1.

Theorem 2.1.2. (Kiryakova [206]) Denote by (o) the auxiliary operation

(fog)(x)= xﬂ/f [w(l - 0)%] g <x0%> [0(1—0)]"do (2.1.5)

and by T the Erdélyi-Kober fractional integration operators
T\ = .CC’B)\I;%)\_’Y with arbitrary real X > 7. (2.1.6)
For arbitrary real v, § > 0, 8 > 0 the operations

frg=T\(fog), A>7 (2.1.7)
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are convolutions without divisors of zero of every Erdélyi-Kober operator (2.1.4) of frac-
tional integration of order 6 > 0, i.e. of the operator

L = xﬁ‘slg’é in the space Co, o> —[(y+1).

Proof. For A\ > v the linear operator 7T has the explicit integral representation
| A—vy—1
1— o)A~ 1
Tyh(z) = P2 / Q=o)L (mﬁ) do. (2.1.6')

For A = ~, since I?’O = [ is the identity operator, T’ reduces to a multiplication by 2P,
The case A < 7 is possible too but the functional space should be suitably confined and
T, should be considered as a fractional derivative of Erdélyi-Kober type.

The commutability and bilinearity of (o) and hence, of the operations <>)|‘<> are evident.

It remains to check if the other two properties in Definition 2.1.1 are also fulfilled. First,
we consider functions in C, of the form

fx)=2P, g(x)=29 h(x)=2" withp,qr > a. (2.1.8)
After routine calculations one can find

F(7+%+1>F<7+%+1>

2P o 24 — L P+O+0
[ (y+ 25 +2)

and
F(27+%+1>
F(7+A+%+2)

T), (.’L’T) _ errﬂ/\

(see Lemma 1.2.1, (1.2.1)), whence

)F(7+%+1>P(7+%+1)

2P 3 21 — BO+D+P+g
r (’y + A+ Bl 4 1)

(2.1.9)

So,
o T
Ca x Ca — Chasrg = Ciasfypr

or:
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Further we obtain that the expression

)r(7+%+1)r(7+%+1)r<7+§+1>
T (y+ P4 4 23+ 3)

A A
(xp 2 xq) 3 = 2B +p+g+r

is symmetric with respect to P, 9 and =" and this fact yields the associativity of (i)

for functions of the form (2.1.8). To prove that
(fig> Yh=r2 <gih)
holds for arbitrary f,g,h € Cy, i.e. for functions
fl)=aPf(x), g(h) =a%(x), h(z)=a"h(z) withp,q,r>a,

one can approximate the continuous functions f, g, hedC [0,00) on every finite interval
[0, X], X > 0, by means of sequences of polynomials, respectively:

m n s
Pp(z) = Z am,kxk7 Qn(z) = Z bn,lxlv Rs(z) = Z Cs,ixzv
k=0 =0 1=0

according to the Weierstrass theorem. Then, f,g,h € C, are approximated by the
sequences of functions

fm(x) = 2P Pp(x), gn=21Qn(x), hs(z)=12"Rs(x).

Using the bilinearity of operation (Q) and its associativity for power functions, it is
easily seen that

(fmign> >)'\‘hs :fmf‘\< <9n>'/\‘hs>~
By letting m,n,s — oo and then, X — oo, from this equality we obtain the associa-
tivity of (i)
The propositions that T\h(x) = 0 yields h = 0 and that (f o g)(x) =0 iff f =0 or

g = 0, are corollaries of a known theorem of Mikusinski and Ryll-Nardzewski (see the
proof of Theorem 1.2.3). This proves the absence of divisors of zero of the operations

(i) and thus, Theorem 2.1.2.

Remark 1. Let us note that the operations @) defined by (2.1.7) do not depend on the

fractional power of integration § > 0. Actually, they are convolutions of the basic ope-
rator LM = xﬁlg’l of generalized integration of order § = 1, and therefore of each of its

1)
fractional powers: L = LO = (L(l))é, since (a:ﬁlg’l) = xﬁ‘sIg’é.
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Remark 2. If we look for a convolution of (), L having the constant function {1} as
unit element:

(1 A f) (2) = f(z), f € Cha, (2.1.10)

then we have to choose A = —1 in (2.1.6), (2.1.7). Normalizing by means of a suitable
constant multiplier, we get then the convolution

(f*g)(x) = ﬁ (f * g) (z) (2.1.11)
= %12%_1_7 mﬂ/f [ac(l — 7)%] g <a:7'%> dr | ,v# —-1,-2,...,

0

satisfying conditions (2.1.10).

Some applications of Theorem 2.1.2 are given in Sections 2.2 and 2.3.

Corollary 2.1.3. For~v =0, § =1 the operators T\ (2.1.6) have the form
Ty =21 =R A>0

of Riemann-Liouville operators (1.1.b). Thus we obtain the operations
(2.1.12)

as a one-parameter family of convolutions of Volterra integration operator (2.1.3) 1 = R!
and of each fractional power: 10 = R‘S, 0 > 0. In particular, for A\ = 0 the Duhamel
convolution (2.1.1) is obtained (R° = I):

(149) (@) = (F9) @) = [ 1l = Dgtt)at.

For g(x) = {1} the above equality gives the well-known Duhamel convolutional represen-
tation of the Volterra integration operator:

@) = [ f0d = (115 £) (@) = ({1} 1) (o). (2.1.13)
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On the other hand, the unique convolution of the form (2.1.12), for which condition
(2.1.10) is fulfilled, is the operation

(f39) ( /f (z —t)g :%(f%) (), (2.1.14)

obtained from (2.1.11) by taking v = 0, 8 = 1 and interpreting the symbol x 117"
R~ as the usual derivative D' = % of first order.

It is reasonable to state the more general problem for convolutions of the multiple
Erdélyi-Kober fractional integration operators of form:

I — xﬂ(SoIéV%v(ék)’ 5o > 0. (2.1.15)

Till recently, this has been an open problem, except for the case of the hyper-Bessel ope-
rators with g = 6; = -+ - = dp, = 1 (see Chapter 3) with convolutions found by Dimovski.
For quite general fractional integrals, close to (2.1.15) but involving Fox’s H-function as
a kernel (instead of the G%:?ﬂn—function)7 convolutions have been found by Luchko and
Yakubovich [270]-[271] and Nguyen Hai and Yakubovich [317]. On the base of their
results, we find some new convolutions in Section 5.4.

2.2. Dzrbashjan-Gelfond-Leontiev operators of generalized differentiation
and integration. Convolutions

2.2.i. Generalized Gelfond-Leontiev differentiation operators

Let the function
o
= a2 (2.2.1)
k=0

be analytic in the unit disk {|z| < 1}. Then, its Riemann-Liouville fractional derivative
of order o > 0 has the form

DY f( - _Lk+D g 2.2.2
/(z Z F —a+ 1) ( )
A natural way to generalize differintegration (2.2.2) is to change the multiplier %

by means of a more general expression. In 1951 Gelfond and Leontiev [120] introduced
such an operation, more general than the usual differntiation %, using as a starting point

the fact that the multiplier corresponding to diz is F(Fliz)l).
Definition 2.2.1. Let the function
o0
= (2.2.3)
k=0
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be an entire function of order p > 0 and o # 0 and such that

1
klim kv o = (ep)r. (2.2.4)
—00
Then, the operation
o
DI f(z) =Y apPhon n (2.2.5)

is said to be a Gelfond-Leontiev operator of generalized differentiation (of order n =
1,2,...) with respect to the function p(X).

In particular (n = 1),

Duf(2) Za ‘p’f Lok, (2.2.6)

For modified conditions (2.2.4) see Tkachenko, [490, p. 662-663]. From the theory of en-
tire functions, it is known that (2.2.4) always holds for klim . However, condition (2.2.4)
—00

yields that there exists lim Phon
k—o0 Pk

formula, series (2.2.5), (2.2.6) have the same radius of convergence as (2.2.1). It is evident
n
k=0,1,..., then (2.2.5) and (2.2.6) give (diz) ,

= 1 and therefore, by the Cauchy-Hadamard

. _ . _ 1
that if o(A) = exp A, i.e. ¢ = D
respectively di

Definition 2.2.2. The right-inverse operators of (2.2.5), (2.2.6), respectively

oo

k=0
o0

Ipf(z) =Y a ’f“ T (n=1), (2.2.8)
k=0

are called generalized Gelfond-Leontiev integration operators with respect to the function
p(A).
One can go further, generalizing Gelfond-Leontiev operators by replacing the multi-

pliers % in (2.2.2) by means of an arbitrary sequence {by}7-, satisfying suitable

conditions. In this way, the so-called Hadamard product (convolution) is introduced,

namely: if
0.0}
~ Y ek
k=0

and f(z) given by (2.2.1) are analytic functions in the unit disk, then the Hadamard
product is defined as:

D{b;f} = (bo f Zakbkz (2.2.9)
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If b, — oo as k — oo, then operation (2.2.9) can be considered as a generalized differen-

tiation. For by, #£ 0, k =1,2,... , its inverse operation
> a
I{b;f} = b’“ 2 = Db, f} (2.2.10)
k=0

should be a generalized integration, or Hadamard product with the “reciprocal” function

5

k=0 k

S| W
o

More details and examples of the generalized differintegration (2.2.9), (2.2.10) can be
seen, for example, in Samko, Kilbas and Marichev [434, §22, 3°] and Section 5.5.

Next we consider Gelfond-Leontiev generalized integration and differentiation with
respect to a particular entire function ¢(\).

2.2.ii. Dzrbashjan-Gelfond-Leontiev operators, related to the Mittag-Leffler
functions

The Mittag-Leffler function (E.22):

0
0 9911
#(M) kzo T —I-k:a @ ( )

is one of the most characteristic examples of an entire function of order p = é > (0 and
of type o = 1.

In a number of papers [98]-[103], summarized in the monograph [101], Dzrbashjan
introduced and investigated the properties of the more general functions of the same
kind (E.24):

(AN =Ep(Np) =) —F— (2.2.12)
p>0, uecC.

Due to the free choice of the arbitrary complex parameter pu, these functions have many
more applications. Usually, they are referred to as functions of Mittag-Leffler type. For
the sake of brevity we call them Mittag-Leffler (M.-L.) functions. The function (2.2.11),
written in the form (2.2.12), is

1
Ea(X) = Ep(X; 1) with p = —.
«
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More about the Mittag-Leffler functions and their multiple counterpart ([103]) can be
seen in Appendix, Section E.ii. Obviously, since their coefficients

—1
ek:{r<u+%>] . k=0,1,2,... (2.2.13)

satisfy conditions (2.2.4), therefore generalized Gelfond-Leontiev differentiation and in-
tegration operators with respect to Mittag-Leffler function E,(A; ) can be considered.
These were introduced and investigated by Dimovski and Kiryakova [77]-[78], Kiryakova
[196] for real values of the parameter p. These considerations were extended to complex
parameter p in 1985 by Linchouk [258].

Definition 2.2.3. Let p > 0, let x4 be a complex parameter with SRu > 0 and let 9 (AR)
denote the space of functions analytic in the circle Ag : |z] < R. For a function

=Y ap2" € H(AR) (2.2.14)
k=0

we define the DZrbashjan-Gelfond-Leontiev (D.-G.-L.) operator of differentiation by
means of the series

Dy uf(z) Zak << ) (2.2.15)
k=1

N%)

Its linear right inverse operator of the form

Louf(2) %ak <5M:k+?) k1 (2.2.16)

is said to be a Dzrbashjan-Gelfond-Leontiev (D.-G.-L.) integration operator.

Strictly speaking, any linear right inverse operator of D, , (D/LML/LM =1 ) has the
form

Louf =lpuf+ x(f)

with arbitrary linear functional x in $ (Ag). The defining projector of 1, , (or the initial
value operator for this notion see [370], [73] and Section 3.2, is

Fpuf(2) = (I —=lpuDpy) f(2) = f(0).

Lemma 2.2.4. In $ (AR) the Dzrbashjan-Gelfond-Leontiev integration operator
(2.2.16) has also the following integral representation

1

lpuf(z) = (Zl) /(1 - J)%_lau_lf (zafl)) do. (2.2.16')
P

0
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Proof. It is enough to verify the validity of (2.2.16) for an arbitrary f(z) = 2z,
k > 0. We have:

1 k
k+1 1 k F(,l,l,"‘—)
Lo, {zk} = Z_l/(l - 0);_1U’u+f’_1da = —kpl
1 k+1
I <P> 0 I (’” P >
o

Then, if f(z) = 3 a;z" is an arbitrary function of $ (Ap),
k=0

00 00 r ,M—I-E
lpuf(z) = g arlp {zk} — g akﬁzkﬂ’

which proves the lemma.

The operator [, , is defined by means of (2.2.16’) also in a more general space (), so
it can be considered as an extension of (2.2.16). Here H(2) denotes the space of functions
f(2) analytic in a domain Q starlike with respect to the origin z = 0. Furthermore,
(2.2.16') defines Iy, as a special case of the 1-tuple generalized fractional integrals, that
is, as an Erdélyi-Kober fractional integration operator (1.1.17) with v = u—1, § = %,
B = p (see example (1.1.h-h’), Chapter 1):

_17l 1 _171
louf(2) = zIZl Pf(z) = pr[/’j Pf(z). (2.2.17)
As we have mentioned in Chapter 1 (Theorem 1.2.18), the generalized fractional
integration operators Igf’i (%) can be considered also in the space
9a(@) = {f(z) = PF(2); p > 0. T € 5}, (2.2.18)

when €2 denotes a domain starlike with respect to the point z = 0. The more general
results with proofs are given in Section 5.5. In the case of operator (2.2.17), the corre-
sponding parameter « is to be taken greater or equal to —3(y + 1) = —pup. So, further

1

_]-7 .
we consider Ly, = ZIZ1 P in the space $H—,p(2) D H(Q).
The “differentiation” operator D, , has its analytic continuation in $(£2) and in

ﬁfup(Q) too. In the case p > 1 this proposition was established by Dimovski and
Kiryakova [77]-[78], namely:

Lemma 2.2.5. The generalized fractional differentiation operator, defined in $—p;,(€2)

by

Dy uf(z) = Dgilvéz_lf(z) - Mz_l, (2.2.19)
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that 1s,

1 -1 1
(%z% + ,u) P Ry <20P> do — f(Li(f)z*l for p>1,
Dy uf(2) = 0 r(1-7) r(i—7)
(5L + 1) 27 (2) = FO) = 1)z forp=1,
(2.2.19)
coincides with the Dzrbashjan-Gelfond-Leontiev differentiation operator (2.2.15) in the
space $) (AR), when Ap C €.

S

The case p > 1 is chosen only for the sake of simplicity of the explicit representation
(2.2.19'). In the general case p > 0, the same representation (2.2.19) holds and this is
a corollary of the results of Section 1.5. According to Theorem 1.5.1, the operator [, ,
(2.2.17) is a linear right inverse of the generalized fractional derivative

M_lal —1 —1 /J/_l_lal
dpjy=D, "z =z2"D, " ",

and also, of each operator of generalized differentiation
'u_171_17 —1 C
For ¢ = % this operator (2.2.19) coincides with (2.2.15) in $ (AR), since:
F=%
1 k—1
Pp-1+5+52 1)

F(M%> r(u—1+%+1>

In the general case p > 0, define

(2.2.21)

1

o

[%] + 1 for non integer l,
’r} pr—
% for integer
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Then, the explicit representation of (2.2.19) follows by Definition 1.5.4, namely:

77
. p—1+4,1m— _
Dpuf(z) = H <—Z— +p—1 +J> I, ° v (271 f(2)
. (2.2.19")
Ui
1 d : p=lt5n—75
= H(—z——I—,u—l—f—j) I, 7 pz Lf(2).
: p dz
=1 J
For p > 1, i.e. for n = 1, we get the simpler form (2.2.19).
All these considerations lead to the following extended definition.
Definition 2.2.3’. The generalized fractional integration operator
M—l,l
lpwf(z) = ZIp P f(2)
11 (2.2.22)

1 1

1—o0)r 1

= z/%a“ﬂf <ZJP> do, w©>0, p>0,
s T(3)

defined in $_,,(Q) is said to be a Dzrbashjan-Gelfond-Leontiev integration operator.

Analogously, the generalized fractional differentiation operator (2.2.19) is called a Dzr-
bashjan-Gelfond-Leontiev differentiation operator in §_,,(2).

From the proofs of Lemma 1.2.1 and Theorem 1.2.15, it is evident that the Dzrbash-
jan-Gelfond-Leontiev integration operator [, ;,, p > 0, u > 0 is a linear operator mapping
the linear space $—;,(£2) into itself:

Lot = 9 p(Q) — 9 par () € H_ ().

So, it is reasonable to look for a convolution of I, in $H—,,(G) in the sense of Definition
2.1.1. Since this operator is quite a special case of the Erdélyi-Kober fractional integration

operator acp‘slg’(s, its convolutions can be found by specialization of the general Theorem
2.1.2. Tt is enough toput y=pu—1, 9 = % >0, =p>0in (2.1.6) and to modify the
statement for spaces ), (€2). Thus, we obtain the following

Theorem 2.2.6. Let ( ) be the operation

1
(1 g) =2 [ £x
0
and let the operators T have the form

Zp)\Ig(N_l)a)\_/i+1 x> p—1,
APADETIMITIEA e 1,

EIH

]9 () ca-opdc. (2.2.23)

T, = (2.2.24)
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(Here Dg’a denotes the “Erdélyi-Kober fractional derivative” (1.6.6)). Then, each oper-
ation of the form

A P
(1 ha) @ =1 (7 9) (2.2.25)
is a convolution of 1y, in H—pp() if X > p—1, orin the subspace $H(2) only, if X < p—1.
If we look for a convolution of [, ,,, uniquely determined by the condition {l}pﬁu f=1f

f € H(92), then as noted in Section 2.1, we have to choose A = —1. Indeed, {1};*; 2P = 2P

for every p > 0. For arbitrary f(z) € $H(€2) the same condition can be verified with the
help of Runge’s approximation theorem, valid in a starlike domain {2 being also a simply-

connected domain. The operation <p*u) is generated by means of the differintegral

operator
T_y =z PDY M = Dhmhl,r, (2.2.26)

which does not preserve the basic space $—,,(£2). So, we have to confine ourselves to
the subspace $H(2) C H_pu(2) of functions analytic in Q. Then,

<[};) =T, (”é“) (2.2.27)

is an operation in $)(£2), since

Psp

H(0) x H(2) 2 27H(2) C H,(2) = H,-p(Q) = Ho() C H(A).
According to (1.6.9) for

[t] +1 if p is non integer,
A p if p is integer,

the operator (2.2.26) can be written explicitly in the form

n—1

_ 1 .

T =Dy P =]] (;z—z +u+j) A
j=0

=

(zdz+u+j)12“ St for non integer pu,

<.
I
L o

=

<p 2 —|—j> for integer L.
0

J

In this manner we obtain the following result of Dimovski and Kiryakova [77]-[78],
Kiryakova [196].
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Corollary 2.2.7. For p >0, u > 0 the opemtion

M]Jrlf(l 0 {“} o2 =1ds f t“ 1
'u when p is non integer,
_ 1 11
(fp*;g)(z): xf[zaﬂ(l—tﬂ] < ﬂﬂ)d
1
B“Mf (1 t)u th=Lf [ (1—1t) P] g (ztp> ,  when u is an integer,
(2.2.28)
where Blgu denotes the differential operator
k—1 1 d
k : _
By, = H<;z£+u+j>, k=1,2,..., (2.2.29)

7=0

is a convolution of the DZrbashjan-Gelfond-Leontiev integration operator l, , in $(£2).
This convolution has an unit element in H(Q2), namely the constant function {1}:

{1} x f(z) = f(2). (2.2.30)

The operator 1y, itself has the following ( )—convolutzonal representation

@)= (r 1) 2:231)
with r
r(z) = Lz € 9N(Q). (2.2.32)
r (u + %)
Proof. Since ) )
—1,= 1 _1’_
Lo = ng £ =2, Y

is an Erdélyi-Kober fractional integral of the form
1
zﬁélg’éwith6:p>0, y=p—1, 6d=->0,
p

then according to Theorem 2.1.2, for arbitrary \ € R the operator

—1)A—(u— .

fﬁg T\(f o g) szIZ(u 1),A—(p ”(fog), A -1,
pu— )\ — B B h

P szDE)u D+, (u—1) A(ng), if)\<,u_1’

where (o) is the auxiliary operation

1
(1 — )P tgp—l

(rog)a) == [ =3

f [z(l — t)%] g [zt/_l?} dt,
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is a convolution of I, ;, in H().

If we choose A = —1, then p > 1 yields A < p — 1 and the “correcting” operator T’
is:
T 1=z pDM 2,1 D/’L 1u *p.

Then, the operation (piu) takes the form

<p;;) (2) D“ L /1 (1 —t K= 1tu 1f [2(1 B t)ﬂ . [zt%] "
0

According to (1.6.9), for

(] + 1, if p is non integer,
L if p is integer,

the Erdélyi-Kober fractional derivative Dﬁ b has the form:

Ui
_ 1 d — —
p=1,u _ ./ =141, —
Dy h = ]/Tll('gza+”_1+j> 1l
(| (1
11 ( Zdz+“+j> 12“ L= {“} if 4 is non integer,
_ Jj=0
o -1
( Zdz + 1 _|_]> if p is integer,.
\ ]:0

Hence, the operation ( > takes the form (2.2.28).

On the other hand, for each f € H():
{1} 7 £(2) = DM ({1} o f(2)) = D27 (P17 4(2)) = £(2),

which is (2.2.30). Since

(p)

ILL+ ) r(z)’

{1} = ZI o ('} =2——= (
by the convolutional property
—1 —1
o (100 1) = ut) 5 £

we find (2.2.31): I, f =7 i f. The proof is over.
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Remark 1. A more concise (but only symbolic) form of convolution (2.2.28) is proposed
by Dimovski and Kiryakova [77], viz:.

t

(fp};g) () = { £ M( > / F&); : (t—x)ﬂx#—lg(x%)dx . (2.2.33)

0 t—2P

Remark 2. In a modified form, the same convolution of [, , was found by Linchouk [258]
in the case of a complex parameter p with Ru > 0. Let py = p — [Rp] and consider the
operators

1

1- 1

Foul 2) /(r 1—u1 @) g (are) ar
0

Sy ) = |0 = 1) sen () + = 7 i (k+r-120) )

and

Thou = SpuBpp-
Then, the operation

(f +9)(2) = f(0)g(

1 1
/ (=05t (Tyuf) [200 = 1)) g (2t7) dt (22.34)
0
is a continuous convolution of the Dzrbashjan-Gelfond-Leontiev integration operator [,
in H(Q).
It is evident that Linchouk’s result [258] is another form of the convolution (;k;)

(2.2.28) obtained by putting the differential operator Blg, ., under the sign of the integral
(111 = 0 for real integer p and py = p — [p] for non integer p).

As an application, it is interesting to find the (p*;) -convolutional products of some

basic functions in H(Q).
Lemma 2.2.8. For p >0, ¢ > 0 we have

» T p+2)T(p+ 4
{7} x {21} = 2P <r<:>+ ];> p>. (2.2.35)
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Lemma 2.2.9. Let o, 8 be two different complex numbers. Then,

abp (az;p) — BE, (B2 1)
I(p) (e = B) '

{Ep(az )} x {Ep(Bzip)} =

Proof. From (2.2.11) and (2.2.16) it follows easily that

1 1
lpuEp (azyp) = aEp (az;p) — al (1)
and
1 1
lp,uEp (Bz;p) = BE'O (Bz; ) — 5F—(I~L)’

(2.2.36)

(2.2.37)

(2.2.38)

respectively. ~ Multiplying convolutionally (2.2.37) by E,(8z;u) and (2.2.38) by
E, (az;pu), we use the property (2.1.2) to obtain one and the same result on the left-
hand sides. It remains to apply (2.2.30) to the right-hand sides which leads to (2.2.16).

Let us mention the following analogue of (2.2.37) concerning D, , (see (E.27)):

Dy By (az;p) = ab, (az;p), a#0.

(2.2.39)

For yn = p =1, since B, (az; u) = By (az;1) = e** and D), = d% is the usual differenti-

ation, we obtain the well-known differential relation

d
—e" = ae"*, a#0.

dz ’

In the same case, (2.2.35) and (2.2.36) turn into the relations

. Ig!
{z} 1*1 {2} = PH PO for integers p > 0, ¢ > 0,

(p+q)!
. oz _ p,.pz
(@ 2 {7} =2 azs

where (}i) is the “differentiated” Duhamel convolution

(ri0) -4 / f( = Dg(t)dt = 5 (£ %) (2).

This scope of results for the generalized integrations [, and their applications in
describing the commutants of [, ;, (see next Section 2.3), was proposed by Dimouski [72],
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[73], first in the case p = 1. The convolution in $(£2) of the Gelfond-Leontiev integration
operator with respect to the function E,(\;1):

1

Ipf(z) =1p1f(2) = z/ T;f (za%> do, (2.2.40)
P

(f * g) (2) = (—z— + 1) /f (1=1)2] g (27%) ar. (2.2.41)

It seems interesting to discuss the relationship between the Gelfond-Leontiev integra-
1

tion operators lp i, lp1 and Riemann-Liouville operator Re. It turns out that these
operators are similar in the sense that there exist transmutation operators which are
isomorphisms in the corresponding spaces and transform each of these operators into
another such operator. Furthermore, these transmutation operators are also fractional
integration operators . For instance, the following proposition holds.

Theorem 2.2.10. The fractional integration operator

1

Of(2) = L," f(2) = / Ul

is a similarity from the Gelfond-Leontiev integration operator l,, (2.2.40) to the more
general DZzrbashjan-Gelfond-Leontiev operator l, , (2.2.22) with pn > 1:

Q:lpr — lpp, te. lpy=1,,P in H(Q). (2.2.43)

On the other hand, the mapping =1 : f(z) — f(2P) (p > 0) is similarity from the

Riemann-Liouville operator R? to the operator 1, :
1 1
ET' iR — 1y, de. ZT'RP = 1,127 in H(Q). (2.2.44)

Then, the composition ®=71, that is, the integration operator
1 s
_ 1—- -
Uf(z)= I f(z) = / d-o)"” f(zPo)do (2.2.45)
0

1
is a similarity (transmutation operator) from Rr to 1, ,, namely:

Ui Re — 1y, or WRE =1,,0 in (). (2.2.46)
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Proof. Lemma 1.3.1, (1.3.3) and Theorem 1.3.8 (the index law (1.3.11)) yield:

1 1 1 1
_ o= Y5\ _ b 0p ORI
®lpy =1, (zlp ) =21, I," =21,

and

:u_lvé 0,u—1 07/1—1—&-,%
lpu® = z1, I, =zl, ,

therefore (2.2.43) is fulfilled in H(2). Relation (2.2.44) is obvious. Then,
WRr = SRS = Bl = =1, , 05" =1, , T,

which is (2.2.46). From Lemma 1.3.3, relation (1.3.6), for the product of I "' and =~
we find the representation (2.2.45):

Vf(2) = 1" ST (2) =2 £(2)

— [1{“‘*1 f(z)] = / % f(2Po) do.

This ends the proof.

Note. The operators ®, ¥ have also the representations

-1 ] Y /
®f(2) = ppe—s / (2 — CPY' 2 CP 1 f(2)de (2.2.42)

and )
wi(z) =20 [ %f@)dc (2.2.45)

Knowledge of the transmutation operators between two given operators , or more
generally, between two given problems, allows us to transfer the known results for one
of them (usually for the simpler) into results for the other one (usually the more com-
plicated). This is the key idea of the transmutation method in general (for more details
see Section 3.5). In this sense, Theorem 2.2.10 can be useful in finding a convolution

(*1) of l,, on the basis of the known convolution (;{) (Dimovski [72], [73]) of 1.

Pt
We have to use the following general theorem of Dimovski proposing one of the most
effective approaches in finding new convolutions.

Theorem (Th. 1.3.6, [72, p.36]). IfT: X — X is an isomorphism of a linear space
X onto a linear space X and L : X — X is a linear operator in X with a convolution
x: X X X — X, then the operation

fxg=T ' (TfxTg) (2.2.47)
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is a convolution of the similar operator L = T 'LT in X.

Now let us choose L = lpg, L=1pu, T =07 and X = X = 9(Q). Then, the above
theorem yields that the operation

(4 a) @ =e @) 2 (27 2245

is a convolution of I, , in $(2), where (p_*i) denotes Dimovski’s convolution (2.2.41). It

is easy to calculate that (2.2.36) is fulfilled for the convolution (2.2.48) too. Since the
system of Mittag-Leffler functions { E,(az; u), a € C} is complete in $(Q), it is easy to

verify the coincidence of the convolutions F}; : <p>’|<u> in $H(9).

One of the most frequently encountered cases of the Dzrbashjan-Gelfond-Leontiev
operators is the case p = % > 0. An example of such an operator is the generalized
differentiation operator Dy, o > 0 of Iliev [146], [147] (mentioned in Chapter 1, Example
(1.1.¢")). Tts linear right inverse operator (1.1.g) is the Dzrbashjan-Gelfond-Leontiev

integration operator with u = % =a>0:

Its convolution (*1 ), denoted by <$>, has the form

Ne’

Q=

[(t — 2)a]*

t
(fs‘;g)(z): tl_a(%) /Tf[(t—x)a]g(xa)dx . (2.2.49)

t—z

o=

Then, the <$>—convolutiona1 product of two power functions is

(P} 5 {21} = Ker q) J - PH (2.2.50)

p

where the “generalized binomial coefficients” introduced by liliev [147] are used:

p+aq) _  T(alpt+g+1)
( p )a B I'(a(p+1)T (a(g+1)) (2.2.51)

For other results related to the Gelfond-Leontiev derivatives, see also Kapoor and Patel
[183].
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2.3. Representations of the commutants of Dzrbashjan-Gelfond-Leontiev in-
tegration operators

Once a convolution for a linear operator L in a space & is found, the problem of finding
the multipliers of this convolution can be considered and this problem turns out to be
closely related to that for finding the commutant of L in X.

Definition 2.3.1. Let L : X — X be a linear operator mapping the linear space X
into itself. The set of all continuous linear operators M : X — X commuting with L:

MLf=LMf, feX
is said to be a commutant of L in X.
Definition 2.3.2. An element k is said to be a cyclic element of L if the set of all the

linear combinations of {L"k}, n = 0,1,2,... denoted by span {L"k};° , is dense in X.

If we have a continuous convolution of L in X, then the following assertion allows
finding the explicit form of the operators commuting with L, under some additional
conditions.

Theorem 2.3.3. (Dimovski [73, p. 43], Th. 1.3.11) If (%) is a continuous and annihila-
tor-free convolution of the linear continuous operator L : X — X in a Fréchet space X
with a cyclic element, then the multiplier ring of the convolutional algebra (X, x) coincides
with the commutant of the operator L in X.

2.3.i. Commutant of the Dzrbashjan-Gelfond-Leontiev operator [, , in $(2)

In [72], [73] Dimovski proved that the linear operators M : H(Q2) — $H(£2) commuting
with the Gelfond-Leontiev integration operator I, = [, in $({2) have the form

ps1

Mf(z) = (m * f) (2) (2.3.1)

with m(z) = M{1} € $H(Q?), where <p_>|<1> is the convolution (2.2.41).

The more general result concerning convolutional representation of the commutant
of the DzZrbashjan-Gelfond-Leontiev integration operator [, is given by the following
assertion, proved by Dimovski and Kiryakova [77], [78].

Theorem 2.3.4. A linear operator M : H(Q) — H(Q) commutes with the Dzrbashjan-
Gelfond-Leontiev integration operator 1y, iff it admits a representation of the form

Mf(z) = (m * f) (2) (2.3.2)

pstt

with m(z) = M{1} € H(Q), where operation (2.2.28) is denoted by (;};)
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Proof. To use the general theorem of Dimovski mentioned above, one should estab-
lish that the operator I, has a cyclic element in the Fréchet space $(2). Indeed, the
constant function {1} is a cyclic element of [, ,;, since the span of (lg" M{l})zozo coincides
with the space of the polynomials in $(2). But, according to the Runge approximation
theorem in the simply-connected starlike domain 2 C C, the polynomials are dense in
H(2). Further, if M : $(2) — $H(Q) is a linear operator commuting with 1, ;, in $(€2),

then M is a multiplier of the convolution (;{L) From (2.2.30): f = {1} /}k; f, we obtain

Psk

MIE) = (1) 1) = (m 2 1) (2

thus proving representation (2.3.2). Conversely, each convolutional operator of the form
(2.3.2) obviously commutes with I, ;. For more details see [73], [77].
An extension of this result to complex values of the parameter p is made by Lin-

chouk. Using the same convolution but written in the form (2.2.34) and slightly different
arguments, he proves the following.

Theorem 2.3.5. (Linchouk [258], Theorems 1, 2) A linear continuous operator M :
H(Q) — H(Q) commutes with the Dzrbashjan-Gelfond-Leontiev operator 1, , in $H(£2)
iff it has a representation of the form

Mf(z) = m(2)f(

/ (1= 1) = (T, f) [z(l . t)ﬂ m (zt%> dt (2.3.3)
with m = M{1}, or letting ¢(z) = [[(p)] "' T um(z) € H(Q):

Mf(z) = ) + / (1—t)p i1y [z(1—t)%] f(zt%) dt. (2.3.3)

0

RN R

For = 1, the latter expression coincides with the following result of Dimovski [72]-
[73]:

1

1, 1 1
MfG) =m0 f(2)+2 [Q -t 'm [z(l—t)ﬂ] f(ztﬂ)dt, (2.3.4)
0
following immediately from (2.3.1), if one uses the representation (see [73, p. 107])

(f ¥ g) (2) = f(0)g(z) + g /(1 oy {2(1 - t)ﬂ g (zt%) dt (2.3.5)

of the convolution (E{)
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For arbitrary p and p = p, representations (2.3.2) and (2.3.3') coincide with the
results of Kiryutenko [215].

Alternative representations of the commutant of [, in $(£2) were proposed also by
Tkachenko [488]-[492].

As a special case of these considerations, when y = p = 1 we obtain the previous
results of Raichinov [373]-[374], namely, the representation

M(z) = m(0) f(2) + / m!(z— Of(Q)dC with m(z) € H(Q)  (236)

of the operators M commuting in $(§2) with the Volterra integration operator

z

1F(2) =l f(2) = / F(O)dc.

0

2.3.ii. Convolutional representation of the commutant of a fixed integer power
of the Gelfond-Leontiev integration operator

Let m be a fixed positive integer. If m > 1, then the operators M : H(Q2) — $H()
commuting with /7', in $(€2) are more than those commuting with [, . In particular,
Raichinov [378] has found an explicit representation of the commutant of I"* = I{"} in a
m-symmetric domain 2. A domain 2 is said to be m-symmetric, if z € Q implies wz € (),
where w is an arbitrary m-th root of unity, i.e. a complex number with w" = 1. His
result can be summarized in the following theorem.

Theorem 2.3.6. (Raichinov [378]) A linear operator M in $(Q) commutes with the mt"
power I of the Volterra integration operator 1 (1.1.a) in $H(S2) iff it admits a represen-
tation of the form

dk+1

MIG =Y o / iz — O () (2.3.7)

with arbitrary mp(z) € H(Q), k=0,1,2,...,m — 1, and fi(z) given by

| Ml y _
N —RJ J — _
fk(z)—me f(w k:) k=0,1,2,....m—1, (2.3.8)
j=0
where w is a primitive m-th root of unity.

A more general result concerning the commutant of the operators [’

p71, m = 1,2,...,
(= 1) is proposed by Dimovski [73], namely:
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Theorem 2.3.7. (Dimovski [73, Th. 2.5.3]) A linear operator M : $(Q2) — $H(Q),
H(Q) being the space of the analytic functions in a m-symmteric and starlike domain
Q commutes with the m™ power lgfl of the Gelfond-Leontiev integration operator I,
(2.2.40) if and only if it admits a representation of the form

m—1
—1
Mf:}jD%(mhiﬂ), (2.3.9)
k=0
where D];,l is the Gelfond-Leontiev differentiation operator ((2.2.19-19") with y=1):

Dy1f(z) = ij—%((%);f(z) - ﬁ7

my, € H(QY) are arbitrary,

m—1

1
= @f@ﬂ>, k=0,1,....m—1,
m

k=0

w 1§ a primitive m-th root of unity and (,}1) is the convolution (2.5.5) of 1.

Proof. The proof is based on a series of lemmas (see [73, p. 108-112]). The basic
steps are as follows. The space H(€2) is represented as a direct sum of subspaces

ﬁk(Q):{fEf)(Q); f(wz)zwkf(z), ZEQ,wmzl}, k=0,1,...,m—1,

namely:
H(Q) =9H(2) D HI(Q) D ... D Hm-1(2).

Each of these subspaces is shown to be invariant for lm The functions

Sk

er(2) = W

are cyclic elements of I in $(€2). Then, in each subspace §;(€2) the linear operators

M, commuting with l:,nh have the form

€HL(Q), k=01,...,m—1

Mf=(Mey)% f=my*f,

k k -1
my * f= DP,l <mk P>i<1 f)

is a convolution of [j}"; in its invariant subspace 9y, (£2).

where
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Similar constructions for the commutants of the powers of the differentiation operator,
generalized backward shift operators, Euler differentiation operator, etc. in spaces of
analytic functions can be found in Dimovski and Vasilev [83], Vasilev [500-501], Raichinov
[372]-[377], [379]-[381] and Raichinov and Raichinov [382]-[383]; see also the book of Fage
and Nagnibida [112].

Operators commuting with the differentiation (integration) in spaces of functions of
several variables are considered ,for example, by Raichinov [378] and Napalkov [316].

In particular, for the Hardy-Littlewood integration operators (1.1.c):

Liof(x /f O Lnnf(z m/Cf Q)dc,

as special cases of the Erdélyi-Kober fractional integral:
Liyynf(z) = M E()) integers mun; no>mo— 1,

the problem for the commutants of Ly, , and of their fixed integer powers L%’n, p =
1,2,...is considered by Hristova [139]-[141]. Her approach is rather different, including
recurrent formulas and matrix methods. There, the functional spaces are the algebra
of polynomials with complex coefficients and the space $ (Ap) of analytic functions in
the disk |z| < R. An analytic description of the operators commuting with Ly, , and
L%,n is found in terms of series as well as in integral form. The isomorphic proper-
ties of the mappings M : $(Ar) — $H(ApR), generated by the linear operators M
of the commutants, are investigated. It is proved also that L%n is finitely minimally
commutative iff p =1 and m = n.

2.4. Borel-Dzrbashjan integral transform: operational properties and convo-
lution

Considering the Gelfond-Leontiev differentiation and integration operators Dy, 15, and
their convolutions, it is natural to state the problem of the existence of a corresponding
Laplace type integral transform. Such an integral transformation should have the same
convolution and should transform differintegrals D, ,, [, into algebraical operations.
For a more general aspect on this problem, see Section 5.6.

In Dimovski and Kiryakova [78], Kiryakova [196] we have shown that the role of such
a transformation can be played by a generalization of the Borel transform

RIS e " 2.4.1
B Zakz _Zk!zk“' (2.4.1)
k=0

k=0

This generalization has been introduced for other purposes by Dzrbashjan [101, p.323],
[98]-[100], considering entire functions of order p > 0 and finite type and more generally,
functions analytic in angular domains and satisfying some conditions on their growth.
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The so-called generalized Borel transformation with respect to the Mittag-Leffler function
E,(z; ) is defined for entire functions of order p > 0:

z) = Zakzk (2.4.2)
k=0

by means of the series

B {f(2) g}_Zr( )gkﬂ’ (2.4.3)

but it has also the integral representation

(0. 0]

By {f;C}=pcHrt /eXp (—=CPEPYtHPLF(t)dt. (2.4.4)

0

Usually the generalized Borel transforms are consiedred in p-convexr domains of C.
Thus Dzrbashjan [98],[101] and later on, Tkachenko [488]-[489], [492], considered the
transform

By (1) =0 (e7¢)" / 7 () exp [~7 (7)o,

with an arbitrary 6 € (—m, 7], in the domain

Dp(0;v) = {C :R (e_wC)p > v, larg( — 0| < ;_p} , (2.4.5)

Y
whose contour £,(6,v) is defined by the equation <e_“9(> =v+ir, 0 < v < oo,
—oo < 7T <.

Using the above integral representation of B, ,, Dzrbashjan ([99]-[100], [101, p. 383-
404]) extends its definition to functions, continuous on a system of rays in C or analytic in
angular domains. In accordance with his considerations, we give the following definition.

Definition 2.4.1. Let us denote by A [p,0y] the class of functions f(z), analytic in
the angular domain

1
A(a;O):{z:|argz|<%, 0 < |z] < o0, §<a<oo}

and satisfying growth conditions of the form
f(2)] < My exp (o1]2[").
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For y1> 0, p > max {p1, 2.2~} and f € A [p;,04], the functions
o0
Byu{fi¢t=0r (e‘iec)ﬂp ¢! /f (e‘wt) exp [—tﬂ (e—wc)p] #PTIdE (2.4.6)
0

depending on the parameter § € [—ZX, L] are said to be Borel-Dzrbashjan (B.-D.)

T 200 2a0
transforms. For brevity, we have omitted the additional superscript (#) in the exact

denotation ‘B(p% for (2.4.6).
It is seen that for # = 0, (2.4.6) gives the simpler representation (2.4.4).

Further, denote
o) = | 2,6:v)
<H<

3005355
and let Sﬁ)a)(y) be the contour encircling i)(pa)(l/) in a negative (clock-wise) direction.
Then, the function B, ,{f;(} is an analytic function of ¢ in Q(pa)(yo), where

- 01 if p=p
R ) if p > py.

For % <p< % + %, the following inversion formula of the Borel-Dzrbashjan transform
(2.4.6) holds (see Dzrbashjan [101, p. 397]):

m%ij&MM%mmm,wa» (2.4.7)

2

£

where v > 1, £ = 2,(00‘)(1/) and F,(z; p) is the Mittag-Leffler function (2.2.12).

In [78], [196] we have proved a series of properties of the Borel-Dzrbashjan trans-
form that show its relationship with the Gelfond-Leontiev operators and their convolution

(/}k;) Here we state some of them.

Theorem 2.4.2. If f(z) € A%[p1,01], then the Gelfond-Leontiev integration operator
(2.2.16-16') is algebrized by the Borel-Dzrbashjan transform in the following way:

%p,u {lp,,uf§ C} = %;Bp,u {fi¢h. (2.4.8)

Proof. There is no loss of generality in taking § = 0 in the expression (2.4.6) for
B, . This means that z varies on the real half-half R* only and we exhibit this by
putting z = z. Since [, (2.2.16") can be written in the form

Lo f(x) = % / (zf — Tp)%_l’r'uﬂ_lf(’r)d’r,
p) 0
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the left-hand side of (2.4.8) is

o

B {louf3 C} _Fp( /eXP (—¢ )P dt
t

0
X / (tF — Tp L=l ()
0

After the substitution t” = o and interchanging the order of integrations, we get

By {lpanfi € =677 [ 0071405 [0 =78 exp (—¢Po) do
0 F<5)T6

The Weyl fractional integral ([107, II, p. 202, (11)]):
0

1 -1 = a_/_l) exp(—a
@y/(g —y)P exp(—ao)do = p(—ay)

with y = 77, a = (P, gives

B, {Lpuf:C) :pcﬂp—% / (—CPrP) 7= f(7)dr.
0

1
= Z%p,u {f;C}-

Thus, relation (2.4.8) is proved for real variables and by the principle of analytic contin-
uation, it holds for complex variables too.

Theorem 2.4.3. For functions f € AY [py, 1] continuously differentiable at z = 0, the
following differential property of the Borel-Dzrbashjan transform holds:

By {Z)p,uﬁ C} = C%p,u{ﬂ ¢} = T'(u) f(0). (2.4.9)

Proof. For simplicity we consider the case p > 1 only, when ©, , has the explicit
representation (2.2.19'). It is easy to verify that D, ,l, . f(z) = f(z) but

Lpu®puf(2) = f(z) = f(0). (2.4.10)
Applying (2.4.8) to (2.4.10) we obtain

Bl f: ¢ = F0)B {1} =B {loy [Dpuf] ¢}
1

= Z%p,u {Qp,uf? 4}
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and then taking into account that

B, u{l;¢} =1L {(tﬂ)u—l : Cp} _ %,

where £{f(t);(} stands for the Laplace transform, we get relation (2.4.9).

Theorem 2.4.4. (Convolution of the B.-D. transform) The convolution of the Gelfond-
Leontiev integration operator ly -

Pt —1
f*g9:=1x09, (2.4.11)

defined by (2.2.27), (2.2.28), (2.2.33), is a convolution also of the Borel-Dzrbashjan
transform (2.4.6) in A [p1, 0], that is, the identity

By {14 91} = s Bosd 1) BpulosC) (24.12)

holds.

Proof. Using inversion formula (2.4.7), one can write:

£6) = 5 [ EleG) Byl 01 (2.4.13)
£
and
9(2) = %/Ep(zn;u)%p,u{g;n}dn (2.4.14)
£,
with

L= (1), =2 ),

vy > v > 1y, provided z is inside @E)a) (ry) C ’D;)a) (v1). Then, multiplying convolutio-
nally (2.4.13) and (2.4.14) we have

(149) @) = Gz [ [Eoei0 ™ Bylem )
£.xL,
X %p p1f; ¢ By, u{g'n}dCdn
[CEp 2C; 1) nEp(ZUQN)}
-

21 x Ly
X Bl fi (3B pp{gintdCdn,

due to formula (2.2.36) for the convolutional product of Mittag-Leffler functions.
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Now, let us take into account that £ is contained inside £; and both contours are
traced in the negative direction. Then, the above expression can be rewritten in the
form:

(17 9) () = oo [ mis Bt Bputsic | 5 [ 22421 g

2mi (1) 2ri
1 22
_ il 1 [ Bp{fi ¢}
3t | T B i) Bpyd g} 27”/—C—n dn
£, i
1
= Q—M/Ep (2m; 1) ﬁ%p,u{f;n}%p,u{g;n}dn_
£,

Hence, by using inversion formula (2.4.7) once again, we obtain convolutional property
(2.4.12).

The above properties show that the Borel-Dzrbashjan transform is an analogue of the
Laplace transform, if the Gelfond-Leontiev integration and differentiation operators are
considered instead of the usual integration and differentiation and their integer powers.

Obviously, for u = p = 1 the Borel-Dzrbashjan integral transform (2.4.4) turns into
the Laplace transform, the integral analogue of the Borel transform (2.4.1):

(0. 9]

By, {f:C) = S{f:C) = / exp (—Ct) F(t)dt (2.4.15)

0

and Theorems 2.4.2, 2.4.3, 2.4.4 turn into its well-known operational properties:

S{ifi ¢} = %S{f; e}, (2.4.8)
e{Gfich = celsi - 100 (249)
S{f}ig;C} = ce{fi¢t g ¢}, (2.4.12')

where

-

is the Volterra integration operator and (cf. (2.2.33)):

(r9) %/tft—o: e =% (F*0) (1)
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is the “differentiated” Duhamel convolution

t

/f (t —z)g(z)dx. (2.4.16)

0

It is seen that (2.4.12') is a modification of the classical convolutional property of the
Laplace transform:

E{f xg; ¢t = £41: ¢ £{g;:¢} (2.4.17)
with (%) as in (2.1.1), (2.4.16).

For the Gelfond-Leontiev operators I, ,, D), with 1 = 1 (considered by Tkachenko
[488]-[489] and Dimovski [72]-[73]), the “generalized Borel transform” follows from (2.4.4),
(2.4.6), has the form

oo

B, {fi ¢} = *19 1/exp Z%) }tp’ldt (2.4.18)

0

and has properties which are corollaries of Theorems 2.4.2, 2.4.3, 2.4.4 for u = 1.

Note. Let us mention that the Borel type integral transform, strictly corresponding to
Erdélyi-Kober fractional integration operator (2.1.4) L = :I:ﬁ‘sfg’é, instead of to the Dzr-
bashjan-Gelfond-Leontiev operator [, ,, has the form

B, {f(x); 2} = ﬁ/exp (—zxﬁ> xﬁ(’yﬂ)_lf(x)dm. (2.4.19)

Its convolutions are given by operations (2.1.7) and its relation (5.6.18) with the Laplace
transform can be seen in Section 5.6.

THE MAIN RESULTS OF CHAPTER 2 HAVE BEEN PUBLISHED IN: Dimovski and Kiryakova [77]-[78]
and Kiryakova [196], [206].
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3 Hyper-Bessel differential and
integral operators and equations

The theory of the one-tuple (m = 1) operators of fractional integration and differenti-
ation, i.e. of the classical Riemann-Liouville and Erdélyi-Kober fractional integrals and
derivatives, seems to be comparatively complete. Their study and applications traced
back to the pioneers of the fractional calculus: Leibnitz, Liouville, Riemann, Euler, Abel
and continued in our century by Kober, Erdélyi, Sneddon and many other contemporary
mathematicians. The basic facts can be found in a large number of papers, including the
proceedings of the international conferences of fractional calculus [404], [291], [329] as
well as in the Samko, Kilbas, Marichev encyclopaedia on this subject [434]. In Chapters
1 and 2 we have simply added a few results and new interpretations: a unified approach
to the Erdélyi-Kober fractional integrals and derivatives, convolutions related to them,
interpretations of the Gelfond-Leontiev operators and corresponding generalized Borel
transforms, etc.

The two-tuple (m = 2) fractional integrals (1.1.19), the so-called hypergeometric
fractional integrals have been also investigated in detail and intensively used in analysis
and mathematical physics; see Love [262], Kalla and Saxena [177]-[178], Saigo [415]-[421],
McBride [289]-[291], Sprinkhuizen-Kuiper [457], etc. In Chapter 1 we have just mentioned
some of their applications and stressed the interpretation of the corresponding hypergeo-
metric fractional derivatives.

However, multiple (m > 2) operators of fractional integration like those introduced
in Chapter 1 (Definition 1.1.1):

100 1 /G { ’ k)+5k) ]f<m%)da

have not been investigated to any great extent and have not been used effectively. Some
authors, e.g. Kalla [157]-[161], [164], Parashar [355] have studied fractional integration
operators involving the arbitrary Gﬁ&n—functions of Meijer but usually only a chain of
rules and formal inversion formulas are derived. In particular, no relations to corre-
sponding differential (differintegral) operators and Laplace-type integral transforms are
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mentioned. Together with the lack of a decomposition representation like

1920050 - ([T 6o

k=1
1

:0/..

this fact has prevented their wide applications.

Lrm Op—1 _Vk
1—0.)% "0 1
/ [H< Fk(>5k) k ]f [z (01...0m)08 | doydosy . ..dopy,
0

k=1

A good example of multiple (m-tuple, m > 2) Erdélyi-Kober fractional integrals

1 Wﬁi Ok (Vk),(O%) with various interpretations and application, is pro-

) and derivatives D
vided by the hyper-Bessel integral and differential operators, considered in this chapter.
The hyper-Bessel differential operators, called Bessel type differential operators of

arbitrary order m > 1 are introduced by Dimovski (1966) in the form
B=g%—g™_—z% | —2% (0<z<oo0.

In a series of papers [64]-[71] he proposes several approaches in building operational
calculi for the hyper-Bessel operators. One of them is the direct algebraic method of
Mikusinski based on the notion of convolution of a linear operator mapping a linear space
into itself (see Definition 2.1.1, Chapter 2). Another approach is to use transmutation
operators (here we call them Poisson-Sonine-Dimovski transformations) which allow us
to transfer the results of the classical (Mikusinski’s) operational calculus to the case of
hyper-Bessel operators. Last but not least, we mention the use of the Obrechkoff integral
transform [339] proposed by Dimovski as an analogue of the Laplace transform. For
the same operators, McBride [289]-[291] finds a decomposition representation in terms
of the Erdélyi-Kober operators and fractional powers, represented by integral operators
involving Meijer’s G%:?n—function. Special cases (m = 2, or m > 2 but with particular
parameters) have been considered in a large number of papers, by different authors and
methods (see Examples in Section 3.3) and have found various applications.

Here we consider the hyper-Bessel operators as generalized “fractional” integrals and
derivatives of multiorder 6 = (1,1,...,1). These considerations have a two-fold role.
First, the general theory of Chapter 1 is illustrated particularly by useful results which
allow us to deal easily with the hyper-Bessel operators and hyper-Bessel differential
equations

By(z) = Ay(z) + f().

On the other hand, the generalized fractional calculus clarifies the important role of
Meijer’s G-functions in the theory of hyper-Bessel operators and equations. They can
serve either as kernel-functions of the generalized “fractional” (hyper-Bessel) integrals, or
as solutions of initial value problems for the corresponding O.D.E. Finally, the Obrechkoff
integral transform (Sections 3.9 and 3.10) turns out to be a G-transformation and what
is more, a composition of the Laplace transform with a suitable transmutation (Sonine-
Dimovski) operator (which in turn is a multiple fractional integral too!).
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Hence, in terms of the generalized fractional calculus and Meijer’s G-functions, we
give a unified exposition and a new insight on this topic, combined with new results and
applications.

3.1. The hyper-Bessel operators as generalized fractional differintegrals

3.1.i. Definitions and notations

Let m > 1 be an arbitrary integer. We consider special kinds of m-th order differential
operators on the half-line 0 < xz < oo which are far-reaching generalization of the second
order Bessel differential operator. As in Chapter 1, the basic functional space suitable
for practical applications is the space of real-valued functions which are continuous (or
sufficiently smooth) on [0, 00) and may have power singularities at = 0, namely:

C&k) = {f(:v) = :I?p}(.%'); p>a, fe C’(k)[O, oo)} , (3.1.1)

with arbitrary real o and integer k > 0 (see Section 1.1.i). It is easily seen that a; < as

and k; < ky yield C > ¢ and £ e ¢, a > 0 yields Jim () = 0.

Definition 3.1.1. By a hyper-Bessel differential operator, or a Bessel type differential
operator of order m > 1 we mean each linear differential operator of the form

d d
B = x® —gM— | gOm-1___g%m 3.1.2
v dxm dx v dxx ( )

with arbitrary real «q, aq, ..., ay, such that
ﬁzzm—(ao+a1+~~+am) > 0;

or of the alternative forms:
B=1""Q xi —x_ﬁﬁ xi—l—ﬁ (3.1.3)

where 3 > 0, @, is an m-th degree polynomial of the Euler differential operator § = :c%
with zeros pup = —fBv;, k=1,...,m; and

dm am—1t d
B = x_ﬁ <xmdx_m + a/lxm_l dxm_l + -+ am_lx% + am) s (3.1.4)
with 8 > 0 and arbitrary real aq, ..., an.

Originally, the hyper-Bessel diffrential operators were introduced by Dimovski [64]-
[71] under the name Bessel type operators of arbitrary order.

The assumption that z is a real positive variable and the parameters in (3.1.2)-
(3.1.4) are real is not essential since most of the results can be easily transferred
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to the case of a complex variable in starlike domains (as in Sections 2.3, 2.4 and
5.5) and complex values of parameters, e.g. complex ag,aq,...,qm such that g :=
S)‘i[m—(ao+a1+--~+am)] > 0.

It is seen that (3.1.2), (3.1.3) and (3.1.4) are equivalent representations for the same
differential operators B, defined by means of the (m + 1)-tuples:

{ag, a1, ..., am} withm — (ag+ -+ + o) >0, (3.1.2)
{8>0; y,.-.svm}, (3.1.3")
{>0; a,...,am}. (3.1.4%)

For example, (3.1.2) and (3.1.3) follow each from the other by choosing:

1

or conversely,
ap=—B-=PFn+1l; =07 —Puntl k=1...m—-1 an=P0ym (3.16)

Taking into account relation (3.1.6) and the formulas

d d
_ — pHEtL —Hk —
<xdm ,uk> T da:x , k=1,....m,

from (3.1.2) we obtain:

Bea B (g Bntr L b (e @ ) (B L Bm
dx dx dx

il d d
=2 E (% + m) =2Qm (a:%) ,

i.e. representation (3.1.3). Conversely, for fixed § > 0 and different arrangements of
YyeooyYm in (3.1.3) (i.e. of the zeros py, ..., um of Q) there are different ways (just
m! if ; # ~; for i # j) of putting the operator B into the form (3.1.2) with a’s as in
(3.1.6). However, if we assume that
< <--- <7y, orstrictly:

M=7> = TYm y (3.1.7)

N<PS <Y<Yy = =7Tm, 0<s<m-—1,
then representation (3.1.2) is uniquely determined. The case s = 0 corresponds to a
multiple (m-tuple) zero u = — (v of the polynomial Q, (1), i.e.

M ="2=""="7m-

Hyper-Bessel operators (3.1.2), (3.1.3) can also be put in the form

m m—1

T + a1wn_1dmm_l +- o tapx"", k=m -4, (3.1.8)

B=2x"
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i.e. (3.1.4), where the coefficients (3.1.4") are defined by means of (3.1.5) and

k (_1)j m
amk:Z[ﬁH(ﬁ’yi—i—k—j)], k=01,...,m—1. (3.1.9)

Jj=0 1=1

This representation, as well as the more general representation of polynomials of

n

hyper-Bessel differential operators P,(B) = 3. ¢,_1.B¥ as polynomials of the usual
k=0

differentiation D = %, namely:

Py(B) =P, { ﬁQm(x—)] dens (;i)s, (3.1.10)

n J
dmn—s(x) = Z x 'Bjcn j Z H (Byi+ (s =D(m—p—1)) )
sl =

can be obtained by (3.1.3) and the formula:

d " " n (k) k dk
5 — (x%) = (n - k)Bn_kx it (3.1.11)

k=1

where Bl(k) stand for the generalized Bernoulli numbers (see [272]).

Representations (3.1.4), (3.1.8), (3.1.10) generalize the results of Osipov [342]-[343]
for the Bessel type operator B, = x_a%xo‘“%. Klucantcev [216]-[218] considers hyper-
Bessel operators only of the form (3.1.4), (3.1.8) with K = 0, i.e. § = m. On the other
hand, it is seen that the substitution y = 2P reduces the hyper Bessel operators with an
arbitrary § > 0 into operators with g = 1, since §; = xdl ﬁydy B0y.

To examine the hyper-Bessel operators (3.1.2)-(3.1.4) from the point of view of the
generalized hypergeometric functions, let us consider the general differential equation of
order max(p, q) satisfied by Meijer’s function y(z) = Gpg (z) (see (A.19), also [106, I]):

[ﬁ (x% - bk) - (—1)p_m_”xlf[1 (x% —aj, + 1)

Ifweputn=p=0,9g=m, b, =—y, k=1,...,m and divide by = # 0, we obtain:

[x_l 11 (x% + 'yk) — (—1)m] y(z) =0, (3.1.12)

k=1

y(z) = 0.

1.e.
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This equation characterizes the hyper-Bessel operators B as special cases of the “gene-
ralized hypergeometric operators™:

H=(-1)"z"! H (a;— - ) 1)~ nH <x— —ay, + 1) (31.13)
_ g _ B(0>,

being differences of two hyper-Bessel differential operators: the former BM) with 8 =1 >
0 and the latter B() with 8 = 0 (i.e. a differential operator of Euler type). An example
of a hypergeometric operator (3.1.13), viz.

-m d\" - n—i d ' (1) (0)
z —) + > b -] =BY-BY,
i=1

is related to the differential equation of n-th order, considered by Bainov and Shopolov
[26], following the method of Karanikoloff [184] for the equation

e L) = y(a).

dac”

Differential equation (3.1.12) and the hyper-Bessel operators B (3.1.2)-(3.1.4) have
two singular points: x = 0 (a regular one) and x = co (an essential singularity). Further
we study in detail, the fundamental system of solutions of ODE (3.1.12) and its general
solution in terms of Meijer’s G-function (see Section 3.4).

All these notes characterize the hyper-Bessel differential operators as singular linear
differential operators of arbitrary order and with variable coefficients, written down in
the equivalent forms (3.1.2), (3.1.3), (3.1.4).

3.1.ii. The hyper-Bessel operators as multiple Erdélyi-Kober derivatives and
integrals

Lemma 3.1.2. The hyper-Bessel differential operator (3.1.3) of order m > 1:

= d
B:x_ﬁg(l‘%ﬁ-ﬁ%) " _BH< +’7k>

is a generalized operator of fractional differentiation of the form (1.5.20) and multiorder
0= (1,1,...,1), namely:

B = gma=Ap{ kO = gmplnh,-5 (3.1.14)
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Proof. Since 0 =1 yields 0 =np =1, k=1,...,m and I(%Wk)’(o""’o) = [ is the

B,m

identity operator in Cy, then from (1.6.3) and (1.5.19) (see Definition 1.5.4),

ﬂngjfn)’(l)x_ﬁ _ ﬁmx_ﬁDg’}ﬁL—l),(l)

=" ! [ﬁ <%x% +Ok -1+ 1>

k=1
"/ d
— —ﬂ” s _
=z Lt ({L‘dx —|—ﬁ’7k) =B,

i.e. B is a generalized (m-tuple) fractional derivative (1.5.20) with

I(’Yk+77k)a(0)
B,m

bo=1land ;= --- =6, = 1.

By the way, from (3.1.14) and (1.6.2) the following useful corollary follows: the B-
image of the power functions f(x) = 2P is:

o ﬂmr(7k+%+1>
B{xP} = g"al g F(7k+%)

1.e.

m
@mxp—ﬂn<7k+£> ifp#—By, k=1,....,m
k=1 b

0, if p=—pv, forsomek=1,...,m.

B{zP} = (3.1.15)

It is seen that for functions f(z) € Cg,) , 1 >m, o’ > a+ 3, the hyper-Bessel differential
operator B reduces the powers by 3 > 0 and the order of smoothness [ by m. That is

why it does not map C’g,) into itself:
B:cl) — g cy). (3.1.16)

On the other hand, sometimes it is more convenient to deal with linear operators mapping
a linear space into itself (the so-called endomorphisms) and especially, the general notion
of convolution of Dimovski [73] is related to these kinds of operators.

Hence, when solving problems related to the hyper-Bessel differential operators B
(like Cauchy problems), we naturally deal with their right inverse (integral) operators
L, defined by suitable initial conditions and mapping Cy into itself. Let us recall the
following general definition.

Definition 3.1.3. Let X be a linear space, Xp its subspace and let B : Xg — X be
a linear operator. A linear operator L : X — Xp is said to be a right inverse of B if
BLf = f for each f € X.
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To look upon the hyper-Bessel differential operators B as right-invertible operators
(see Przeworska-Rolewicz [365], also Dimovski [73]), we consider them not in the basic
space X = C, but in the subspace

X = C(mﬁ C C,.
Then, L is sought so that
Co—2s (C(m)ﬁ c Ca> NN (3.1.17)
and BLf(x) = f(x) for each f € Cy, « = max [—5 (7 + 1)].
1<k<m

Definition 3.1.4. The linear right inverse operator L of B (3.1.2) defined by the solution
y(x) = Lf(x) of the initial value problem

By(x) = f(x)
d d (3.1.18)
= 1 Ak _— % — p%m frg =
thioBky(x) xhrriox e + e y(r) =0,k=1,...,m,

is said to be a hyper-Bessel integral operator of order m > 1, or Bessel type integral
operator. Let us note that initial conditions (3.1.18) can be stated alternatively to
correspond with representations (3.1.3), (3.1.4) of B, namely, (3.1.18) are equivalent to

lim Bry(z) = lim el H (a:—%—ﬁw) y(z) =0, k=1,...,m. (3.1.18)

r—+0 T—+0
J=k+1

Also, “classical” initial value conditions

lim gy~ Vz)=ps k=1,....m (3.1.19)

T—+0
that correspond to (3.1.4) can be considered, in this case with 8, =0, k=1,...,m.
The form of the hyper-Bessel integral operator L in C, with

— —k—1)= — +1)], 3.1.20
IeY Ogirga%(_l (oo + a1 + + o ) ér};lgxm (=B (7 ) ( )

corresponding to (3.1.2) and (3.1.18), is found by Dimovski [64]-[65] in terms of a multiple
integral, namely:

x €y

Lf(x) :x_am/x;am_ldxl/% "2 dxy
0 0
Tm—1

. / 2700 F (2 )d .

0
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After a substitution, this gives:

= % /1 .. /1 [ﬁ x%k] f [l‘ (.. xm)%] dridxy . ..dxy,. (3.1.21)
0 0 Lk=1

However, according to (1.1.7) and Theorem 1.2.10 integral operator (3.1.21) is nothing
but a generalized (Riemann-Liouville) fractional integral (in the sense of Definition 1.1.1):

B
Lia) = Tl

of multiorder § = (1,1,...,1).

The same result (3.1.21) together with an alternative single integral representation of
L by means of the Meijer’s G-function also follows directly by the general investigations
in Chapter 1. Thus, we obtain the following theorem.

Theorem 3.1.5. The hyper-Bessel integral operator L, defined in Cy as a solution of
the initial value problem defined by conditions (3.1.18):

lim Bry(x) = lim 2P H (x—%—ﬁw) y(r) =0, k=1,...,m,

T—+0 r—+0
J=k+1

is a generalized fractional integral

E
L= ;—mlézfl)’(l) (3.1.22)

and possesses the single integral representation equivalent to (3.1.21):
i ( )
a” m.o Y+ 1)1 ] ( 1)
=1L Gm'm |0 xof | do, 3.1.23
whose kernel-function is Meijer’s G-function of the form (1.1.11).

Proof. Due to Theorem 1.5.5,

pe=1).@ (=) _ 4

B,m B,m in Cu a= ml?X (=8 (v +1)]
and therefore, the linear right inverse operator of B = ﬁmx_ﬂDé&] 1) is (see also

(1.3.3)):

1 (=1),0) 2P ().
L= Zmlim of = Gilim
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It remains to establish that (3.1.22) satisfies the zero initial conditions (3.1.18"). To this

end, we consider the expressions B Lf(x), k=1,...,m. Since
d
257k H (m——l—ﬁ’yj) Bk Pk H ( -l—('yj—l)—i-l)
Jj=k+1 Jj=k+1

_ am—k ﬁ’y (% 1)k+1’()
=p "Dy

m—

and due to (1.3.12):

I I(WJ )™ ,(1) 29 B (ijl)ﬁl,(l)j(v-—1)’1“,(1) z0
B,m [/m B,m—k

then according to Theorem 1.5.5 again,

L) (=) (-1 ) 2P
BiLf(w) = pn-tarwpls e 0 e OO0
B
_ Y1) x
— gm kxﬁvkl(:yli )1 ﬁmf( )
B(yp+1) (
x ) ¥
== Tl @)

\k
by (1.3.3). But if f € C,, then Igg)“(l)f € C’((f) and therefore,

)

B.L C(k) _ C(k) C C(k’)
pLf(@) € atB(ye+1) — Bw—m) T 07
since 1 <, k=1,...,m. This means,
xl;rriOBka( x) = k=1,...,m,

i.e. (3.1.18') are fulfilled.
From Corollary 1.2.16,
L:Co— Cy)y C Ca (3.1.24)

is an operator mapping Cy, o = max [B (7 + 1)] into itself.

Once we have shown that the hyper-Bessel integral operator L is a generalized frac-
tional integral in the sense of Chapter 1, we can use directly all the results stated there
to simplify and shorten the considerations and calculations related in particular with the
hyper-Bessel operators and equations. Hence, from Lemmas 1.2.1 and 1.2.2 we obtain
immediately the L-images of some elementary and special functions as shown bellow.

Lemma 3.1.6. Forp > a, a = max 1B (v + 1)),

L{zP} = cpaP*P, (3.1.25)
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where
-1

m r<7k+%+1>

=B = | g™ (7 +B+1>
’ gF(Wﬁ%Jr?) [ s

Lemma 3.1.7. If a Meiyjer G-function

flz)=GhHY {wmﬂ

(e)7 }
(dj)1
belongs to Cy, then its L-image is another G-function belonging to C’gﬁ)ﬁ, namely:

2 ()0 U e gl (= + D™ (e +1)7
Lf<x) = B_mlﬁ’;:l f(:l?) ﬁmGg-&-;L T+m |: x I (d] T 1)1’ j(_,yk)gn ! ) (3126)

provided (as in Lemma 1.2.2),

min d; + min >—-1, o#71, w#O0
1<j<,u ] 1<k<m7k % ) 7£ )

o+T
2 )
1=1,...,v; j5=1,..., 0.

p=p+v— largw| < pm, ¢ —d; #1,2,3,...

Lemma 3.1.8. Forp>a, A\ >0,

L{xpexp(—m%}:ﬂ-m e m<%>’” !

Proof. The function

B _pm
f(z) = 2P exp (—)\xﬁ) =\ 7 G(l):(l) [Axﬁ

is a distinguished representative of the subspace Q = Cq* C C,, of the functions which
are Obrechkoff transformable (see Section 3.9 on the Obrechkoff transform). These are
the functions from C, having an exponential growth near x = oco. The image of this
particular function, being a G-function, can be found as in Lemma 3.1.6 but using the
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more general integral formula (A.28) (see Appendix), namely:

ﬁ 1
T m,0 (g + 1)1 } 1,0 [( %) 5 _m}

3.2. Defining projectors (initial operators) of the hyper-Bessel operators

The following notion plays an important role in the algebraical analysis and theory of
right-invertible operators (see Przeworska-Rolewicz [365]) and in operational calculus
(Dimovski [70], [73]).

Definition 3.2.1. ([365]) A linear operator F' : Xp — X is said to be a defining
projector (initial operator or operator of the initial conditions) of the operator L : X —
Xp C X, linear right inverse of the a linear operator B : X — X, if:

a) Xp C Xp CAX,
b) the range of F' coincides with the kernel-space of B, i.e.

F(Xp)=kerB:={f:Bf =0},

c) Fis a projector, i.e. F?=F,
d) F is a left annihilator of L, i.e. FL =0.

We recall the following general assertion.

Theorem ([365]). If L is a linear right inverse operator of the right-invertible operator
B:Xgp — X, i.e. BL =1, then the operator defined in Xp = Xp by

F=I-LB, (3.2.1)

where I is the identity operator, is a defining projector of L. Furthermore, the restriction
of each defining projector F' of L to the subspace Xg coincides with operator (3.2.1).

In particular, for the hyper-Bessel operators B, L we have:

X =Ca, Xp=CY") (3.2.2)

with a = max (B (v + 1)].
Before specifying the domain X'r of F', we formulate the following auxiliary result.
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Lemma 3.2.2. Let us suppose the condition
<Y< - <vm<m+1 (3.2.3)

for the parameters ~y;, of operators B. The fundamental system of solutions of the homo-
geneous hyper-Bessel differential equation

By(z) = [x_ﬁ 11 (5’7% + 5%)] y(z) =0 (3.2.4)
k=1

in a netghbourhood of the origin x = 0 consists of the power functions

yp(z) = 379 = g%~k etk (3.2.5)

Then, the solution of (3.2.4) under initial conditions of the form (3.1.18):

m
. 1 Bk i -
i o) = i |27 11 (o35 45) | ot (3:26)

J:

=b, k=1,...,m,
has the form
m
y(x) = Zcz-x_ﬁ% ec" c C, (3.2.7)
1=1

with constants defined as follows:
—1

m
C; = H ﬁ (”yj - ’yk) bl', 1= 1, e, M. (3.2.8)
j=k+1

Proof. After multiplying by 27 # 0, equation (3.2.4) becomes an m-th order Euler
differential equation

Qm (w%) y(z) = Kfc% + ﬁ%) e (x% + ﬁvm)] y(z) =0.

Conditions (3.2.3) yields that the zeros pup = =By, k= 1,...,m of Qu(n) = 0 are all
different and so, the f.s.s. of equation By = 0 consists of the functions (3.2.5):

yp(z) = xt'* = e P e ™ k=1,...,m.
Due to (3.2.3) again, they belong to C) « c{™ c ¢, since in this case:
a= max [-3(y;+1)] = - (n+1);

1<i<m
06> —-Bn+1), k=1,...,m.
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Then, the general solution of By = 0 is a linear combination (3.2.7). Suppose it
satisfies initial conditions (3.2.6). Let us consider the expressions

Byy(x) = ZCin {yi(z)} = ZCin {x_ﬂ%} :

Using the formula ([272, p. 24, (3)]):

m d m
j=k+1 J=k+1
we find 5 ) m
2P B(vi —vi)l, i <k
. RIRUORES
0 1> k.
Since @ < k yields v; < v,
0, 1< k
m .
tim B {o="e} = ¢ 11 [B(y—w)], i=
T—+0 J=k+1
0, 1>k
and therefore,
m m
Jim Bry(w) = ; ¢i im By {x_m} = Ok _I;IH (18 (v = )] = br,
= j=

whence we determine the constants
—1
m
CL = H ﬁ(VJ_Vk) bk‘? kzlv"'7m>
J=k+1

as in (3.2.8).

It is seen that condition (3.2.3) is to ensure that the characteristic polynomial
Qm (1) = 0 has m different zeros and the corresponding functions y;, € C,. In essence, it

means that the parameters v, k =1,...,m, of the hyper-Bessel operator B are different
and do not differ by integers:

Vi =i £l 1=0,£1,42,....

Conversely, if we admit coincidence of two or more parameters ~v;, k = 1,...,m, then a
multiple zero of @, (1) = 0 arises, leading to the so-called logarithmic case. 1t is well
known that if u; = —(~; is an s-tuple zero of @, () =0, 1 < s < m, then the functions

e i, e i(ng)s ! (3.2.9)
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form a part (or the whole) f.s.s. of By = 0. More about the special logarithmic case

d d d d\™
B = —0— ... 00— = —1 — . — ... = —
dz dz " dr " <xd:c> o Ym =0

can be found , for example in Ditkin and Prudnikov [87], Botashev [36] and especially,
for a f.s.s., in Adamchik and Marichev [5].

Meanwhile, Lemma 3.2.2 shows that the kernel-space of B in the case (3.2.3) coincides
with the set of all linear combinations of functions (3.2.5), i.e.

ker B = span {x_ﬁ%}m c " c Cq, (3.2.10)

k=1

and so it is not in the domain X = C’gj)ﬁ of B (chosen to make B right-invertible) but

lies in the wider subspace C&m).

That is why it is suitably to choose the domain Xg of the defining projector F' to be
XF =ker B® XB

_ B\ (m) (m) _ (3.2.11)
= [span{:z; k}k:1@ca+5} CCyp’ CcCyh=24,
the wider space of functions of the form
f(@) = (Fa™ ot frua™Pm) 4
(3.2.11')

o o B )
= f+ f, where f € ker B, fECCHﬂ-

Now we can find the explicit form of the defining projector of the hyper-Bessel integral
operator L.

Theorem 3.2.3. Let Xp C X = Cy, be defined by (3.2.11). Then, the operator F defined
in Xp as
F=1-LB,

is a defining projector of L and in the case (3.2.3) has the representation

Ff() =Y cx(f)a P m (3.2.12)
k=1
with coefficients -
)= | II #y—w)| Jim Bpf(a). (3.2.13)
j=k+1

Proof. Since
m

[XB =™ ] C [XF = span {x*ﬂv’f}k:

(m) _
o+3 1@9(7"1} C[X =Cal,

a+f3
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then the condition a) of Definition 3.2.1 is fulfilled.
The operator F' is defined in Xp. Indeed, for f = f —|—}’ as in (3.2.11), we have
B (f) =0, LB <f) = 0 (due to the regularity of the operator L, i.e. L{0} = 0) and

therefore,
0]

r) = (F)+ i =7 -1 (F)+ P (1),
Py =7+F () =r-1B(}),

the latter expression being well defined for f € Xp. Then,

(3.2.14)

B(Ff):B(}Jr}‘—LB

VRS

f)) _ Bf+ B} — (BL)BJ
=0+ Bf—-Bf =0,

i.e. condition b) is also satisfied for F' =1 — LB in Xp.
The other conditions c), d) are easily verified, namely:

FLf=(I—-LB)Lf=Lf-L(BL)f=Lf—-Lf=0, fecX=~0C,,
F*f=F(I—-LB)f=Ff—FL(Bf)=Ff.

This means F' = I — LB is a defining projector also in X D Xp.

Condition b) and Lemma 3.2.2 yield that the defining projector F' has the form
(3.2.12) with coeflicients as follows:

—1

c(f) = H B (v =) J:li{&OBka(x)'
j=k+1

But for functions f = f + f € Xp (ie. f € C’gz)ﬁ):

ﬁ:Bf:B}+B}:Bf€X:C@

and therefore, by Definition 3.1.4 of operator L, the function LBf = Lf; satisfies the
initial conditions
hIEOBk(LBf(fE)) =0, k=1,...,m.
Tr—

Then,
xlg]gerBka(x) = xlgriOka(a:) = by, (as in (3.2.6)),

i.e. we obtain (3.2.13).
Representation (3.2.12)-(3.2.13) justifies the alternative name initial operator, opera-
tor of the initial conditions for the hyper-Bessel defining projector F' = I — LB. Another

proof of the same representation can be seen in Kiryakova [190], Dimovski and Kiryakova
[74].
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Corollary 3.2.4. The hyper-Bessel defining projector F' = I — LB of the form (3.2.12)

vanishes identically on the subspace [XB = C’gﬁ)ﬂ} C Xp:

Fly, =0, (3.2.15)

i.e. the operators B and L are mutually inverse in Cgi)ﬂ CCy:BL=LB=1.

Proof. We show that if f € C’gz)ﬂ, then

xli{Eoka(x) =0, k=1,...,m.

(l—(m—k;))

Indeed, if J € C), then B, J € C _Forl=m, o =a+8=—PBy (if (3.2.3) is

o'+ B
satisfied), we find subsequently:
B f(z) = 2P mf(z) e C’g@m_%) C C’ém), since B (ym — ) > 0;
. - k k . :
Byf(x) € Gy "N € G, since 8 (v, — 1) > 0;
B f(z) € C’ém_mH) = C’él), since B (y1 —m) = 0.

But property By f € Cék) yields immmediately liniOka(x) = 0 and this means that
Tr—
in (3.2.12) all the coefficients are:

ck<}>:0, k=1,...,m, ie. ch<m)50’

provided (3.2.3) holds: 71 < 7yp < -+ <7ym < + L.

Corollary 3.2.5. In the subspace ker B C X the defining projector F' coincides with
the identity operator:

m m
Flep=1, ie F {Z ka_ﬂvk} = kax_ﬂv’“. (3.2.16)
k=1 k=1

Combining Corollaries 3.2.4 and 3.2.5 we find that for an arbitrary function f =
f+ f € Xp, the coefficients ¢ (f) in (3.2.12) coincide with coefficients fi, k =1,...,m,
of f € ker B, namely:

Ff(x)=_ fra "m (3.2.17)
k=1
with i
fe=1{ 11 80y —w) A Bef(z).
J=k+1
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3.3. Examples of hyper-Bessel differential operators and their use in mathe-
matical physics

The best-known example giving rise to the name Bessel type operators for differential
operators (3.1.2), (3.1.3), (3.1.4), is:

a) The second order differential operator of Bessel (m = =2, y1 = 5, 72 =

_ d d . d _ d
B, ==z 2(3:%—4—1/) (x%—u) =¥ 1%:1: 2V+1%£IJV
_ & 14 »
dx dz Cdx?  xdr  x?’

related to the Bessel function y(x) = Jy,(z), satisfying the equation Byy(z) = —y(x), i.e.

_):

A

(3.3.a)

2y (z) + 2y (z) + (2* — v*) y(z) = 0.

If v > 0, then the basic functional space is X = C,_y with a = v — 2, while X = C’,(f).
The corresponding Bessel integral operator has the representations

2 v v
L,f(x) = %//xl 2xd f (x/T122) dx1ds

} f (Vo) do (3.3.2)

In relation to Section 3.2, the defining projector Fj in

g, ={f(2) = for” + J(2), } € O}
has the form following from (3.2.12) :

F,f(x) = fox¥, where fo = lim 27" f(x) (3.3.2")

T—40

(see Dimovski [73, p. 155]).
Among the other popular and useful Bessel type operators of second order (m = 2),
it is worth mentioning also:
b) The Weinstein operator
d? k d pd g d
= —x

2ok>1 (3.3.b)

B, = — +.°2
k dm2+mdx I dx dx’ -
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from the so-called Darboux-Weinstein relation (see [509]). This differential operator
appears very often in the PDEs of mathematical physics, for instance in the generalized
(Bessel) heat equation

2
Yoo (T, ) + Ey;(:v,t) = ayj(z,t), 0<z<oo, 0<t<oo

and other equations of GASP theory (Weinstein [508]). Recently, operator (3.3.b) has
been investigated by Dimovski [70] (as an illustrative case of his general theory), Ko-
prinski [234] (operational calculus for the purposes of the generalized heat equation) and
Sprinkhuizen-Kuiper [457] (negative powers of Bj}.).

Inthiscase f=m =2,y = %, Y2 = 0, a = —2 and hence the hyper-Bessel integral
operator for which the operational calculi are developed is L : C—y — C(()Q),

2

11
k—1
Lif(x) = %//a:l [ (x\/z122) dxidxs
00 (3.3.1)
x? 3—k
=T (1 —0)qF T,l;Q;l—U f(x\/g) do
0
The defining projector (Koprinski [234]) has the form
Fypf(x) = (I - LyBy) f(z) = 1 + e’ "
= o, (@) el )
In the subspace Xp, = C’éz) i =c=0=F.=0.
c) The so-called Bessel-Clifford operators
B, = & + vl i = x_yixHyi
dz? x dx dx dx
J q (3.3.¢)
= —gplTV ¥ sz,ﬁ:L’h:V,’YQ:O
dx dx

coincide in essence with operators (3.3.b) but have been considered by many authors
under this name and form. They are closely related to the Bessel-Clifford functions Cy,(z)
and operational calculi for them have been developed in different ways (both algebraic
and transform approaches). Let us note the paper [126] of Hayek, proposing a full
investigation of the Bessel-Clifford functions (differential equation, properties, integral
representations, zeros, asymptotic expansions and relation to other special functions and
integral transforms). Following the algebraic approach of Mikusinski, Meller [298]-[299]
developed an operational calculus for the operator B, with —1 < v < 1 and found a
convolution for its right inverse operator (i.e. for (3.3.b’)) by the method of similarity.
Koh [221]-[222] and Rodriguez [398] extended these results to the cases of v € [—1,00)
and arbitrary v. Osipov [342]-[343] found an expansion of a polynomial P, (B,) of this
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operator in powers of the usual differentiation (similar to (3.1.10)). In the special case
v = 0 (respectively k = 0) operators (3.3.c), (3.3.b) turn into the operator By = %x%,

considered by Ditkin [85].

d) The most general Bessel type differential operator of second order:

d d
B = x®0 — g% — 2 3.3.d
v dmx dxw ( )

has been considered by McBride [289]-[290] (fractional powers of its right inverse operator
L), Betancor [32] (generalized Hankel transforms and Cauchy problems of the form

{ Qu(x,t) = P(B)u(z,t)
u ("Ba tO) = ¢0(x)7

where P is a polynomial, B is acting on variable x), etc. From the point of view of the
Operational Calculus and Integral Transforms, various special cases of (3.3.d) like:

. d d _ . d d , _
B, =z"" 1@x2y+lax v Buy ==z v—u 1%x2y+1%xu v
—o_nd d
Baﬁ = xl “ 6%xa%mﬁu
d2 4#2 —1 1 d 20141 d 1
_ v il & n
By = dx? iz 7 8 Qda:xu dz *

have been investigated by different authors: see Rodriguez [395]-[398], Zemanian [519]
and Gonzalez [121] (integral transforms of Watson type).

e) The operators of Tricomi and Gelersted

1 d? d?
— =

B =-—, "— n >0 integer;
T 2 da? dx? &
arise in PDEs of mized type, e.g. in the Tricomi and Gelersted equations

" "o A n_n "o
TUyy + Upy = 05 T Uyy — Uzy =0,

the latter considered by Nahoushev [312]-[313]. Usually, the boundary conditions imposed
on the solution u(x, y) are combinations of its fractional derivatives on both characteristic
lines. Now, the corresponding hyper-Bessel integral operator L and the defining projector
of L have the form

n+2 - 1
Lf((l?) = (71.%_%—2)2//5171_71_”]‘” |:I (I'1$2)"_Jr2i| diL‘ldlEQ, f c C—n—1§
0 0

Ff(z) = f(0) +2f'(0).

PDEs of mixed type involving Bessel type operators of the form (3.3.c), (3.3.d) are also
considered.
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Let us consider now the case of an arbitrary integer m > 2.

f) The simplest higher order hyper-Bessel differential operator is the operator of
m-fold differentiation:

d m
B=D"= (%) , m > 1 integer, (3.3.1)

with parameters

k
{O{():al:"':()zm:(), ﬁ:m} or {ﬁ:ma ’7/{:%_17 k:]-?"'am}7

and alternative representation

b { (o) () (o mi)) an

(cf. Luke [272]). Then, the linear right inverse operator of B, i.e. the operator of m-fold
integration can be represented by the G-functions in two different ways:

T

L) =y = [ U poar

1 (3.3.1)
_ g / ehet {o ' 0 } f(zo)do = 2™ 1" f ()
0

(3.3.2)
the latter corresponding to (3.3.f).

These two different representations of the m-fold integration L = ["* = R" are due to

m
the alternative representations (3.3.f) and (3.3.f') of B = (%) and also to the relation

£ _1)
between the kernel G-functions of operators I, (’7" = and If " namely:

k
W"'l)
k

¢
mg)ﬂ

O_m

ehy [a‘gl] — m G,

-(7)" e

Slw SIM
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see, for example, [286, p. 6, (1.2.5)].

The defining projector Fy,, =1 — LB =1 — " D™ in this example has the form of a
Taylor polynomial:

m—1 p(k
I )'(O)xk, (3.3.3)

k=0
depending on the initial conditions f(0), f'(0), ..., f™~1(0).

g) It seems the first operational calculi combined also with integral transforms
for a higher order differential operator with variable coefficients were developed by Ditkin
and Prudnikov [86]-[87], [89] and Botashev [36]-[37]. They considered the m-th order

differential hyper-Bessel operator

d d d 1 d\™

with 8 =1, 1 = 75 = --- = vy = 0, an example of a logarithmic case hyper-Bessel
differential operator (multiple zeros of the characteristic polynomial). A convolution of
the integral operator

1 1
me(x):mo/...O/f(mal...am)dal...dam |
. (3.3.¢)

in the space C_; was found and corresponding operational calculi as well as Meijer-
Obrechkoff type integral transforms were proposed. For the f.s.s. of ODE Bpu(z) +
u(x) = 0, see Adamchik and Marichev [5].

h) Further generalization of the Bessel operators belongs to Krétzel [235]-[239].
He developed an operational calculus for the differential operator

d 1 AN 5
Bn, = %xﬁ_” (xl—ﬁ—) AT (3.3.h)

and investigated the corresponding Laplace type integral transformation £, (convolu-
tion, properties, inversion formulae, etc.). In this case,

m—mn; o =0 a=1—-v, 062:"'20677,_1:1—5, anzy—kl—ﬁ;

i.e.

k—2
=1, =~ =0, ’ykzu—l—T,k:Q,...,n; a=-1 = Cup=0C1.
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More exactly, the operational calculus and the convolution are related to the correspond-
ing integral operator which, according to our results, can be written in C'_; by means of
a GZ:%—function:

1

Ln,uf(x) = x/GZZ%

0

1, 4 kan—2 K
e T

g

i) While not having this purpose in mind, in 1958 the Bulgarian mathematician
Nikola Obrechkoff [339] introduced and investigated a rather general integral transform
of Laplace type, which can be used as a transform for the operational calculus for the
most general hyper-Bessel operator (3.1.2) of arbitrary order m > 1. This was establised
later by Dimovski [66]-[67] who called it the Obrechkoff transform. It turned out that
the Obrechkoff transform incorporates as special cases all the other integral transforms,
related to particular hyper-Bessel operators like (3.3.a), (3.3.c), (3.3.d), (3.3.g), (3.3.h),
etc. It is suitable for a hyper-Bessel operator of order m =p+1 > 1:

Bt LB BB D p D (3.3.1)

dx dr dx dx’

which is in essence the general hyper-Bessel operator but with 8 = 1 and apy = 0,
namely:

ay = Bp; ak:ﬂp_k—ﬁp_kﬂ—kl,k:zl,...,p—l; ap = —01;  app =0;

ie.
6:17 f)/k:_ﬁp—k-i-l_l? k:177p7 'Yp+1:0~
The condition (3.2.3): 71 < v2 < -+ <1 < M1 + 1, was imposed by Obrechkoff too, in
his denotation:
1< <Ba<--< By <O.

More details about Obrechkoft’s results [339] and their extensions, due to Dimovski
and Kiryakova [74]-[76], Kiryakova [190], [192]-[193], [196], [201], Nikolic-Despotovic and
Kiryakova [320], can be seen in Sections 3.9 and 3.10.

j) A rather general hyper-Bessel differential operator was investigated by Del-
sarte in 1957 (see [61, II, p. 893-948)):

nofog 1 2 A
Z+1d +F+1d E+id ———+1d
B:x_ln % —x% —x% — ...z Y —]
el dx dx dx dx
e ' d i+ 1 d i +s;—1
gt de ~ m sj de  m 8§ de. m S
(3.3.)
where s; and ¢;, 7 = 1,...,n, are integers and s; +- - -+ s, = m. In a sense, this operator
J J

is more particular and involved than (3.3.i). Delsarte stated, for the first time, and solve
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in part the problem of the transmutation operator, related to (3.3.j). These are are related
to the generalized Poisson-Sonine-Dimovski transformations (see Section 3.5) found by
Dimovski [68]-[71]. Since Delsarte’s works [61] were published posthumously in 1972, his
result has had little influenced on the development of the Bessel type operational calculi
the later authors.

k) For the general hyper-Bessel differential operator of arbitrary order m > 1

d d d

Qa; xam—l wam

B = x%—
& dxm dx dx ’

B=m-—(apg+- - +am) >0 (3.3.k)

the first fully developed operational calculus, following Mikusinski’s scheme, belongs
to Dimovski [64]-[65], [68]-[70]. Recently, elements of such operational calculi have been
developed by Hayek and Hernandez [129], following Delerue [60] and Dimovski’s approach
(for m = 3 see also Hayek and Hernandez [127]-[128]).

3.4. Solutions to the homogeneous hyper-Bessel differential equations.
Hyper-Bessel functions

It is to point out that the history of the Bessel functions and corresponding differential
operators can be traced back to Bernoulli (about 1700) and since Euler (1764) and
Poisson (1823) they have been associated mainly with the partial differential equations
of potential, wave motion or diffusion. Actually, in these kinds of problems as well as in
generalized axially /biaxially symmetric potential equations, equations of elasticity and
hydro-aerodynamics and other PDE-s of mathematical physics, hyper-Bessel operators
arise quite often, at least in one of the variables x,y (Cartesian coordinates) or r (polar,
cylindrical or spherical coordinates), for example in the forms:

_7" R
ror ror 0

10 10, 1[0\ 910 0
(5) brrorron 341)

Usually, by separating variables or applying a suitable integral transforms one can re-
duce these problems to initial value problems for ordinary differential equations involving
hyper-Bessel operators.

Definition 3.4.1. Let B be an arbitrary Bessel-type operator (3.1.2), (3.1.3) or (3.1.4)
of order m > 1. An ordinary differential equation of the form

By(z) = M\y(z) + f(x), A =const, f(z) a given function, (3.4.2)

is said to be a hyper-Bessel differential equation.

Cauchy (initial value) problems for equations (3.4.2) can be stated either in terms of
the classical initial conditions

lim y* V(2) =B, k=1,...,m, (3.4.3)
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or by means of the equivalent set of Bessel type initial conditions (of type (3.1.18)-
(3.1.18)):
xlgl}roBky(I) =bg, k=1,...,m, (3.4.4)

where B}, are the “truncated” hyper-Bessel operators

m
By = 2P H (xD + By;) = 2k D%+ . Dz, k=1,...,m—1,
Jj=k+1

By, = aPm = x0m,

In view of this, the problem of finding a fundamental system of solutions of hyper-
Bessel equation (3.4.2) and the solution of initial value problem (3.4.2), (3.4.4) in the
general case, as is our purpose here, seems to be important. Till now, many authors have
tried to find solutions of (3.4.2) in various particular cases (mainly for m = 2) as in more
as possible general cases. Here we shall mention only several authors whose results are
closely related to our topic. First of all, the papers of Kummer [241] and Delerue [60]
should be distinguished. In the latter, unfortunately not very popular paper, the so-called
hyper-Bessel functions Jl(,?,)m,,,n(a:) (see Appendix) are introduced as generalizations of
the Bessel functions and as solutions of a hyper-Bessel differential equation of (n + 1)-
th order. Further, Kluc¢antcev [216]-[217] has considered the following three kinds of
Bessel-type equations

By(x) =0, By(x)=f(z), Bylz)=y(x) (3.4.5)

with B of the form (3.1.4) and $ = m. He proposes an algorithm for solving such equa-
tions by means of a Poisson-type integral transformation. We have extended the same
transmutation method in [79]-[80], [196]-[197], [210] by representing the more general
transformation of Dimovski [68], [71] in a concise form and obtaining the solutions of
(3.4.5) in a closed explicit form. Section 3.5 goes on further in this direction. In another
paper [218] Kluc¢antcev studies the hyper-Bessel functions and the generalized trigono-
metric functions of order m > 1 (see Appendix), considered as solutions of the equations
By(z) = \y(x). For special cases of 2n-th order self-adjoint hyper-Bessel operators, the
same equation has been solved by Exton [111] and Agarwal [6] in terms of the “n-Bessel”
(for n = 1: “di-Bessel”) functions; see also Sarabia [435] and Gonzalez [122]. Recently,
investigations of the so-called Bessel-Clifford functions of order n have been made by
Hayek and Hernandez [127]-[129], considering them as solutions of Bessel type equations.
Solutions of other hyper-Bessel differential equations have been found also by Hriptun
[138], Bondarenko [34], Paris [356], Paris and Wood [357] and Trimeche [494].
Fundamental systems of solutions for a more general case, in neighbourhoods of the
singular points x = 0 and x = oo, have been proposed by Adamchik and Marichev
[5] and Adamchik [1] in terms of Mellin-Barnes-type integrals, and especially, a more
sophisticated investigation of the so-called “logarithmic” cases has been carried out there.
A relation between Meijer’'s G-functions and the hyper-Bessel operators has been
observed in Kiryakova [192]-[193], [196] and Dimovski and Kiryakova [75], [79]. First
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it has been shown that the kernel-function of the Obrechkoff transform is nothing but
a G%:?n—function. Later, the fractional powers of the integral operators L have been
represented by integral operators involving the Gg%)—function (see also McBride [289]).
The transmutation operators between two different hyper-Bessel operators of order m > 1
are also representable by integral transforms with G-functions in the kernel. We have also
established that the Gg%—function is one of the solutions of the equation By(x) = Ay(z).
On the other hand, the hyper-Bessel and the n-Bessel functions as well as the solutions
found by Adamchik [1] and Adamchik and Marichev [5] in terms of Mellin-Barnes type
integrals are also particular cases of the G-function. For the non homogeneous equation
By(z) = f(x), its solution y(z) = Lf(x), L being the linear right inverse operator of B,
has been expressed in [79], [193], [196] as an integral operator of f(z) whose kernel is the
G(T;g—function. It has become clear that Meijer’'s G-functions are playing an important
role in the theory of hyper-Bessel operators. Our aim here is to find the explicit solutions
of the initial-value problems for (3.4.2), (3.4.5), all of them represented in terms of the
G-functions.

For simplicity, throughout this section we consider only the non logarithmic case:
<Y< - <vn<m+1 (3.4.6)

The details concerning the logarithmic case, when some of the parameters v;,vs, ..., vm
coincide or differ by an integer, could be easily settled by following the pattern of Adam-
chik and Marichev [1], [5].

The functional space in which we seek the solutions is a weighted version of the space
of functions continuous and m-times differentiable on [0, c0), namely of the form (3.2.11),

m
X =kerB® C’gﬁ)ﬂ = {y(x) =yo(z) + Y (2); yo € span {afﬁ%}l , Y e Cénj)ﬂ} :
(3.4.7)
First of all, let us recall that the initial value problem (3.2.4), (3.2.6) for the simplest

Bessel type equation:

{ Bulz) =0 (3.4.8)
xlgriOBky(x) =b., k=1,....m
has been solved in Lemma 3.2.2 and its solution is:
m
y(z) = Z ez P € ot (3.4.9)

=1

with constants c;, defined by (3.2.8).

The next step is to solve explicitly the non homogeneous hyper-Bessel differential
equations of the form By = f under arbitrary initial conditions.

Theorem 3.4.2. Let (3.4.6) be satisfied and f € Cy. Consider the non homogeneous
hyper-Bessel differential equation

By(z) = f(z), that is, x*° Dz D ...x" 1 Dax®my(z) = f(x) (3.4.10)
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and the initial value problem for it, defined by the conditions (3.4.4). Its solution y(z) €
X has the representation

y(x) = yo(z) + Y ()

with »
2)=> e W o= | T] By —w)| b (asin (5.2.8))
k=1 Jj=k+1
and Ly
Y(x)=Lf(z - 6/ [ ‘ 72;;)11721 ]f(waﬁ)da. (3.4.11)

Proof. Denote by Y(x) = Lf(z) the linear right inverse operator of B defined by
zero initial conditions. This is the solutlon (3.1.23) of the initial value problem
By(z) = f(x); hrri Bry(x) =0, k=1,...,m, (3.4.12)
Tr—
given by Theorem 3.1.5 and having the form (3.4.11).
Then, the sought solution can be found as a sum

y(x) = yo(x) +Y(x),
where Y (z) € Cénj)ﬁ is the solution (3.4.11) of (3.4.12) and yo(z) € span {:c_mk} = ker B

has the form (3.4.9), according to Lemma 3.2.2. Therefore, y(x) € [X =ker B @ C’gzﬁ]
and this completes the proof.

Further, we consider the last of the hyper-Bessel differential equations (3.4.5), namely:
By(z) = Ay(z). Solving the initial value problem for it is related to the important problem
of finding the resolvent of the hyper-Bessel operator. In a particular form, we have solved
this problem in [190], generalizing the result of Obrechkoff [339]. In [192] we have shown

that the kernel-function of the Obrechkoff transform, namely the G-function:

Az
ﬂm
is a solution of this m-th order differential equation, having in general m lineary inde-
pendent solutions. Now we prove to complete result.

y(@) = Giln | (D™ | (=

)1”] (3.4.13)

Theorem 3.4.3. Let conditions (3.4.6) be satisfied. Then, the fundamental system of
solutions of the hyper-Bessel equation:

By(xz) = A\y(z), X = const, (3.4.14)
in a neighbourhood of x = 0 consists of Meijer’s G-functions:

[ Azt

yr(x) = Gom, “gm

)

_’7/{;7—717"'7_7]{:—1,_7]{;4-17"‘7_’7771 ) (k::laza;m)

(3.4.15)
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or, up to constant multipliers, of the “Bessel-type” generalized hypergeometric functions

) PEANEY PP
(x) = (5%) oFins ((1+7j—7k)j7ék:§ [%m L k=1,...,m,  (3.4.16)

which belong to the space X = span] {x_ﬁwf}m &P ng)ﬂ Then the solution of the initial
1
value problem (8.4.14), (3.4.4) is given by the linear combination

y(z) = arp(z) + -+ + am¥m (@) (3.4.17)
with coefficients:
-1
m
J=k+1

Proof. We consider equation (3.4.14) written in the form:

r/ d
A — ]1;[1 (x% + ﬁw) y(x) = 0. (3.4.18)

After the substitution ¢ = ( _)‘g)@m, it turns into a special case of the generalized hyper-
geometric differential equation, namely:

m

(—1)""mt — H(t% +7;)| 9(t) = 0, where §(t) := y(x).
Jj=1

According to [106, I, p. 206, (2)] the G-functions (3.4.15) form a fundamental system
of solutions of equation (3.4.18) near the singular point x = 0. Moreover, each of the

G-functions:
Az

ﬁm
is also a solution of (3.4.18), that is, of (3.4.14) and, especially, this is true for the
particular Gg?;g—function (s = m) in Kiryakova [192]. Up to the constant multipliers

God | (=D ( )

(_Vk)gn] ’ 1 <s< m,

dy, = exp(miye) [[(L+v —w) k=1,....m,
J#k

the G-functions (3.4.15) are the generalized hypergeometric functions (3.4.16):

Ur(r) = dpyr(x), k=1,...,m
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(see [106, I, p. 215, (1)]) which satisfy the “modified” initial conditions:

m(yg+1)—k) m .

R [ IT (v —Wg)] , ifi=k,
j=k+1

0, ifi£k, 1=1,...,m.

A Bigy(z) = ¢y, =

Thus, the theorem is proved.

It is worth mentioning that the generalized hypergeometric functions (3.4.16) are
closely related to the so-called hyper-Bessel functions (D.3), (D.5) introduced by Delerue
[60] as generalizations of the Bessel functions with respect to the number of indices (see
Appendix, Section D), namely, the following assertion equivalent to Theorem 3.4.3 holds
and explains the use of the name hyper-Bessel differential operators given to the operators

B, (3.1.2)-(3.1.4).

Corollary 3.4.4. For v < v < -+ < v < m + 1 the hyper-Bessel functions of

Delerue:
m B

xﬁ] . k=1,...,m (3.4.19)

(m—1) e
Jl""’yl_7k7"'7*7"'71+’ym_’>/k |:<_)\) "

form a fundamental system of solutions of the hyper-Bessel differential equation By(x) =
Ay(x) in a neighbourhood of x = 0.

Till now, we have managed to find explicit solutions to Cauchy (initial) value problems
for the hyper-Bessel differential equations of the forms (3.4.5): By(z) =0, By(x) = f(z),
By(z) = Ay(z), (Lemma 3.2.2, Theorem 3.4.2, Theorem 3.4.3) in terms of Meijer’s G-
functions. We can state also the following corollary.

Corollary 3.4.5. The solution of the initial value problem:

{ By(x) = Ay(z) + f(z), A#0, f#0

Jm Bry(x) = b, k=1,....m of form (3.4.4), (3.4.20)

for the most general non homogeneous hyper-Bessel differential equation (3.4.2) can be
found as a sum

y(x) = yo(z) + y(x) (3.4.21)

of a particular solution yo(x) of the problem

{ By(z) = My(z) + f (),

) ” N (3.4.20')
xlgriOBky(:c) =0, k=1,...,m

and the solution y(x) of By(x) = Ay(x) with arbitrary initial conditions (3.4.4), found
in Theorem 3.4.3, namely:

i) =3 A AT (-] ), (3.4.22)
J
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where g;(x), i =1,...,m are the generalized hypergeometric functions (3.4.16).

Since the particular solution yo(z) of (3.4.20') is easier to find again found (also in
terms of the G-functions) by the method of transmutations, considered in Section 3.5,
we give it after in Section 3.8. In this way, the general Cauchy problem (3.4.20) for the
hyper-Bessel differential equations will be completely solved.

Now, let us consider some examples of equation (3.4.14) and show the relation with
some special and elementary functions like the cosy,-function, the n- (di-) Bessel func-
tions, the hyper-Bessel functions, etc. These results are corollaries of Theorem 3.4.3.

ExaMPLE 3.4.6. Let B be a hyper-Bessel differential operator (3.1.3) with # = m and one
of the parameters 7, being zero, for example:

f=m>1 N<yp<  <yp=0<vy+1.
Consider the Cauchy initial value problem for (3.4.14) with A = —1:

{ By(z) = —y(),

y(0) =1, 4/(0) = --- = y™=D(0) = 0. (3.4.23)

These initial conditions can be written in the Bessel-type form (3.4.4) as follows:

lim Bry(x) =0, =0, k=1,...,m—1; lim Bpy(z) = by = 1.

Tr——+0 r—40

Then, according to Theorem 3.4.3, the solution of (3.4.23) is:

y(z) = amym(z) = ﬁ@m(aﬁ) = oFm—1((1+7)7" _<_> ) (3.4.24)

. —1
= 3 R (@),

that is, a normalized hypergeometric function (D.4) of order (m—1) (also called a Bessel-
Clifford function of order (m — 1), see Appendix). For different initial conditions other
modifications of the hyper-Bessel functions (D.3) appear as solutions.

If we take the same problem but with A = 1, that is, for the equation By(z) = y(x),
then we obtain the solution

y(x) = o Fm—1 (1 + )" (%)m) =" (@), (3.4.25)

namely, the normalized version (D.6) of the so-called modified hyper-Bessel function

—1
oy (@),

defined by (D.5) and analogous to the Bessel function I, (x). For details, see Appendix
and as well as [60], [218], [80].
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ExampLE 3.4.7. The simplest case of problem (3.4.23) occurs for the “hyper-Bessel” op-

erator

m
B:Dm:(di) with 8 = m; fykzﬁ—l,kzl,...,m.
x m

Then, the initial value problem

{ ym(2) = My(z), A=l

y(O) =1, y’([)) S y(WL—l)(O) —0 (3.4.26)

is a special case of Example 3.4.6, and its solution is given by the generalized cosine
function of m-th order (D.9), respectively by the m-ht order hyperbolic h,-function
(D.14).

In particular, for m = 2 the classical trigonometric functions cos(zx), cosh(x) turn out
to be the solutions of (3.4.26) (for A = £1), namely of the problems:

y'(z) = +y(z); y(0)=1, y'(0)=0.
Now, let us see how Theorem 3.4.3 works in the case m = 3.

ExampLe 3.4.8. (Hayek and Hernandez [127]) Consider the following problem: find a
fundamental system of solutions of the general 3-rd order Bessel type differential equation
in a neighbourhood of z = 0:

23" () + (A 4+ Ay +3) 2% (2) + (1 4+ A+ XA + M)z () + zy(z) =0,  (3.4.27)
if its parameters fulfil the conditions:
A, A2 €R; A, Ao, A1 — Ao £ integers.

This means that condition (3.4.6) holds and the case is non logarithmic. Equation (3.4.27)
can be written in the form By(z) = —y(x), with

B = .fl’,'il(.TD + /\1)($D —+ )\Q)x_D — x*>‘1l)a:,/\l*)\erl_l)x)\QJrll)7
A= _17 m = 35 ﬁ = 17 Y1,7Y2,7Y3 — O,)\1,>\2.

According to Theorem 3.4.3, in terms of G-functions, the f.s.s. (3.4.15) is:
Gos 210, =M, —Xa],  Golslz|—A, —X2,0],  Gys[z|—A2, —A1,0],
or in the form (3.4.16):

_)\10F2(1 + X — A1, 1 — A —2x),
_/\20F2(1 + A — Ao, 1 — Ag; —x),
U3(w) = oFo(1 + A1, 1+ Ag; —2),

T
T
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or by means of the hyper-Bessel functions (3.4.19):
2 A=Ay 7(2
dhTRgP ) Be), eI (Br), @MY (3a).

The latter system can be written also in terms of the equivalent Bessel-Clifford functions
of third order [127], viz.:
C (x) MO (x) z M0 (z)
A1 A ? —A1 A=Ay ) —A2,A1— Az '

Then each solution of (3.4.27) has the form:

y(z) = a1 (x) + o2 () + c3ys(x)

with ¢;, ¢, c3 defined by the initial value conditions (3.4.3): 3(0), ¥'(0), ¥”(0), or by
(3.4.4):

y(0), [x)\2+1y/(m)] . [x)\l—/\Qﬂ (x)\ﬁly/(m))/}

=0
ExampLE 3.4.9. Consider the third order hyper-Bessel equation (Hriptun [137]):

3 6p* +3p + 1
xgy///(:v)+(§)m2y//(x)— p 229

1
vy () + (2 + 397 — (ayle) =0, (3.4.28)
with a parameter p € R, p # %, p #* 2k 3 k =0,£1,42,... This can be rewritten in
the form By(z) = A\y(x) with A = 2 and
31
B=D3+>-.-D?—
+ 2 x 2

6p° +3p+1 1 1
u—D#—@p +3p)

of the form B = z7%Qs(zD). Now m = 3, B = 3 and the zeros of Q3 are p, p + 2
—2p. The conditions on p ensure that none of them coincide or differ by an integer,
that is, the case is non logarithmic. From Theorem 3.4.3 we obtain that the generalized
hypergeometric functions (being also hyper-Bessel functions ngy,z):

( ) p+3n

1 o0
up(1) = 2P0 (5, p + 1 ——7 =>

n=0

2n)T(n+p+1)’

( )p+3n+ 5

@ = o om G pr 310 2 i
W = P e ) T L G ) Tt p 1 D)

1 143 _ZF(Zp—i—Qn)( L)

3) =a PyFy(1 - — =7

are three linearly independent solutions of (3.4.28). They coincide with the power series
solutions found by Hriptun [137] in a different manner.
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ExAMPLE 3.4.10. The hyper-Bessel equation

d"y(x)
dx™

+29y(z) =0 (3.4.29)
has been studied by different authors under some restrictions on the parameters n, q.

A fundamental system of solutions has been proposed by Delerue [60, p. 267-268], if
n + q > 0. Kummer [241] shows that for integer ¢ = m > 0, the integral

y@ﬂ:17Lm_ﬂﬂp(—lmHn)@Mdou

m-+n

gives a solution of (3.4.29), provided 1 (z) satisfies the equation

A"y (x)
dzn+1

= 2" ().

For arbitrary values of ¢, Karanikoloff [184] finds a series solution and later Bainov and
Shopolov [26] use the same method for solving a more general hypergeometric equation
involving the Bessel type operator x_q%. Equations (3.4.29) incorporate the so-called
Airy equation

d*u(x)

dz?

In [191] and Section 3.7 we give a new explanation of the Stokes phenomenon for the
Airy functions (see also Heading [132]-[133]).

Here, from Theorem 3.4.3 we obtain a fundamental system of solutions of (3.4.29)
and specify the initial value conditions satisfied by these solutions, namely:

—zu(z) =0 (n=2, ¢g=1).

Equation (3.4.29) can be rewritten in the form

v (%) y(z) = —y(x)

n
with B = o0 (f£)", 8 = n+q >0, 9 = k=2,

1<y < -+ < =0<y + 1 is satisfied. Then, the functions

_k _
Z ,(" J) L k=1....n, (3.4.30)
n+q n+q j#k

or equivalently, the hyper-Bessel functions

n—k
~ " ta ntq ] —k xrta
no) =[] o ((1 : n+q>#k"m)

k = 1,...,n, and the condition

xn+q

(n+q)"

1,0
yr(z) = Go,n

. (3.4.30")
_nmn=Fk) _ n_
(1+n_+q) 2k n+q
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form a f.s.s. of (3.4.29). This system (3.4.30') of hyper-Bessel functions can be shown to
be equivalent to the system proposed by Delerue [60] in the form:

2 n—k—1 —k —1
n+q’n+q’" n+q n+q’ T in+q

Julz) =z 5 J@ D
k:('r) x 1 n+q

xn%q) k=1,...,n.  (3.4.30")

Let us consider also some examples of hyper-Bessel equations By(x) = Ay(x) and
the corresponding hyper-Bessel functions in the logarithmic case, i.e. provided condition
(3.4.6) is not fulfilled. Tt is seen that by the arguments and approaches used in [1], [5],
the results of Theorem 3.4.3 work again.

ExampLE 3.4.11. Consider the following initial value problem for the 2n-th order self-
adjoint ODE:

By(z) = y(x), that is , [(zD)"(zD + v)"™ — 2] y(z) = 0,
{ y(0)={T(v+ 1)} ", y0)=---=yD0)=0 (3.4.31)
with
B=a ' (aD) (@D +v)",
that is,

m=2n, =1, n=-=7m=0, Y1 ="=7m =1
The solution of (3.4.31) is expressible by means of the n-Bessel functions (D.20):
y(@) = (=2) "2 Ay (20/7)

as shown in Agarwal [6].

ExampLE 3.4.12. The initial value problem (3.4.31) for n = 2 has the form
{ [(xD)Z(Q?D + V)2 _ LI:] y(l.) — (xl/+3y//)// + (V + 1)(xl/+1y/)/ . xl/y — 07
y(0) ={T(v+1)} 7, y'(0) =¢"(0) =y"(0) = 0.

The solution of this fourth order self-adjoint ODE, according to Exton [111], is the di-
Bessel function y(z) = (—z) % A, (2i/).

(3.4.32)

3.5. The transmutation method. The Poisson-Sonine-Dimovski transforma-
tions

Along with the algebraic approach of Mikusinski [306] and the method based on a suit-
able integral transform (like the Laplace transform), there is also another approach for
building operational calculi for linear operators in the general sense of Dimovski [73].
This is the widely used similarity method (or transmutation method), an extention to
Meller’s approach [299]. It is based on the use of transmutation operators (similarity
operators, transmutations, transformation operators, etc) for isomorphic transfer of some
(known) elements from the theory of a right-invertible operator B into corresponding
(new) elements for another, more complicated or less familiar operator B.

130



The essence of this method lies in the natural striving for seeking solutions of new
complicated problems by their reduction to well-known or simpler ones, by means of a
specific “translator”. In a narrow sense, the notion of transmutation operator originates
from the works of Delsarte and Lions [61, I, p. 427], [62], [259]-[261]. If B : X — X and
B : X — X are operators acting in a space X, then the isomorphism 7" : X — X is said
to transmute B into B, if TB = BT in X. In this sense, the transmutation method has
been widely used in mathematical analysis and mainly in differential equations and prob-
lems of mathematical physics (see Delsarte [61], Delsarte and Lions [62], Lions [259]-[261],
Hearsh [134], Bregg [43], Khachatrjan [185]-[187], Klucant¢ev [216]-[217]) in operational
calculus (see Carroll [53]-[59]), etc. For applications to analysis and operational calculus,
one can see Meller [299], Dimovski [68]-[71], [73], Bozhinov [38]-[39], Koprinski [234], etc.
Some of these authors use “similarities” in a wider sense, as below.

Definition 3.5.1. (Dimovski [70], [73]). An isomorphism T : X — X of the linear
space X into another linear space A, is said to be a similarity (szmzlamty operator) from
a linear operator L : X — X to the linear operator L : X — X, if TL = LT holds in
X. We say also that the operator L is similar to L under similarity T'.

The similarity relation 3 )
TL=LT in X (3.5.1)

can be represented also by means of the commutative diagram

L

X — X
Tl lT (3.5.2)
X — X
L
or written in the forms
L=T7'LT in X, or L=TLT™"' in X. (3.5.3)

Definition 3.5.2. If the operators L and L are the corresponding linear right inverses
of the right-invertible operators B : [i’B C .i’] — X and B : [Xg C X] — X, we say

also that operator T' transmutes (transforms) B into B (in a wider sense), although the
relation T'B = BT may not always be fulfilled.

Lemma 3.5.3. If T' transmutes the rigth-invertible linear operator B : )?B — X into
the right-invertible operator B : X — X and if F, F are the corresponding defining
projectors (initial operators) of their right inverse operators L, L, then the following

lations hold: ~ i 1 X
relations ho TB = BT — BTF in Xp C &,

T'B=BT '——BT 'F in XgCX. (3.5.4)

The proof is trivial. If BTF =0 (e.g. if we have zero initial conditions), it follows
that B and B are also similar.
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Now, the right-invertible operators B and B can be two arbitrary hyper-Bessel dif-
ferential operators of the same order m > 1.

First, dealing with functions of many variables z1,..., 2y in {z; >0, k=1,...,m}
Dimovski [70]-[71] showed that the linear transformation

Xf(x1, . xm (Ha: ) [% )P (3.5.5)

is a similarity from the hyper-Bessel integral operator (3.1.22)-(3.1.23) to the operator
Ay, of multiple integration with respect xq, ..., zm:

A f (x1, ... / / f(r,...,mm)drm ... dTm, (3.5.6)

namely:
XL =A,X (3.5.7)
and the inverse transformation has the form
1 p\"Fm 11 B 1 8
XY (xy,...,x :(—xﬁ> {—xﬁ,...,—xﬁl. 3.5.8

Now let B and B be two arbitrary hyper-Bessel differential operators of order m >
1 whose parameters, right inverse operators, transformations (3.5.5), spaces, etc., are

denoted by {Bﬁk, k=1,... ,m} and {3,7, k =1,...,m}, respectively L and L, X and
X, Cg and C,, etc.

Theorem (Dimovski [70]-[71]). The transformation

T=X1ZX, (3.5.9)
where Z is a correcting operator defined as a product of Riemann-Liouville fractional
integrals Ri’“ with respect to the variables xp., k=1,...,m:

m ~
Z =T Ry k-, (3.5.10)
k=1

A being an arbitrary real such that

a o«
A>——=, > Vi — , 3.5.11
573 .o (V= ) ( )
is a similarity from L to L, i.e.
TL=LT in X=Cs. (3.5.12)
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The explicit integral representation of transformation (3.5.9), T : C4 — C4, is found
by Dimovski in [70]:

o (1 — )Mt
By

6 E 1
X f — xh (tltm)ﬁ dtldtm,

(3.5.13)

g

where A > max (7 — 7). If, however,
(max (3 =)

@

max (Y — k) >

IR

then we can choose A = m]?X (3 — ) and in this way we reduce the number of integra-

tions in (3.5.13) by one, i.e. we represent 1" by means of an (m — 1)-tuple integration.
In the simplest case:

M=M= =Im—Tm=A>

QI o}
QJI o}

we have simply
g
Tf(x)= a:)‘ﬁf (aﬂ) .

Also, if some of the differences A, = 4. — v, K =1,..., s, are equal, then we can reduce
by their number s the multiplicity of integral (3.5.13).

Since the transformation T, defined by (3.5.9), (3.5.13) generalizes the classical trans-
formations of Poisson and Sonine, related to the Bessel operator

d? 2v+1d
dx? x dx’

BV:

we adopt the following definition.

Definition 3.5.4. The transformations (transmutation operators) (3.5.9),(3.5.13) which
are similarities from the hyper-Bessel integral operator L to another hyper-Bessel ope-
rator L, are said to be Poisson-Sonine-Dimvoski (P.-S.-D.) transformations. Their par-

~ ~ m
ticular specifications for the cases: L =1"" (i.e. B = (%) ) and arbitrary L; arbitrary
~ m
Land L =10" (ie. B= (%) ), will be called Poisson-Dimouski (P.-D.) and Sonine-

Dimouski (S.-D.) transformations, respectively.

Further, our aim is to find a simpler representation of the P.-S.-D. transformations
(3.5.13) by means of single integrals with Meijer’s G-functions in the kernel. Then, using
these new concise representations of the transmutation operators 1', we propose some
new applications of the transmutation method in the theory of hyper-Bessel operators
and equations.
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Theorem 3.5.5. Let = be the transformation

~ g 3
E:flr) — f(z)=f (cxﬁ) with ¢ = (g) : (3.5.14)

Then, the P.-S.-D. transformation (3.5.13) can be represented as a generalized operator
of fractional integration

Y .
Tf(z) = W[&j@)’(”w 7k)Ef(g;), (3.5.15)

having the explicit integral representation

N3 m 3\ 7 8 1
Tf(z) :%/G%j% {0'8&7@1 }f (g) " e307 | do, (3.5.16)

0

Proof. The theorem follows from (3.5.13) and Theorem 1.2.10. It finds exclusively
many applications. For instance, we are able to obtain immediately the following inver-
sion formula.

Theorem 3.5.6. (Inversion formula for the P.-S.-D. transformation). Let us denote

~ [0r] +1,  if 0y, is non integer
0p = A=A = A+, — > 0, nk:{ak if 8, is integer s k=1,...,m.
(3.5.17)

If feCq, theng=Tf € C’énl""’nm) and the following inversion formula for transfor-
mation T holds:

fla) =T lg(z) = Bm)\Dq(?’y)Ié)\Jr’Yk:)a(nk—)\—’YkJr’yk) {:c_wg ((Q) %$g> }
1 5
(3.5.18)

_ BmAxBADg‘/—k)lé’vsl)a(ﬂk—k—%—%) {g <(g> %x%> } :

where the differential operator D) is the following polynomial of the Euler differential
operator 0, = x%

m Tk
p) =TI1I (%x% + Ak +j) . (3.5.19)
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Otherwise, formula (3.5.18) takes the explicit differintegral form:

m Nk
fla) =Bz ‘”HH( w—+7k+J>

k=1j=1
1 2 , (3.5.20)
m.0 (ﬂk+’yk—)\)§”} (@)F 8 1

Proof. The obvious inversion of the Z-transform is:

Also, if f € Cg, then f =Zf € C. - The operator [ gfg’OHki%) preserves the power
6 )

function and therefore, since A > % %,
l)\ﬂ (:Yk) ()HJY]C*;Y]C) T ( 1+ Jr?]m) (771+"'+77m)
Tf=oxlsm fe cCy _

gmA”Bm B+Aﬁ

Due to Lemma 1.3.3 with w = g > 0, equality (3.5.15) can be written in the form:

o
ola) = T () = T 1 Wz )

AB
=7 _I(%) <6k)f(m), where 0, = A+, —J,k=1,...,m.

Sy
Then,
fa) =T g(a) = {170 {: [52‘;9( >”
- ey e )
= (3)" {190 gy,
where
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Then, according to the inversion formula for the generalized fractional integrals (1.5.26),
we have

BmA {I@k)’((sk)}_l G(z) = ﬁm)\lé’)‘+7k) (A= )\>G($)

m Tk -
_ pmA HH(; dd +%+J> Iéi;%),(nkkv/ﬂ%)(;(x)

which gives (3.4.18). Let us note that the multiplier = in G(z) can be moved in front
of the differintegral operator, in accordance with Lemmas 1.3.1 and 1.6.2:

IQ\+%)7(A1€—>\) BN _ x—B)\Iﬁk),(Ak—A)

Bm o Bm
m Tk
_ (= A= +7
o (e )| e,
k=1j=1 ’

Hence, (3.5.20) is also obtained.

Let us consider the cases when one of the hyper-Bessel differential operators B, B

~ m
is the simplest operator of m-th order, for instance, B = D™ = <%) , (3.3.1)-(3.3.1).

Then, its linear right inverse operator is the operator of m-fold integration, represented
(see 3.3, Example f), (3.3.1)-(3.3.2)) either in the form

= z\m_(E-1),a
Efe) =1 @) = ()" 155 ), (3.521)
or equivalently, )
Lf(z) =1"f(z) = 2™ f(z). (3.5.21")

Then, the corresponding Poisson-Dimovski and Sonine-Dimovski transformations
(Definition 3.5.4) follow from the general form (3.5.15), (3.5.16) of the P.-S.-D. trans-
formation by a suitable choice of the parameters (3, Yy k= 1,...,m of B (or B, v,
k=1,...,mof B).

3.5.i. Poisson-Dimovski transformation

Let us choose

=~ m
B=D"= (%) with parameters
B=m, g =% 1, k=1,...,m, so that (3.5.22)

N<VP< - <Aqm=0<ym+1=a=-1.
and

m
B=ga"F I <xi + 5%) arbitrary, with parameters
S\ (3.5.23)

B>0,m2>2n>->ym=>a=—3(m+1).
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Since

A C7— e ol
max/Aj; = max — = — - — =4 =
. k i Tk — Yk Tm 33 B 'm
we can choose for convencience,
A= max Ap, le. A= —yp. (3.5.24)

Then, the generalized Poisson type transformation, proposed by Dimovski [70], has
the multiple integral form:

A T AR
erer=(55) [ [ 55]

x f {Eaﬁ (ty .tm)ﬂ dty .. dtp,
B . . ko, (3.5.25)
SO
— )
6 0 0 k=1 F(Vk_,ym__—}_l)
8
x f {%m (t: . .tm)ﬂ dty .. .dtp,
where ¢ stands for the constant
m m
c= @y ]}_[1 I(y+1). (3.5.26)

This transformation is a similarity between the integral operators L = I (3.5.21)-
(3.5.21") and L (the linear right inverse of B, (3.5.23)):

PI"™ = LP. (3.5.27)
Denote

k k
A=Y —n=——-1—n =A—Ap =y — 1——>0;
E=7 — Yk m Y&y Pk k=" —Ym Tt -
{ [pp] +1,  if p; is non integer
k:

e k=1
D if p;. is integer

yee M.
Then, from Theorems 3.5.5 and 3.5.6 we obtain immediately:

Theorem 3.5.7. The Poisson-Dimouvski transformation (3.5.25),

Ym+1)’
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is a generalized fractional integral of multiorder (p1,...,pm) = (p1,---,Pm—1,0), namely:

A
s k1) (A=ap) s
T m 1) m B
N () )
T m 1) (P m B8
=c ﬁ_m Iﬁ,m—l f (Ea;m) (3.5.29)
AN (e = ym)" 8
€T _ 1 m £ 1
N\ pm /Gmi?n1 [U ko 1)’"*1 f (Emm 0m> do,
0 1
. <n1+"'+nm—1) (n1+"'+nm—1) . . .
acting from C_y onto O—ﬂ(»y +1) Ca . The corresponding inversion

formula is:

f(«r) = P_lg($> = iﬁ m’YmDnI( 7m)7(”k+7m—7k+%—1)

m,m—1

ey e[

where

(3.5.31)

Let us recall now Lemmas 1.3.3 and 1.6.3 according to which, by means of of trans-
formation = (i.e. a substitution) we can consider generalized fractional integrals (deriva-
tives) with a parameter 3; > 0 instead of a parameter 3 > 0.

Then, for simplicity of notation and expressions, we can consider hyper-Bessel ope-
rators with parameter 3 = m.

The P.-D. transformation (3.5.29):

. (nat-tnm—1)
P:Cy— C—ﬂlwm—l vc C—m(7m+1)’

then takes the simpler form:

“‘3 ()

T\ —MYm
) m m

Pf(x) = c(E

. T\ ~Mm G0
=c E m—1,m—1 |9
0

(3.5.32)
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and its inversion is:

F(&) = P=g(@) = L D 1 O g )

m,m—1
U [TTTT (L, A ko (3= ) (=)
——— ’j/m o _ _ m )
o T gy om0 9= 1) [ D g(a).
k=1j=1
(3.5.33)
~ m
Due to (3.5.27), the P.-D. transformation transmutes B = D™ = (%) into the

hyper-Bessel differential operator B with parameters as in (3.5.23’). Namely, we have
the following relationship.

m—1
Lemma 3.5.8. In the space X = span] {xk} &) C’ml the transmutation relation
0
holds:
dz

where F is the initial operator (defining projector) (3.3.3) of L = I, i.e. the Taylor
polynomial:

d\™ N
P( ) — BP — BPF, (3.5.34)

", (3.5.35)

Corollary 3.5.9. On the subspace [XB = C’ml] C Xp there is a similarity relation
between both differential operators:

d m
Pl — = BP. 3.5.36
() (3.5.36)
In particular, (3.5.36) holds for the so-called m-even functions (see Klucantéev [216]-
[217]):
fectm com, o)== fm () =o. (3.5.37)
In the literature (e.g. Delsarte [61, I]-[62]) by a Poisson transformation the following
transformation is meant:

(3.5.38)

- 2
This transformation transmutes B = (%) into the classical Bessel differential op-

erator B = B, = dd—; + 2’/;1% (see Section 3.3, Example a)). It can be obtained as
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a special case of the Poisson-Dimovski transformation (3.5.29) by taking m = § = 2,
"= %, Y2 = —%-
3.5.ii. Sonine-Dimovski transformation

Now we consider a generalization of the Sonine transformation

)l/—i-l F

y /(1 — 0?72 gV f(ao)do

1

_ (%)V—H VAT e
_F(u+;)0/(1 )"zt f(aVt)dt

wl&

Svf(x) = E

T

(3.5.39)

related to the Bessel operator B, (see Delsarte [61, I]-[62] again).
We specialize the Poisson-Sonine-Dimovski transformation (3.5.13), (3.5.15) when:

S H ( T +ﬁ’yk> is arbitrary with

(3.5.40)
and a\™m
B=D"= <%> is with rearranged (!) parameters:
B =m, ’yk—m k“—lz—%, k=1,...,m, so that (3.5.41)
71272— Z’)/m:>0é:—1

For this choice of the parameters, max AVEES max (?k + %) = Jm + ™=+ which is

greater than % — % = —% + 41 + 1 and we can choose
1
A= max Ap =Ym + I (3.5.42)
m
Further, for convenience we write only B, 3, 74, «, ... instead of B, B, Vs @y vy

i.e. for an arbitrary hyper-Bessel differential operator B, (3.5.40) we assume
>0, n<p< - <ym a=—-FMm+1). (3.5.43)

In this way the P.-S.-D. transformation (3.5.13) reduce to the Sonine-Dimovski trans-
formation (Definition 3.5.4) introduced by Dimovski [70]:

S:Cy — Cy,

Sf(x) = (%) m(ym+1)— / /H ll_tk )M 11%]

X f [(%) FI% (tl R tm—l)%] dtl e dtm—h

(3.5.44)
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where f
)\kzym—vk+a>0,kzl,...,m—l. (3.5.45)

This transformation is a similarity from the hyper-Bessel integral operator L (corre-
sponding to (3.5.43)) to the m-fold integration I":

SL=1"S in C,. (3.5.46)

Up to a constant multiplier in the argument of f(x), the S.-D. transformation (3.5.44)
coincides with the isomorphism ¢ f(x), used by Dimovski [68]-[69] to transfer the results
from the Heaviside-Mikusinski operational calculus (for I"") to an operational calculus for
the hyper-Bessel operators B, L, namely:

m—1

1 1
’Yk—l—l —1
pf(z) = / / (1= eyt
H I'(A\g) © 0 k=1 (3.5.47)

k=1
X f [!L‘F (tl e tm—l)%} dtl ce dtm_l.

The relation between (3.5.44) and (3.5.47) is

of (x) = mmOm+1) 715 (%x) : (3.5.48)

Due to Lemmas 1.3.3 and 1.6.3 again, without loss of generality one can consider only
the simpler case of hyper-Bessel operators with 3 = m.

Let us use then the representation of the S.-D. transformation S as a generalized
fractional integral and write down its inversion formula. An inversion formula for the al-
ternative transformation (3.5.47) was found by Dimovski [68]-[69] but of the form (1.2.34)
(Chapter 1), viz.

m—1 Nycbeed N
l 6 1+ + m—1

f(CC) = gp_lg (l‘l Y 1 _1)5 — | | x_Vk
[ " ] amf‘l Y i

h=1 m-1 (3.5.49)
1 m—1 g,
X {g [(:1:1 .xm_l)ﬁ] z," }
k=1
Theorem 3.5.10. The Sonine-Dimouski transformation (3.5.44) is an (m — 1)-tuple
generalized fractional integral of multiorder (Ai,..., \m—1) and for B = m it has the
form:

(3.5.50)
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with the A\ ’s defined by (3.5.45). If we denote
{ [Ae] +1,  if N\ is non integer
Nk =

k=1,...
Ny if A\ is integer SRR
then S: Cq — Cg(l;rj:”;_ll) C C_1 and the inversion formula is:
_ x\ ~m(Ym+1)+1 B ), (ne—Ar)
flz) =8 g(x) = <E) DUIW(”L,m—l) (z), (3.5.51)

where

Note. The corresponding results for arbitrary 5 > 0 are obtained (according to Lemma
1.3.3) by means of the transformation

= flz) — fla) = f [(ﬁx)%l with w = 2 >0,

m B
as follows:
S = (2)" TG00 )
= ()" {1 s}
Hence, for instance:
ot(@) == { O o) (3552
or
of (x%) _ Blm+ ) I[g?:%)_’(f’“) ). (3.5.52))

The same representation is obtained in a direct way in Dimovski and Kiryakova [79] and
an inversion formula for ¢ is found there in the symbolic form

B,m—1

fla) = o Yg(z) = x—ﬂ(Verm,;l)[(’“—ﬁu)v(*/\k)g <x%) , (3.5.53)

According to Definition 1.5.3 we have to interpret this fractional integral of negative
multiorder in the following way:

f2) = o lg(z) = x_ﬂ(’Ym—l—mn:l)D('Yk_’Ym_mT_l)7(”Yk)g (x%)

B,m—1

k—m+1
= x_ﬂ(’ym"‘mT_l)DnI(TJr)’(nki/\k)g (x%>

(3.5.54)

B,m—1
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with

i.e. as a generalized fractional derivative.

By Definition 3.5.4, the S.-D. transformation S transmutes the hyper-Bessel differen-
tial operator B (with 73 <7y < -+ < 7y,) into (%)m Namely, from (3.5.46) we obtain
the following relationship.

Lemma 3.5.11. In the subspace Xp = ker B® CT" (a+f) the transmutation relation holds:

d\" d\"
SB = (dx) S—(%) SF, (3.5.55)

where F' = I — LB stands for the initial operator (defining projector) (3.2.12) of L. In
particular, if

d

feci,cxp = SBf= <%)m5f. (3.5.56)

3.6. Applications of the transmutation method to the hyper-Bessel opera-
tional calculus.

We illustrate some applications of the Poisson-Sonine-Dimovski transformations for find-
ing some elements of the operational calculi for the hyper-Bessel operators: convolutions,
representations of the fractional powers of the basic operators, etc. In [64]-[65], [69]-[70]
Dimovski developed such operational calculi based on a family of convolutions of the
hyper-Bessel integral operators L in the space C,.

Theorem (Dimovski [69]). For f,g € Cy consider the auziliary operation

[g[z(@=t)...c —tm))%]

—~
~
o
s
—
8
SN—
Il
&

@
O\H
O\H

~
&
=
~
3
SN—
=

(3.6.1)

[t (1 — tk)]’y’“ dty...dty,
k=1

and the “correcting” operators T : Cyy 3 — Cq, defined by

x)-xﬂVm/lT.;jf[x(tl. ]E[

) 0

1 _ t 7m Ve—1
t”’f k) dt .. .dts, (3.6.2)
— k)
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ifyi <7y <o <95 < Ysp1 =+ =Ym, or by

1 1
Tfa) =™ [ [ f[oters
o (M) o

with A > mke}x Ve = Ym- Then, the operations

=

m A— 1
1 —t ) M
2% k
| | t dt,...dt 3.6.3

(f+9) @) =T(fog) @), (fg)@)=Tx(fog) @), (3.6.4)

are convolutions of L in C, without divisors of zero.
Obviously, T' and T, are generalized (s- and m-tuple) fractional integrals:

T = xﬁVmIéQZk)7(7m_7k)7 T>\ ﬁ)\IéZZf) ()\—'yk)

and T follows from T)\ for A = ¢4 = -+ = 7y, i.e. both operators (3.6.2), (3.6.3) are
represented by

T\ = ﬂ)‘féwk) (A=) with A > Max Y4 = Ym- (3.6.5)

Thus we can state the following theorem.

Theorem 3.6.1. The operation

(f 3 g) () =T\(fog)(z)= xﬁ/\[g;’f)’(/\_%) {(fog)(2)}, (3.6.6)

where (o) is the auziliary operation (3.6.1), T is the generalized fractional integral
(8.6.5), A > mkax Vi, 48 a convolution of the hyper-Bessel integral operator

7 2 )

o (3.6.7)

in Cy, without divisors of zero.

The new representation (3.6.6) for these convolutions has some advantages, namely, in
their representations by means of (m+1)-tuple integrals only instead of 2m-tuple integrals
(3.6.4), and also in using the common rules for the generalized fractional integrals from
Chapter 1.

For example, once calculating that

1“( + —|—1>F< +1+1)
2P o 21 — $p+q+ﬁH kT kT D
P r(mﬂ%m)

Y
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from Lemma 1.2.1 we find immediately the convolutional product

m T (e + 5+ 1)T (e +§+1)T (20 + 2 +2)
2P & @t = P T kTS kT D kT B
P r(zyk+%+2)r(%+wﬁ%+2)

mr( L 1>r( g 1)
= ot T LA s

Py F<7k+>\+1’%+2>

(3.6.8)

One can find another explicit expression for a convolution of L in Cy by means of
the Sonine type transformation ¢, written in the form (3.5.52), i.e

of(x) me(7m+mTl)/lG%:% [a’((;:;; %xn] f <x%a%> do. (3.6.9)

To this end, the following theorem for the convolutions of similar operators can be used.

Theorem (Dimovski [73]). IfT: X — X isa similarity from L in X to Lin X, i.e.
L=T'LT in X and %: X x X — X is a convolution of L in X, then the operation

fxg=T Y (Tf¥Tgq) (3.6.10)

is a convolution of L in X.

In particular, we take T" = ¢ to be the Sonine-Dimovski transformation (3.6.9), use
the similarity relation

m
oL = <%l> ¢ in X=C,, (3.6.11)

and the Duhamel convolution (%) of the integration operator [ (also of its powers like
m
m .
(5)
(f%9) ( /f (r—1t)g dt—x/f (1 —-0)]g(zo)do. (3.6.12)
Then, the following result holds.

Theorem (Dimovski [68], [73]). The operation

f®g =9 "(ef)*(pg)], (3.6.13)

where (%) denotes the Duhamel convolution (3.6.12), is defined for all f,g € Cy and is a
convolution of the hyper-Bessel integral operator L in Cl.
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However, let us note that instead of the multiple integral representation (3.5.47) of
transfomation ¢ and the same kind of inversion formula (3.5.49), we use in (3.6.13) the
simpler representation (3.6.9) and inversion formulas (3.5.53)-(3.5.54).

By using convolution (3.6.13), it is possible to build an operational calculus for L
similar to the Mikusinski operational calculus. In the corresponding field of quotients
in Cy, we can consider rational expressions of the element § := % The integer pow-
ers (positive, negative or zero) of L are well defined in this field. Now we resume the
application of convolution (3.6.13) for representing the fractional powers of L.

Definition 3.6.2. (Dimovski [65], [69]). Let X be an arbitrary real number. The frac-
tional power L is defined by means of the following convolutional product of elements
of the corresponding operational (quotient) field:

B({A\}+s—d—1)
LA = L8 ’ ® f, (3.6.14)

kﬁf({)\}+s—5+’yk)

where s = [% +0+ 2}, § > max and ® is the convolution (3.6.13).

If A\ > %+ 6§+ 1, then the power L has a simpler representation by means of a
function [y € C,, namely:

lﬁ()\—é—l)

fi (A=0d+%)

I = = {0}, ie LM ={L1)®F. (3.6.15)

Furthermore, if v; < v < -+ < vy < 71 + 1, then we can choose § = v;, and therefore,
F+o+1>0.
Definition 3.6.2 is justified by the following theorem.

Theorem (Dimovski [65]). If \, i are arbitrary real numbers, then
LALF = LM,

y — . n __
and for integer A\=n >0:L"=L.L..... L.

N times
We prove here the following result.

Theorem 3.6.3. If A > 0 is arbitrary, then the fractional power % of the hyper-Bessel

integral operator L = % (). 1$ also a generalized fractional integral but of multiorder
g P Bt B.m g

(A, ..., A), viz.
B\ ()
= (;_m> 1§ (3.6.16)
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and has the single integral representation

LM(z) = (;%)Ajaﬁgﬁn HE%}} )T} f <m%) do. (3.6.17)

0

Proof. A direct proof can be found in Dimovski and Kiryakova [79]. There, repre-

iy

sentation (3.6.9) of ¢ is used and the expression ¢! ( 3 )m ¢ is calculated by means of

formula (A.29) for integrals of the product of two G-functions, used several times. It is
the same technique as that used in Chapter 1 for deriving the common properties of the
generalized fractional integrals.

Here we establish (3.6.16) on the basis that these properties are already proved. For
simplicity, we consider the case

A>0, >\>%+6+1=7m—%,

when L is represented by (3.6.15), i.e.

LM f(2) =Z{} @ f(z) = o {(¢ly) * pf(2)}.

Due to Lemma 1.2.1, we evaluate

m—1 BA—Am—
ol = xﬂ(%JrT)Ié?ﬁ%)_’(;\k) _ BA=rm—1)
[T (A= vm + %)
k=1
m m/\xm/\_1
- (E) L'(m\)
Further,
xm)\—1 \
T (mA\) «of (x) =" e f(2)},
whence

\ m mA
) =7 (1) it
It is convenient now to use an alternative representation of the Riemann-Liouville
fractional integral [MA as an m-tuple Erdélyi-Kober operator (cf. the alternative repre-
sentations (3.3.1), (3.3.2) of I in Section 3.3, Example f),

(2 )mkl(%—l)v(A) (2 )mkﬁ—l,AI(%—l)Tla(A)
=\|— m,m =\ m m,m—1 :
m m
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Further, we use repeatedly Lemma 1.3.3 for the transformation

§:f(x)—>f<x%> with w:%>0,

1

and also Lemma 1.3.1, property (1.3.3). Operators ¢ and ¢! are used in the forms

(3.5.52), (3.5.54), namely:

,m—1 7
— m—1 v Tm m 9 )‘ —_——
o =1z ﬁ(7m+m)Dé’Tk;kl )(k:):1
_xf/g('Yermml)I(k'f;l 1)’(7)\]“)5*1
ﬁvm_l
Then,
1 %—1 ,( )\k)__ 1 %—1 ,(/\)
LMf(z) =z B+ )Iﬁ(,m—1 ) E lﬁm)\xm)‘lm’ml)

- ﬂm)\x B,m—1
k

o I[g”:v:jlm)a(A)I[(XT/;)L(IAk)IKT,AJC(%).

Now, it remains to use the index law (1.3.10) (Theorem 1.3.8) and relation 7, + % =
e+ A\, k=1,...,m— 1

A k
i (ﬂ_i> 1 O G ) e

5\ _
i (ﬁ_m> I
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This ends the proof.

Note. It is possible to consider also hyper-Bessel integral operators of Weyl type (as in
McBride [289], Kiryakova [191], Dimovski and Kiryakova [79]), namely:

2P —yE—1),(1
M f(x) = (—) w0 f(a)

ﬁm

3 00 ( ) (3.6.18)
_ m,0 l 7+ 1 11n 3
= g / Gomm [a ‘ ()" ] f(ao®) o

defined in C*

a*?

a* < mkin B (see Section 1.4, (1.4.3)). For the fractional powers of

integral operator M we find analogously the representation

(3.6.19)

() Joma [l ] ) 2o

Note. Integral representations of fractional powers of operators L, M of the same forms
(3.6.17), (3.6.19) were found earlier by McBride [289] but without using convolutions and
notions of the generalized fractional calculus. He used the classical Erdélyi-Kober ope-
rators and the theory of Mellin multipliers which became a basis of his general approach
of finding fractional powers of linear operators (see McBride [288], [290]). These results
were extended further by Lamb [243]-[245], Lamb and McBride [246] and McBride and
Spratt [292]-[294].

Kiryakova [190], Dimovski and Kiryakova [75]-[76], McBride [289], Kiryakova [192]-
[193], Dimovski and Kiryakova [79] seem to be the first to use Meijer’s G-functions for
dealing with Bessel type operators and equations. Recently, this approach has found
extension in the papers of other authors (see Dimovski and Kiryakova [80], Adamchik
and Marichev [5], Adamchik [1]-[2], Kiryakova and Spirova [213], Kiryakova and McBride
[212], Hayek and Hernandez [127]-[129], etc.).
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3.7. Application of the Poisson-Sonine-Dimovski transmutations to the
hyper-Bessel differential equations and functions.

3.7.i. Obtaining generalized Poisson type integrals for the hyper-Bessel func-
tions

It is seen that the Poisson-Dimovski transformation P (3.5.29), (3.5.32) has its simplest
representation for operators (3.5.23) with 8 = m and vy, = mkin v = 0. We shall use such

a transformation to obtain a new integral representation for the hyper-Bessel functions
of Delerue Jj, (m 1V)m (), see (D.3), Appendix. To this end, we consider the m-th order
Bessel type dlfferentlal operator

5 T (i ) ot 31

k=1

with B =m; v, =, k=1,...,m — 1, v, = 0, supposing that all the v} ’s are non
negative, for example:
141 2 1%} 2 tee 2 Um—1 2 0. (372)

Then, for the corresponding Poisson-Dimovski transformation denoted by Pg, the
following corollary of Theorem 3.5.7 its true.

Corollary 3.7.1. The Poisson-Dimouski transformation (3.5.25), (3.5.29) correspond-

ing to operator (3.7.1) maps the space C_1 as well as each its subspace C’él) C C_q,
e > —1, 1 > 0 into itself, and has the form

Pof(a) = el ) g

m,m—
1 _
()" . (3.7.3)
—c. /G e 1[ byt | (207 ) do
(%-1)
0 1
m—1
with ¢ = @m% II T (v +1). This transform keeps the values of the functions at
k=1
the origin:
(Pof)(0) = f(0) (3.7.4)
as well as the other initial-value conditions, up to constant multipliers c.d;j, namely:
(Pof)V(0) = c.djfP(0), j=1,....1, (3.7.4)
m—1 F(ﬁ)

0 o
where f € C:” and d; 1 F(uk+%+1) )
Representation (3.7.3) and Po : C—; — C, = C—, follow from Theorem 3.5.7. Up

—1 —k
to the constant ¢, Py is the multiple Erdélyi-Kober fractional integral I " ( ) (Vk m )

m,m—1
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and therefore,
Po:C_1 — C'(_nl) C C_q, also Py : C’él) — C’é”m C C’g),

(see (1.2.33)). Relationships (3.7.4), (3.7.4") follow from (1.3.4) (Lemma 1.3.2).
Let us note that as a generalized fractional integral (3.7.3), or written alternatively
as multiple integrals:

Pof(x / /"ﬁl (- tk e tk) - f (:CG%) do, (3.7.5)

k
m+1

transmutation PO is defined also under the weaker condition (Cf with (3 { 2))
14 e, .
k= m ’ ’ ’

and according to the principle of analytical continuation, it remains then a similarity
operator from L=1"toL:Pyl™ = LP,.

Consider the hyper-Bessel functions of Delerue [60] of multiindex (v, ..., vm—1) (see
Appendix, Section D.i):

(i) Ui+ +Vm—1
m

J(m—l) —
@) = o) Tt

ViyeersVm—1

FyoFm—t ((uk +1); —(f)m), (3.7.7)

m

where
T

@) = 35 s @) = 0B (0 + 1= (2)")
- Z [1:[ kaj_ji)l)

are the so-called “normalized” hyper-Bessel functions (Klu¢antéev [218]-[219]), or Bessel-
Clifford functions (Hayek [126], Hayek and Hernandez [127]-[129]).

The latter functions (3.7.8), denoted also by Cy,,... (D.8) satisfy the initial value
conditions (D.7):

(3.7.8)

(1) ( x >mj

i \m

m

Wm—1

G0 =1, j,0)=--=j""Y0) =0. (3.7.9)

Our aim is to use transformation Py in order to find a generalization of the well-

known Poisson integral representations of the Bessel functions J,(x), I,(z), v > —%,

viz.:

Z
Jy(x) = 2 / (zsin ) (cos 0)*” do

2
F

MIH

(3. l .10)
2 .’,U (.’E)V
2 V 2
2 t t_ P

l\)l»—l
o\
~~
[S—y
N—
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and

Iy(z) = %Py {chx}. (3.7.11)

Instead of cos(x), ch(xz) we now use the generalized trigonometric functions from
Section D.i (Appendix) and especially the generalized cosine function and hyperbolic
functions of order m:

e = ()5 (2)7) - 5 e

1

e =atucs ((£)4(2)") - $

1 ]:0

(3.7.12)

(3.7.13)

Theorem 3.7.2. The Poisson-Dimouski transformation Pyg, defined by (3.7.3), (3.7.5)
for v > % —1,k=1,...,m—1, maps the generalized cosine function (3.7.12) of order
m > 2 into a normalized hyper-Bessel function of order (m — 1):

Ju(@) =3 (@) = Pg {cosmx}

m—1,0 (Vk)m 1 L
27 Yy ve— H I'(vp+1) Gmfl,m,1 o <% B 1)ml cosyy, (xam) do.
1

(3.7.14)
Therefore, the following integral representation of Poisson type holds for the hyper-Bessel
functions (3.7.7) under conditions (3.7.6):

1
—1 m xr Zyk —1,0
T @) = Gy () / amoLe [a

0

()" N
(2 B 1)171—1 ] CcoSm, (:Cam) do.

(3.7.15)
Analogously, for the modified hyper-Bessel functions (D.5), (D.6) the generalized
Poisson-type integrals have the forms:

Zgz:b 71Vm1 Po{hlm } mlHFVk+1

m
(3.7.16)
and
1 m—1
(m—1) m TN VE [ m—1.0 (Ve
IVI» Vm 1(1’) - (27?)7”*1 <E> /Gm_1 m—1 [U (% . )m_l hl m <£L’Um> dO',
0 1
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under the same conditions (3.7.6).
Proof. Consider the initial value problems (3.4.23), (3.4.26), namely:

Bu(z) = Mu(z); w(0) =1, «/(0) =--- =« Y(0) =0; (3.7.18)
and

a\"™ - ~ ~ ~/ ~(m—1)

e u(x) = AMu(z); uw0)=1, w(0)=---=1u (0) =0, (3.7.19)
where A = +1 and B is the hyper-Bessel differential operator (3.7.1) with condition
(3.7.6). As we have already shown in Examples 3.4.6 and 3.4.7, their solutions are the
functions:

.(m—1) ~ .
w(x) = Ju,... o, (T),  W(x) = cospy(x) if A= —1, (3.7.20)
(3.7.21)

w(z) =iy (@), a(x) = hym(z) if A= 1.

Now we establish that the Poisson-Dimovski transmutation Py, (3.7.3), (3.7.5) trans-
forms the solution @(x) of (3.7.19) into the solution u(x) of (3.7.18), i.e. u(z) = Pou(z).
Indeed, from Lemma 3.5.8,

P, < d >m&(x) = BPyi(z) ~ BP { Fi(x)}

dz

where F' is the Taylor polynomial:

[y

- ' 2" (0)

. 0

Fu(x) = Z o il
k=0 ’

Let us consider the term BP, {F ﬂ(m)} The initial value conditions in (3.7.19) yield

i(z) =1+ f with fec!™,

and from Corollary 3.5.9, for the m-even function f we have F'f = 0, whence Fﬂ(m)
F {1} = 1. Further, Po{1} = 1 and then, since %{1} =0,

m—1

k=1

i.e.
d m
dx

Then, (%)m u = A\u yields Bu = A\u for u = Pgu.
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Now let us see how Pq transforms the initial conditions for #(z) in (3.7.19). From
Corollary 3.7.1, (3.7.4) and (3.7.4") give:

u(0) = (Po) (0) = a(0) = 1

i.e. u = Po@ is the solution of the initial value problem (3.7.18).
Combining this result with (3.7.20), respectively (3.7.21), we find

" =Pofeosm(@)}. i)"Y =Po {hm()}
i.e. representations (3.7.14), (?.7.16) for the normalized hyper-Bessel functions. Mul-
tiplying by [m]:[lF(Vk +1) (%)ZV’“, we obtain the generalized Poisson integrals
(37.15), (3717)

Corollary 3.7.3. Using integral representation (3.7.5) of Pg, we obtain multiple gene-
ralized Poisson type integral representations of the form:

_ K —1
Jm= _ Z”’f m & 1—% e i
V17...,l/m_1(x) (2 ) k
m » uk kg 1) (3.7.22)

m

P k — kg 1) (3.7.23)

Note. Such a generalization of the Poisson integral has been proposed by Delerue [60,
p.259] in the form:

mMmT2 oz \ Vit m—thk—mtl
VAN ) =ﬁ<—>
(2m) ™
1 Lm—k—1 vi—1—L+ . kti
1_ N7
[ [T
0 (m_l)o i=1 F(’/i_%)

m—1 (1 _yy )Vz—— Cerl m

i=m—Fk F (Vi — m + 1)

karl (w{l e Cm_1> dCl e de_l,

(3.7.24)
where fin"(z) = cosm(z); fi1)(x) = sin, (), k=0,...,m—2.



The multiple integral formula (3.7.22) was also obtained by Klucant¢ev [218, p. 55]
(with a misprint in the factor with the I'-functions). However, single integral representa-
tions involving G-functions, did not appear in the literature until Dimovski and Kiryakova

[80]-[81].
Let us consider some special cases of the generalized Poisson integrals (3.7.15),

(3.7.17). Naturally, for m = 1 formulas (3.7.15), (3.7.17) turn into Poisson integrals
(3.7.10), (3.7.11).

Corollary 3.7.4. According to (D.21), from Theorem 3.7.2 we obtain the following Pois-
son type integral representation for the n-Bessel functions of Agarwal (D.20), v > —%:

Aun {21—n(i>n} = Vnrl—2n

n vHD=1 (v + 1)]"
1 v,Vy...,v,0,...,0
x [ G2 o n n—1 cos <z02 ) do
2n—1,2n—1 . on—1 on
0 (#-1),
1 1
_ V! / /ﬁ (I—¢) 2
T on(v+1)—1 n T
TS A A NS
2n—1 _k | 2n—1
(1-G) Loy
< 11 o | 1[G
k=n+1 I ( - %) k=1
X €OSap, [Z (G Czn—1)5n} dCy ... dCan—1
(3.7.25)
Corollary 3.7.5. For the Bessel-Clifford functions of n-th order
o0
1)1331
c” = = : 3.7.26
A, A ;F M+7+1) ... TOp+j+1)! ( )

closely related to functions (3.7.8), Hayek and Hernandez [129] found from Theorem
3.7.2 the Poisson type integral representation

(n—1) / n 1,0
C)\laA% a / n— 177, 1[

X COSp, [n(zt)ﬂ dt

Al, AQ, o .. 7)\7?/71

1 2

with \j, > % —1, k=1,...,n—1; and in particular, for the Bessel-Clifford functions
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of third order (n = 3), these representations in [128] have the form

Cmin = 27TF?77\/%§+ <n+ )// (=)™ 0w (3.7.28)

x fi(3&nv/z)d&dn,
9\/§z gyn—2
Cmn = 27T (m — 1) <n N _) O/O/ (1-&)" ) er (3.7.29)
x fa(3En/z)dEdn,
9B - n—% o
Cmn = 37 (m+1) ( B _) 0/0/ (L=m")" % (3.7.30)
X f3(3&nv/z)dEdn),

where f;(x), i =1,2,3 stand for the generalized trigonometric functions of third order:

1 1
B =g (7T ) A =g (e e )
3.7.31
1
fs(x) = 3 <€_x + wle Wt +we_w2x> . with w*=1.

3.7.ii. Applications of a differential Poisson-Dimovski transformation for
solving hyper-Bessel differential equations

Consider again the Poisson-Sonine-Dimovski transformation (3.5.29)

:IJﬁ 1 —Apg m B
Pf(m):c<ﬁm> I( ) (A )f(ﬁxﬁ), (3.7.32)

~ m
corresponding to the hyper-Bessel operators B = (%) with 3. = % —1,k=1,...,m,

m
(see (3.5.22)) and B = P I1 (x% + ka) with arbitrary 6 > 0; ¥4, ..., vm. The choice
k=1

)\:m]?xAk:m];aX(ik—vk), ilee A=AL>0,k=1,...,m, and)\>%—gz%+%,

@

made in Section 3.5.i, ensure that (3.7.32) is a generalized fractional integral (of positive
multiorder) and P : C—; — C,.

Now, instead of taking \ = H}Cax A}, we can consider a Poisson-Dimovski transfor-
1<k<
mation with

1
\ = A = Ve 3.7.33
X g}gglm k= mkm (Y% — &) 5 m ( )

Then, A — Ay, <0, k=1,...,m, and the multiorder of “integration” in (3.7.32) becomes

(k 1) (A-ay)

,m

fractional derivative, according to Definitions 1.5.3 and 1.5.4, see (1.5.15).

negative. This means the symbol [ should be interpreted as a generalized
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The special case of the so-called spherical hyper-Bessel differential operator B deserves
attention. Namely, suppose B is a hyper-Bessel operator with parameters g > 0, v;,
=1,...,m, chosen as follows:

- k
B =m; Wk:%—nk—a—l—ﬁlm k=1,...,m—1; (3.7.34)
Ym =-—nm =0, mn. >0, k=1,...,m being integers.

Then, all the differences A, = 4. — v = 7, are non negative integers and at least
one of them is zero (A, = 0). In accordance with (3.7.33), we choose A = mkin A =0,

whence
)\—Ak:—Ak:%—ﬁk:—nkg(}, ]{7:17...,771—1; )\—Am:O,

i.e. the Poisson-Dimovski transformation (3.7.32) turns into a generalized “fractional”
differentiation operator of integer multiorder (ny,...,nm), since

I A1) (k) _ p\k ,( k) DnI( )+ (—nk+1k) = Dy,

m m 1
where

m—1 Tk 1 d m—1 Tk
Dn:HH<E9¢%+’yk—nk+]) HH( w—-l-’wc-l-])

k=1 j=1

It is seen now that the special choice of a spherical hyper-Bessel differential operator
B leads to a Poisson-Dimouvski type transformation, represented by pure a differential
operator. We will use it as a transmutation operator for solving corresponding hyper-
Bessel differential equations.

Definition 3.7.6. The differential operator D, : C(gn1+~-~+?7m71) — (4, defined by

Dy f (@ mﬂlﬁ <

k=1 j=1

+ Vi +]) f(x), (3.7.35)

is said to be a differential Poisson transformation corresponding to the spherical hyper-
Bessel differential operator B with parameters (3.7.34).

In particular, Dy, : i = O Let o = meax B (v +1)] = meax (mn — k) and
X = C(_Olo), X = C&OO). Then, for a = max(«a, —1) and X = Céoo) — X N X, we have that

Dy maps X into itself:
Dy: X — X.

Lemma 3.7.7. The differential transform (3.7.35) is a similarity in Cgi?a i?)m 1)

L=1" to the spherical hyper-Bessel integral operator L with parameters (3.7.34).

from
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Proof. We use the symbolic representations:

D=1 %)’(_nk); "M = (£>m[(%)’(1). I — (£>mlr(r7k (1)

m,m—1 m m,m—1- m ,m—1

and similarly to the proof of Theorem 3.6.3, the product rules (1.3.3), (1.3.10), (1.3.11)
for the generalized fractional (differ)integrals to obtain

) m,m—1 ’ ’

I(%),(—nk)@)mf(%),u) _ (3>ml(&k+1),(—nk)l(&k),<1> _ <£>ml(7k ’“1)1 )+ (— k)

— - — — — — 9
m,m—1 m m m,m—1 m,m—1 m m,m m,m—1

which means:
D" = LDy in ¢\ m), (3.7.36)

max(o,—1)

Corollary 3.7.8. Ifu € ) a,—1) 15 @ solution of the differential equation @™ (z) =

m+max(

Au(x), then the image u = Dyt € c>) a,—1) 5 @ solution of the spherical hyper-Bessel

mM~+max(

differential equation (with parameters (3.7.34)): Bu(z) = Au(z), A = const.

ExampLE 3.7.9. We look for a solution of the m-th order ordinary differential equation
2y (z) — n.m.y™ Y (z) + azy(z) =0, 0<z < oo, (3.7.37)

where m > 2, n > 0 are integers, a = const.
Divided by x # 0, the equation takes the form

By(z) = —ay(x),

B=gz"T xmﬁ — nma™ ! - =z "Q 31:i
dx™ dx™m—1 "\ de

is a hyper-Bessel differential operator. Since

where

m dm dm—l

dxm:5(5—1)...(5—m+1); g

where 6:x%, then
Qm()=60—-1)...(0 —m+2)(0 —mn—m+1)
and its zeros are:
pr=k—1, k=1,....om—1Lup=mn+1)— 1.

Thus, the rearranged parameters of B are:

1 k
- — 1); =2 1=5,k=2..., ie. Ym = 0);
n=_ (n+1); - Yk m (i.e. ym =0)
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Ay =mn =n > 0is an integer and Ay, = n;, = 0, k = 2,...,m. The corresponding
differential transformation of Poisson type (3.7.35) takes the form

n

Dyf(a [H(

f(z)

_ [x(n—i-l)m—l (xl—m%>nx1—m} f(:L‘)

+71 +J)

and if () is a solution of the equation

7"(z) + afi(z) =0,

then its image

y(z) = Dyjj(z) = [:cm“)ml <x1m%> ' :clm] () (3.7.38)

is a solution of equation (3.7.37). The same relation between both solutions was found by
other methods by 1. Zbornik (1957), see Kamke [155, p. 483, problem 5.6].

ExampLE 3.7.10. Consider the third order hyper-Bessel differential equation
22" () = 3(p + @)xy” (2) + 3p(3q + 1)y (z) — 2%y(x) =0, 0<z<oo, (3.7.39)

where p > 0, ¢ > 0 are integers.
We divide by 22 # 0 and obtain the equation By = vy, where B = x_3Q3( l)

with m = 8 = 3. Since 2*-%5 = §(6 — 1)(d — 2), :1;2dd;2 =6(6 —1), z% = 4, then
Q3(8) = 6(6% 4+ bd + ¢) with coefﬁc:lents b=-3(p+q+1),c=(2+3q)(1 +3p) The zeros
of Q3(p) are puy = 3¢+2, pp = 3p+1, g = 0, therefore: 11 = —¢—2, 72 = —p—3,73 = 0.

If p < q, then 71 < 79 < 3 = 0. The differences Ay are: Ay =¢>0,A:=p>0,A3=0

and we choose \ = mkln Aj = 0. The Poisson type differential transform, corresponding
1<k<3

to this spherical hyper-Bessel operator B, is:

D77:3(p+q)HH ( T 3+’yk—|-j>

k=1j'=1
p—1 q—1
1 d 1 1 d 2
— 3(p+9) el s e s 2
| (3%3: J 3) 11 <3xdx ! 3)
7=0 =0
p—1 q—1
=1] (xd——?)j—l) H (x—x—3z—2>
j=0 i=0
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If §(z) is a solution of the simplest equation

3
7" =7, ie j(x)= chewkx with w} =1,
k=1

then we find a solution of the spherical hyper-Bessel equation (3.7.39) of the form

y(x) = Dyj(x) = pﬁ (x% —3j — 1) ql:f (m% —3i— 2) (x), (3.7.40)

j=0 i=0
as found in [155, p. 466].

3.7.iii. Sonine-Dimovski transmutation operators of Weyl type and their use
for the explanation of Stokes phenomenon

For solving hyper-Bessel differential equations by the transmutation method, one can
use also the Sonine-Dimouvski transformations S (3.5.44), (3.5.50), or ¢ (3.5.47), (3.5.52).
Then, the following scheme is used in general.

The hyper-Bessel equation Bu = Au (or Bu = f) is transformed by the Sonine type
transformation S into a simpler equation of the form:

d\™ d\" ~

(%> o= \u+ (SFu)™  (or (-) o= f+ (SFu)™).

Depending on the original initial value conditions determining the projector F'u, we could
solve the above equation explicitly and then the required solution is found by the inverse
Sonine transformation: u = S~ '@,

Poisson-Sonine-Dimovski transformations can be also considered in spaces other then
those of functions defined in a neighbourhood of the origin = 0. If instead of the
Riemann-Liouville type fractional integrations (3.5.15) we take their analogues of Weyl
type (see Section 1.4), then we obtain transmutation operators between the m-fold inte-
gration of Weyl type (near to infinity), see Example (1.1.a*):

B f @) =W s @) = [don [doaooe [ F o) da
OO”” o Fm= (3.7.41)
1 m—1
= gy - e
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and the hyper-Bessel integral operator of Weyl type (3.6.18):

’8 r—1),(1
Mf(z) = 6—mwém” 0 ¢ ()
:L"B T & k 3
5] J(fi) b ol

defined in the space C7., o* < mkin (Bg)-

In [79], [196] we have shown that there exists a transmutation operator of Weyl type,
analogous to the Sonine-Dimovski transformation ¢, (3.5.47), (3.5.52). Namely, we have
the following result.

Theorem 3.7.11. The generalized Weyl type fractional integral

(3.7.43)

_= {mmwm1>W<—%—%>v<kk>} f(@).

B,m—1

where 2 : f(x) — f [(%x) E] , s a transmutation operator ¢ : C}.. — C*, from the m-

th order hyper-Bessel operator B to B = (d‘i> Also, in C’ 6 C CF. it is a similarity

between them:

WB = (5 d) . (3.7.44)

m dx

We state also the following inversion formula: if g(z) = ¢ f(z), then

f (xl s xm—l)%] :(—1)[)\1]+"'+[/\m—1]+m—1 (Wﬁl xkfyk)
k=1

X )\m " g[(:cl...xm)m] z," ,

O*zx1t ... 0%z
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where

8*)\k a[)\k]—i—l 1
—a*xAkc(xl, e X)) = axl[:"f]“'r(l my Y
[l )
C\T1yee ey Thyeooy Tm—1
X / di.
2 (s — ) )

The same considerations hold not only for continuous type spaces C}. but also for
the spaces:

95:() = {J(2) = 29F(2); g < a*, [ € 9*()} (3.7.46)

where $*(£2) denotes the space of analytic functions in a domain Q, starlike with respect
to infinity point z = co. Then, the similarity is:

YBu(z) = (ﬁ i) Yu(z) for wu(z) € Sﬁz*Jrﬁ. (3.7.47)

m dz
and the same inversion formula (3.7.45) holds.

We are now going to demonstrate an application of the Weyl type Sonine-Dimovski
transformations to solutions of differential equations and their different asymptotic be-
haviour in parts of the complex plane.

An explanation of the Stokes phenomenon
for the Airy equation

The Stokes phenomenon concerns the linear combinations of asymptotic solutions that
represent given continuous solutions of ordinary differential equations of the form

Pu : : :

¥ + k%q(z)u =0, k = const, ¢(z) is an entire function of z, (3.7.48)
in different parts of the complex plane. The zeros of ¢(z) are said to be turning (transi-
tion) points and the main terms of the asymptotic expansions of the solutions as |z| — oo
are called WK B-solutions. Recently, interest in this phenomenon has been stimulated by
its applications in quantum mechanics and the theory of propagation of radiowaves, etc.
In this circle of problems, the simplest non trivial case (the so-called model equation) is

the Airy differential equation

d*u
Important contributions to studying (3.7.49) and some of its generalizations have been
made by Heading [130]-[133], Olver [341], Millington [308], Kohno[224], Paris [356], Paris

and Wood [357] and others.

Let us consider the Airy equation in the complex domain

Q={d<argz<2n+46, |z2]>0},5>0,
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which is starlike with respect to the infinity point z = oo and is obtained from C by
putting a cut from z = 0 to z = co. Since z # 0, equation (3.7.49) can be rewritten as a
hyper-Bessel differential equation

1 a2

S A= ie. Bu=u, (3.7.49)
with parameters of B as follows: m = 2, § = 3, y, = —%, Yo =0, o = —1. The
transmutation operator (3.7.43) of Weyl type then has the form

(0. 9] 1 1
a(z) = du(z) = Z/@T_%U <Z§T§> dr, (3.7.50)
/TR

or
0

i (vz) = Z/%ciu(cé) ac=wi {¢iu(¢h)s 2}

where W {u (¢); z} denotes the Weyl fractional integral of order a > 0, (1.1.b*):

00
1

We%(2) = W*{u ((); 2} = ) / (€ —2)* T u(¢)dC. (3.7.51)

z

On the real positive half-line {argz = 27, |z| > 0} the operator 1, as a Sonine-
Dimovski type transmutation, transforms the Airy equation (3.7.49') into the simpler
equation with constant coefficients

d*u 4

— ——u=0 3.7.52

a2 9" ( )
in such a way that its exponentially decreasing solution u(z) = exp (—%z) corresponds
to the solution u;(2) of (3.7.49'), exponentially decreasing on {arg z = 27, |2| > 0}. The
latter can be obtained by using the inversion formula for 1), as a particular case of (3.7.45),

namely:
o0

u <z§> = u(z) = _Z%diz / =2 ¢ ?g

<
~~
S
~—
U
N

(3.7.53)

Thus we find

2 2

w(z) = ———23K, <—z%> = (2v/7) 35 A;(2),
3ay/m 2 \3

where K, (z) and A;(z) stand respectively for the Macdonald function (Bessel function

of third kind) (C.31) and for the Airy function of first kind, (C.32):

Ai(z) = l\/gKl <§z
T 3

R[]

) . (3.7.54)
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Indeed, the Airy function of the first kind Ai(z) is the entire solution of (3.7.49) which
is exponentially decreasing as |z| — oo on the real positive half-line.

To extend our considerations to the whole domain €2 and also, for the exponentially
increasing solutions u,(z) of the Airy equation and respectively y(z) = exp (2z) of the
transformed equation (3.7.52), we are to use the following relation between the Weyl
fractional integrals (3.7.51) (see [107, II, p. 201, (1)]):

W u(vQ); 2} =7 W u () ;vz}, (3.7.55)

where ~ is an arbitrary complex constant.

So, if for example v = €™, then the inverse operator ¢! is analytically continued

like
u <z§> = —z%iWé {ﬂ (C%> ;egmz}
dz
_miovd 1 1
=e 323—Ws {u <—C2> ;z}
and transforms (z) into the second entire solution of the Airy equation, exponentially
increasing for |z| — oo, arg z = 27, namely:

(3.7.53)

471,
2e73 1 2
us(z) = f ’ 22 K1 (——z%) ) (3.7.56)
3sy/m P\ 3

In general, if we consider the set of the entire solutions of both equations (3.7.49) and
(3.7.52) in the whole complex plane, then we are to extend analogously transmutation
operators 1) and ! by suitable choices of the complex constant ~, depending on the
corresponding values of arg z.

For the transformed equation (3.7.52) the pair @(z), @g(2) of linearly independent
solutions near the infinity point coincides with the pair of its WKB-solutions. However,
the general solution @(z) = At (z) + Bug(z) (where A, B are arbitrary constants) has an
essentially different asymptotic behaviour in different parts of the complex plane. The
following notions are accepted: the solution exponentially inceasing in some domain is
said to be a dominant solution and the exponentially decreasing solution there a subdom-
inant solution, while a solution whose modulus of the exponential multiplier is 1 is said
to be a neutral solution.

Our transmutation formula (3.7.50) relating the corresponding solutions u(z) and @(z)
shows the following phenomenon. If we consider the Airy equation in the domain 2 (with
the necessary cut to keep the single-valued solutions), i.e. for § < argz < 27 + 9§, then
equation (3.7.52) should be considered in the corresponding domain Q- %(5 <argz <
3m + %5. This latter domain is separated into four sections depending on the values of
arg z, namely:

0-(353) 0-(5%) -(55). () - (52+3)
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So, in the domains (I), <I~I> the solution @;(z) is
subdominant and @3(z) is dominant, and conversely, in
(ﬁi), (ﬁ/) @ (2) is dominant and s (z) — subdominant.
In Poincaré sense, in each subdomain we should retain
from the linear combination @(z) = Aui(z) + Bus(2)
the dominant solution only. When crossing the lines
{MRz = 0}, ie. {argz =7, 37”, 577}, the property of
dominance is transferred from one solution to the other,
i.e. they change roles. Such lines are called anti-Stokes lines (or conjugated Stokes lines).
Since none of the solutions is dominant on them, we retain both solutions in the case.
On the other hand, the dominant or subdominant properties of the solutions are best
revealed on the so-called Stokes lines, the lines {Imz = 0}, i.e. {argz ==, 3w, b7}.
If we denote by (%) the dominant solution in each subdomain, then we can express the
asymptotic behaviour of the general solution of equation (3.7.52) in the following way:

(T) : Aty (2) + By (2), ie. a(z
(ﬁ) L At (2) ), e a(z
(fﬁ) L At (2) + Bai(2), ie. a(z
(ﬁ) : Auj(2) + Bug(z), ie. u(z
while on the three anti-Stokes lines we have:

u(z) ~ Aty (z) + Bluo(2).

Further, we consider the asymptotic behaviour of the solutions u; (2), us(2) and u(z) =
Auy(z) + Bug(z) of the Airy equation in the corresponding four subdomains of Q =
{d < argz < 27 4 §}. For this equation, the Stokes lines correspond to {Im 25 = 0}, ie

they are {argz = 2?77, %ﬂ, 27r} and the anti-Stokes lines are {argz = %, , %ﬁ} when

{ng} ~0.

Using transmutation formula (3.7.50), we find that in the subdomains of Q:

(1) = (5%) (IT) = (gg) (I11) = ( 5;) (IV) = (%ﬂ 27r+5)

the general solution u(z) of the Airy equation has the
following asymptotic behaviour for large values of |z|:

@D u(z) ~ ML,

(I1) = wu(z) ~ NU* |

(III) : u(z) ~ (M + iN )T,
(IV) : u(z) ~ iMU* |
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where M and N are new arbitrary constants and
_1 2 3
Uy =2 Texp (jzgm) (3.7.57)
are the WKB-solutions of the Airy equation. Therefore, on the anti-Stokes lines, we have:

{argz:g} cou(z) ~ MU+ NY_,
{argz =7} @ u(z) ~ (M +iN)U, + NU_,
{argz:%} cu(z) ~ (M +iN)Uy 4+ M.

Thus, the Stokes phenomenon can be better explained for the case of the Airy equation,
if we consider seven smaller subdomains (subsectors) to which the domain 2 is divided
by all the six Stokes and anti-Stokes lines and by the cut {argz =6, argz = 27 + J}.
We denote them correspondingly by (1), (2), ..., (7).

Then, we obtain the following asymptotic formulas:

1) =(0,%5): u~ MU+ NU_,

2 TV w~ ML+ N

)t un~ (MA+iN)U, + NU*

)t u~ (M +iN)UE + NU_,

Y u~ (M4 iN) UL +iMU_,

B 2m) : w~ (M +iN) 8y + iMU*,
21 4+0) 1 u~ (M +iN)U, + NU* .

= W

6

(
(
(
(
(
(
(7

) =
) = (.
) = (
5) = (42,
) = (
) =

Do
A

From these formulas we can derive the following rules
for determining the leaping changed of the constants in
the general asymptotic solution.

When crossing a Stokes line, let us denote by Ng and N the old and the new coef-
ficients associated with the subdominant solution and by N, the coefficient associated
with the dominant solution. Then, N; = Ng + ¢.N;, where c is the so-called Stokes
multiplier. In particular, for the Airy equation the Stokes multipliers corresponding to
each of the three Stokes lines are given by ¢; = ¢o = ¢3 = 1. Therefore, on each Stokes
line {argz = 2?”, %W,QW} the change of the coefficient of the subdominant solution is
according to the formula N, = Ng + iN4. On the other hand, on crossing the cut
{argz =4, argz = 2w+ 4}, the rule is the following: the coefficients of the dominant and
subdominant solutions, multiplied by (—i), change their places. This scheme, described
here with the help of the transmutation method, coincides with the scheme for the change
of the coefficients given earlier by Heading, see [130]-[132]. To keep the continuity of the
asymptotic expansion of the solution in the different subdomains, a change of coefficient
always takes place in the subdomain where the corresponding solution is subdominant

and therefore, its modulus is less than the error exp <§z§> O (]z|_§>, |z| — oo, of the

asymptotic approximation of the dominant solution. In this way, only a formal leap in
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the coefficient of the subdominant solution appears, characterizing the so-called Stokes
phenomenon.

Some generalizations of the Airy equation, being also hyper-Bessel differential equa-
tions (and therefore the same Sonine-Dimovski transmutation technique is applicable),
like (cf. Example 3.4.10):

d"u(z) ndu(z)
dz" dz"

have been considered by other techniques by Heading [133], Kohno [224], Paris [356],
Paris and Wood [357] and other authors. The following general problem can be stated.

= (—=1)"2"u(z), =z

= 2%u(z)

OPEN PROBLEM 3.7.12. By using suitable analogues of the Poisson-Sonine-Dimovski trans-
formations of Weyl type (like (3.7.43)) and the transmutation method, give a description
and explanation of the corresponding Stokes phenomenon for the general hyper-Bessel
differential equations of m-th order: Bu(z) = Au(z). In this case, the Stokes phenomenon
will concern the change of the coefficients in the linear combinations of Delerue’s hyper-
Bessel functions (3.4.19) (or Meijer’s Gé:?n—functions), representing the general asymp-
totic solution as |z| — oo.

3.8. Solution of the non homogeneous hyper-Bessel equation

Having in mind the results of Section 3.4 (Corollary 3.4.5), it is seen that the only problem
that remains open in order to solve the general Cauchy (initial value) problem

{ By(x) = Ay(a) + f(a), A#0, f#0

zILIEoBky(x) =by, k=1,...,m of the form (3.4.4), (3.8.1)

is to find an explicit particular solution of the non homogeneous hyper-Bessel differential
equation By(z) = Ay(x) + f(z), for instance, satisfying zero initial conditions. We show
that the G-functions play an important role again.

Theorem 3.8.1. Suppose the parameters of the hyper-Bessel operator (3.1.3) are ar-
ranged in a decreasing (increasing) order, for example

B>0; 127> ..>2vm, le a:= mgx[—ﬁ('yk +1)] = —B(ym + 1). (3.8.2)

Then the initial value problem

By(z) = My(z) + f(z) f € Ca, (383)
y(0) =¢'(0) = ... =y V() =0 -
has a solution y € C’gﬁ)ﬁ, given by the series
)\xﬁ
Z Gr(z) , convergent for 0 <x < o0, (3.8.4)
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with Gr(x) , r=0,1,2, ..., standing for the integrals of G-functions:
1 1
/G [ ’ ’Yk:)“‘””"’ i }f (xaﬂ) do. (3.8.5)

Proof. To solve the problem (3.8.3) we use the transmutation method (see Section
3.5). In this special case we are interested in a transmutation operator, transforming

~ m
the simplest m-th order hyper-Bessel differential operator B = D" = (%) into the

general operator B of the form (3.1.3). We shall use the Poisson-Dimovski transformation
P:. C, —>~C’a which is a similarity between the integral operators (" and L, right
inverses of B and B, respectively:

i (g — 1)
i) = [ %f@)dt,

m)
1 (3.8.6)
B . m 1
Lf(x) = ;—m/G%:% |:O' ‘ 82)—7;1)1 } f(zoB)do,
0
namely:
PI™f(x) = LPf(x) foreach feC_i; (3.8.7)

see Sections 3.5 and 3.6. As shown there, this Poisson-Dimouvski transform can be rep-
resented more simply as a generalized fractional integral, i.e. as an integral transform
with a G-function kernel:

Pf(x):M [HF Vi + 1)

Since P transforms the simpler initial value problem for y € C_;:

{ D™y(x) = §"™ (x) = Aj(x) + f(x), feC-y,
9(0) =7'(0) = ... = g 1(0) = 0

into initial value problem (3.8.3) for y € Cy (cf. the proof of Theorem 3.7.2, or Kiryakova
[196] and Dimovski and Kiryakova [80]), then Py(x) = y(z) will be the required solution.

By the techniques of the operational calculus and the Laplace transform one can find
the solution of (3.8.9) as the Duhamel convolution

( 14+E), (1+ye—ym—£) f(ﬂx%) . (3.8.8)

ﬂ,m 1

(3.8.9)

T

(z) = /h(:c—t)}’(t)dt, (3.8.10)

0

O
8
S—
I
=
&
*
e

where h(z) is a hyperbolic function Ay m(x) of order m, see (D.13) (if A > 0), or a
generalized trigonometric function Ky, (), see (D.10), (if A < 0) but in both cases it is
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represented by means of the G(l):?n—function, and therefore by the power series:

o= GG

0

(1 + %)m_l ; A(%)m] (3.8.11)

1

xmfl
= m—ietm

(

O \Tpmrtm—1

Z convergent for |z| < oo.
(mr+m — 1)

Therefore, the solution of the simpler problem (3.8.9) can be written down by the series

j(x) = ix“ / (w — ymrm f(t) dt ZAT M) F () (3.8.12)
viF _r—o (mr +m —1)! o
= 0
and according to (3.8.10) and [307], it belongs to C’ 1 C C_4. Then, the solution y(x)
as a P-image of (3.8.12) with f(z) = P~'f(x) is
y(z) Z A [P+l p Z AT LT f (3.8.13)

since PIMU+D P~ = [+l " due to (3.8.7), and putting P under the sign of the series
is justified by the absolute convergence of the series h(z) and the integral operator P in
C_;. To find y(z) in the form (3.8.4) it remains only to use the integral representation
for the powers L™ | r =0,1,2, ... of the hyper-Bessel integral operator L (see (3.8.6)),
found by McBride [289], [291] and later by Dimovski and Kiryakova [79], namely:

5 \° (yk) (8,...,0)
LOf(x) = Fm 15 f(z)

- o’ m,0 (v + 5)§n 3
= (ﬁ_m> /Gmm {a ’ (v)" 1 flxaB)dt, 6>0.

0

(3.8.14)

The absolute convergence of series (3.8.4) for all x > 0 can be derived from conditions
(3.8.2), f € Cy and the asymptotic behaviour of the G-functions involved in G (), as the

same has been made for the generalized fractional integrals Ok):Ok) 4, Cq (see Chapter
B,m

1). The same result can however be shown alternatively, to illustrate the advantages of
the transmutation method. Let us go back to (3.8.10) and denote g(x) = Ph(x), i.e
h(z) = P7lg(x) and f(z) = P~'f(x). The function g(x) can be evaluated as a P-image
of the G(l):?n-function, according to the general formula (A.28) and this gives:

g(x) = [ (=N H Ty +1

2P
Goim [— G| m (=)™ 1], (3.8.15)
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therefore

g(x) =0 (z?) as r — 0 with ¢= mkax(—ﬂfyk) = —Bym = a+ 3,

ie. g(x) = Ph(x) € C’éﬂl)ﬁ. Further, we obtain

y(z) = Py(z) = P[(PT'f) = (P7'g)] (z) := f(z)*g(z). (3.8.16)

Since the convolution (k) is a convolution of {"*, and P is a similarity from I"" to L, then
according to the theorem for convolutions of similar operators (Dimovski [72, p. 36];
see Chapter 2, (2.2.47) with 7' = P~!), the new operation (¥) is a convolution of the
hyper-Bessel integral operator L in Cg, i.e. (%) : Cq X Cq — Cy. In particular, for
feCa,gc Ca |3 by the arguments in Dimovski [72], Bozhinov [38] and Bozhinov and

Dimovski [39], if follows that

y(z) = Pi(z) = f(a)3g(z) € C).

The same conclusion holds for the equivalent series representation (3.8.4) of y(z). This
completes the proof.

Examples. Solutions to various special cases of hyper-Bessel ODEs can be obtained
from the above general results.

ExampLE 3.8.2. Most of the elementary and special functions of mathematical physics are
only special cases of Meijer’s G-function. Thus, let us consider the case when f(z) is an
arbitrary G-function in Cy, that is:

(Ca)({

f(z) = GH7 {x (dg)ﬂ , 0<o<T, (3.8.17)

min dg -+ min > —1,
1<8<u s 1<k<mf}/k

where 4., &k = 1,...,m, are the parameters of operator B (3.1.1) and for brevity we
assume # = m. Using general formula (A.28) one can evaluate the integrals G,(x),
r=20,1,..., in (3.8.4), namely:

o) = AR o =) [ ) S K

—r
L+

.8.18)
where the constant A stands for

A = (2m)-mlp+

and the symbols A(m, c), A (m,c;);, L denote

(c c+1 c+m—1)

A (m, e, = (A (mye) , A(mycpyy) s A(m, o).
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Each of the G-functions (3.8.18) belong to Cy, and the solution y(x) takes the form of a
series, convergent for all z > 0:

o) =A(2)" S pE)) (3:8.19)

% MHmY+m { ( z > ‘A(m, COé)T; (_'Yk);n§ A(m,ca)g_H

mo+m,m7+m me—7) | A (m, dﬁ)? s (= —r— 1)7171 HEVAN (m, dﬂ):wl

More details on the series in G-functions can be found in Luke [26, I] and some numerical
computational methods are discused in Luke [26, IT] and Mathai and Saxena [286]-[287].

ExampLE 3.8.3. The simplest but very common example in the case of the equation
By(z) = \y(z) + f(z) of arbitrary order m > 1 is with a right-hand side function

flx)y=2, p>a = fel,. (3.8.20)

Then integrals (3.8.5) turn into: Gr(x) = by raP, »r =0,1,2,... , with constants by, (see

formula (B.4)):

1 m
w+r+1+5 m

bp,T:/G%:?n[U < N ﬂ)llda[H(7k+l+%>.(7k+2+%)

<7k+3)1 k=1 "

and series (3.8.4) takes the form

—1

" 7w, (BR)
y@) = [T Gw+p+8)| 227> — . .

Lk=1 _ r=0 ] (v +2+ b :

1 (wer2+5),
N 4 -1 N B
= H(57k+p+ﬂ) ;L'p+61Fm 1, (’7]54—2—*—5) ,)\ﬁ—m],0§$<00,
L k=1 _ 1
(3.8.21)
that is, the solution of the particular problem
By=My+2P, y(0)=y(0)=---=y™V(0)=0

is the generalized hypergeometric function xp+ﬁlpm<%if> in (3.8.21), and it is also a
Giﬁnﬂ—function of Meijer.
In the following we confine ourselves to some well-known examples related to ODEs

involving the classical second-order operator of Bessel By, (3.3.a) with f =m = 2, vy, = %7
Y2 = —%, namely to equations of the form

2, 1

2y +ay — (V¥ F2%)y = F(z), (3.8.22)
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i.e.
Byy = Ay + f with A=41 and f(x) = 27 *F(z). (3.8.22")
It is worth pointing out that the corresponding Poisson-Dimovski transformation

(3.5.25), (3.5.29), transmuting D? into By, is the well-known Poisson transformation
(3.5.38):

i il (o)

1
/(1 - 02)1/7% f(zo)do, v> —%.
0

In this case Theorem 3.8.1 provides the following solutions:

Exampri 3.8.4. Consider equation (3.8.22') with A = +1, f(x) = M1, that is, F(x) =
zH*1 ] assuming v > p+ 1 > 0. Series (3.8.4) turns into

y(x) = <§>2xlil_ ; (u+2u+3)(rl<);—QV+3> ( i! >7’

L, (3823)
— by + D= v D] oy (1R S
= sup(x), the Lommel function (C.8),
known to be a solution y(z) with y(0) = 4/(0) = 0 of the equation
2y +ay + (2% =) y = 2! (3.8.24)

(compare with [272, I, p. 217-218, (1), (16)], [106, II, 7.5.5, (68)].

ExampLE 3.8.5. Analogously (even as a special case of (3.8.23)), the solution y(x) of
equation (3.8.22') with A =+1, f(z) = [T ()T (v +3)] -t (Q)V_l, that is, of equation

2 2
v+l
4(3)
TE)T(v+3)
is obtained as a Struve function H,(x) (see [272, I, p. 217-218, (3), (21)], [106, 11, 7.5.4,

(62))
= B G e h )
-[=(3)) ) = Holo).

ExaMPLE 3.8.6. An example of the Bessel equation (3.8.22") with A = —1 and another
kind of right-hand side f(z) = exp(—xz)z#~! is the following:

22" + ay + (xQ . yz) y =

v >0, (3.8.25)

(3.8.26)

2y +ay — (2 + 1)y = exp(—x). 2", v>p+1>0. (3.8.27)
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It has the solution (as a special case of series (3.8.4) in Theorem 3.8.1):
y(@) =[(p =v+1) (n+v+ D] exp(-z)ah™

(3.8.28)
X 2F2 1, n+

3
§;u—u+2,u+u+2;2w) = hup(z),

the so-called “associated Bessel function” (see [272, I, p. 219, (25), (27)].

It is easily seen that the solutions (3.8.23), (3.8.26) and (3.8.28), related to the Bessel
differential operator By, belong to the subspace

C’,(/OO) C 09 of the space o 0t = C(*T%)Wm C’,(f),

as suggested by Theorem 3.8.1.

3.9. The Obrechkoff integral transform. Relation to hyper-Bessel operators,
operational properties, inversion formulas, Abelian theorems

One of the most commonly used mathematical techniques for justifying the Heaviside

operational calculus for operator the D = % is based on the Laplace transform

F(z) = &{f(= / x)dz. (3.9.1)

In this sense, the key role is played by its property to algebraize the operator D = di

x’

its powers and inverse integration operator [ f(x f f(7)dr, namely:

£ { <%)m f(x); z} =" f(x); 2} — 2"TLF(0) — ... (3.9.2)

— zfMD(0) — FD0), m=1,2,...,
@) 2} =2 LS (@) ) (3.9.3)

Relations (3.9.2) allow us to reduce initial value problems for ordinary differential
equations with constant coefficients to an algebraical problem for solving linear equations.
The solution of the original equation is then found by the complex inversion formula of
Riemann-Mellin:

P+100

/ exp(zz)F(2)dz, (3.9.4)

pP—100

fa) =5

271

or by the real inversion formula of Post-Widder:
_ (—1)k I\ (F
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More about the theory of Laplace transform can be found for example, in [510],
[107], [88], [90]. An integral transform of this kind, corresponding to the classical Bessel
differential operator By, (3.3.a) is the Meijer integral transform

Fo(2) = S {f(x): 2} = 2 / (z0)$ K, (2v/72) f(2)dz, (3.9.6)

where K, stands for the Bessel function of third kind (Macdonald’s function) (C.31).

Many authors have introduced integral transforms, suitable in developing operational
calculi for Bessel type differential operators of special kinds, as those mentioned in Ex-
amples (3.3.c), (3.3.d), (3.3.g), (3.3.h): Ditkin [85], Meller [298], Prudnikov [366], Ditkin
and Prudnikov [86], [89], Botashev [37], Krétzel [235]-[239], etc. These are integral trans-
forms generalizing the Laplace transform (3.9.1) and Meijer transform (3.9.6) but all of
them turn out to be quite special cases of an integral transformation introduced and in-
vestigated by the Bulgarian mathematician N.Obrechkoff [339] in 1958, earlier than the
other authors mentioned above. For details see Section 3.10.

The original form of this transform is:
(0. 9]
F(t) = /q)(tx)f(m)dx (3.9.7)
0

with a kernel-function (p > 1)

/ /u?1u§2 . up exp (—u1 — = Uy — ﬁ) du ...dup.  (3.9.8)
... p

Obrechkoff himself did not consider it as an integral transform but only as a formula for
representing real functions F'(¢) on the real half-line, a continuation of his results from
[337]-[338]. It was Dimovski [64] who acknowledged the priority of Obrechkoff in these
matters. He observed that a transformation (3.9.7) can be used as a transform basis of
an operational calculus for the Bessel type operator (3.3.i) of order (p + 1). In [65]-[70]
Dimovski proposed a suitable modification of this transform to make it useful for the
same purposes but for the most general hyper-Bessel differential operator (3.1.2)-(3.1.3):

d d m d
B = :cao—:co‘ Hxam x_ﬁ <£L’— + ) 5

dz E az TP (3.9.9)
B=m—(apg+...00n) >0, 0<z<o0.

He found also a convolution of this modified transform, analogous to the Duhamel con-
volution and other useful properties in the complex plane. We now call it simply the
Obrechkoff transform.

174



Definition 3.9.1. (Dimovski [64]-[70]). Let 73 < 75 < --- < 7y, be a non decreasing
sequence of real numbers, § > 0 and

o0 0 m—1
z —vL—1
K(z) = exp|—-u —- —upyq — —m W R T g dg,
( ) /(m—l)/ P( 1 m—1 U1---Um—1) ]1_[1 k 1 m—1
0 0 =

(3.9.10)
The integral transform of the form

F(2) = O{f(2); 2} = 8 / 2HOm ) [(z0)) fo)de (3.9.11)

is said to be an Obrechkoff integral transform, corresponding to the hyper-Bessel operator
(3.9.9).

Transform (3.9.11) is defined in the subspace of the so-called Obrechkoff transformable
functions

B
Q=C5° = {f €Cu; f(x)=0 (exp <)\mm)> , T — oo} C Caq, (3.9.12)
where X is a real number, a = meax =B (v +1)] =

—B (v +1), and C, is the basic space (3.1.1). For
f(z) € Q, the image F(z) = O{f(x);z} is an analytic
function in the truncated angle domain

Df:{zzi)‘{z>)\, ]argz|<%}.

3.9.i. New definition and some properties of the Obrechkoff transform

First, the Obrechkoff transform was studied by Dimovski [64]-[70] by using multiple
integral representations (3.9.8), (3.9.10) of the kernel-functions ®(z), K(z).

Now, we show that the kernel-function
ANz, 1) = #Blm+1)—1p [(zx)ﬁ} (3.9.13)

of the Obrechkoff transform (3.9.11):

Off(z); 2} = ﬁ/)\(z,x)f(x)dx (3.9.11)

is nothing but a Meijer’s G-function.
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Lemma 3.9.2. ([190], [75], [192], [196]) The kernel-function of the Obrechkoff transform
(3.9.11)-(3.9.11") is a Meijer’s G-function of order (m,0;0,m), namely:

Az, z) = 2Pl gmd [<zx)ﬁ ‘ (’yk - % + 1)?} . (3.9.14)

Proof. To find representation (3.9.14) we shall use the techniques of Mellin transform

oo

/g(a:)a:s_ldx

0

M{g(x); s} = M(s)

for functions g(x) satisfying the condition

oo

/\g(m)|xp“1da: < 400 with some py = Rs. (3.9.15)

0
Then, its complex inversion formula has the form

P+100
/ M(s)x™%ds, p > po. (3.9.16)

pP—100

Here, let us put g(z) := A(z,x) and check the validity of condition (3.9.15). We have
o [ee]
/\ (z)|zPo " dx = /:1;/8 Y1) =1tpo—1 ¢ [(zx)ﬁ} d. (3.9.17)
0 0

Since for v; < -+ < 7y, (see [106, I, §1.1, (5)]):
m—1 | % m—1
m 14
=11 /eXp —ug) )" dug | = [T (im — k) < o,
k=1 [0 k=1

then in a neighbourhood of z = 0, K [(zx)ﬁ} is bounded and the convergence of (3.9.15)

depends on the behaviour of the other multiplier ZPOm+)+00=2 pg 4 +0. It is neces-
sary to establish that py can be choosen so that 5 (v, + 1) + po —2 > —1. It is satisfied
for po > o+ 1. On the other hand, from Obrechkoff’s result [339] for the asymptotic
behaviour of ®(x) as © — oo, it follows that

MY
K(z) ~ (\/_%x 1 exp (—m.x%> , T — 00 (3.9.18)
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and therefore,
A
Az, 2)| < —, b>1, A=const, asz— oo.
x

The established behaviour of the integrand of (3.9.17) near singular points = = 0, and
x = oo yields that condition (3.9.15) is satisfied with py > a + 1. Therefore, A\(z,x) is a
Mellin transformable function and its Mellin image

M(s) = M{\(z,x); s} = /xs_l)\(z,x)dx

is a uniformly convergent integral in {!Rs > py} defining and analytic function there.

Then, substituting A(z,z) with (3.9.13), (3.9.10) and changing the order of integrations,
we obtain

M(s) = /x6(7m+1)+8_2dx
0

oo o0 ﬁ m—1
zx e
X / /exp —ul—---—um_l—L Hu%k Ym ldul...dum_l

(m—1) Uy ... Um—1 3

0 0 =1
m—1 | & o0 B

= /exp (—up) uzk_’ym_lduk /xﬂ(7m+1)+3_2 exp (—ﬁ> dx.
k=1 [§ s 1---Um—1

By routine substitutions and using [106, I, §1.1, (5)] again, the inner integral in = can be
easily seen to have the value

.8 —(7m+1+ST§1) s—1
— D (ym+-——+1]).
Uy ... Um—1 ﬁ

The same procedure for the integrals in ug, k =1,...,m — 1, shows that they are equal
to

—1
P(yk+37+1), k=1,....m—1.

Therefore, we obtain

im(s)zim{)\(z,x);s}:zfﬁ(vmﬁﬂ%lﬂ) 1 I v+ s 1 +1
g (’“ B )
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and by inversion formula (3.9.16):

p+i00

_ _1 1 - -1

ANz, x) =2 B(vm ﬂH)—, / (zx)_SHF 'yk+s—+1 ds, p>po>a+l.
2mi B

pP—100 k=1

(3.9.19)

This is the new representation of the kernel-function by means of a contour Mellin-Barnes

type integral. From Definition A.3 (see (A.7)-(A.8)) and property (A.14) (Appendix),

the required representation is:

Az, z) = z_ﬁ(WmH)HGg??;S {(zx)ﬁ ‘ (’yk — % + 1)m } .
k=1

Corollary 3.9.3. The original Obrechkoff kernel (3.9.8) is represented as follows:
O(x) = GhLY x| (B + DY, 0] (3.9.20)

and according to Corollary B.5, equation (B.11), it satisfies the hyper-Bessel ODEs of
(p+ 1)-th order:

1 (. d
d _g d

d d
— /Berl_ *ﬂp+ﬂp_1+1_ o *ﬂ2+ﬂ1+1_ o _1 pflé
o dxx dx v dxx dx (=1) ()

(3.9.21)

(cf. the same equation in [339] obtained by rather long calculations).

Lemma 3.9.2 gives the reason for the following new definition of the Obrechkoff trans-
form (3.9.11) as a special case of the so-called G-transforms

G{f(x):z} = A 7(;;?&" [c(zw)ﬂ ‘ (@Lf;? ] f(x)dz, (3.9.22)

considered by Rooney [403] and, recently, by other authors too.
Definition 3.9.4. The G-transformation

F(z) = O{f(a); 2} = 3 / Az, 2) f(x)da
0 (3.9.23)

= Bz Flm+1)+1 Goom [(zx)ﬂ ‘ (% . 1>m] fx)dx
/ "),

is said to be an Obrechkoff integral transform corresponding to the hyper-Bessel differ-
ential operator (3.9.9).
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This new definition allows as to simplify most of the calculations and proofs of the
already known properties of the Obrechkoff transform and also to obtain new ones easily.
For example, using representation (3.9.23) one can find the Obrechkoff images of G-
functions as well as of simpler functions from (2, namely:

Lemma 3.9.5. Ifp > —p [mkln (v + 1)] , A>0:

O {aP; 2} = 2= Blm+1)=p ﬁ r (fyk + % + 1) ; (3.9.24)

k=1

| (-
(wﬁ +)

!
also, if Gg,’? <w5ﬁ> €Q,1>0 and k > 0 being integers,

O {G#’T { } — g Blm+1)-1

AN 3.9.26
% Glm—i—k‘u ku - A (k 1= dj w)j:l ( )
ktlm+ko llmkka T) 1 m .k g ’
(lvfyk_3+1)k:17A<k71_cl_lﬁ).

1=1

cz)

e ]
(dy)l

where A(k,c) =

el c+2 1) and the constant g 1s:

WIQ
N‘

T T l
3 e

o+T
=1 [k=1

g = (2m) (v =57) 0=k =D s

Note. Formula (3.9.26) incorporates practically all the necessary Obrechkoff images.

The Obrechkoff transform satisfies some integral and differential rules, analogous to
(3.9.2), (3.9.3) and given below, that allow its use as a transform basis of operational cal-
culi for hyper-Bessel operators. First, they have been proved in Dimovski [67], Kiryakova
[190] and Dimovski and Kiryakova [74] by using the original definition (3.9.11). Later,
in Kiryakova [196] they found simpler proofs by means of the G-function technique and
we illustrate this down.

Theorem 3.9.6. The Obrechkoff transform (3.9.11), (3.9.23) satisfies the following op-
erational rules related to the hyper-Bessel integral and differential operators L, B: if
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f € Q is an Obrechkoff transformable function, then
O{L SRR D) ;
{Lf(x); 2} = GmB {f(2); 2},
and more generally, if A > 0,

o {1 @)} = (ﬁmzﬂ) ————O{f(2); 2},

If additionally to f € €,
feXr= (span] {x_ﬂw‘f}l @ Ca+6) c o™ c o,
(cf. (3.2.11)) and also v; —; # 1, 1 =0,£1,£2,..., for ezample :
NM<y < <ym<m+1,

then the following differential property holds:

O{Bf(z); 2} = ﬂmz%{f<x>~ 2}

(3.9.27)

(3.9.28)

(cf. (3.2.3))

_ i { [ﬁl ﬁ Yi— ’Ym HP — v + 1) ﬁ T (’}/j — ’yz)] xli{{lkOBZf(x)} . (3929)

Jj=1 j=i+1

Proof. To prove (3.9.28) we use representations (3.9.23) and (3.6.17) of the
Obrechkoff transform and fractional powers L*, A > 0. Then, changing the order of

integrations, we find:

pmA B

[l

1

_/6 m x® m
O {L)‘f(:v);z} _ Bz (Ym+1)+1 /Gglng {(zx)ﬁ ‘ (’Yk _ l + 1) } 2O g
0

'Vm‘f‘l x 3 \ m.o
- - [ 10 () [0 6 o? | (-
0

T

om | 1 3 (1_71@’)

xﬁ

1 m
WM

Since G%@mm(#) =0 for z < 7 (see (A.15) and (A.12)), then the inner integral can be

taken in limits from x = 0 to 2 = oo and evaluated according to formula (A.28). This
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gives

which is (3.9.28). For A = 1, this gives (3.9.27) and means that the Obrechkoff trans-
formation transforms the hyper-Bessel integral operator into an algebraical operation:
—1
multiplication by (ﬁmzﬁ> .
Now let us establish the property of the Obrechkoff transform to algebraize the dif-

ferential operator B of Bessel type. Since we require additionally f € 031 L then we can
apply (3.9.27) to the function fi(z) := Bf(z) € 2 namely:

1

ﬁmzﬁﬁ{Bf(iv); 2} = O{L(Bf(x)); 2} = O {f(x); 2} —{F[(x); 2},

where F' denotes the defining projector (initial operator): F = I — LB, having the explicit
form (3.2.12):

Ff() =Y cp(f)a P m

k=1
with coefficients ¢ (f), (3.2.13) depending on the initial value conditions

m

d d
: . . o; ;41 [67%%%
IILIEOBlf(x) = zlgriox o SR f(x)
m d
1 B el
Am |z kI .I 1 (xdw + m) f().
=i+

To obtain (3.9.28), it remains to use formula (3.9.24) for the images of the functions
yk:x_ﬁw, kE=1,...,m.

Corollary 3.9.7. According to Corollary 3.2.4,
Fly, =0, where Xp = ng)ﬁ C Xp C C’ém) C Cq.

That is why, if we suppose
f(z) EC@+5 and f(x) =0 |expAzm | as x — 400,

then the initial operator F' and the term involving it in (3.9.29) vanish and the differential
property takes the following simpler form:

G{Bf(x); 2} = 2P O{f(x); 2}, (3.9.30)

181



i.e. the hyper-Bessel differential operator B goes into a multiplication by ﬁmzﬁ, under

the Obrechkoff transform in Cgﬁﬁ N Q.

An interesting problem is to find a convolution of the Obrechkoff integral transform,
i.e. an operation in €2, playing the same role as the Duhamel convolution

(f  9)a /fw—t

for the Laplace transform:

L{(f x9)(@); 2} = £{f (2); 2}.L{g(2); }.

This problem was solved by Dimovski [64]-[70] by showing that the convolution (3.6.4),
(3.6.6): fxg="T(fog) of the hyper-Bessel integral operator L in Cy, is also a convolution
of the Obrechkoff transform in  C Cy, namely:

Theorem 3.9.8. (Dimovski [64]-[70]) The operation (2) : Q x Q — Q, defined by

(£89) @) =T(fo9) (@) (3.9.31)

with T being the correcting operator (3.6.2) and auxiliary operation (o) as in (3.6.1), is
a convolution of the Obrechkoff transform, namely:

0{(£8 g)(@)iz} = O{f(2); 21.9{g(x); 2}. (3.9.32)

Note. According to Theorem 3.6.1, the operator T' can be represented also as a genera-
lized fractional integral (3.6.5):

2 5 m— .
T:x57mjé’gk) (’y ’ij) (lff)/lSfyzg..,gf)/s</ys+1:.--:’ym>,

i.e. by means of a single integral involving a G-function and then, the expression for the
operation <(>2> is written in a simpler and more concise form.

Note. A convolution of the Obrechkoff transform, satisfying (3.9.32) can be obtained also
by using the transmutation method, namely this is the operation

(f ®g) (@) =" [of * pg] (2), (3.9.33)

where ¢ is the Sonine-Dimovski transformation (3.5.47), written by means of the G-

functions as (3.5.52).
It is interesting to note that the same Sonine-Dimovski transformation ¢ from B to
m
D" = <%) serves as a relationship between the Obrechkoff and Laplace transforms, as

proved in Dimovski and Kiryakova [75]-[76].
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Theorem 3.9.9. If ¢ : Cy — C_; is the Sonine-Dimouvski transform (3.5.47), (3.5.52)
and f(x) € Q C Cy, then the following relationship holds:

0 {f(sc); (%)%} = \/@m)m=im £{pf(x); 2}, (3.9.34)

Proof. A direct proofis shown in [75]-[76]. Here we propose a simpler proof, following
from representation (3.5.52) of the transmutation operator ¢, namely:

of (x%> /6(7m+1) é )(1 )f( )

with Ay = ym — 7 + & >0, k=1,...,m — 1, i.e.

o mYm—1 m—1,0 0 (v + A7 3
o (z) = 2™ /Gm 0 1[ e ]f(T)d (*).  (3.93)

Then,

S{pf(x):2) = / exp(—zz)pf (¢)dx

changing the order of integrations and using the properties of the G-functions. Now we
denote the inner integral by J and substitute there

exp(—zzx) = th):? [zz]0], GY™)

x'm B8
M—1,m—1 [—} =0 for x<71m,

B

whence it takes the form:

o

J= [ 2™ G [za]0) GYML ) ia: (=" dx
0,1 m—1m—1 7_5 (1 — Y — )\k);n—l
0
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and can be evaluated immediately by using formula (A.28) again. Hence,

m
. 1— —MYm ~0,MA(Mm—1) m ( V) k=1 ’(m mJ._
J=1/2m)""m 2z Gm+(m—1),(m—1) [ngm (1 i )\j)m_l k=1 | .

j=1

. . m—1 m—1
But since (1 - — )‘J')Tﬂl = (1 — % — 'ym>j1 = (% — 7m> ey according to pro-

perties (A.13'), (A.15), (A.14) of the G-function, we obtain

J = \/(@r)1=mm 2 G L?jm‘ (1- 'yk)in]
- \/m 2T G [(%)mfﬂ( (Wc)i”]
- e ) e () (5]

Then,
T);zf = i I dr = —(27r)1_m i 2, T m f(7)dT
£t ()i} 60/1"( a7 Nr =[5 ﬂo/w, oy S0

which is equivalent to (3.9.34).

Note. The Obrechkoff transform can be related also to the m-dimensional Laplace trans-
form

[ee] o0
Em{f(asl,...,xm);zl,...,zm}:/.../exp(—zlxl—---—zmxm)

0 0

X f(x1,...,zm)dxy ... .de,,

namely (see Dimovski [67]): if F((z) = O{f(x); 2z}, then

m

F [(zl e zm)é} = <ﬁ zlzk_%”> L {f [(ml . xm)%] xzk; Zlyeeny zm} . (3.9.36)
k=1 k=1

3.9.ii. Inversion formulas for the Obrechkoff transform

Complex inversion formulas, analogous to the Riemann-Mellin inversion formula (3.9.4)
but for the Obrechkoff transform, can be obtained in several different ways. According
to the specific purpose and case, we can use any of the inversion formulas given below
which seems to be the most suitable and useful.
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Theorem 3.9.10. (Complex inversion formula No 1) If f(z) € Q is an m-times con-
tinuously differentiable function in [0,00) and F(z) = O{f(x); z}, then

o+100 T+100
T~ m 'Yl+ +'Ym 8
=" [ < [ exp [ (5 2
0—100 o—100 (3,9‘37)
m 1
X H zzk_%”F [(zl . zm)B} dz ...dzm,

k=1
where o > % 1s a sufficiently large constant.

Proof. Under the hypothesis of the theorem, the function

] Hx% Ym

QIH

flem

satisfies the conditions for validity of the complex inversion formula

o+100 o+100

1
f(th,xm)zw / / exp (2171 + - -+ + 2mTm)
T—100 T—100

X L Af; 21,y 2mbdz .. dzy
of the m-dimensional Laplace transform (see [91, p. 319]), since

f [(mlxm)%] < M exp [/\(xlxm)%} < M exp (%$1+-~-+%$m>7 M = const .

Then, using relation (3.9.36),

T+100 T+100

1 1 UL
f [(:1:1 . xm)ﬁ} :(2772 [H 7’“] / / exp (z121 + -+ + ZmTm)
k=1 o—ico M g—ico
1
XHzfym VkF[ m)ﬁ}dzl...dzm,
8
provided o > % By putting here x; = x5 = -+ - = 2y, = xm, we obtain formula (3.9.37).

For more details see [190], [74]-[75].

The next formula follows from the relation (3.9.34) between the Obrechkoff transform
and the one-dimensional Laplace integral transform.
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Theorem 3.9.11. (Complex inversion formula No 2) If p(z) € Q and F(z) =
O{f(z); 2} is its Obrechkooff image, then

f(x):mw_l /exp(zm)F[(i)%} dz, (3.9.38)

where @ is the Sonine-Dimouvski transform (3.5.47), written as a generalized fractional
integral (3.5.52) and its inversion ¢! is given explicitly by the differintegral operator
(see (3.5.54)):

8,m—1

o tg(x) = x_ﬁ(%“*mTﬂ)DnI(%)’(nk_)\k)g (x%) . (3.9.39)

Written in a compact form, (3.9.38) leads to the following
Complex inversion formula No 3:

04100

1) =T | e[

x F {<i>ﬁ} dz
m
with a sufficiently large o and A\, = ym — Vg + %, k=1,...,m—1.

Proof. Formula (3.9.38) follows from relation (3.9.34). Substituting there ¢!
the corresponding differential expression (3.9.39) involving the sz:?n_l—function and
exp(zx) = G(l):(f [—2zx|0], after changing the order of integrations and using formula (A.28),

we obtain (3.9.40). For details see [75], [79].

Further, we propose an inversion formula, found directly by using the new Definition
3.9.4 of the Obrechkoff transform as a G-transform.

Theorem 3.9.12. (Complex inversion formula No 4) If f(x) € Q with Obrechkoff
image F(z) = O{f(z); 2}, then the inversion formula

Cc+H100 o)
-p
@ =5m | w [Am Gz b o
c—100 kl;llr <7k - % + 1) 0

holds provided that the integrals

/:Ec_lf(x)da:, /zﬁ(Werl)_p_lF(z)dz (3.9.42)
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are absolutely convergent for p = ¢+ 111, —o0 < T < 00, and suitably chosen constant
c< —a=p3 1—mk§nfyk .
Proof. We integrate the expression Pm+1)-p-1p (z) with respect to z on the real

half-line (0,00). Under conditions (3.9.42) we can change the order of the improper
integrals (according to the Vallee-Poussin theorem):

0
/Zﬁ Y1) =Pl )dz—ﬁ/ B(ym+1)—p=1=B(ym+1)+1 7,
0

o

« O/Gg?;}; {(zx)ﬂ ‘ (W - % + 1)7” f()dz

oo

f(@)da / S Jers {(zz)ﬂ ' <*yk - % + 1>m1 dz.

1
0

=

0\8

The inner integral has the value

1 ,_ o P
I (-5 1).

k=1

provided |arg z| < mg (see [107, II, p. 418]) which is satisfied for real z € (0, 00). Then,

zﬂ(7m+1)_p_1F(z)dz = IHF <7k; — % + 1) 0/$p_1f(33)d$;

1.e.

C+100 00

-p
% — ’ dp/zﬂ(%ﬁl) “PTIR(2)dz
c—1i00 kglr <'7 - % + 1) 0
. c+1i00 00
_ —p p—1 _
5t x da:/:z: f(x)dx = f(x),
c—100 0

according to the inversion formula for the Mellin transform. For details, see [75].

Another kind of inversion formula for the integral transform (3.9.7), namely, a real in-
version formula analogous to the Post-Widder formula (3.9.5) for the Laplace transform,
was found by Obrechkoff [339]. In a similar manner, we obtain
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Theorem 3.9.13. (Real inversion formula, Kiryakova [190], Dimovski and Kiryakova
[74]) Let the function f(t) be Lebesque integrable on each finite interval (0,7), T > 0,
and let its Obrechkoff integral transform (3.9.11):

F(z) = 7755(%“)1}( [(xt)ﬂ} F(t)dt (3.9.43)

converge for some real x = xg > 0.

If F(x) € C()(0,00), then we form the sequence of functions

Fy(z) = F(x), Fi(x) = BF(x), ... ,Fi(x) = BkF(:z;), cee (3.9.44)
where B is a “conjugate” hyper-Bessel differential operator (cf. with B in (3.9.9))

B= xlfﬁixam—li m—2 ixo‘lix%*o‘m*ﬂ*l. (3.9.45)

dx davaj dx dx

Then, at each point of continuity t = to of the original f(t), the following real inversion
formula holds:

m

mo_N“om B(Ym+k+1) m
f (to) = lim [<_1).k] k o (ﬁ> Fk<ﬁ> (3.9.46)

to tO

Proof. Following Obrechkoff [339] we use the Laplace method for asymptotic eval-
uation of the integrals. It is easily seen that the convergence of Obrechkoff transform
for some z = xy > 0 yields its convergence for each x > xy and also, that the integrals
obtained from (3.9.43) by differentiation with respect to x, are also convergent for = > x

and represent the corresponding derivatives F'(z), F”(x), ... . Taking into account the
hyper-Bessel differential equation (3.9.21) satisfied by ®(z), respectively by K [(wt)ﬂ],
B

and substituting x = kt—om, we find

F, <E> = (—1)mhpmis / (k)= g [km (1)7 F(t)dt
to
0
= B(=B)"™ I, k=0,1,2,...

According to (3.9.13), (3.9.14),

el (2)] et )
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and formulas (A.14), (B.4) (Lemma B.2) allow us to calculate the values of integrals Iy,
k=20,1,2,...,in Fk<%), namely:

) —B(Ym+k+1)

1 (k5
0 =1
m (3.9.48)
1 k% *5(’Ym+k+1) Z%‘
~—|— ki=r (k)™ := —, k — oo,
B\ to 9k

following from Stirling’s asymptotic formula.
Further, by the Laplace method, using asymptotic formula (3.9.18) for the kernel-
p
function K [km <ti) } as k — oo, Stirling’s asymptotic formula and boring analytical
0

procedures, we find the limiting equalities:

a—e

B
lim g, / #B(m+k+1) =1 g [k;m(i) ] F(t)dt = 0, (3.9.50)
k—oo to
0
and
o0
k1) — t)"
klim Jk / $0(mme+k+1)—1 g [km(t—> ]f(t)dt:O (3.9.49)
—00 0
a—+€

m
provided k7 > xoty (since k — o0) and € > 0 is an arbitrary small positive number.

The above two equalities taken for f(¢) = 1 and combined with

x 3
lim g, [ tPOm+h+) =1 [gm (i) dt =1,
k—o0 to
0

following from (3.9.48): I} ~ i, k — oo, yield

to+e

5
lim g, / tPOm+h1) =1 g [km(i> ]dt:L (3.9.51)
k—o00 to

tO_E

for arbitrary € > 0.

Since, by assumption ¢, is a continuity point of f(t¢), for arbitrary small n > 0 we can
choose € > 0 so that for |t — to| < e it follows that |f(t) — f (to)| < n. Consider then the
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integral

to +€

9k / P Om+h1) =1 g [km(i)ﬁl f(t)dt

to
to—e

to+€

= f(to) gk / 10 (m+k1) =1 ¢ [km<i>ﬂ] dt

to
to—e
to+e ; 3
~g [ POm g [km(t—) ][f(t)—f(to)]dt

0
tO_E

= f (to) Al — Ag.

According to (3.9.51), we have klim A; =1 and due to the choice of ¢, |As| < 7, where
—00
7 is arbitrary small.

Then,
to +£

B
lim g / (0 (1) =1 ¢ [km(%) ]f(t)dtzf(to),

to—e

and according to (3.9.49), (3.9.50) this means,

o

B
Jim g, [ 190m )2 [km (i) ] F(t)dt = £ (t0).

to
0

Due to (3.9.47), this leads to

o CD™ (B
f(to) = Jm g Gk F, T

and it remains only to put here (3.9.48) for klim gk, to obtain the Post-Widder type
—0o0

inversion formula (3.9.46).

Note. The above theorem holds also if instead of the continuity of f(t) at t = ¢, we

suppose the condition

to+h

[ 1= s @lde=oqup, 1o,
to

Then, for ¢t = ¢, the limiting equation (3.9.46) holds again. Moreover, by the Lebesgue
theorem (3.9.46) takes place for almost all ¢, > 0.
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3.9.iii. Abelian type theorems for the Obrechkoff transform

Knowledge of Abelian type theorems for a given integral transform is of considerab-
le importance in solving initial and boundary value problems arising in mathematical
physics. For the Laplace transform (3.9.1) several different variants of the initial and
final value theorems (Abelian theorems) are known, for example:

Lemma 3.9.14. ([510], [453], [90]) Let f(z) be a Lebesgue inetgrable function on (0,00)
which is O (exp Az) with A > 0 as x — oo. Assume that there exists the limit

lim 7P f(z) := fo (3.9.52)

r——40

and consider the Laplace transform

L£(s) = L&{f(x);s} = /exp(—xs)f(x)dm, s> A

Then, there exists the limit

Jim sPHIE(s)=fo T(p+1), (3.9.53)
or
f@)=0@@), 2 —+0=£(s) =0 (s"7"), s = +o0. (3.9.54)

Note. In the subspace of continuous functions
P = {f() = 2 J(2), p> 1, F € Cl0,00); f(z) = Olexpz), @ — o0
condition (3.9.52) takes the form

lim z P f(x) = lim f(z) = f(0):= fo (3.9.52")

r—+0 r—+0

and yields the existence of the limit

lim s”*1€(s) = f(0) T'(p+1). (3.9.53")

§— 00

We can state analogous Abelian theorems for the Obrechkoff transform either in the
space (3.9.12) of continuous Obrechkoff transformable functions 2 C Cy, or for Lebesgue
integrable functions with prescribed growth at x = 0 and x = oo, namely (cf. Section
1.14, ¢) ):

Ly = {f € L(0,00); f(z) =0(a’), p>a asx — +0;
(3.9.55)

flz) =0 (exp (Aﬁ)) AS0 asz — +oo}.

191



To this end, we again use the transmutation method, namely, the Sonine-Dimovski
transform ¢, relating the Obrechkoff transform with the Laplace transform.

Theorem 3.9.15. (Abelian initial value theorem) Let f € Ly® be an Obrechkoff trans-
formable function and p > o = max (=B (v +1)] = =0 (11 +1). Assume there exists

the limit (3.9.52):
lim =77 f(z) = fo

r—40

and denote the Obrechkoff transform (3.9.11), (3.9.23) of f(x) by
O(s) = O{f(x);s}, s> A

Then, there exists the limit

S§—+00

lim 5" P0mt)o(s) = f, [ T (yk + % + 1) . (3.9.56)
k=1

Moreover, if f € Q = CgP C Lg?®, ie. f(x) = 2Pf(x), p > «, f € C(0,00), then
(3.9.56) takes the explicit form:

lim s”P0m+)9(s) = F(0) [m[ r (’yk + 24 1) . (3.9.56)

S—+4+00
k=1 ﬁ

Proof. For f(z) = P f(x) with p > a, f € C(0,00), condition (3.9.52') is satisfied.
We now use the Sonine-Dimovski transform ¢, (3.5.47), (3.5.52) which according to
(3.9.34) can be considered as a transmutation operator from the Laplace transform to
the Obrechkoff transform. We have seen in Section 3.5 that ¢ : Cy, — C_q, and then, in
C_; the Laplace transform of ¢ f(z) in the right-hand side of (3.9.34) can be considered.
We need however to make precise the asymptotic behaviour of ¢ f(x) and to this end we

use some properties of the generalized fractional integrals. According to (3.5.52') and
(1.3.3), we have

B,m—1

sl (I%> - xﬁ(%Jrl)_%I(%)’(Vm_VH%)prNc(x)
= o) DO  p

— o) -Bo0]()

and hence,

lim x_m(%”Jr%H)Hgof(x) = lim f(x%> = 7(0).

T—+0 r—+0
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On the other hand,
f(o):(é B Omem) 5, >><>

m—1 F(7k+/%+1>
1 F(’yk—i—%—i—%—l—l)

by virtue of (1.3.4) with j = 0. In this manner we find that condition (3.9.52') implies

the condition

lim x—m(’ym+§+1) +1 nﬁl
T—+00 -

(k+§+1)

(3.9.57)
A +541)

where ¢f(x) is the Sonine type transmutation of f(z). Let us now apply the ini-
tial value Lemma 3.9.14 to the Laplace transform in the right-hand side of (3.9.34).
Condition (3.9.57) yields that the limit (3.9.52') exists when p is substituted by

m—1

(m <7m+%+1> —1) and fo by fo [1 (vk—k%—i—l),and then,

k=1

tim_s~ " 0mt50) g £(2); 5}

S—+00

) m—1 T (y+2+1
f<o>r(m(7m+§“))Hr(wff%i%l)'

Using the Gauss-Legendre multiplication formula for the I'-functions ([106, IJ):

r (m <'ym + % + 1)> = (ZW)*mT_lm*%mm(Ver%H)F (”Ym n % n 1>

we obtain
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or:

1imF(s):}(0)mF At L41),
H (‘“ 8 )

where we have denoted

Lpf(x); s}.

F(s) =/ (2m)™ 1im (i)m(%n-‘r%—&-l)

m

The later, according to (3.9.34), being equal to:

(<%>%>p+ﬁ(vm+l) o {f(:c); <%>%}
Since
Jim F(s) = lm F (mg%)

= lim 0p+6(7m+1)9{f($)§0}7

g—+00

B
we obtain the limit (3.9.56'). Let us note that the condition f(z) = O (exp)‘xm),

x — +oo for f € CiP C C, is required to ensure the convergence of the Obrechkoff

integral (3.9.11), (3.9.23) for s > A, and therefore the existence of the Obrechkoff image

O(s). It is in the same way as the condition f(x) = O (exp Az), © — o0, ensures the

convergence of Laplace integral (3.9.1) for s > A. As we established at the beginning of

this section, this is seen from the asymptotic behaviour (3.9.18) of the kernel-function

K(s) as s — 0o. To prove the theorem in the most general case of Lebesgue integrable
exp

functions f € Lq", we have to make only slight modifications. It is sufficient to replace
condition (3.9.52") by the assumption that xlin+10 f(x) = fo exists. Then, this imply the

existence of the limit (3.9.56). This ends the proof.

Using the Sonine type transmutation operator ¢ again, or directly, the new definition
(3.9.23) of the Obrechkoff transform and following the pattern in [510], [518], [361], we
can obtain a theorem analogous to the final value theorems for the Laplace transform.

Theorem 3.9.16. (Abelian final value theorem) Let f € LY be an Obrechkoff trans-
formable function, D(s) be its transform and p > o« = —f( (y1 + 1). Then the existence
of the limit

. —p —
wgr}rloox f(z) = fxo (3.9.58)
implies the limiting equality
- p
Sli}ﬂjosp+ﬂ(7m+1)y9(s) = fxo H r <W//€ + B + 1) . (3.9.59)

k=1
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Initial and final value theorems for the Hankel and Meijer transforms were proposed
by Zemanian [518]. For the general G-transformation (3.9.22), analogous and rather
general results were obtained by Pathak [361]. In view of the new definition (3.9.23) of
the Obrechkoff transform as a G-transformation, one can obtain the results of Theorems
3.9.15 and 3.9.16 in an alternative way, by a suitable specialization of Pathak’s results
[361] and specification of the list of conditions, imposed there. Examples of Abelian
theorems for particular cases of the Obrechkoff transform, like the Meijer transform, will
be shown in next section.

3.10. Some special cases of the Obrechkoff transform. An open problem

This section is closely related to Section 3.3. Namely, we consider some Laplace type
integral transforms, related to special cases of hyper-Bessel operators, which have been
introduced and investigated by different authors. Since the Obrechkoff transform is
related to the most general hyper-Bessel operator (3.1.2)-(3.1.4) of arbitrary order m > 2,
it is quite natural that the basic properties of these transforms, given below, follow as
special cases by the results in Section 3.9. We shall use the same notation a), b), c), ...
for the integral transforms, corresponding to the notation in Section 3.3 for the related
hyper-Bessel operators.

a) The Laplace type integral transform corresponding to the Bessel operator By,
(3.3.a) is the classical Meijer transform (K, (z) is Macdonald’s function (C.31)):

K f(x); 2} :/\/%Ky(zx)f(m)dx, (3.10.a)

following from the Obrechkoff transform for m = 3 = 2, v, = &%, namely:

z

Solf(a)iz} =220 { @) 1]

Thus, we obtain from (3.9.29), (3.9.30) the differential property

Ry {Byf(x):2} = 2R, {f(x): 2}, feCP.
The well-known relationship with the Laplace transform (see [510], [107, II, p.122]):
t 1

o (1(ap2) = vy vte | [EoTN

(]

T_V+%f(7')d7'; z (3.10.a")
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is a corollary of (3.9.34) and the well-known inversion formulas

o+100
f(m):% / Vel (zx) Ry (2)dz,

k 2k+1
f (.Cl,’o) = kli)l’folo\/gﬁ (i—o) [Sﬁ’gﬁlj(a)} g2k’

o

where S, , = o_”_%%o”“%a_”_%, can be derived also from (3.9.40), (3.9.46). The

Abelian theorems found by Zemanian [518] for K, {f(z); s} = R, (s) can be obtained as
special cases of Theorems 3.9.15, 3.9.16, namely:

. —ptt _
3 lim "3 f(2) = fo =

3 lim "3 R, (s) = fozp—lr(p i ; i ”)F(’)+ L= ”),

§—00 2

and

. _p+l —
3 lim ™3 f(2) = foo =

Elslgilos 2Ry(s) = foo2 I‘( 5 r 5 .

By, = dpd o pd 1y d\" i
g) For the operator (3.3.g): By = fmo ... 20> = 5 (Tg; ) , m > 2, integral

transforms of Obrechkoff type were found by Ditkin and Prudnikov [86]-[87] and Botashev
[36]. For the case m = 2: By = %x%, this transform has the form

R{f(x); 2} = Zz/Ko (2v/zz) f(z)dx (3.10.g)

(K is the Bessel function (C.31) of third kind and zero order) and its relation with the
Laplace transform has the form:

2

s{ 1@} = 3eer )

with a transmutation operator, being a fractional Riemann-Liouville integral of order %:

1 ’ 1
of@) == / (t — 1)} f(a)d.
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In the general case m > 2 the corresponding transform is

e.¢]

G{f(x);z} = Z/EOm(zx)f(x)da:, (3.10.¢")

0

where the kernel-function Eq,,(2) can be represented by means of (m —1)-tuple integrals,

and the relationship
z

0 {f@) ()"} = meles @)z}

holds with an operator

gof(a:):// H (t—Tj>”%_1 f(r...tm—1)dm ... dTm—1,
0 0o LJj=1

S\ m—1
being in essence an (m — 1)-tuple generalized fractional integral of multiorder (%) o
j=1

Transformations (3.10.g), (3.10.g’) were used by Ditkin, Prudnikov and Botashev for
developing operational calculi for operator (3.3.g).
h) In a series of papers [235]-[238] Krétzel introduced and investigated an inte-
gral transformation, generalizing the Laplace and Meijer transforms and related to the
hyper-Bessel differential operator (3.3.h):

d Ly 1_y d nl U142
Bnyy - @.I‘ (IL‘ @) X s
namely:
o0
o flagiz) = [ A [nleo)?] S (3.10.0)
0
where

zZX

X €Xp <—U1—"'—Un—1— )dul...dun_l.

UL - Up—1

S.‘,(Vn)(z) can be obtained also from the corresponding Obrechkoff transform:
O{f(w);zy == m gl {f(a); 2).

Now, the differential property corresponding (3.9.29) and found in [237] is:

S Bpy f(x); 2} = 285 f(x); 2} — 4™ (0,v) f(+0), (3.10.1)

197



n—2
with ™ (0,v) = [ T (v + 1+ L), n > 2. Kritzel [236], [238] found also a convolution
r=0

of (3.10.h) and a real inversion formula, equivalent to (3.9.46), namely:

(@) = lim ﬂ(—k)k i ()] (3.10.1)

k—o0 Y™ (K, v) \ 2o s Sk
To
n—2
where: Y™ (k,v) =T(k+1) [[T(v+k+1+ 1), n>2;
r=0
d -1 a-1d " 1—v d
= S n S n — S —_—
Y ds ds’

sk:n”{n(k:—i—l)—i—u(n—l)—l—%—Z}n.

From the results in Section 3.9 other integral transforms of Laplace type, correspond-
ing to all the examples of the hyper-Bessel operators (3.3.a)-(3.3.1) and their basic proper-
ties (differential properties, convolutions, inversion formulas, Abelian theorems, etc.) can
be obtained. On the other hand, some new properties of the general Obrechkoff trans-
form can be obtained from its representation as a G-transform and the corresponding
results for this kind of transform.

For other Bessel-type transformations one can see also: Koh and Deeba [223], Klju-
cantzev [219], Kratzel [234] and Mendez [300].

Open problem

Finally, let us state an open problem, related to hyper-Bessel type integral transforms. It
is well known that along with the Laplace transform, there exist the Fourier transform
and its modifications: the so-called cos-Fourier and sin-Fourier transforms:

Se{f(2); 2} = \/g 7cos zx f(x)de, Fs{f(x);2} = \/g 7osin zx f(x)dz, (3.10.1)

suitable for operational calculi and for treating differential equations, related to operators
m

D= %, D" = (%) , m > 1. Transforms (3.10.1) have the advantage of being inverted

by the formulas:

f(z) = \/gfcos zz §e(2)dz,  f(x) = \/27Sin rz Fe(2)dz, (3.10.2)

i.e. they belong to the class of so-called symmetrical Fourier transforms

3(f:2) = / K (=9)f (4)dy, (3.10.3)
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having inversion formulas of the same kind (3.10.3). Their kernel-functions K (z) are
such that the identity

flx) = /K(za:)dz/K(zy)f(y)dy (3.10.4)

holds for each transformable function f(z). It is known that (3.10.4) is equivalent to the
functional equation for the Mellin image of K (z):

K(s)K(1—s)=1, where K(s)=M{K(z);s}= /xs_lK(x)da:. (3.10.5)

Another case of a symmetrical Fourier type integral transform is the Hankel transform

90(2) = 91 @)z} = [ VEwd(ae) (o), 3.100)

with Jy,(2) being the Bessel function (C.6) and which inversion formula

(0.¢]

@) = / JEET (22) 90 () dz. (3.10.7)

0

This transform is closely related to the Bessel differential operator (3.3.6)
B, = x2 (IL‘% + 1/) (1’% - 1/), namely:

DBy f(x); 2} = =29, f(2); 2}, (3.10.8)

and therefore, along with the Meijer transform (3.10.a) it can also be used for the oper-
ational calculus and differential equations involving B,,.

OpreN PROBLEM 3.10.1. Find a symmetrical Fourier type transform, generalizing the cos-
Fourier (sin-Fourier) transform and the Hankel transform, suitable for dealing with the
general hyper-Bessel differential operator (3.1.2)-(3.1.4) of order m > 1:

m d
= 75 B
B=x kl_ll <xdx + 5%) .

This new transform, called a generalized Hankel transform, should generalize the Hankel
transform in the same way as the Obrechkoff transform generalizes the Laplace and
Meijer transforms. Find a suitable domain (functional space) for this transform and its
basic properties (inversion formulas, differential properties, etc.)
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ConjecTUurE: Study an integral transform of the form

D ()2} = / (o) d Y () f(a)da, (3.10.9)
0

where the kernel-function is the Delerue’s hyper-Bessel function (D.3).

Results, related to Hankel type integral transformations, their generalizations and
applications can be seen, for example in Erdélyi and Kober [109], Sneddon [451]- [453],
Rooney [401], Betancor [31]-[32], Mendez [300]-[301], etc.

THE MAIN RESULTS OF CHAPTER 3 HAVE BEEN PUBLISHED IN: Kiryakova [190]-[193], [196]-[197],

[201], [210], Dimovski and Kiryakova [74]-[76], [79]-[80], Kiryakova and McBride [211]-
[212], Kiryakova and Spirova [213].
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4 Applications to the generalized
hypergeometric functions

This chapter is devoted to some applications of the generalized fractional calculus to the
theory of special functions. We propose new or newly written integral and differintegral
representations of the generalized hypergeometric functions, the most commonly used
special functions. On this basis, a suitable classification of these functions is introduced.

The study and use of the special functions is a very old branch of mathematics. The
interest in them has increased incessantly, together with the discovery of their numerous
applications to different problems and areas. Now, there are relatively large number of
people who know a fair amount about this topic and a series of books especially devoted
to it. Along with the classical handbooks of Watson [507], Erdélyi at al. [106],[108],
Sneddon [452], Slater [450] and Luke [272], among the recently published books on special
functions it is worth mentioning those of Olver [341], Mathai and Saxena [286], [287],
Srivastava and Kashyap [468], Srivastava, Gupta and Goyal [467], Prudnikov, Brychkov
and Marichev [367]-[369], Nikiforov and Uvarov [319], Rusev [414], etc.

Nevertheless, “most of the mathematicians are totally unaware of the power of the
special functions. They react to a paper which contains a Bessel function or Legendre
polynomial by turning immediately to the next paper”, confessed Askey in his lectures on
orthogonal polynomials and special functions [25]. “Hopefully these lectures will show

. how useful hypergeometric functions can be. Very few facts about them are known,
but these few facts can be very useful in many different contexts. So, my advice is to
learn something about hypergeometric functions: or, if this seems too hard or dull a
task, get to know someone who knows something about them. And if you already know
something about these functions, share your knowledge with a colleague or two, or a group
of students. Every large university and research laboratory should have a person who not
only find things in the Bateman Project, but can fill in a few holes in this set of books... In
any case, I hope my point has been made; special functions are useful and those who need
them and those who know them should start to talk to each other... The mathematical
community at large needs the education on the usefulness of special functions more than
most other people who could use them...” (Askey [25]).

The most commonly encountered explicit representations for the special functions of
mathematical physics are the power series and the definite or contour integrals. As an
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example, the Bessel function is defined by the power series

00 . .
B (_1)jx2]+V

as well as by several definite integrals, one of which is the so-called Poisson integral

J, (x)—ﬂ/(:ﬁ—t?)y_%costdt 1/>—1 (4.0.1)
N | (v+13) ’ 2 o

0

In view of the Riemann-Liouville fractional integrals, this formula is nothing but the

simple relation
T v+t rcosx
= =R {25 4.0.1'
o/ ¥ x ( )
For the classical orthogonal polynomials, the Rodrigues formulas are also well known
and some authors (Rusev [414], Nikiforov and Uvarov [318],[319]) use these formulas as
bases of their theories. As for the other special functions, formulas like those defining the
orthogonal polynomials by means of repeated differentiation, are less popular and even
unknown in the general case. An exception is the spherical Bessel function (see [106 ,II}):

-V

Jy(x)

7 (z) = Ot s 0 {cosx

B VT (da?)"

As Lavoie, Osler and Tremblay [252] noted, by using the notion of fractional derivative
of arbitrary order, it is possible to generalize the above relation for Bessel functions of
arbitrary order, namely:

=0,1,2, ... . 4.0.2
~=h n=012, (4.02)

1 1
2a+5xa+5

1= o= E o ey

(4.0.3)

—v 1
71/75

T D {cosx} < 1
=——=D, , v —=.
21’\/7? z T 2

Here, following this idea, we propose both Poisson type fractional integral represen-
taions and analogues of the fractional derivative representation (4.0.3) for the generalized
hypergeometric functions

0
' )= (a1)y, .- - (ap), oF

whit p < g or p = ¢+ 1 (in the latter case the condition |z| < 1 is also required). By
(a) the Pochhammer symbol is denoted:

(@) = 1, (a)k:W:a(a+l)...(a+k—l).
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In Sections 4.2 and 4.3 we establish the fact that, depending on the cases p < ¢,p =
¢,p = q + 1, the functions pFy(x) can be represented as generalized fractional integrals
or derivatives (in the sense perceived in Chapter 1) of three different types of elementary
functions: cosg—pi1(x), 2% texpa and z% (1 — z)"%+1. In accordance with these
results, we could assume the following classification of the generalized hypergeometric
functions (g.h.f.) pFy, namely:

for p < g we shall call them “g.h.f. of Bessel type” (the simplest examples are J, ()
and the hyper-Bessel functions oFy(x));

for p = q: “g.h.f. of confluent type” (for example - 1 F});
for p=q+1: “g.h.f. of Gauss type” (for example, the Gauss hypergeometric function
oF and the Jacobi type orthogonal polynomials).

The starting point for these results is the fact that each ,Fy-function can be rep-
resented as a fractional differintegral of a ,_;F;—;-function. After a finite number of
steps, one reaches a hyper-Bessel function ¢Fy—p, confluent hypergeometric function ; £y
or Gauss function o F}, having corresponding differintegral representations by means of
the above mentioned elementary functions. On the other hand, the compositions of the
fractional integrals (derivatives) arising at subsequent steps are nothing but generalized
fractional differintegrals. Interesting special cases are related to the hyper-Bessel func-
tions, “spherical” g.h.f., n-Bessel functions, etc.

Other kinds of representations of the g.h.f. are found in Section 4.4. There, the
pFy-functions are expressed as Laplace type G-transforms of hyper-Bessel functions, in
particular, of generalized trigonometric functions. For brevity, the representations of the
ply-functions obtained here are for real variables but they also hold as well in suitably
chosen domains of the complex plane. The corresponding specifications are a matter of
technical detail.

4.1. Poisson type integral representation of the hyper-Bessel functions. Ana-
logue of the differential representations of the spherical Bessel functions

In 1953 Delerue [60] introduced and used for the first time a generalization of the Bessel
function Jy,(z) for a multiindex v = (vq,...,vy). This is the so-called hyper-Bessel
function of Delerue of order m > 1 with indices v4, . .., vy, (see Definition D.1, Appendix):

(- ynttm )

m+1
J(m) — m+1 F 1 m.,
Vi (@) T(n+1)...T(y+1)" " i+ D =\

= [H (v +1)
k=1

—1

<mf— 1>Zykz (H r I/ky—lr—j—l- )) (_jl')j (ma—lj— 1)j(m+1)'

(4.1.1)

Analogously, the function

()5
m+

@ = gt (e 0rs (55) ) )

203




is said to be a modified hyper-Bessel function of order m. It generalizes the well-known
function

x\V

(5)

RO (u 1 (§)2> .

Sometimes, it is more convenient to deal with the hypergeometric functions ¢Fy,
only, neglecting the power multipliers preceding them in (4.1.1), (4.1.2). In this manner
one reaches the so-called “normalized hypergeometric functions” (see Klucantéev [218])
or the “Bessel-Clifford functions of higher order” (Hayek [126], Hayek and Hernandez
[127]-[129]):

I(z) =

' ' " m+1
R R e e =) I
and
' ) " m+1
(@) =y, (T) = oFm <V1+1,...,Vm+1; (m—l—l) > (4.1.4)
being equal to 1 at x = 0. More exactly, they satisfy the initial value conditions
j(0)y=1, j0)= ... =;™0)=0 (4.1.5)
and
i(0)=1, 0)= ... =i (0)=0. (4.1.6)

As was shown in Section 3.4 (Example 2) function (4.1.3) is the unique solution of
the initial value problem

By(z) = () y(0)=1, y'(0) = ... =y™(0) =0, (4.1.7)

related to the hyper-Bessel differential operator of order (m + 1)):

5 (T (b ) (419

k=1
k
m+1’

(With parameters vy > k=1,...,m, l/m+1:0;ﬂ:m+l>.

In particular , taking the numbers

k
=— -1 =1,... 1 4.1.
vp = 1 . k e, m,m + (4.1.9)
as components of the multiindex v = (v4,...,vy,), we obtain the solution of the initial
value problem
d m+1
() w0 =i 3O =170 = .. —F"O =0 (@110
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related to the simplest hyper-Bessel differential operator of order (m + 1):

”ﬁl (95%“{7—7”—1)] = <%>m+l. (4.1.11)

k=1

B =g M

This solution is the generalized cosine function of order (m + 1) (see Example 3.4.7
and Appendix, (D.9)), a special case of the hyper-Bessel function (4.1.3), namely:

(_1)jm(m+1)j

N CESTIR (4.1.12)

The generalized Poisson transformation, proposed by Dimovski [70], [71] corresponding
to the hyper-Bessel operator (4.1.8) (see Section 3.5) has the form

1 1 k k__

A o 1
Pyf(x)=c // H p f(x(al...am)mH)dal...dam.
A F<V]€_m_+1+1>

(4.1.13)
According to the general Theorem 1.2.2 and the considerations in Section 3.5, it follows
that this transformation can be considered also as a generalized (m-tuple) fractional
integral of the form

k) (ki
Puf(@) = e 1550 U m T gy
1

(vg)7e 14
=c /G%:?n [a kk bom }f(xam;ﬂ>da, where ¢ = m+mHI‘(uk+1).

(s-1), 2mym 1

0 k=1 k=1
(4.1.14)

- m+

This transform is a transmutation operator from B = <%) to the arbitrary

hyper-Bessel operator B (4.1.8) of the same order, that is:

()" o= BRI

for functions g(x) satisfying suitable initial conditions. This result is contained in The-
orem 3.7.1, namely: The generalized Poisson transformation maps the solution g(x) of
the initial value problem (4.1.10) into the solution y(z) of (4.1.7): Pyy(x) = y(x), that
is:

Py {cosmi1(z)} = Jz(/??),um(m) (4.1.15)

Replacing, in this transmutation formula, Py by (4.1.14) we obtain the following new
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integral representation of the normalized hyper-Bessel functions (4.1.3):

. . mk 1), Vk—mL-H
Ju(z) = ]I(/T),ym(af) = Cfrgﬁlm ) ( i ) {cosmi1(z)}
1
1 (Vg e
S 0 m+1 k=1
(4.1.16)
valid for v > k+1 — 1, k=1,...,m. In an alternative form this can be stated as the

following theorem.

Theorem 4.1.1. (Poisson type integral representation of the hyper-Bessel functions)
For vy, > miﬂ —1, k= 1,....,m the following generalization of the Poisson integral

(4.0.1) holds:

m+1 O\ 2 (Vi) jer 1
e = B e B et (2 e T o)
0 =1

(Vk +1- m+1)m

(k_1> ] cosm1(t)dt.

m+1 1

mt1 . —1+I§: m leo £\ M
=1 ) —
(2m)m (m+1) / " (x)
0
(4.1.17)

In the same way, P, transforms the solution g(x) of the initial value problem

d m+1
() s =ier B0 =170 = . =FO =0, (@110)
into the solution y(x) of

By(z) =y(z); y(0)=1y'(0)= ... =y (0)=0. (4.1.7)
Now, these solutions are:

p(m+1)]

o0
y(x) =h x) = —_— 4.1.18
referred to as a generalized hyperbolic function of order (m + 1) (this is a generalization
of hio(x) = cha; for more details about this and other generalized hyperbolic functions

himi1(x), i =2,...,m+1, see (D.13), Appendix) and

!

(m) I'(v, +1) (_il)(erl)]
=1 =1 = | | m 4.1.19
y(x) =iv(x) =iy, 2 Vk+J+1) . , ( )

the normalized hyper-Bessel function (4.1.4).
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Therefore, the transmutation formula

Py {h1,m+1($)} = Zg/?l,) o (T)

yields an analogous result.

Theorem 4.1.1". (Poisson type integral representation of the modified hyper-Bessel

functions) For v > m’il 1, k=1,...,m, the following integral representations hold:
mA1 / ()i
i () = WLIIF<W,+1y/c#@%{a Bl };hmﬂl(xamﬂ)da
(QW) k=1 (m_ﬂ o 1)k,
- 0 =1
(4.1.16")
and
= 1
Vi (vg)is
(m) _ m+1 x 2 m,0 k) k=1 1
IVlw-me(x) - (27T)m (m + l)k_l Gm,m g (mL—H - 1): hl,m-i-l (IO‘ +1> do
0 =1

(Vk +1- m+1)m

<ﬂ>m ] P ms1 (t)dt.

m+1 1

m+ 1 . —1+k2: vk leo N
=1 ? —
(2m)m <m+1> / m (w)
0

Generalizations of the Poisson integral for the hyper-Bessel functions (4.1.1) have
been proposed also by Delerue [60] and by Klucantéev [218], but they are written by
means of repeated integrations. For comparison, the result of Delerue ([60], p.259) has
the form

(4.1.17")

1 i— 1 Lm—j gt
1y---s¥m . 7
@myt \m+1 ot (v )
L N T A

< ] :
i=m—j+1 I (Vz' — g 1)
i=01,...,m, (4.1.20)

D (2 ) G . Ao,

where
FIED (@) i= cosppy (x)

and the other generalized trigonometric functions

1 . .
fj(':nlJr )(ﬂU) = sing ja(r), j=0,1,....m—1,
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are defined as in Appendix, (D.10). In the case j = m the same result is proved by
Klucantéev [218, p. 55]:

(m 4+ 1) 3 () 2
(2m) % kﬁlr (v = 7t +1)

1 1 m .
X 0/.. .O/CosmH (C1 ... Cm) H [(1 — Ci)yi_mL-H Cii_l dCy...dCm.

1=1

I (x) =

(4.1.21)

This follows also from (4.1.15), if one uses the repeated integral representation (4.1.13)
of the Poisson type transformation F,.

Let us consider some special cases.

Corollary 4.1.2. For m =1 Theorems 4.1.1 and 4.1.1" give the classical Poisson inte-
grals for the Bessel functions (see [106, II]):

7T

Ju(x) = ﬁi(% .y / s( sin ) (cos )™ dyp
0 (4.1.22)
= 25/2]/ 0/1 (1— 12)""% cos(at)dt, v > —%
and
I,(z) = %j (1- tQ)V‘% cosh(zt)dt, v > —%. (4.1.23)

0

Now let us consider the so-called n-Bessel functions of Agarwal [6] (see also Example
3.4.11). More details about these functions are given in Appendix, Section D.ii. They
are defined by the power series (D.9):

> )j T\ V+2)
=Y Gy i)

J=0

It is evident (Lemma D.11) that the n-Bessel functions are special cases of hyper-Bessel
functions of odd order m = 2n — 1, namely

S|

App(z)=JP"=D () where z = <2n)(f) . (4.1.24)

VyeutoV 5 O,y 2

n n—1
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In particular, the “di-Bessel” functions (n = 2) of Exton [111] and the “tri-Bessel”
functions (n = 3) are the following hyper-Bessel functions :

Ap(w) = Ava(w) = J:S?z)/,o (2%\/5> ; Ava(r) = Jz(/?;ﬂ/,0,0 (3325\3/5> .

Now, the conditions v, > miﬂ - 1= % —1,k=1,...,2n — 1, are equvalent to the

unique requirement v > —%. In this case Theorem 4.1.1 gives the following result: if =
is the transformation

1 n1
=: f(x) — f(N2¥), wherew=—>0,N=2n n; (4.1.25)
n
then
o ey ) () (A0
Ay7n(l') = = W <%> on,2n—1 {COSQH(JJ)}
n 2n—1
ey (B0 (k) (A
=52 "(5) Ehonans {coson (2)}
n 2n—1
e (B0 (B (A )
— 7r2”_12 (§> IZ,Zn—l = {cosan(z)},
that is
iy ) () ) oA
Ay () = 7T2n—12 (5) Iy on—1 COSan 2?1(5)
(4.1.26)

Written explicitly, this generalized fractional integral representation of the n-Bessel func-
tions, has the following form.

Corollary 4.1.3. Forv > —%,
1 v,...,v,0,...,0
N 1—n(T\Y 2n—1,0 ; —
Apn(z) = 7T2n_12 n<§> /G2n—1,2n—1 o kn an,ll
o (35 -1),

2n—1

" 1— ()= 1— ) o
/H (1—¢) H (1—C)

k=1 F(V_%+1> k=n+1 F<1_%>

L

k 1
{Cén 1‘| COSon {271(%) " (S §2n—1)2”} dgy ... dCmn—1.

(4.1.27)
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In the following sections we need a modified form of the Poisson integrals (4.1.16),
(4.1.17) concerning the genmeralized hypergeometric function oFp, (by, ..., by;—x) itself.
Ones having the representation (4.1.16) of the normalized hyper-Bessel function (4.1.3),
we have only to substitute

" m4+1
v+ 1—bg, k=1,...,m, <m+1) — .

Thus we get the following corollary.

Corollary 4.1.4. For b, > m_+1’ k=1,...,m, the generalized hypergeometric function
of Bessel type oFy,, m > 0, is a genemlzzed fractional integral of the generalized cosine

function:

k 1

0oFm (b, ... by —x) = 011(,%“ 1), (=) {cosm+1 ((m + 1)(m)m_+1)} (4.1.28)

and therefore, it admits the integral representations of Poisson type:

oFm (b)) = ¢ /1 G, {0‘(([)% )]0_1cosm+1 ((m+1)(x )m+1)da (4.1.29)

and

: P m (1— tk)bk_mL-H_l gl
oFu ()52 = [ [ |T] —
T A el & (bk - m—+1) (4.1.30)

X COSim41 ((m +1) (xty .. .tm)m;ﬂ> dty ...dtm,

with a constant

c=+/(m+ 1)(27r)er (b;) -

j=1

Further, we shall use this result to obtain an analogous integral representation for the
more general Bessel type generalized hypergeometric function

»Fy (al,...,ap;bl,...,bq;—m) with p < q.

Now we procede to the COHSlderatlon of the case when the conditions vj, > m]il -1,

k=1,...,m, that is, b, > m+1’ k =1,...,m, are not satisfied. They were to ensure
the positiveness of the multiorder of mtegmtzon of the generalized fractional integration

operator by means of which the Poisson transformation P, was represented:

PO _ CI(WL-Hil) (Vk mli—1+1) — I<m’j-1 )’(bkimL-&-l»

= Umtim m+1,m
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When the fully opposite conditions

bk<

k
(I/k<——1), E=1,...,m (4.1.31)

m+1 m+1

are supposed, it is natural to expect that the transformation F, is to be considered as
a generalized fractional differentiation operator (in view of Definitions 1.5.1 and 1.5.2),
namely:

by — gl ) () (i) (- ()

m+1,m m+1,m

_ CDSL;: (m+1 bk)

(4.1.32)

So, the integral representation (4.1.28) — (4.1.29) of oFy,, m > 0 will be replaced by
a differintegral representation:

oFin (s ) = DU ) Lo (4 1))
= cDy, I<m]il )7(nk+bk_mLH) {COSm+1 <(m + 1)$m;+1>} )

[mLH - bk] +1 for non integer <m—+1 — bk)

nk = { k .
(m_+1 — bk) for integer (m+l bk)

and Dy, is the differential operator (cf. (1.5.19) with 8 =1, v — b — 1):

m Tk
D, =111 (x— + b+ — 1) (4.1.34)

k=17j=1

k=1,....m  (4.1.33)

Before stating and proving this result, we establish the following auxiliary proposition.

Lemma 4.1.5. The generalized hypergeometric function of Bessel type oFy,, m > 0,
satisfies the differential relation (my >0, ..., nm > 0 are integers)

oFm ((nk +b)1" s =) oFm ((bp)y" s —)

D,y = om (4.1.35)
[1T (n; +bj) [1T (b))
j=1 j=1
with integers i, ... , nm > 0 and Dy, defined as in (4.1.34).

Proof. If weputn=1,p=0,0 = b;c in formula (5), p.44 of Luke [272], we obtain

d d
22 b/ dx b/ oFm((b/)l 1,—$) = (x@+b;€_1> OFm((b;C);—x)
= (b}, = 1) 0Fm (01, V) b — LB s, by — )
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Analogously, after n;. steps, we obtain for b?{: =bp. + Nt

d d d
— — 1) ... (z— —1)oF, O —
(xderbk) (wderbk—l— > (xd$+bk+nk >o m (V5 by by — )

= (bp+n—1) (bp +mk —2) .. b oFm (b1, b —np = by, ..., bjy; —2)

I (b + ) / /
= ——>F, e e ;—x) .
F(bk) oL'm (bla 7bk7 7bm7 ':E)
But the function (F}, is symmetric in the parameters b}, ..., b], and therefore,
o d
H1 de— + bz) : (x@ +b; + 1)] oFm (g + br)y" 5 —)
j:
m
I'(b; +n;
= 1 1R o (o)
U™ rw

Thus the proposition is proved.

Now we are ready to state the basic result, analogous to Theorem 4.1.1.

Theorem 4.1.6. (Generalized fractional derivative representation of the hyper-Bessel
functions) Let the indices of Delerue’s hyper-Bessel function JS]")

(4.1.31): o

satisfy conditions

v, < -1, k=1,...,m.

m+1
Then, this function can be represented as a generalized m-tuple fractional derivative of
the function cosp41(x):

m x Vi (y (-1
I ) = [ ()T DT oo (030

or,

I (@) = (m+1)3< T )uZwD( mH)(mLH—yk—l){COSnHl(:E)},

2m)m \m+1 ML m T
(4.1.37)
that is, the following differintegral representation holds:
K (@) = | D) ( x )Z”
Lot (2m)m™ \m+1
(4.1.38)

m Tk k k
1 m1+ +1
HH(erl . wﬂ) ) o @),

k=1j=1
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where

[mLH—Vk—l] +1 for non integer <mL+1_Vk:—1>

miﬂ — v — 1> for integer (mLH — v — 1)
To prove the theorem, it is equivalent to prove the corresponding representation

concerning the “normalized” hyper-Bessel function, or which is the same thing, the gene-
ralized hypergeometric function ¢Fj,, m > 0. This result can be obtained from (4.1.37)

1
by the substitutions v, +1 — by, k=1,...,m, x — (m + 1)zm+1.

Corollary 4.1.7. Let the conditions (4.1.31) be satisfied:

by < , k=1,....m.

Then,

1 _(bg—1),(=55—b 1
oFm (b, ..., bm; —x) = ED&?@ ) (i) {C05m+1 ((m+ 1)$m+1>}

(27-(-)771 ’
1 (4.1.39)
_ fon 0 pste) (ko) [ oo (Gn + D)
(271') xml-ﬁ—l ’
that is,
m+1 Tk
oFn (0075 =) = 7ot [T TT (o + 0+ - 1)
k=1j=1

bk; + N —>%1) } S [(m i 1)@0)#1] do.

1

m+1

Jemn e

Proof. According to Definition 1.5.2,

(4.1.40)

D(bk_l)’(mLJrl b ) DnI(mﬁl )’(mﬁ_bk_mLH)

1,m )

where D), is the differential operator (4.1.34) and N, k = 1,...,m, are the integer

numbers (4.1.33). Then m_+1 — b >0, np + b — m—+1 >0, k=1,...,m, and using the
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generalized Poisson integral formula (4.1.28) (Corollary 4.1.4), we obtain

¢ Df%—l)»(m%—bk) {eosma ((m+1)am) } = ﬁ [ T (b))

/m T 1), (bptme— s e
X D77 (27T)m ;]l;‘[ll—‘ (bj + 77]) Il(,erl ) ( +1) COSm+1 ((m + ]_)xm+1>
7 L)
= NV | D {oF (b + m.
gp(bj+nj) n {oFm ((bg + 017 )}

On the other hand, by virtue of Lemma 4.1.5,

1 ﬁ Dy {oFm (b + 1)1 —2)} = oFm ((bg)1" : —)

j=1

and thus the required representation (4.1.39) is established.
x )m+1

Conversely, for b, = v, +1, k = 1,...,m, and z — (m_+1

multiplied by (L)Zyj, gives (4.1.37).

m+1

, this expresion

Corollary 4.1.8. For m =1 Theorem 4.1.6, especially representation (4.1.37 ), reduces
to the classical fractional derivative representation (4.0.3) of the Bessel function J,(x)
[252]:

v

2 fx\HV_p4l v-1 rcosx T~ —v—1 rcosx
o= 2 (3) D () 2 )
(@) VT \2 1 x ov\/m ¥ x
Taking the index v of the form v = —n — %, n=20,1,2,..., we obtain the well-known
differential formula (4.0.2) for the spherical Bessel functions :

7 (z) = PUART as- AU {cosx

- N },n:0,1,2,...

X

Let us proceed to a multiple analogue of this result.

Corollary 4.1.9. Let the indices of the hyper-Bessel function Jl(,??.)”’,,m (x) be of the form

k
V=T 1 —ng, with integers n;. >0, k=1,...,m. (4.1.41)
. . .. (Vk:),(mLH—Vk—l) . .
Then, the fractional differentiation operator Dy, », on the right-hand side of

(4.1.37) has the integers 65, = np. = mLH —v,— 1, k=1,...,m, as components of its
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multiorder of differentiation. Thus in Definition (1.5.19):

D(Uk) (m]il Vi— 1) :DnI(Vk-i_m]il yk_l)’(nk_ék)

m+1,m m+1,m
m 7k k
= 1111 oyt ) | ) )
m_|_1 d pt+J m—+1,m )

k=17j=1
the fractional integration operator turns into the identity operator (m. = 0, k =
1,...,m):

1), (nk—0) 1,0
i Vo) gm0y

and hence,

_k_

o m Nk
Dﬁifiijﬁr“ " 1):Dn:HH< Tt kﬂ)

P m+ 1 Ydr

1s a purely differential operator of integer order n = ny + -+ + nym. In this manner, we
obtain that if the indices of a hyper-Bessel function satisfy (4.1.41), then this function
can be represented by means of a differential operator Dy of integer order of cospmi1(x),
namely:

m z 2T
Jm) . )m(m) - k. ( ) an {cosmi1(2)}

(=t —1) 2m)m\m+1

) [ et s

(4.1.42)

By analogy with the Bessel functions J_ _p— 1(x) we call their multiple counterparts

J Em) & 1) “spherical” hyper-Bessel functions (see also Appendix, Definition D.8 and
777k+m+1 —

Klucantcev [218]).

If neither of the conditions

k
v > —— —1, y. <

m+1 m—}—l_

for the indices of a hyper-Bessel function Jl,1 vm hold simultaneously for all & =
1,...,m, then neither Theorem 4.1.1 nor Theorem 4.1.6 can be applied. Nevertheless,
a Combination of such results holds. Namely, the corresponding hyper-Bessel function
can be represented as a differintegral operator of cosy,,1(x), which is a composition of
Erdélyi-Kober fractional integrals and derivatives.

Such an example concerns the n-Bessel functions (see also Corollary 4.1.3 and Ap-
pendix, (D.20)-(D.21)). Let us start with the fractional integral representation (4.1.26).

The components (—% + 1>, k=n+1,...,2n — 1, of the multiorder of “integration”
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are always positive, while the signs of the first n components (1/ — % + 1), k=1,...,n

depend on the value of v. When v > —%, then I/—%-l—l >v—g-+1>0,k=1,...,n
On the contrary, if v < % — 1, then v — % +1<0forall k=1,...,n. In this case
we can decompose the (2n — 1)-tuple I-operator in (4.1.26) into two operators, n- and
(n — 1)-tuple ones, respectively:

n+1
2,2n—1 2 2,n—1 ’

() () L)) () o) () ()

interpret the first one as an n-tuple fractional derivative (according to Definitions 1.5.1
and 1.5.2):

I(%_l) (V_%-H)T D(V)Z:p(%_y_l)zzl

2.n =LUsp
m Tk k k
1 d . o 1)\ Mg—op+V+1
= | | | | (5111% +1/+]) I2(772’L ) (nk et >7

where

[% —v— 1} + 1 for non integer (% o 1)
M = i i )
(— —v— 1) for integer (— —v— 1)

n n

Thus, we obtain

Avn(@) =/ 2" (5)" ﬁH(2 da:+l/+])

k=17=1
2n—1 2n—1
% 12(7721% )7(% +u+1)12(’§_11)n+1 7(1*%)”1 {cosm (Qn(g>%>}
n v |25 /1 d .
~ya= () | G o)
k=17=1
(£-1).(Onersn) (1)) o2
X1y 0n 4 {cosgn (2n<§> )},

since the composition of two generalized fractional integrals is a fractional integral too,
whose multiplicity is n+ (n — 1) = (2n — 1) (see (1.3.12)). In this manner we obtain the
following result.

Corollary 4.1.10. Ifv < % — 1, then the n-Bessel function (D.20) has the following

216



differintegral representation:

n —1[{T\Y 1 d '
Avane) = i (3) HH(5%+V+J)
k=17=1
(g +v)7,(0,...,0) N (4.1.44)

X
O\H
)

N DN
3 3
Lo

3
Q
3
L
o
O
®n
(3%
3
1
N}
3
VR
E%
wg‘
Q
~_
3|~

2n—1 ]da,
) _
(5 -1),
where the integers ny., k =1,...,n, are defined by (4.1.43).

4.2. Poisson type integral representations of the generalized hypergeometric
functions

The basic idea used here consists of a well-known fractional integral relation between the
generalized hypergeometric functions p41Fy4 and pFy. In different variants, it can be
found in a series of handbooks and research papers: Erdélyi et al. [106], Askey [25, p.19],
Lavoie, Osler and Tremblay [252, p.261], etc., namely:

R*{a"" 'y Fy (ar,...,ap;bi,...,bg; Ax) }

4.2.1
1x0‘+’/1p+1FqH (v,an,...,ap;a+v,by,... by Ax), ( )

where Ra > 0, Rv > 0 (in particular, v = 1 can be taken), p < ¢+ 1 (and |Az| < 1, if
p=q+1).
We shall repeatedly use this relation in the following convenient form, taking into ac-

count the symmetry of the ,F-functions with respect to the sets of parameters a,, ..., ap
and by, ..., by.

Lemma 4.2.1. The Riemann-Liouville operator of integration of arbitrary order in-
creases by 1 the indices p, q of the generalized hypergeometric function pFy. More evactly:
if b1 > app1 >0 and p < g+ 1, then

pr1Fgn (al, ey py py13 by, by, byt )\flf)
- ; ((qu?:? xliququHiapH {mapﬂil qu (al? try ap? blv s »bq§ )\SL’)}
T (bgs1) / (1 —t)bar1—apr—t
g+1 _t P =1
tr+1 Fy(ai,...,ap;a+1v,by,...,bg; Atx) dt,
F(ap+1)/ F bq+1 a/p+1) p q( 1 P 1 q )

(4.2.2)
where X\ is a constant, and in addition |\x| < 1 is required, if p = q+ 1.

By the way, in terms of Erdélyi-Kober operators of fractional integration (1.1.17):
I?k_labl_ak = b phi—ak pak—1 (4.2.3)
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relation (4.2.2) has the more concise form

pr1Fgin (al, ey py Gpy13 by, by, byt )@)

4.2.2
:I;lp+1_1qu+1_ap+1 {qu (al,...,ap;bla---qu;/\x)}’ ( )

This result suggests that the generalized hypergeometric function ,Fy can be obtained
from one of the three “basic” hypergeometric functions

ofg—p Jorp<gq
11 forp=q
2 I forp=q+1

by means of a finite number of Erdélyi-Kober fractional integrals (4.2.3.).

On the other hand, the functions ;F; and 3F; can be represented as fractional in-
tegrals of corresponding elementary functions, these results being well known too. A
representation of the same type for the (Fj,-functions (¢ — p > 0) was proposed in
Section 4.1 (see (4.1.28)); in this case a (¢ — p)-tuple generalized fractional integral was
used.

Thus it remains to interpret the compositions of the Erdélyi-Kober operators (4.2.3)
arising in above considerations, as generalized fractional integration operators with sin-
gle integral representations involving Meijer’s G-functions. In this manner, we obtain
representations of the ,Fj-functions by means of definite integrals involving Meijer’s
G-function and some elementary functions.

4.2.i. Poisson integral representations of Bessel type generalized hypergeo-
metric functions ,Fy, p <gq

Denote
m=q—p>0.

For the hyper-Bessel functions (Fy—p = oF), we dispose with Poisson type integral rep-
resentation (4.1.28) (Corollary 4.1.4).

Further, we use Lemma 4.2.1, as well as the basic results of Chapter 1 to prove the
following intermediate result.

Theorem 4.2.2. Let the conditions
by—pik > ar >0, k=1,....p (4.2.4)

be satsfied. Then, each generalized hypergeometric function pFy, p < q of Bessel type is
an p-tuple (generalized) fractional integral of the hyper-Bessel function oFy—p, namely:

qu (al’ oo Op; b17 s >bq§ Aaj)
SN EIT) A INCARCH (4.2.5)
- ]1;[1 Fq(aj;] Il,pk F {OFq—p (bh e 7bq—p; )\CC)} R
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where
Ye=0ap—1, 06, =bypp—ar >0, k=1,...p (4.2.6)

In other words, the following integral representations hold under conditions (4.2.4):

pFy (al,...,ap;bl,...,bq;)\x)
1

p . b AP

H T g—pj) (bqipH) /Gg:g {a ( q—£+j)]1 1 o oFy—p(Axo)do

i Tle) ) (a5)5y (4.2.7)
p ! Loy

H —F (bq_p+j) / . / H [(1 — tk)bq—p+k—ak_1 tzkil

j:l P (a]) 0 0 k=1

X oFg—p (Aaty ... tp)dty ... dtp. (4.2.7)

under conditions (4.2.4)
Proof. Let us apply Lemma 4.2.1 to the function ¢Fy—p = oFm:

1Fm+1 (CLl; b17 . ,berl; )\.CC)
_ D(bmi)

1—bm+1Rbm+1_a1 a1—1> F bi,.... by A .
I (a1) (x ! o Bt b A7)

Similarly, we obtain

2Fm+2 (611, az; by, ... ,bm+1, bm+2§ >\~’B)

ro
= L (bm-) <$1_bm+2Rbm+2_a2$a2_l) 1Fmy (@561, by M)
T (CLQ)
— ]'—‘ (bm+1) F (bm+2) <xlfbm+2Rbm+27a2xa271) <xlfbm+1Rbm+17a1xa171)
I'(a1) T (az)

X OFm (bl,,bm,)\x)

In this manner, after p-times application of Lemma 4.2.1 we get the relation
pFy (al, cosapy by, ,bq;)\x)

oFm (b1, ..., bm; Ax)

p .
— H [F (bm+]) ml*berijerj*ajxaj*l
I (a5)

b )
_ (H I (bm+]) |:$1_bm+pRbm+p_apxap_bm+p—1Rbm+p—1_ap—1 o zal—l oFm(A:c).
T

It is more convenient to express the multipliers in the second line of this equality as
Erdélyi-Kober fractional integrals (1.1.17), according to the general relation

10 f(z) = {afWM)R%V} f(2), (4.2.8)
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now having the form (4.2.3). Then,

: oy 1T | D bont) a1 —a
pFy(ar,. . apiby, . by Ax) = [ | =<1 oFm(\z)
j:1 F(a'.])

p
r b _
oFm (A7) H mﬂ ak 1): (b —a) oFm(Az),

p
H m+3 a] Lbmyj—aj
7]7
a,
1 5

due to the “composition” Theorem 1.2.10. Using the explicit representations (1.1.6) and
(1.2.25) of the p-tuple fractional integrals

p
Il(z)kil)’(bmekiak’) — H Ilak_lvbvak_ak’ (429)
k=1

we obtain the integral representations (4.2.7), (4.2.7).

Note. Representation (4.2.7") can be found also in Prudnikov, Brychkov and Marichev
[369, p.438,(11)]. The concept used here has been proposed in the author’s papers [196],
[81]. The same idea is used repeatedly in Sections 4.2.ii, 4.2.iii and 4.3 and in Kiryakova
[198], [200], [209].

ExampLE. Let us consider the case p =1, ¢ = 2, when m = ¢g—p = 1. Then, for ¢ > a > 0,
representations (4.2.7)-(4.2.7") take the form

1

['(c) c—a—1,a—1 N
)/(1—15) 191 By (b Azt dt

F(a: . — LA
1F2(a; b, ¢; Az) Fa)'(c—a

0

or (with A = —1),

1

(b)T(c 1

1Fy(a;b,¢;—x) = F)(c — o / ) aflto‘*b%Jb_l (2\/%) dt
0

This is a fractional integral relation between the Bessel and 1 Fs-functions. On the

other hand,
. . F(b)F(C) 1.1 1—a
1F2(a,b,c,—:1:)— F(a) GS T 01 bl—C ’

and this G-function is a “named” special function if, for instance, a = %, b=1-v,
c=1+v (see [106, I, 5.6], formulas (1), (21)):

1,1
Gils {x

oy | =V ().

In this case Theorem 4.2.1, and the above example ,in particular, give the following
result.

220



Corollary 4.2.3. If —% <v< %, then the integral relationship

1
—U

Jy () J_y (z) = ﬁ / (1—t) 35, (nﬁ) dt (4.2.10)
holds.

Theorem 4.2.4. Let p < q and let the conditions

k
bk>m,k:1,...,q—p; bq_p+k>ak>0,k:1,...,p (4211)

be satisfied. Then, the pFy-function, p < q (the generalized hypergeometric function of
Bessel type) is a generalized q-tuple fractional integral of cosq—pi1(x), namely:

b 1
pFy (a1, ... ap;bi, ... by —x) = AIl(Z]k)’( ¢) {cosq_p+1 ((q —p+ l)xq—P+1>} , (4.2.12)

where ¢
[1T (b))
qg—p+1|]j=1
A=
(27‘(‘)qu p
[T (ai)
i=1
and the parameters v, 6, k =1,...,q are defined as follows:
k _ k _
aqu+p_17 k:q_p+1;7q bk'_ak—qup? k:q_p_l_l?vq

(4.2.13)
Relation (4.2.12) means that the following Poisson type integral representations of ,Fy,
p < q hold:

k q—p ]
<q—p+1)k (ak LHP)k g—p+1

X 0! cosq—pi1 [(q —p+1)(zo) qu+1} do

k
q—p ——1 k
o[ [ e
() k
q bk‘_ )
q

(br)_,

1
qu (al,...,ap;bla'”;bq;_x) :A/Gg:g [U

(4.2.14)

qg—p+1

bp—a -1
(L —tg)F " ap ™ g gy
X | | [ ty.
k=q—p+1

T (b = ag—g1p)

1
X COSq—p+1 [(q —p+1)(aty .. .tq)q—PH} dty .. .14
(4.2.14')
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Proof. Indeed,

/ 6/
»Fy (al, cosapi by, by —a:) =T Il(z,k)’( ) {OFq_p (bl, o bg—ps —m)}

" (5 SR Y (— 1
= Flfz)k)7( ) {Il(’;g_p+1 ) (b q_p+1)008q—p+1 ((q —p+ 1)LECIP+1>}

p )
with e = /(¢g—p+1)(2m)4 P, T =[] {%1. Further, we denote A = ¢I". Due to

1=
(1.3.12) (Theorem 1.3.8) we have that the product

LR () (egehen) _ (). (50)
17p 1,(1*]7 - 17p

is a generalized fractional integral of multiplicity p+(¢—p) = ¢. This operator has explicit
representations of form (1.1.6) or (1.2.25), leading to (4.2.14), (4.2.14"), respectively. The
proof is over.

ExampLE. In the case m = g—p = 1, Theorem 4.2.4 gives a representation of the function

1

Jr

P F(bj)Gl,p {‘(1_%)Z21 }

Fpi(—x) =
pEp+l p,p+2 0.(1=b p+1
T (CLZ) ) ( k‘)kzl

e S Etam|

as a generalized (p 4+ 1)-tuple fractional integral of the usual cosine function. For p =
1,2 and for a special choice of the parameters, the G;;};, o-functions reduce themselves
to Lommel and Struve functions Sy, (x), Hy(xz) ((C.8)-(C.9)), to products of Bessel
functions , etc. For example, we have (see [106, I, 5.6] and [286, p. 58]):

1 1
Gi:; [x 8, ” —1/] =/rJ, (\/5) J_y (\/5) ,Gi:; {x 8’ v, _V}
L A Al
= \/%Jﬁ (\/5) 7G2:4 {x §\+u42—1/ A—p+v A+p—v A—p—v ]
2 2 T2 T2

In this way formula (4.2.14’) leads to the following special cases (corollaries of represen-
tation (4.2.14) can also be written).

Corollary 4.2.5. (Poisson type integral representation of the product z*J, (z)J_,(x))
For —% <v< %

A _ ﬁ / (1- t1)_y_% (1-— tz)l’_% 1
x Iy (x)J_p(x) = 0// 1/ ) —~— (t1t2) 2 cos (2x\/ﬁ) dt,dt,.
(4.2.15)
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Corollary 4.2.6. (Poisson type representation of 2*J2(z)) For v > —3:

g M I—t)? 2 (1—t) 7 1,1
Jo( T (20 +2) t 2ty ?cos (2zvtito) dtydty.  (4.2.16)

Corollary 4.2.7. (Poisson type integral representation of the product x)‘JM(x)Jy(x))
For A\ > pu > %, w+v>-—1:

1 I/*l

gy (1= t)! 2 (1—t) 2 (1=t
A 1) 2 3
’ Ju( @) Ju(@) = /// F(V—M)F(M-H/—l) (4.2.17)
2 2 ce
_ 1 PtV ptp—d

Xty 2ty % ty 2 cos (2zv/titats) dtrdiadts.

Let us note that after the substitutions t;, = sin?0y, k = 1,2,..., integrals (4.2.15)-
(4.2.17) acquire the “standard” form of the Poisson type integrals, for example:

8 gAY

RN = PO

S

(4.2.17")
cos? 0, cos” TH 1 0y cosPT B sint TV By sinf Y 0,

X
o\w B
o\mm

\w E

X COS (293 sin 6 sin 5 sin 03) df1d0>d0s.

As far as we know, representations (4.2.14)-(4.2.17) seem to be new.

4.2.ii. Poisson integral representations of confluent type generalized hyper-
geometric functions ,Fy

In this case, Lemma 4.2.1 takes the form

k+1Fk+1 (al, <oy Ok bi,... 7bk+1§ )\:L“)
T b
( kH) 2Okt ROk~ G a1 pFr (a1, ... ap; by, ... by Ax)
F (ak-i-l)
F<b/€+1) ak+1_1 bki1—Qkyq F(bk-i-l) A1 —1,bg 1 —ak
’ Fr(\x) = —— =Lkt okt SR B ()
=T (ak+1) kEr (M) Tlag,,) W {Fp(Ax)}

(4.2.18)

On the other hand, we have the following known representation of the basic function
1Fy (see e.g. [107, p.187, (14)] or [252, p. 261]).

Lemma 4.2.8. Forb > a > 0:

e _ e _ F(b) 1—-b pb—a_.a—1 | Az
1F1(a,b,)\x)—¢(a,b,)\x)—F(a)m R % {e }, (4.2.19)
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or in terms of Erdélyi-Kober operators:

(b)) ,—1p_
VP (a3 05 Ax) = _FEG;I;I tomefedrd
4.2.19
_ F(b) l_l—aIO,b—a {l_a—le)\x} ( )
F(CL) 1 ’
a—1 )\x_

if we wish to preserve the power multiplier x with the exponential function e
Now, from (4.2.18) and (4.2.19") we obtain the following result.

Theorem 4.2.9. (Poisson type integral representation of ,F}) Let p = q and

b >a. >0, k=1,...,p. (4.2.20)
Then, the generalized hypergeometric function ,Fp(Ax) is an p-tuple fractional integral
of the elementary function {xal_le)‘x}, namely:

pEp (ar, .. apibr, ... by Ap) = F/ml_alfl(’lk)’wk) {xal_le)‘m} , (4.2.21)

p .
where v, = aj, — a1, 6 = b —ap, k=1,...,p, and " = [] %. This relation yield
j

the following integral representations:

1
PFp(ah...,ap; 517---7bq3 )\:1:) :F,/ngg [U
0

and

pr(al,.. ap;bl,.. bp;)\x)

bp—ap—1 051 !
(1 — )1y 4.2.22
/ /H [ k ]exp Aty ... tp) dty .. .dtp. ( )

[ (b, — ay)

Proof. Relation (4.2.18) applied subsequently (p — 1) times to

pr(al,...,ap;bl,...,bp;)\aj),

yields:
_T (bp) ap—1,bp—ap
pFp(Az) = mfm {p-1Fp—1(A2)}
_ I (bp) I (bp—l) ap=1,bp—ap rap—1—1.bp—1—ap—1
) L)
(

p
] (1A ) = [H . (bk)] 1o DO R ).

LT gy | oo
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Further, we use (4.2.19’) and property (1.3.3) of the generalized fractional integrals, to
obtain the representation

pr()\SC) = I(ak_l)’(bk_ak)ji)abl_al {xa1716)\x}

p
Hr(bk)
_kzlr(ak)_ Lp—l
) -
F(bk) (ak_al)»(bk_ak:) 1—a, 70,01 —a a1—1 Az
= I b f o
_gf(ak)_ Lp—1 voh {"” ¢ }
I (by,)

1,p x

xl—alj(ak_al)y(bk—ak) 1—a, {zal—le)\x}7

Il
:@
—

=~
I
L
2
&
N—
L

due to the composition property (1.3.12). The same result can be written also in the
concise form

. ]
ph0n) = | [ | 0 posieo (o)
:’“;1 ( ): (4.2.23)
B T (bg) | (ar—1).(bp—a1) [ ra
— J}_‘[IF(GZ)_ Il,p {e)‘ }

It remains now to replace the generalized fractional integrals by their explicit integral
representations.

Remark 1. Since the function ,F), is symmetric with respect to the parameters a,, as,
..., ap, we can replace the parameter a; in formula (4.2.21) by any one a;, [ =1,...,p.

Remark 2. Formula (4.2.21) can be seen as a formal corollary of Theorem 4.2.4 with
m = q—p =0, when cosy, 1 ((m + l)xm;ﬂ> = cos;x = e 7 (see Appendix, Definition
D.2). Remark 3. Theorem 4.2.9 (in particular, Lemma 4.2.8) is not applicable to the
Laguerre polynomials

Lj(x) = ("ZO‘) Fi(-ma+La),n =012,

since b—a = a+ 1+ n > 0 but the other condition a = —n > 0 is not fulfilled. However,
there is another well-known relation between this confluent hypergeometric function and
the elementary function z~%+t01—1e=% — pn+a=%  Thjg is the corresponding Rodrigues

differential formula for L{® (z) (see Appendix, (C.18))
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4.2.iii. Poisson integrals for the generalized hypergeometric functions of
Gauss type (p=q+1)

Now we use Lemma 4.2.1 in the following form:

(k1) +1F %41 (@1, -3 Oy Apyo; D1y ooy Dpg3 ATD)

F(bk+1) 1—-by, br1— -

= R b ROk G202l By (ay, . . by b A

F(akJrQ)x x k+1 k(a’la y Aft15 015 s Uk l’) (4224)
D (Oki1) jagio—1.bgsr—ak

= o R ke e s R (O]
F(ak+2) ' i

provided by, > ap., >0, k=1,2,..., and |Az| < 1. For bevity we take A := ¢ = +£1.

Suppose by > az > 0,...,b4 > agy1 > 0 and |z| < 1. Then, by (¢ — 1)-times
application of relation (4.2.24) we obtain, analogously to the previous considerations,
that

q+1Fq (a/l,.. a,q+1;b1,... bq,&lf)
(b ora—1) T (bpyy—ag.s)? ! (4.2.25)
H k+1 qk+1 )1 ( k+ k+ )1 {2}711(633)}7
I'(apyo) | 0

i.e. g41Fy is an (¢ — 1)-tuple fractional integral of o F}.

In a modified form, this result can be found, for example, in Owa and Srivastava [352,

(56)]

On the other hand, we have a known fractional integral representation of the Gauss
hypergeometric function »F; by means of elementary function (see [107, p.186, (9)] or
[252, p. 261]). It is given by the following lemma.

Lemma 4.2.10. Let by > as > 0 and |z| < 1, e = £1. Then,
e L P e (= (4.2.26)

o F1 (a1, ag; by;ex)

or in terms of Erdélyi-Kober operators Ig’a,

' — _
2F1 (al,CLQ,bl,Eﬂf) Fgalgl 2—1,b1—as {(1 . €£C) CL1}
T (bZ) (4.2.26")
1 1 GQIO bl Q2 xanl 1 —ex —Q .
= D0 g i ey o)

Note. Let us note that this relation can be extended analytically outside the unit disk
|z| < 1, provided |arg(1l — ex)| < 7.
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Combining (4.2.25) and (4.2.26'), we reach the final result:

—1)77 (bpy— T 1bi—
R e R (RN

—1

—1)t (p _ q 0 (b q
= F//h(c;lwz 1)0 7( k+1 ak+2)o {(1 o Ex)_al} — Flljl(j]kﬂ 1)1a( k ak+1)1 {(1 . gx)_al}’

(4.2.27)

q )
where I' = T] {Fzébj))] , or in other forms:
j=1 I

_1\4 by — q .
q+qu (511}) — 1—\//11(7L;k+1 1)2;( k ak+1)2w1—a2I§],b1 QAo {xa2—1(1 _ EZB)_al}
—1)?,(bp—ap4,)? _ -
— F//xl—agjl(,célk+1 1)1 ( k ak)+1)1 {xa2 1(1 _ 633) al} .

In this manner we have already proved the following theorem.

Theorem 4.2.11. Let p = q+ 1 and let the conditions
bk>ak>0, k=1,...,q (4.2.28)

hold. Then, in the unit disk |z| < 1 the gemeralized hypergeometric function of Gauss
type gr1Fy(ex) (e = £1) is an q-tuple generalized fractional integral of the elementary

function 2%~ (1 — ex)™ ", namely:
q+11q (al,...,aqH;bl,...,bq;:l:a:) (42.29)
1 (b, — q 2.
_ F/le—azll(i]kﬂ 1>1a( k ak+1)1 {xa2_1(1 == :L‘)_al} )
This means that the following Poisson type integral representation holds:
/ b
g1 Fy (£2) = F"/Gg:g |:0' (b } o '(1F xo) “do, (4.2.30)
(af41)
0
or in terms of repeated integrals:
q+11y (al, ey Age1y br,y o by :i:x)
q ; 1 q
r (bj) / / [ by — -1,k 11
_ (1= ) =10 (42301
g T (ajn) T (b —aju) |/ @ g

X (LFaty...tg) "dt...dt.

Remark . The repeated integral representation (4.2.30") can be found also in Prudnikov,
Brychkov and Marichev [369, p. 438, (10)].
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Corollary 4.2.12. For ¢ = 1, ¢ = 1 representations (4.2.30-30') coincide with Lemma
4.2.10, written in the form of the known Euler formula for the Gauss function (see [106,

I, p.72, (10))):

1

T (b1) /(1 )
. b — dt 12.31
2 1(&1,@2, 1,1') F(ag)r(bl —Gz) (1_xt)(l1 ’ ( )
0

valid for by > as > 0 and |z| < 1. This formula proposes a way
for an analytical continuation of oFi(x) outside the unit disk to
the domain |arg(l — x)| < 7, where the right-hand side of (4.2.31)
represents an analytical function of z (see the Remark in [106, I, p.
72]). For the same reasons, formulas (4.2.30), (4.2.30') can serve
as analytical extension of the generalized hypergeometric functions
g+1F¢(r), ¢ > 1 from the unit disk |z| < 1 to the domain |arg(1 —
x)| < 7.

For other Poisson type integral representations the reader is referred also to the useful
works of Askey [25], Koornwinder [233], Prudnikov, Brychkov and Marichev [369]-[370],
etc.

4.3. Fractional derivative representation of the generalized hypergeometric
functions (Analogues of the Rodrigues formulas)

Rodrigues type formulas for defining special functions of mathematical physics and for
developing their theory and applications, have been recently used by many authors like:
Al-Bassam [10], [13]-[17], Al-Bassam and Kalla [22], Askey [25], Nikiforov and Uvarov
[318]-[319], Rusev [414], Srivastava [460], Srivastava, Lavoie and Tremblay [469], etc. The
results presented here have been inspired by the paper of Lavoie, Osler and Tremblay
[252]. They are published, in parts, in the author’s papers [198], [200], [202], [209].

“At times the representation by fractional derivatives is more convenient than that by
power series and by definite integrals because the notation itself suggests manipulations
which would otherwise not seem obvious. As an example, the definite integral (the so-
called Sonine integral for the Bessel functions)

X
/J_ﬁ_%(t) (° — %) tPTadt =2 %2y 2 _a_ﬂ_%(g;),
0

in fractional derivative notation, is nothing but the obvious relation

COS T COS T
p%Dl {55} = Dy {222

Mathematicians have more experience with D™ and fortunately, this experience often
carries over to D7 [252, p. 240-241].
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In the above-cited paper, fractional derivative (in the classical sense) representations
for the Bessel functions J, (z) as well as for both other basic hypergeometric functions | F7,
oF1, have been mentioned, as natural extensions of the fractional integral representations
in Lemmas 4.2.8, 4.2.10 for negative orders of integration. From this point of view,
it might be expected that the integral representations of ,Fy; found in Section 4.2 could
be extended to differintegral (differential or integro-differential) representations when the
components of the corresponding multiorders of “integration” are negative. Furthermore,
in Section 4.1 we have shown that such an extension holds in the case of hyper-Bessel
functions ¢Fj,. Now, we prove this hypothesis for ,Fy in the general case p < ¢q + 1.
Some special cases are considered when the representations are purely differential and
the corresponding generalized hypergeometric functions are said to be “spherical” hyper-
geometric functions.

The basic results used now as a starting point are the fractional derivative analogues of
Lemmas 4.2.1, 4.2.8, 4.2.10, mentioned in [252] as well as in other papers on this subject.
To illustrate the manner in which results for fractional integrals can be transferred into
corresponding ones for fractional derivatives, we also give sketches of the proofs and
stress on the conditions under which these analogues hold.

Lemma 4.3.1. If apy1 > agq > 0, then the fractional derivative relation holds:

p+1Fq+1 (ab <oy Op; bi,... ,bq+1; )\ZU)
_ T (bq+1) (xl_bq-H Dap+1—bQ+1$ap+1—1> (431)
I‘(ap+1)

X pFy (al,...,ap;bl,...,bq;/\x),

wherep < q+1 (if p = q+1, then |\x| < 1 or|arg(1—Az)| < 7 is additionally required).

Remark . Here DO denotes the classical fractional derivative (1.5.7) of order § > 0. In
the sense of Chapter 1, the one-tuple (single) generalized fractional derivative, i.e. the
so-called Erdélyi-Kober fractional derivative (1.6.7’) has the form

DY = DI’ = 277D § >0, (4.3.2)

<Cf. I{Ha = :L'_(V“;)R(Sﬂﬂ)

and the m-tuple fractional derivatives are compositions of m single derivatives:

)
Dgyfn) (%K) = Dg’q’ém ( . Dgli(Sl). Their explicit representations are given by Definition
1.5.4.

Taking into account (4.3.2), we can write down relation (4.3.1) in the concise form

pi1Fp(Aa) = MD%{“’@I’“Z’W {Fy(02)}. (4.3.1)
T (ap41)
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This result shows that ;1 Fy; can be obtained from ,F; by application of a suitable
Erdélyi-Kober fractional derivative, and so, from one of the basic functions oFy—p, 1F7
or o F, by means of a composition of such derivatives.

Proof. For apiy > bgy1 we introduce the integer
{ [ap+1 — bq+1} +1, if (ap+1 — bq+1) is non integer
n= . -
(apH — qu) , if (ap+1 — qu) is integer.

Then, by the classical definition of the Riemann-Liouville fractional derivative:

n
Dap+1—bq+1 _ (%) Rn_(ap+1_bQ+1) with n — (ap+1 - bq+1) > 0.
T

Now, we can use the fractional integral representation (4.2.1):

n
Dovibuss {1 F ()} = (%) N L e):

([ d N r ((lp+1) bgs1+n—1 ‘ .
a (%) {F (g1 + U)x " priFen (@ apaibi o b, (bgen + 1) s Ax) ¢

According to Prudnikov, Brychkov and Marichev [369, p.442, (51)] (see also Luke [272,
I]), the right-hand side of this equality gives

I (ap+1) T (bgs1+n) obasi4n—1-1

F A1y yQpit; by, oo byt Ax) .
p+1Lg+1 1, » Up+1, V1, s Vg+1,
NONE RO ( )
Multiplied by %xl_b%l, this expression gives exactly p1Fy41(Ax).

p1

Further, we consider separately the cases p < ¢, p=qgand p=q+ 1.
4.3.i. Rodrigues type formulas for the generalized hypergeometric functions

pFyy 0 < q

Theorem 4.3.2. Let p < q and a; > b; > 0,1 = 1,...,p. Then, the generalized hy-
pergeometric function of Bessel type pFy is an p-tuple fractional derivative of the hyper-
Bessel function oFy—p, namely:

pFa (@5 (575 (by4) 17 s 22

' 1), (ar~ . (4.3.3)
- [ﬁ?&;] Dl(,b]f )-(ar—bk) {qu_p ((bj+p)j.:f’;m)}. 4.3.3
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Proof. We apply Lemma 4.3.1 p-times to ¢Fy,, where m = ¢ —p > 0 is denoted. For
a; >b; >0,7=1,...,m, we obtain in turn:

Frsr (apsbys (bp) 11, 3 A2)

_ P(bp) 1-b — -1 m
2 () o () ).

p
_ H |:F (bk) xl—kaak—bkxak—l} OFm ((ijrp);n:l ; )\.T) .

Then, we replace D% % by D?fk_b’“:ﬂbk_ak and use property (1.6.3) to remove all the
power functions of x in front of the Erdélyi-Kober fractional derivatives. The same can
be done directly using (4.3.2), that is:

p
I (bg) - br—1,a5—by
qu()\l') = []}_‘[1 T (ak)Dl’l

oFg—p(Az).

This composition of single fractional derivatives can be written as an p-tuple generalized
fractional derivative, which gives (4.3.3).

Now let us combine Theorem 4.3.2 with the fractional derivative representation of
the hyper-Bessel functions ¢Fy—, found in Theorem 4.1.6, more especially in Corollary
4.1.7. In this manner we obtain the following proposition (Kiryakova, [198]).

Theorem 4.3.3. (Fractional derivative representation of the generalized hypergeometric
functions of Bessel type) Let p < q and

k—p

>b.>0, k=p+1,...,q. (4.3.4)

Then, the function pFy, p < q, is an g-tuple fractional derivative of cosq—py1(x), namely:

[T (bi)

g—p+1|i5
pFy (ar, .. apiby, ... by —x) = G |2
[1T (a)) (4.3.5)
j 1
Wc —
X Dy, {COSq p+1( qg—p+1)xd p+1)},
where
ap —b k=1,...,p
=bp—1, k=1,...,q %:{i g (4.3.6)
q p+1 —b kE=p+1,.
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The explicit representation has the form (see Definition 1.5.4):

=

"

—

Q

S

S

5

S

S

v@‘

2

|

S

SN—"

Il
AQ
NN
e
Q

[+
[ =
,E&.
o
= —
— —
IS =l
o o~
~— S~—

1
X COSq—p+1 [(q —p+ 1)(a:a)q—p+1} do,
where the integers ni., k =1,...,q, are chosen in the following way:

[ap. —br] + 1, if (aj — by) is non integer,
N = fork=1,...,p,

(ap, — by, if (ap, —by,) is integer,

and

k— . k— . .
{ [q_pfl — bk] +1, if (q_pfl — bk> is mon integer,
Nk =

f— : k— o
(q_pil — bk) , if <q_pfl — bk> is integer,

Proof. The following property (see Section 1.6) is used:

D(brl),(arbz‘)D(bj+p_1)’(#_bj+p)

(% )+ (9%)
17p 17(1—]0 D

1L,p+(q—p)=q"

Corollary 4.3.4. Let the parameters by, ..., by of pFy, p < gq, have the form

ap—n >0 fork=1,...,p,
bk:{

k—
q_pfl—nk>0 fork=p+1,...,q,

fork=p+1,...

(4.3.7)

(4.3.8)

with some negative integers ny,...,nq, that is: let the multiorder (51, e ,5q) of the ge-

neralized fractional derivative in (4.8.5) consist of integers 0, = m., k =1,...,q. Then,
Dl(zlk)’(dk) is a purely differential operator D, of integer order n = (771 4+ 4 nq). In

this manner we obtain the following differential formula for the “spherical” Bessel type
generalized hypergeometric functions pFy (that is, for the functions pFy, p < q with
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parameters (4.3.8)):

pFy ((a )f 17 (a;f - nk‘)lqc:1 =)

[IT (ai - 772)
= g—p+1 iz COSq—p+1 — xﬁ
(2m)a—p | ]122[11“<a3,) | Dn{ q—p+ ((q p+1) )}

] _ (4.3.9)

g—p+1 |5 ' ' d ;.
e [111 (% —dh

1
X {COSq—pH ((q —p+ 1)xqu+1>} )
where the auxiliary parameters a;C > 0 are defined by

, {ak fork=1,...,p

U =\ _k—
q_pil fork=p+1,...,q.

4.3.ii. Rodrigues type formulas for the confluent generalized hypergeometric
functions (p = ¢q)

Lemma 4.3.5. Ifa; > by > 0, then the confluent hypergeometric function ®(ay;by;x) =

1Fi(z) is a fractional derivative of the elementary function x®1e®, viz.:

ooy - T 010 b ai—b f -1 e
1Fy (a1;01; \x) = mx D {sc e } , (4.3.10)

or in terms of the Erdélyi-Kober fractional derivatives:

1Fi(ag; b1 Ax) = L (b1) Dl by,a1—=by {ex\x}
o (4.3.10/)
L (b1)

by 1 alDb1 a1,a,—by {xal—le)\x}

(al)

’1

The proof is analogous to that of Lemma 4.3.1. It uses the fractional integral repre-
sentation of Lemma 4.2.8 and the differential formula:

d\" _ T (b + -
<%> 2 Ry (al;b1+n;x)=—(rl(bl)n)xbl "F (an; b )

which is a special case of a general formula in [369, p. 442, (51)].
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Theorem 4.3.6. If p = q and a. > b, > 0, k = 1,...,p, then the “confluent” ge-
neralized hypergeometric function pFp ((ay); (by);x) is an p-tuple generalized fractional
derivative of the exponential function (with possible power weight), namely:

[ p
F(b') _ bp—ay),(ag—b 1A\
oy ((ax): () 0) = | [ 2y | oDl M) fpemiene)
1 V]
) - (4.3.11)
p
- 11 T (b;) Dl(bk—l)»(%—bk) {e/\x}
o . P ’
_j:1 F (a,]) |
Remark . Since the function ,F) is symmetric in the parameters a4, ..., ap, one can take
instead of a; each a;, [ =1,...,p, in the first line of (4.3.11), i.e.
p
I'(b; _ _
pr()\:L‘) _ H - EQJ')) xl—alDl(fzc al)v(ak bk) {mal—le)\x} (4_3'11/)
j J

J=1

foreachl=1,...,p.

The proof of Theorem 4.3.6 follows by p-times application of Lemma 4.3.1 to the
result of Lemma 4.3.5, in a manner analogous to that in Theorem 4.3.2.

Corollary 4.3.7. Let all the differences ap, — by = ng, k = 1,...,p, be non negative
integers. Then, the differintegral operators in (4.3.11-11) turn into differential opera-
tors Dy of integer order n =1m + - +n > 0 and of form (1.5.22), namely:

L T (b L , . (4.3.12)
= Hﬁ HH(%%—FZ%-{-]—I) {e)‘}.

Jj=1 k=1j=1

This purely differential representation suggests that we can call the ,Fj-functions in
(4.8.12) “spherical” generalized hypergeometric functions of confluent type.

SpeciaL case. If by = a—1,m. =1, k = 1,...,p, then from (4.3.12) and Section 3.1
((3.1.2)-(3.1.3)), we obtain:

p
oFp(a,...;a(a—1),...,(a—1);2) = (a—1)"? (m%%—a—l) {e"}
(4.3.13)

d\"!
:xl_a< ) e, p=1,2,... .

Y
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In particular, for a = 2:

pFp(2,...,2;1,... (
a4
dx

s 1) ()
( ) {e*} =Dy, p=1,2,...

Representation (4.3.14) and a representation similar to (4.3.13) can be found in Prud-
nikov, Brychkov and Marichev [369, p. 593, (3), (2)]. Differential formula (4.3.14) is
used in [369] to find that

(4.3.14)

that is,

Dy=¢", D;=(z+1)e"

(a: +3x~|—1)

(m + 622 —|—7x+1)

= (z* + 102° + 252° —|—15x+1)

D7 = (x" + 282° 4 2662° + 10502 + 17012” 4 9662° + 127z + 1) €*, etc.
This example shows how differential representations (4.3.12) and the other similar ones of

the “spherical” generalized hypergeometric function pFy(x) can be used for their explicit
calculation (especially for p = ¢) in the form

pFp (b1 4+ m, . bp +mpi by, . bps @) = Qp(a)e”, (4.3.12)
where Qp(x) is a p-degree polynomial of .
4.3.iii. Rodrigues formulas for the Gauss type generalized hypergeometric

functions ;. F

Lemma 4.3.8. For a; > by > 0 and |\x| < 1 the Gauss oF-function is a fractional
derivative of an elementary function as follows:

o1 (a1, ag; by; Az) = ——2 gt ~bipti—h {zM 71— Az) "%}, (4.3.15)
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In other words,

T'(b _
2F1 ((1,1,(1,2, bl, )\l’) - Eal)) b1 1,a,— by {(1 _ )\x) az}
1
( ) (4.3.15/)
I' (b 201 b,—aq,a1—b a—1 —a
1 D LT T M T (1l = Ae) T2 L
" T S

provided |Az| < 1 or |arg(l — A\z)| < 7.

Proof. For a; — b; > 0 we introduce the integer:

{ [ap — 1]+ 1, when (a; — by) is non integer,
’)’] =

(a1 — by), when (a; — by) is integer.

By the definition of the Riemann-Liouville fractional derivative,

Dal_bl — i TIRU—(CM—ZH)
dx ’

therefore

DUh {g® (1 = Az) ) = (%Y R0 {3071 (1 = M)~}

o F(CL1) d\" by b1 . |
_m (%) {x 21 (al,a2,bl+n,)\x)},

due to the fractional integral formula [107, p.186, (9)] valid for a; > 0, n > a; — by > 0.
Then, the differential relation [106, I, 2.8, (22)] yields

d\" - (b +7) 5
(%) {xbﬁr?? LE (a1, a9; b1 + n; )\x)} = %xbl LE (a1, ag; bu; Az) .

In this manner, we get

Dal_bl {:L‘al_l(l i )\x)—ag} _ F(al)r(bl +77)

b —1
Y ;D13 A

which is (4.3.15).
The g-times application of Lemma 4.3.1 to (4.3.15") leads to:

Theorem 4.3.9. Letp =q+1 and ap, > b, >0, k=1,...,q9. Then, the Gauss type
generalized hypergeometric function ¢y1Fy can be represented as an q-tuple generalized
fractional derivative of each of the elementary functions x% (1 —\z)" %+ [ =1,...,q,
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for example:

q+1Fq (al, <oy Ag41s bl, . ,bq; )\33')
_ ﬂ L(05) | g p0s=ao) (01 06) g a1y ygy=o0r)
o b ) | (4.3.16)
T 0) | e o)
_ P\ 1)\ k=0 (1— Az) %1},
Hrgey) P }

Corollary 4.3.10. Let all the differences (ap —bi) = m, k = 1,...,q, be non
negative integers. Then, the generalized fractional differentiation operator (4.3.16)
is a purely differential operator Dy of integer order. The corresponding functions

g+1Fy <( I o) > are said to be spherical generalized hypergeometric functions
of Gauss type. The following differential representation holds then:

g1ty (bl + 11,50 + gy agra; by - bgs MU)

T T (b)) a M o
= ]1;[1 T @ —iSj) ]}_[Ul_[l (x— +bp+J— 1) {(1- ) } (4.3.17)

—cQ (g ) {0 =0

where ¢ = const and Q is a polynomial of degree n =m + -+ + 1q.

SpeciAL cask (cf. [369, p. 572, (11)]). For by =1, mp =1, k=1,...,q, agq1 =2, A =1
the previous formula (4.3.17) gives

d 1)’
q+1Fq(2,2>-«~;2§1>17"‘71;x):(Q;@—i_l) {1—33}
:x—l(;pi)qx{ 1 }2 x_1<xi)q“{ 1 }
- e T2 (4.3.18)
(k

1—=x
q k
=3 Sy (§) e

k=0 =0

This example shows, once again, the practical use of the differential formulas established
here.
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Corollary 4.3.11. Let us consider the so-called hypergeometric polynomials (A.3) (see
also [272, I, p. 142], [468, p. 33])

F,(—n,a1,...,ap;b1,..., b)) =
p+1 Q( 1 Py V1 q ) ZO f (bQ)k L

in the case p = q. Due to the symmetry in the first group of parameters of qi1Fy, we
take agy1 = —n and suppose also that ap, > b, >0, k=1,...,q. Then, (4.3.16) turns
into the Rodrigues type formula for these polynomials, viz.

: (_n()bkl)(aT).;? e (ap)kﬁ (4.3.19)

q+1Fy (—mal, coagiby, L by x)
q .
1T L (8a) | 1ty pt—batp—bo-s pitp—b-s (4.3.20)
T (a‘)
J=1 J

X xag_szaz_ngag_leal_bl {xal_l(l _ x)n}

Y

or, in terms of Erdélyi-Kober fractional derivatives,

q+11q (—77:, ai, ... ,aq_; bi,...,bg; a:)
LT 0) | 1y (be-a)-(ax—br) | ay—s 0
= x 1Dy G (A
11:[1 I (az) ! e (4.3.20')
e ] S eenmen
- Hr(aj) Dl,q {(1—%) }
j=1 ]

Note. Let us note that formula (4.3.20) for polynomials ;11 Fy can be found in Misra [310]
but it is correct only for p = q and under the conditions for the parameters stated here.
In this notation, for p # ¢, the elementary function z% (1 — z)" should be replaced in
[310] either by 2%~ 'e”, or by cosq—p(z).

Some special cases of (4.3.20) yield the classical Rodrigues formulas. For example: If

p=q=1, -
oF1 (—n,a150152) = T(a) <(a11; l’l_leal_blxal_l(l - x)n

Y

whence, for ay =n+1, b =1 (ie. a1 > by > 0), x — 5%, the Rodrigues formula for
the Legendre polynomials follows:

1 _
Pp(x) = (=1)"2F (—n,n +1;1; Tm>

_ (_i)nd‘fn {(1;35)”(133:)”} (4.3.21)
~ g (6 =07,
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cf. (C. 21); analogously, formula (C.20) for the Gegenbauer polynomials C} can be
derived.

If p=¢q=2, by taking a; =n+1, b =1 (i.e. a3 > by >0), ay = (, by = p (provided
¢ >p > 0), we get the Rodrigues formula for the Rice polynomialss, viz.

Rn(ﬂf) = 3F2 (—TL, n + 17 Ca 17p7 .13)
_ () [dv o, d\TP
T Q) |den” (%>

4.4. Integral representations of the generalized hypergeometric functions as
G-transformations of hyper-Bessel and generalized trigonometric functions

(4.3.22)

{a"(1—2)"}.

Integral transforms of the formal form

Ao ) dt (4.4.1)
bl, oo 7bq

(Gf)(z) = 706*2?&" {xt

are usually referred to as G-transforms. Many, perhaps most, of the known integral
transformations of functions on (0,00) can be put into this form by simple changes of
variables. For example, the integral transforms of Laplace, Meijer, Hankel, etc. can be
represented in the form

(Gf)(z) = A / G <c (xt))‘> Ft)dt (4.4.2)

(A#0, A€ C,c>0,\#0, A € R), while the fractional integrals, the even and odd
Hilbert transforms, etc. are G-transforms of the form

(Gf)(x) = A f@?ﬁ‘&" ((f)k) f()dt (4.4.3)

(see Rooney [403]). For more details see Section 5.6.

As shown in Section 3.9, the so-called Obrechkoff integral transform is also a special
case of the G-transformations.

First we show that the ,Fj-functions are modified Obrechkoff transforms, that is, G-
transforms of the hyper-Bessel functions oFy. Finally, it turns out that the ,Fj-functions
are G-transforms of the form (4.4.2) of the generalized cosine function cosqiq(x). This
result can be compared with the similar but different result of Theorem 4.2.4; see Remark
2 at the end of this Section.

Theorem 4.4.1. Let0 <x < oo andap >0, k=1,...,p. Then, the generalized hyper-
geometric function yFy ((ag)} ; (b))1; —2), p < q+1 is a “modified” Obrechkoff transform
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of the hyper-Bessel function oFy ((bl)? ; —:13), namely:

P —1
pFy (@, . ap;by, ... by —x) = <HF(ak)>
k=1

N (4.4.4)
X /Gg:g [t| (ap, — 1)217} oFy ((bl)g : —a;t) dt.

Proof. The transform
o

P -1
O {f(1);e} = (H r <ak>> [ 682 1t ar = 1) Sathae
k=1

0
is a modification of the Obrechkoff integral transform of order m = p. This is seen from
Definition 3.9.4.

Representation (4.4.4) will be deduced from the more general relation

o0
A p
Gy [o| (i | = [ ctp b Cant) G [l B0t (0a5)
0

1

where 1 < s < ¢+ 1 and p > 1. This representation of the G;:g 4-function in terms of
the same G-function with p = 0 is an immediate corollary of formula (A.29) for integrals
of a product of two G-functions. Now, let us take s = 1 and substitute 4, = (1 — ay,),
k=1,...,p; By =0,B;=(1—-10),l=2,...,q. Then, (4.4.5) turns into the equality

o0
1—ag)!
Gph Hé a _’fgll)?} = / GhY [t (ap — VY] Gogpn [0, (1= b)T] dt,  (4.4.6)
0

that is, into (4.4.4), if one takes into account that

1,p (1—ap)i | _ .
Gp»qﬂ {:c ‘ 0,(1— bl)i] 1 = pFy((ag); () —x), p=0.

In this manner (4.4.4) is formally proved. It remains to specify the conditions under
which this relation is true. Instead of using the general conditions for validity of for-
mula (A.29) which are quite complicated, we prefer investigating the convergence of the
particular integral (4.4.6), considered here.

Near the origin t = 0 the asymptotic behaviour of the G-functions in the integrand
is described simply. According to (A.21),

p70 J— 1 J— 3
Ghpltl(ar = 1)) =0 (M) Bi= min (0= 1), t—+0,
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and
Golg g [2t]0, (1= b))l = O (t°) = O(1), t— +0.

Therefore, the integrand is O (t@) as t — +0. It is sufficient then to require 3; =

mkin (a —1) > —1, ie. mkin aj > 0. Thus, we obtain the conditions

ap >0, k=1,...,p.

The problem concerning the asymptotics of the integrand near infinity is not so simple
but its answer is also known. In general, the G-function can increase or decrease like
a power function as well as like an exponent when its variable tends to infinity. In our
case, one of the multipliers, Gg”g(t), decreases exponentially, while the other, Gé:g 1 (at)
increases exponentially as ¢t — oo (for ¢ > 1). A description of this can be found, for
example, in [106, I, 5.4.1]. However, we need the exact asymptotic formulas. To this
end, the result of Obrechkoff [339, (14)] can be used. According to Lemma 3.9.1 and
(3.9.18) we obtain the following asymptotic behaviour of the kernel-function GO”g of the
Obrechkoff transform:

1
Gé)”g [t] (ag — 1)T] ~ dpt" exp (—ptl’) (4.4.7)

p

> o
as t — 0o, where p; = - 5 3p L The other multiplier in the integrand is the hyper-
Bessel function

—1
GO ,q+1 [Itlo (1 - bl [HF bl OFq ((bl)l 19 —It) 5

whose asymptotics near infinity are essentially different in the cases ¢ =1 and ¢ > 1.

In the particular case ¢ = 1, this is the Bessel function:

1 i=by
G(l):g [.It|0, - bl] = moFl (bl; —IL‘t) = (I‘t) 2 Jbl—l (2\/&) s

therefore (see [106, II, p. 98, (3)]):

b1
Gé:g [t]0,1 — by] ~ const (xt)fHT {COS (2\/& — 7 (2b) — 1))
const —(mt)_% sin (2\/E — 7 (2by — 1))} , t—o0, x>0.

Due to this result, we conclude that the asymptotic behaviour of the product Gg:g(t) X

1
Gé:g (xt) is determined by the behaviour of Gg:g(t), that is, by the multiplier exp (—ptp)
in (4.4.7) ensuring the convergence of integral (4.4.4).
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It remains to consider the case ¢ > 1. Let us use Marichev’s Theorem 21 from [276,
p. 59-60]. Formula (4.56) in [276] for p =0, g =p+1=1and z =t — oo with argz = 0,
gives:

q —1 ' )
[Hr )| oFy ()¢ —at) ~% exp |0+ 1)) cos T
I=1 (4.4.8)
1 1
X (xt)P? cos |:7Tp1 + ) (xt)a+ sin " 1] )

q
where p, = # [% — Zbl}. This yields that the function (Fy(—xt), i.e. Gé:gﬂ(xt),
1

increases exponentially as ¢ — co. So, for the integrand of (4.4.4), combining (4.4.7) and
(4.4.8), we obtain:

O(z,t) = Ghy [t] (ag — 1)] Gylgss [2t]0, (1 = by)]

1 4.4.9
~ const tP17P2 cos [71’[)1 + o (xt) a7 sin exp [((z,t)], t — o0, ( )

provided p > 1, ¢ > 1, x > 0, where
C(x,t) = —ptP + (q + 1)(xt) 9+ cos (4.4.9")

g+1

1 1
If p < g, that is, p < g + 1, then ]lg > ﬁ and tP > ta+! as t — oo. Therefore the

1
dominant term in ((x,t) is <—pt5) and exp [((z,t)] is exponentially decreasing:

1 1 1
exp [((z,t)] = exp [—pﬂ + cq’xtﬁ] ~ exp [—ctf_o] , t— 00

cq. and c¢ are constants). This ensures the convergence of (4.4.4).
q,
If p=qg+1, then

1 T\ L1
((x,t) = —ptP +p (cos —) xPtpP
b
1 1 T 1 1
= ptPp <—1 + xP cos —) < ptp (—1 +mp> .
p

In this case, the generalized hypergeometric series pFy(—x) (the left-hand side of (4.4.4))
is considered only for |z| < 1. This means that 0 < z? < 1, i.e. (—1—|—m5> < 0,

therefore, ((x,t) < 0 for each t > 0 and 0 < =z < 1. From this, we conclude that
the dominant term in (4.4.9) is exponentially decreasing again and integral (4.4.4) is
convergent. All these considerations confirm that both sides of (4.4.4) are well defined
forap >0, k=1,...,p, p < g+ 1 and are equal. The theorem is proved.

As particular cases one can obtain a series of known results, scatterred in the hand-
books and research papers. Some examples are given below.
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Corollary 4.4.2. Let p =1, q = 1. Then, Theorem 4.4.1 gives the following represen-
tation of the confluent hypergeometric function by means of the Bessel function:

2 2
P <a;1/—|— 1;—%) = F (a;y—{—l;—%)

N
= I )x_”/e_t t*4= V1], (xt)dt, provided a > 0.
a

(4.4.10)

0

This relation can be found in Luke [272, p. 115, (2)] and Prudnikov, Brychkov and
Marichev [368, p. 186, (2.12.9.3)].
v+p

As a special case of (4.4.10), taking a = =+~ > 0 and = = % > 0, we obtain the
formula [106, II, p.60, (22)]:

vV+Dp o? v+p o?
) . 11— | = F [ L. 1:———
( 9 ,V—f— ’ 4/_}/2) 1 1( 9 3V+ 9

(0.¢]
o _VF(V—f—l) 242
= 2P = I S =Yt p—1 .

Corollary 4.4.3. Let p =2, q = 2. Then, Theorem 4.4.1 gives a representation of the
Gauss hypergeometric function by means of the Bessel and Macdonald functions:

o0
/ bV (20) () dt, (4.4.11)

2 21/+2F 1
F (a,b;y-l-l;—x ) = &

4 T(a) T (D)

valid for a >0, b >0, |z| < 2

This relation can be found also in Prudnikov, Brychkov and Marichev [368, p. 365,
(2.16.21.1)]. Taking a = 32 > 0, b = %pﬂ, T = 270‘, a? < 4%, we obtain as its special
case the known Hankel integral ([106, 11, p. 59, (16)])

o

1 2 2
o (V;rp,wr“ vt 1 —O‘—> - (1) pLlv 1) /e—WJ (at)tP~Ldt.

2 ~?2 «
0

Remark 1. Theorem 4.4.1 represents the ,Fy-function as a Laplace type G-transforma-
tion of (Fy, while Theorem 4.2.1 represents the same function as a G-transformation of
the form (4.4.3) (generalized fractional integral) of (F;—; (and for p < ¢ only).

The next result is, to a certain extent, similar to Theorem 4.2.4.

Theorem 4.4.4. Let x >0 and a, >0, k=1,...,p; b > qul,lzl,...,q. Then, the

pFy-function (p < q+ 1) can be represented as a Laplace type G-transformation of the
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generalized cosine function of order (q+ 1):

- 1) ]
l q
a’k‘ - 1)1 ) (C]-l—l - 1>1

pEy ((ag); (b)) 5 —2) = EJ;;)}] /Gp*;,‘{;q {

k:l
X COSq41 ((q + 1)(:1;y)q?> dy.
(4.4.12)

Proof. Let us combine Theorem 4.4.1 and Corollary 4.1.4 of Theorem 4.1.1. Due to
(4.1.29), we have

oy {{b); —at) = (q2—7:)}1 ﬁF () /ngg -T ((b;L B ) | COSg+1 ((q + 1)($t7’)ﬁ) dr
Ll=1 1% L +1
- (qu;)}l :llir (bl): O/ngg :7' ((b% _ ) | COSg+1 ((q + 1)($t7’)ﬁ) dr,

since Gg:g(r) = 0 for 7 > 1. Replace this expression for (Fj in (4.4.4) and interchange
the order of integrations by Fubini’s theorem. Then,

oFa (ax)s ()i —o) = [ 212 lHlFbl 7G ] (o, — D) d
(2m)4 HF |
x 07(;3;2 [T ((bgl 1_) 1) } COSg+1 ((q+1)(:1:t7')4+1> dr
;
oy g;;b: 7Oq ((a+ 1) ()77 ) dy
=
><7OGO’£M (o, — 2)] G B\;_%)]dt

Now the inner integral contains a product of two G-functions and can be evaluated

according to the known result (A.29). Fora; >0,k =1,...,p, and b; < #, l=1,...,q,
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this result reads:

e.¢]

t
|t 211t

0

_(L>q (b —1)¢
atl/y dt = Gp+q 0 [y 1p I q :| .
(=) ] |\ = 08 (5 1)

Thus, we obtain the kernel-function of the G-transform in (4.4.12) and the theorem is
proved.

Some known results can be obtained as special cases.
ExampLe. For ¢ = 1 formula (4.4.12) takes the form

(b—1)
S, (- } cos (2y/zy)dy (4.4.13)

o
1,0
pF1 ((a) ;0 —2) = m /P;H[
0

and represents the functions ,Fi(—x), 0 < p < 2 as G-transformations of the usual cosine
function. Three cases are possible, viz.:

Corollary 4.4.5. (p = 0, ¢ = 1) Relation (4.4.13) turns into the classical Poisson
integral (4.0.1).

Corollary 4.4.6. (p = 1, q = 1) From (4.4.13) we can obtain the following relation
between the confluent hypergeometric functions ® and ¥ of Kumer and Tricomi (which
seem to be new), provided a > 0, b > 5, x> 0:

s =S50 [t o2}y Jomevrma »
00 4.1
= \/;;b()a) O/e—yya—lkp (b — %,a + ;,y) cos (2y/zy) dy

Corollary 4.4.7. (p =2, q = 1) From (4.4.13) we get the following representation of
the Gauss function, valid for a >0, b >0, ¢ > % and 0 < x < 1:

DR R e
2F1(a, b, C, —CII) = W/GI’S |:'y

c—1
a—1,b—1,-1 } cos (2y/zy)dy.  (4.4.15)

The kernel-function Gi’:g of the latter integral representation is a “known” special
function only for the parameters a = —|— v,b=3s—v,c=1 (see [106, I, p 213, (30))).
Then the conditions a > 0, b > 0, ¢ > 5 are reduced to the conditions —3 < v < % In
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this manner we get the following integral representation of the Gauss function, valid for
—s<v<i0<z<l:

o0
1 1 4
oIy (5 + v, 5 Vs 1; —x) = COS;TU /Kﬁ(t) cos (2v/xt) dt. (4.4.16)
™
0

Remark 2. Theorem 4.4.4 represents the ,Fy-functions (p < ¢ + 1) as Laplace type
G-transformations of cosgyi, while Theorem 4.2.4 represents the same functions (but
only for p < ¢) as other kinds of G-transformations (generalized fractional integrals) of
COSq—pt1-

Alternative approaches to the special functions from the point of view of the fractional
calculus and related interesting results can be seen in: Al-Bassam [10]-[21], Askey [25],
Al-Saqabi [23], Al-Saqabi and Kalla [24], Campos [48]-[51], Kalla et al. [166]-[173],
Koornwinder [233], Saigo and Raina [423], Srivastava [461]-[462], Srivastava and Manocha
[470], R. Srivastava [483] as well as in the collected volumes of Prudnikov, Brychkov and
Marichev [368]-[370].

Another good source of applications and problems, related to Special Functions, is
provided by univalent function theory; for more details see Section 5.5. However, here
we point out the recent work of de Branges [42], proposing a solution to the famous
Bieberbach conjecture.

THE MAIN RESULTS OF CHAPTER 4 HAVE BEEN PUBLISHED IN: Kiryakova [195]-[196], [198], [200],
[202], [209], Dimovski and Kiryakova [80]-[81].
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5 Further generalizations
and applications

5.1. Generalized fractional integrals and derivatives involving Fox’s H-
function

As we have seen in Chapter 1 (Section 1.2.ii), under some conditions the compositon of
an arbitrary number of Erdélyi-Kober fractional integrals (1.1.17):

1

— 5)0%k—1 1
70k _ A=) o, 3\do. k=1.... 5.1.1
P @) = [ g (s do k=lm G

with the same 3 > 0, can be represented by means of single integrals involving Meijer’s

G-function, namely, by the generalized fractional integrals (1.1.6), denoted by I(ﬂw )+Ok).

11500 - / /H[ e

k=1

R (v + 0p)7" 1 _ ()46
- / i o | Grop ™ |1 (20 o = 1582 )

0

(5.1.2)
According to Lemma 1.2.9 and Theorems 1.2.10, 1.2.15, 1.2.17 and 1.2.18, the ope-
rators ng’(sk, k=1,...,m, commute and relation (5.1.2) holds in the spaces:
Ca, ifaZmI?X[—ﬁ(vk—f—l)] 0 >0, k=1,...,m,
LP(0,00), p > 1,if By +1)> 5,0, >0, k=1,...,m, (5.1.3)

Hy(Q), p>0, if B(y+1)>—p, 6, >0, k=1,...,m

However, one can state the more general problem concerning compositions of arbitrary
Erdélyi-Kober fractional intgrals Ig]ﬁ’(sk, k=1,...,m, with different 8;, >0,k =1,...,m
As mentioned in Samko, Kilbas and Marichev [434, p. 159], “we note that under corre-
sponding conditions a commutability takes place also for products of more general ope-

kﬁIO‘ B

rators of forms "Iy 4., B If;m etc.” (in the notation used there). Such conditions
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and an explicit form of the resulting generalized fractional integration operator, involv-
ing a Fox’s H-function, have been derived by Kiryakova [203] (in the spaces Cy ), Kalla
and Kiryakova [174]-[175] (in LP and L, ;) and Kiryakova [204] (in H,(2)), cf. (5.1.3).
Some of the basic properties, inversion formulas and applications have been considered
in these articles too. It turned out that the generalized fractional integrals, representing

the products Igll’% {Igj’% e (Igm’%” have as kernel-function Fox’s Hm’fn—function

m
and thus, they are special cases of the fractional integration operators considered earlier

by Kalla [161], [163]-[164]:

1

Rf(z) = /UU(I)(O')f(IO')dO', (5.1.4)
0
especially with a kernel
A; ANP
(01475 7)
d(0) = Hyy" H B, BN | (5.1.5)
(b4 5. 5)

m,n,p,q; 1 _ k=1
’vavajaAjabk’ka (x) on p
H (CL]) ) H I (1 - aj) (5.1.6)

or with even more complicated arguments and parameters of the H-functions, and their
Weyl type analogues, have been considered by Kalla [157]-[158], [164], Srivastava and
Bushman [463], Saxena and Kumbhat [440], Saigo, Saxena and Ram [425] and recently,
by other authors. In particular, if A; = B, =1, j = 1,...,p, k = 1,...,q, the
kernel-function turns into a G-function and then, (5.1.6) become special cases of the
G-transforms (3.9.22).

We now consider a special case of operators (5.1.6) with a particular kernel-function
ann:?n and representing products of an arbitrary number of Erdélyi-Kober operators with
all with different parameters.

On the other hand, this specific choice of the kernel H-function makes possible a more
detailed investigation, proper inversion by corresponding generalized fractional deriva-
tives, finding convolutions, and a number of applications: features not available for the
general case (5.1.6). Unlike in Chapter 1, where we used to emphasized on the details
for the space C, of continuous type functions, here we give the main results for Lebesgue
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measurable functions from the space

=

e.¢]

Lup =4 f() € L(0,00) , [ fllup = /x”_1|f(m)|pdx <ol

0

(5.1.7)
1<p<oo, pekR; Lyy: = LP(0,00).
Definition 5.1.1. Let m > 1 be an integer; 8. > 0, 7. € R, 6. >0, k=1,...,m. Con-

sider v = (71,...,vm) as a multiweight and respectively § = (d1,...,0m) as a multiorder
of fractional integration. The integral operator defined as follows:

<7k+5k+1_6%g’ﬂ%€>?

1 m
m,0 .
(v)> (%) B me”m m flxo)do, if > 6. >0,
I(ﬂk),m fla) =40 (Vk +1-— ﬂLk’ ﬂ%c)l k=1

(5.1.8)
is said to be a multiple (m-tuple) Erdélyi-Kober fractional integration operator of
Riemann-Liouville type. Then, each operator of the form

Rf(z) = :c‘sol((;g:sk) (@), 60> 0, (5.1.9)

is called briefly a generalized (Riemann-Liouville) fractional integral.

Note. We have used the same notions for the operators (1.1.6), (1.1.7), involving a G%j?n—
function (special cases of (5.1.8), (5.1.9)), since they have essentially the same nature.
The difference is only a matter of the level of generality. Operators (5.1.8) can also be
put in the form:

(5) L [ o [t
I(ﬁk),m fz) = x/Hm,m [

T
0

<’Vk+5k+1—ﬁaﬁ)m
P B f(t)dt. (5.1.8")
ﬁk Bk 1

The special choice of the kernel H-function of the form:

m

ARy 1 T (b — As)

M0 (ag, Ag) _ _/ T (bp = Aps) | s, »

m,m {U (br, Ap)Y" 2mi ,}_[F(ak—Aks) o°ds, (5.1.10)
£

=1

determines some of its specific properties (see Section E in Appendix), namely, it has
three regular singular points ¢ = 0, 1, 00o;

Hyym(e) =0 for o] > 1, (5.1.11)

and in 0 < |o| < 1 it is an analytic function.
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If we denote the kernel-function of (5.1.8") by h(z,t), namely:

(e + Jlr 1%)? ] | 512
(W’ +1 5_k>1

then operator (5.1.8") can be put in the form of a convolutional type integral transform:

T

_ L _gmo |1
h(z,t) = tk<t)’ where k(1) := Hy'm [

199 1@ = [#(5)10F = [ b s
: <7k+5k+1’ﬂ%>m . (5.1.13)
:O/Hm”m [5 (w+1.2)" 1 ]m)?

In terms of [434], the kernel-function h(z,t), (5.1.12) is a homogeneous function of
order (—1). In the we shall make use of the following general proposition, descending
from Hardy, Littlewood and Polya [125]; see also Rooney [399, Lemma 3.1] and Samko,
Kilbas and Marichev [434, Theorem 1.5].

We modify this approach suitably for the spaces L, ; instead of LP(0, 00), viz.

Lemma 5.1.2. Suppose k(7) is measurable on (0,00) and such that
@)
* £
h* = /TP |k(T)|dT < 0. (5.1.14)
0

For f € L, p we set
If(z) :/k<%)f(t)%. (5.1.15)
0

Then, I f(x) exists for almost all x € (0,00), the integral operator I is a bounded operator
from Ly, into itself and ||I]| < h*.

On the basis of (5.1.13) and Lemma 5.1.2, we are going to consider the mapping pro-
perties of operators (5.1.8) in the spaces Ly p, LP(0,00), i.e. the conditions under which
they are linear bounded operators there.

Theorem 5.1.3. Let 1 < p < oo, u € R, m > 1 be integer and let the parameters of the
generalized (m-tuple) Erdélyi-Kober fractional integral (5.1.8) satisfy the conditions

ﬁk(’)’k+1)>%, 5 >0, k=1,...,m. (5.1.16)
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Then, I((g::;’gk)f(x) exists almost everywhere on (0,00) and it is a bounded linear ope-

rator from the Banach space Ly (5.1.7) into itself. More exactly,

s

)

. Y ),(d
< hupll fllpp, e Hléﬁg m”f” < hyp (5.1.17)
wp

with

oo T <7k ~ pB oo+ 1)
hﬂ,p_l!_[lr< B +1> < 0. (5.1.18)

Proof. The linearity of (5.1.8) is obvious. The main statement of the theorem follows
from Lemma 5.1.2 applied to the kernel k(7), defined by (5.1.12). To this end, we have
to determine the corresponding conditions on the parameters vz, o, B, k= 1,...,m,
under which integral (5.1.14) makes sense and to find its value h* := hy, p. Substituting
7 =0 'in (5.1.12) and using (E.9), we have for (5.1.14):

o= [ ()
[

do

. m 5.1.19
(’7k+5k+1_ﬁ 51k) ( )

mm o £y . do.
_pr__ 1
<7k+1 5k’ﬁk)1

The asymptotic behaviour of the kernel H-function near the singular points ¢ = 0, 1 is

(see (E.16) and (E.18)):

- i\
. (7k+5k+1_ﬁ_k7ﬁ_k )
Hy'm |0 iy, m =0(c7) as o— +40,
+1—- 2 1
L Tk Bk ’ﬁk)l i 5.1.20
[ IR LA (5.1.20)
m,0 Tk k 6[@ ,ﬂk 1 o
Hpm |0 . m :(’)((1—0) ) as 0 — 1—0,
_ (’Vk“ ey ﬁk) _

where according to conditions (5.1.16):

” +1
= mmin +1—
7= Din B | Vi ﬁk

m m
—V*zZék—1>—1 for 25k>0
k=1 k=1

> —1 for ﬁk(fyk—|—1)>ﬂ, k=1,...,m;
p
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m
(for Y 6 =1,2,... a logarithmic term also appears in the second of formulas (5.1.20),
k=1

but it does not make the convergence of (5.1.19) worse). The asymptotic formulas (5.1.20)
with v > —1, —v* > —1 ensure the convergence of the improper integral (5.1.19), i.e.
hyup < oo. All that remains is to work out its value. To this end we use the integral
formula (E.21) with

o1 1
ka’)/k—’rl——, ak:bk+5ka Ckz—, IC:l,...,m
Br Br

and obtain (5.1.18) for h, p. This completes the proof.

It is seen that the above results are easily transferred to spaces of continuous functions
like C, (1.1.1), following the scheme of Chapter 1 (Lemma 1.2.1, Theorem 1.2.15) and the
proof of Theorem 5.1.3. In particular, to evaluate the images of the functions f(z) = P,
p > «, we use property (E.9) and integral formula (E.21). Thus, we obtain (see also
Kiryakova [203]):

Theorem 5.1.4. Fach multiple Erdélyi-Kober fractional integral (5.1.8) preserves the
power functions in Cq, o > mI?x [—B (v + 1)] up to a constant multiplier:

F(7k+ﬂ%+1>

7(%)+()
k:1r(7k+5k+g%+1>

(B )m

{aP} = cpaP, p>a  where ¢ = (5.1.21)

and maps Cq isomorphically into itself. Conversely, for a fixed index o of Cy, the
conditions

o] + 1, or non integer dy.,
7k2_3_175k>07 Ny = 9% J . ger O k=1,...,m (5.1.22)
B O, for integer oy,

ensure that (5.1.8) is an invertible mapping

R

Note. An inversion formula of the kind of (1.2.34) can be written down, but we are
proposing further an appropriate differintegral inversion formula (see (5.1.42)). The
following theorem holds also in Cy, under conditions of the form (5.1.22).

For functions f(x) € L, ;(0,00), the Mellin transform

M(s) =M{f(x);s} = /a:s_lf(a:)da:, seC
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is usually considered with s restricted to the line Rs = %. We also have in mind that for
p > 1 the above integral is meant to be:

X
M f(); 5} = Lim. / 7 (),
%

with Li.m. denoting the limit in mean for L, p-spaces and for 1 < p < 2,

(ko f)(z) = /k@)f(t)ﬂ (5.1.23)

t Y

the multiple Erdélyi-Kober operator (5.1.8) has the following convolutional type represen-
tation in Ly p:

(7),(8k) ompo |1
I(;k),m f(x) = Hm,m [;

(+ tl’mﬁ%ﬂ)l ] o f() (5.1.24)
(W" +1, ﬂ_k>1

and for 1 < p < 2 its Mellin transformation is given by the equality

N P EN N (TR |
zm{z(;k)mf f(a:),s}— gf(vwék—[%kH) M{ f(2); 5. (5.1.25)

Proof. The convolutional type representation (5.1.24) follows immediately from
(5.1.12)-(5.1.13). Then, according to the Mellin convolution theorem,

{1000 ) 5 = (ko Pa)is)
= M {k(z); s} M{f(x); s} -

So, it remains to evaluate the Mellin image of the kernel-function k(x) and due to formulas
(E.10), (E.20) this is:
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which is the first multiplier in the right-hand side of (5.1.25).
The properties of the H-function (see Section E, Appendix) are useful in deriving some

(W):(Ok) that characterize them as

(Bk).m

generalizations of the classical fractional integrals. They are summarized in the following
theorem.

of the basic operational properties of the operators [

Theorem 5.1.6. Let 1 < p < oo, p € R and m > 1, n > 1 be integers. Suppose
conditions (5.1.16):

By >0, ﬁk(7k+1)>%, o, >0, k=1,...,m
are satisfied and analogously,
H .
g; >0, Ej(7j+1) >§, a;>0,7=1,...,n

Then, for functions f € Ly, p the following operational rules of the multiple Erdélyi- Kober
fractional integrals (5.1.8) hold:

T[S (ex) + ngle)} = { R f} (cx) + 7 { 100 g} ) (5.126)

(bilinearity of (5.1.8));

(’Yl""’78775“""”ym)7(0""a0>58+1a--->5m) — ('Vs+1,...,’7m)(5s+17...75m)
L (61 F@) =I5 s f(x) (5.1.27)
(if 6y = 63 = -+ = 65 = 0, then the multiplicity reduces to (m — s));
A
e+5- ) (0k)
I(ﬂk% 2 /(@) = IAI((ﬁk),mk> f(@), AeR (5.1.28)

IO M) pa) — M) 0000 4 (5.1.29)

(commutability of operators of the form (5.1.8));

the left-hand side of (5.1.29) = Ié((gg?gj;%%%iﬁ( yf)f(x) (5.1.30)

(compositions of m-tuple and n-tuple integrals (5.1.8) are (m + n)-tuple integrals);

(9+91): (k) 700), (6% 70n): (1461 , -
Ty IO flw) = TGS @), i 0 > 0, 0> 0, k=1, m
(5.1.31)
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(law of indices, product rule or semigroup property);

o | _ (mt0r) (=)
{I(gk),m} f(m)—I(ﬂk)m f(z) (5.1.32)

(formal inversion formula).

Proof. For detailed proof see [174]-[175]. This results follow by using operational
rules (E.8)-(E.10), (E.13) for the H-functions, in the same way as the proofs of Lemma
1.3.1 and Theorem 1.3.8 follow from the properties of the G-functions. Most of the for-
mulas (5.1.26)-(5.1.32) are seen to be m-tuple analogues of the properties of the classical
Erdélyi-Kober operators (5.1.1).

Index law (5.1.31) for 0, = —d; < 0, k = 1,...,m, and definition (5.1.8) for zero
multiorder of integration yield the formal inversion formula (5.1.32), since:

I((;:;ili)(—%)IEZ;Z)),%)JC(@ _ I(vk),(o,...,o)f(m) _ o).

But (5.1.31) is strictly applied only for o, > 0, k£ = 1,...,m, and on the other
hand, symbols (5.1.8) have not yet been defined for negative multiorder of integration
—d, < 0, k = 1,...,m. The problem now is to propose an appropriate meaning for
them and hence to avoid the divergent integral appearing in (5.1.32). The sitution is the
same as in the simplest case when the Riemann-Liouville and Erdélyi-Kober operators
of fractional order § > 0 are inverted by appealing to an additional differentiation of
suitable integer order n = [§] + 1.

In Chapter 1 we have already found the corresponding proper inversion formula

(1.5.26) for operators Igfri (0%) (1.1.6) (see Section 1.5). It is based on differential relation

(1.5.11) for the kernel G%:?n—function and involves an auxiliary differential operator Dy,

see (1.5.19). In the present case, the formal kernel-function of the operator I (:+0k),(~0%) :
(Br)m

(e 1%, |
(w+5k+1,/@%€>zn (5.1.33)

(+1-4 L)m ;
HrTrTLL,’Sn [0 B ﬁkl 1 1 m] _ Hm’,o [_
<7k+5k+1—ﬂ—k,ﬁ—k)l

x
t
c:=—,0<t<x,
T

should be improved by means of a corresponding differential operator, in order to make
the integral convergent.

Lemma 5.1.7. Let ny > 0, ... , nyy > 0 be arbitrary integers. Then, Foz’s Hn”;‘,’%-
function, m > 1, satisfies the relation
1 m 1 m
¢ (ak’—> t (ak+%—>
Hym [; f’“ %n] = DyHpm [E 1 e (5.1.34)
<bk’ ﬁ_k:>1 (bk’ﬁ_k>1
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where the differential operator Dy stands for the following polynomial of the Euler dif-
ferential operator 6 = x% of degree n =11 + -+ + Ny

m Mr
=1I11 (Em% +ar —1 +g) (5.1.35)

r= 1] 1
This Lemma means that the parameters a;, k = 1,...,m, of the H-function in the
upper row can be increased by arbitrary integers np > 0, K = 1,...,m, on account of

application of the operator D;. The proof follows by a repeated use of differential formula
(E.14), similarly to the proof of Lemma B.3 and Corollary B.6 for the G-functions.

Let us make use of Lemma 5.1.7 with ap =y, + 1 <y +0p +1=bp, k=1,...,m,

and take the integers n; > 0, ..., n;, > 0 defined as follows:
o] + 1, if ;. is non integer,
o= 4 0¥ ok I (5.1.36)
O, if 9y, is integer,

7(r01),(=0k)

Then, we can give an appropriate meaning to the symbols {I E%%(é’f)} = (B)m
k)

(7k)-(9%)
(Br)m

by means of the following differintegral expressions D

Definition 5.1.8. Let m > 1 be an integer, 8. > 0, v, 0 > 0, k = 1,...,m, be real
numbers and the integers n. > 0, k = 1,...,m, be defined by (5.1.36). The differintegral

(7). (9k)

operator D (Be)m defined by means of the differential operator
k)

n 1 d
Dy = IT11 <ﬁ—xd— + +g> (5.1.37)

in the following way:

(7),(0x) o (V+6k ), (. —0%)
D(ﬁk),m f(z) = Dnl(ﬂk),m f(z)

N ﬁﬁ(ﬁlr dd +%+‘7) (5.1.38)

r=1 J=1

1
m.,0
X /Hm”m
0

is said to be a multiple (m-tuple) Erdélyi-Kober fractional derivative of multiorder 6 =

m
Vet +1— gk ﬁk)

m
et 1- ﬂk ﬂk)

] f(xo)do

Al
<
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(61,...,0m) and in general, the differintegral operators of the form

(%-2—2)»(51@)

_ pw)(0) 60 £y — 0o
Df(z) =D, 20 f(z) =w 6D(ﬁk),m

(Bk)m f(z) (5.1.39)

with dy > 0 are called generalized (multiple) fractional derivatives.

Theorem 5.1.9. (Kalla and Kiryakova [174]-[175]) Let f € Ly, p, let conditions (5.1.16)
be satisfied and

g(z) = Iég']z))’fgf) f(z). (5.1.40)

Then, the following inversion formula holds with a generalized fractional derivative
D)%) gtined as in (5.1.87)-(5.1.38):

(Bx)sm
f(z) = Dggzginfk)g(x), (5.1.41)
f(z) = {Iég’;”c))’ff’f)}_ g(z) = Dgg:;:ﬂfk)g(x) for g€ IE;’Z))’%’) (Lup) - (5.1.42)

Proof. A detailed proof can be made following the lines of the proof of Theorem
1.5.5. However, we give here alternatively the formal manipulations, suggesting the

idea of introducing the generalized fractional derivatives Dggkg’gk) of the form (5.1.37)-
k)
(5.1.38) and the proof that

DT80 10 = (@), S € Ly (142)

Having in mind the index law (5.1.31) and representation (5.1.8), then putting the
differential operator D; under the integral sign and using differential relation (5.1.34),
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(9)+(3) (7). (G _ (408 (1 —=0k) 7(3),(OR) () (k)
Digoym Lgym 1@ =DPoligy Lgym F(@) = D”I(ﬂk),m f(z)
7 t (wﬁmﬁl )
= Dy {xl/Hﬁ;‘;& [— ﬁkmﬁ’“ 1 ] F(t)dt
0 (Wf +1- ﬁk ﬁk
X
. /Hm’o [f <7k+77k+175k ]
n mm |
0 <7k + 1; /Bk
y I 1
:/D o t (7k+77k+ ,/3 f_
ntdm,m 7 (7 1 L)m +
0 L k ’57%
T 1
:/Hm,o [3 <7k+1=/3—k>1 ]Mdt
m,m L\
0 (7]{ + 1; /B_k>1
T m
Y +0+1— o, 3
— ! Hrrg’?n E ( Bk ﬂk)l f(t)dt
el 1.8)
0 Tk By’ B 1

which is (5.1.42).

Note. Identity (5.1.42") holds also in the other functional spaces like Co, H,(Q) etc,
under the corresponding conditions for the convergence of integral (5.1.8).

I(’Yk+5k)7<77k_5k)

Note. In the case of integers 0, = np, k = 1,...,m, (B)m is the identity
)
operator and so DE 5 % (%K) = Dy, is a purely differential operator, the inverse of the
i
multiple Erdélyi-Kober integral I égk))’(gf).
%)

Now we can consider both multiple fractional integrals (5.1.8) and multiple fractional
derivatives (5.1.38) as a united object: multiple (generalized) fractional differintegrals.

We can also use the common symbols Eg'z))( k) with arbitrary real 41, ..., 0, if we adopt,
in addition to (5.1.8),
V@) _ 7y 7 (0)>(Ok+ k)
I = Dl 5.1.43
(B~ P15 m (5.143)

[—0r] +1,  for non integer o < 0,
with 7, = ¢ —0g, for integer 9y, k=1,...,m.
0, for 6 > 0,
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It is seen that (5.1.43) coincides with (5.1.8) if all the §; > 0, kK = 1,...,m; and with
(5.1.38) if all the §;, <0, k =1,...,m. However, if for instance

51<0,...,63<0; 68—}—1:”':67“:0; 6r+1>0,...,5m>07 (5.1.44)

then the symbol (5.1.43) is meant as a composition of an s-tuple fractional derivative
and an (m — r)-tuple fractional integral, namely:

S m
V), (0k) _ Vi+05,— 0k Y5405
I(ﬁk),m — L}_[Dﬂk ] I...1|. H Ij

= (r—s) J=r+1 (5.1.45)
_ o (+0k).(=0k) £(75).(85)
=Dl Homor

the latter being fully justified by the considerations in next section.

5.2. Special cases, decomposition and applications of the generalized frac-
tional differintegrals in solving Abel type integral equations

Consider first the special case of multiple Erdélyi-Kober fractional integrals (5.1.8) with
m = 1. The kernel-function Hll”?(a), due to formulas (E.6'), with ¢ = % and (C.10), is:

_ 11 1
1,1 7—1-1—11) 1,1 ’y-l—l—% 1,1 ~
B8’ B8 s
G8—1 (1 B Uﬁ) 15}
— -1 /7 @ P
(5.2.1)
therefore
1
1— Pyt
Ig:ff(x) = / %Uﬂyﬂxa)daﬁ
(5.2.2)

I
o\ o
—~
—_
| |
>
N— >,
i\
\]
2
s
~~
8
\]
@l
—
¥
\‘|
|
S
=S
-
8
:_/

i.e. the 1-tuple generalized fractional integral (5.1.8) involving an H-function coincides
with the classical Erdélyi-Kober fractional integral (5.1.1) (and also with the 1-tuple
fractional integral (1.1.6) involving Meijer’s G-function).

Consider also the case m = 2. In particular, if §; = 82 = § > 0, due to [287, p. 11,
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(1.7.11)], (E.6) and (1.1.18):

2,0
HQ’2 [a

(5.2.3)

and so, we obtain again the hypergeometric fractional integrals (see Section 1.1.iii (m =
2)):
I(%Ylﬁ’?22)’(51’62)f(x) — Hf(z) of the form (1.1.19). (5.2.4)

For (3, # (s, the operator I((ﬂ ; (9%) has a more complicated form, related to the Gauss
%
hypergeometric kernel-function again.
For arbitrary m > 1 let us compare the Mellin transforms of the classical Erdélyi-

Kober fractional integral (5.1.1) (see (1.2.17)):

>0k F<7k_g_llz+1> ) s
m {10 f ()5} = F(w%_ﬁ“l)mﬂf( )is)

and of the multiple Erdélyi-Kober fractional integral (5.1.8) (see (5.1.25)):

k) (O _ M F(7 _E_]Z—'_l) :
{1000 0 - 1 v | K]

k)s (O %Ok
zm{l&))( ' (2); } {(Hﬂ ) s}, (5.2.5)

i.e. the Mellin images of the generalized fractional integral (5.1.8) and of the product

This suggests

m
( 11 Ig:’5k> of Erdélyi-Kober operators (5.1.1) coincide. The same relation follows bet-
k=1

ween the corresponding kernel-functions:

Ve + 0 +1—
m {H;’g:gl [0. < ﬁk /Bk ] }
(7"7 +1- ﬁk ﬁk m

(5.2.6)

:ﬁm{ﬂf’f U ('7k+5k+1—ﬁkmﬁk ] S}'
k=1 | (7k+1 ﬁk ﬁk)

This gives the idea of the following theorem.
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Theorem 5.2.1. (Composition/Decomposition theorem) Under the conditions (5.1.16),
the classical Erdélyi-Kober fractional integrals of the form (5.1.1): Ig”:’dk, k=1,...,m,
commute in the space L, p and their product

rmom {Ig:; o (ﬂl"slf( ))} [ﬁ Jg';"”f] f(z)

m l—O'k rYk = =
/v/ [H ]f(xalﬁl an’")dal...dom

can be represented as an m-tuple Erdélyi-Kober operator (5.1.8), i.e. by means of a single
integral involving the H -function:

o (Vk)>(0k)
[HI ] 0 =G m 1)
m
ﬁkmﬁk)l f(xo)do, f € Lyyp.
’Yk"’ L- 7 ﬂk)

1
:/HWTTLL:’IQR [U
0
(5.2.8)

Conversely, under the same conditions, each multiple Erdélyi-Kober operator of form
(5.1.8) can be represented as a product (5.2.7).

Proof. Besides comparing the Mellin images of (5.2.7) and (5.2.8), one can use also
the method of mathematical induction. The statement is evident for m = 1, due to
(5.2.1). In view of (5.2.3), it can be checked for m = 2, after calculating the repeated

integral H I 7’“’ . Further, supposing that (5.2.8) holds for some m > 1, we can show
k=1
the same for m + 1, following the same calculations as in the proof of Theorem 1.2.10,

but with Fox’s H-function. For details of the proof see Kalla and Kiryakova [175].

Similarly, let us consider a product of Weyl type Erdélyi-Kober fractional integrals
(1.1.17%):

Tj,a] ; aj 1,7 1 '
fla f (xaf’> do, j=1,...,n. (5.2.9)
0

We introduce also the following definition.

Definition 5.2.2. Let n > 1 be integer and ag > 0, aj > 0, 75, €; > 0,5 =1,...,n, be
real parameters. By n-tuple (generalized) Erdélyi-Kober fractional integrals of Weyl type
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we mean the integral operators of the form

(TJ +oj+ L, %)” (5.2.10)

) 15 Ly flox)de.
gesiy

It is seen that for n = 1 and oy = 0, (5.2.10) coincides with Erdélyi-Kober operator
(5.2.9):

T, 7-T,Q
KE,l = K:¢

and for ¢; = ¢, j = 1,...,n we obtain the multiple Weyl type fractional integrals (1.4.2)
involving Meijer’s GZ:%—function:

Theorem 5.2.3. (Kalla and Kiryakova [174]-[175]) If f € L, and

e; >0, ej7j > —g, a;>0, j=1,...,n, (5.2.11)

then Kég))’r(laj)f € Ly p too and
1)

x J Pej
<hip=1]

: oo L
J=1F<TJ+O‘J+IE)

HK(TJ')’(O‘J') < . (5.2.12)

€j)n

Also (cf. Section 1.4, Theorem 1.4.4) the following composition/decomposiiton prop-
erty holds.

Theorem 5.2.4. ([174])-[175]) Under conditions (5.2.11) the operators ng’aj, j =
L,...,n, commute in L, and their product is representable by means of multiple Weyl
type integrals (5.2.10) and conversely , i.e. for f € Ly p:

H K = ) g, (5.2.13)

It is interesting then to consider products of commuting Erdélyi-Kober fractional
integrals, some of them being of Riemann-Liouville type (1.1.17), and others of Weyl
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type (1.1.17*), namely:

Tz(ﬁﬂ’“ék) H EZY . (5.2.14)

k=1

The problem of the commutability of these multlphers and the representation of their
product by means of a single integral has been considered by Samko, Kilbas and Marichev
[434, Theorem 10.7] but for case of B, =¢; =1, k=1,...,m, j =1,...,n; Ly with
1 =1 only. Under the corresponding weaker conditions, it is shown there that the ope-
rator T coincides in LP(0,00) with a single integral involving a Gy, 'vn,m+n-function. In
Kalla and Kiryakova [174]-[175] we propose the corresponding more general result.

Theorem 5.2.5. Let f € L,y and let both conditions (5.1.16), (5.2.11) be satisfied.
Then, the Erdélyi-Kober fractional integrals in the brackets in (5.2.14) commute and the
operator T maps Ly, boundedly into itself and can be represented by the following single
integral:

n

(T]“f—l ];]2% (’7k+5k+1 6 ﬂk>n;]
(w+1=dd), (o-ait1-2.2),

(5.2.15)
Note. By the techniques used in Chapter 1 (see also Kiryakova [203]), one can establish
that the properties of the multiple Erdélyi-Kober operators (5.1.8), (5.2.10), stated in
Sections 5.1 and 5.2 hold also in the spaces Cy,, respectively C}, under suitable conditions
on the parameters.

Tf(z) = x ! /Hg;b—’knn,m—i-n [2
0
x f(t)dt

(mj)s(a5)

Theorems 5.1.9 and 5.2.1 and their Weyl-type analogues concerning K (5)n

be used successfully in solving certain convolutional integral equations.

GENERALIZED ABEL INTEGRAL EQUATION (EXPLICIT SOLUTION)

The famous Abel equation

X

/(:L‘ —t)" Yy(t)dt = f(x), 0<a<l, (5.2.16)

0

involving the Riemann-Liouville fractional integral of order § = 1 — « > 0, is historically
the first example of the Volterra integral equations of the first kind (Volterra [506]):

xZ
/ K (2, t)y(t)dt = (). (5.2.17)
0

Arising from the so-called tautochrone (isochrone) problem, it was solved by Abel

(1823) by appyling the fractional derivatives technique. The solution was so elegant
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that it became one of the most important motivatoins for further development of the
fractional calculus. Various generalizations of the equation (5.2.16) involving generali-
zed operators of fractional integration have been considered (for some history see e.g.
Srivastava and Buschman [464]-[465]). These Volterra type integral equations find a
wide range of applications, for instance, to boundary value problems for PDEs of mixed
type. Naturally, we consider Abel type equations related to the multiple Erdélyi-Kober
fractional integrals with Hnrg”fn—functions as kernels. We can state:

Theorem 5.2.6. (Kiryakova [207]) Consider the generalized (multiple) Abel integral

equation
x
t
x ! / Hg&’% [—

0

<7k+5k+1 ﬁkmﬂk)m
<7k+1 ﬁk ﬂk)

or its equivalent multiple form:

] y(t)dt = f(z), (5.2.18)

X

Ty /() e ().

0

t (5.2.19)
01—1
[ (=) Ty ) a (1) = atn Omon) o)
0
under the conditions:
(Yk)>(0k) H
I L 1 — =1....,m. 2.2
fe (ﬁk‘)am ( ,lhp)a ﬁk>07 ﬁk(,yk_F )>p7 5/€>05k 9 , M (5 O)

Then, equations (5.2.18)-(5.2.19) have unique solution of the explicit form:

y(@) = DY ()

ﬁﬁ( +%~+J) /Hﬁé‘% [—

T‘ljl

torl-4 )
Ve T Nk
Wﬁ—l ﬁk ﬁk)
(5.2.21)

belonging to Ly, p, where the integers ng, k =1,...,m, are defined as in (5.1.36).

Proof. The condition f(z) € I Egk))’(gf) (Lu,p) is to ensure the existence of the so-
% )s

lution. For a more detailed description of the space of the functions, representable
by fractional integrals of functions from L, ;, one can see, for example, Samko, Kil-
bas and Marichev [434, §6], Dinh [84], etc. Other suitable functional spaces for this
purpose are the popular spaces Fj, , of McBride [288]-[291]. Since integral equations
(5.2.18), (5.2.19) are of convolutional type, the uniqueness of their solution follows from
the theorem of Mikusinski and Ryll-Nardzewski [307], stated in the proof of Theorem

264



1.2.15. Both integral equations however can be written down in the operator form

I égkg’(gf)y(x) = f(x) and then their solution is given by the generalized (m-tuple) frac-
k)
tional derivative: y(x) = D?ﬂk))’(i’;) f(z), represented explicitly in the form (5.2.21).
i)

Special case. If all the 8. = 3, k = 1,...,m, are equal, then the generalized Abel
equation (5.2.18) turns into an integral equation involving the G%:%—func’cion and its

solution is expressed by Dg% ’(6k), (1.5.19) (see also Dinh [84]).

More generally, generalized Abel integral equations involving combinations of Erdélyi-
Kober fractional integrals both of Riemann-Liouville and Weyl type can be considered.
The simplest case concerns equations of the forms

T b

o) | %ymdtw(m) / %yumt: f(@).
F (e~ 02 tu(z) (6 — ) o(z) e
a/ eyt + / eyl = f(a),

resolved, for example, in Samko, Kilbas and Marichev [434, §30.2-3]. One can take in
particular, a = 0, b = oo, u(z) = 27, v(x) = 27 and then the Erdélyi-Kober operators
(1.1.17)-(1.1.17%) appear in (5.2.22). Penzel [363] investigated systems of generalized
Abel equations of the form

u(m)lg’ay(a:) + v(ac)Ké_W_a’ay(x) = f(x) (5.2.23)

in the spaces Ly, p.

More about the history of solving other generalizations of the Abel integral equations
can be found in [434, §34]; for related results see Sakaljuk [428]-[429], Samko [430]-[433]
etc.

5.3. Solutions to dual integral equations with H- and G-functions via the
generalized fractional integrals

There are many techniques available for solving mixed boundary value problems arising
in mathematical physics (see Sneddon [452]). A specific approach to this class of problems
is to reduce them to dual integral equations. It seems that the first and simplest example
of such a pair of equations, called Titchmarsh equations, is the following;:

e.¢]

/u_lJo(xu)f(u)du =1, O<z<l,

L (5.3.1)
/Jo(a:u)f(u)du =0, x>1.
0
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In general, the pair of equations

/w(u)K(a:,u)f(u)du =¢(r), 0<xz<l,
" 00 (5.3.2)
/K(a:,u)f(u)du:w(x), x> 1,

where the kernel K (x,u), the weight w(u) and boundary conditions ¢(x), ¥ (x) are known
functions and f(u) is to be determined, is known as a pair of dual integral equations. Seve-
ral methods for their solutions in the case w(u) = u?, K(z,u) = Jy,(zu) were developed
by Weber (1873), Busbridge (1938), Titchmarsh (1948), Noble (1958), Peters (1961),
Erdélyi and Sneddon [110] and others. In most of these approaches an important role is
played by the operators of fractional integration. A more precise description of the history
of this method can be found in [434, §39], [498], [504]. In the papers of Fox [115]-[116],
Saxena [436] and Mathai and Saxena [286, p. 238-248] a general method is proposed for
obtaining solutions of dual integral equations associated with an arbitrary special function
having a Mellin-Barnes type integral representation. The kernel-function is taken to be
a H-function of Fox’s or a Meijer’s G-function and compositions of the Erdélyi-Kober
operators of fractional integration are applied to reduce the given equations to others
with one and same kernel. Thus, in Mathai and Saxena [286] the solution is given in
a closed but rather involved form, since these compositions of fractional integrals are
not calculated explicitly. Moreover, no conditions on the parameters of the H- and
G-functions in the kernel are stated in order for the solution to be a non formal one.

Here we give an explicit solution to a class of dual integral equations involving H- and
G-functions. It contains as special cases the solutions of dual integral equations involving
many special functions of mathematical physics. We illustrate this by the example with
Bessel functions as kernels. The basic results have been published in Kiryakova [205] and
Galue, Kiryakova and Kalla [119].

Consider, in general, the following pair of dual integral equations:

A n+p
(2 45), fuw)du = p(z), 0 <z <1,

(0 ¢}
H”}r’n n [:I;u s

(5.3.3)

SO
g;:]i Dyk))quH-q f(u)du - w(x)ﬂ x> 17

00
m,n

/ Hy n g vm {xu

0

where m > 0,n > 0, p > 0, ¢ > 0 are integers and all the A;, C;, By, D}, are positive so
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that
TL-‘rp m+q

ZA +ZBk_ > A+ Y B

o o e (5.3.4)
Zc +ZDk_ Y Ci+ ) Dy

J=1 Jj=n+1 k=m+1

n n n+p n+p

DGz A 3Gz YAy

539
ZBkZZDk, Z BkZ Z Dk;

k=1 k=1 k=m+1 k=m+1

and ¢(z) € Cq, ¥(z) € Cli, o < a, Cq and C). being spaces (1.1.1), (1.1.2) of

continuous type functions.

The main result we achieve here by means of the generalized fractional calculus tech-
niques gives the explicit solution as follows.

Theorem 5.3.1. (Galue, Kiryakova and Kalla [119]) For boundary conditions (right-
hand sides)

o(x) € Co, Y(x) €Chs, o <a, (5.3.6)

and parameters aj, Aj, ..., dp, D, 3 = 1,...,n+p, k = 1,...,m + q, satisfying
conditions (5.3.4), (5.3.5) and

OéCj—f—1>Cj>CLj, J=1....n; aBy, x+1>byp>dpk, K=1,...,q

5.3.7
dk>bk>04*Bk7 k=1,...,m; an+j>cn+j>a*0n+j,jzl,...,p; ( )

the explicit solution of the dual integral equations (5.3.3) has the form:

q,p
/Hp+n qg+m [

n+q0
n+qn+q

(1= ansk — Apsk, Ayl s (1= ¢ — C, C)Y ]
(1 —dyyk — Dyt Dipyie)1 5 (1 — by — By, By) "

| (= ap = Ay, Ap)Y (L —=dy ik — Dpyyies Die)f
711 = ep = Cpy C) s (1= bk — B Bnsk)?

] o(uo)do § du

O\H

]
/

+ Hp+n qg+m {

00
erPa
m+p,m+p

(1= anyk — Apitr Ap)?, (1 — ¢ — Gy, Cp) Y }
m
(1 —dpsk — Dyt Do), (1 — by, — By, By)}

(dk + Dk? Dk’)71n ’ (an+k + An+k7 An+k)117
(bk + Bk? Bk)gn ’ (CTLJrk‘ + Cn+k7 CnJrk)Zl)

} W(uo)do y du.

(5.3.8)
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To avoid the complicated notation in the most general case (5.3.3), we illustarte below
the idea and its realization in the case with G-functions as kernels, following Kiryakova
[205]. The same techniques then work quite well in the case of H-functions too and the
particular details can be seen in [119].

Thus, we consider now the dual integral equations

a1y, 0ngp f(u)du = p(x), o<z<1,

m,n
Gpin,g+m {xu

b1, bmiq |
o ] (5.3.9)
m,n Cly---5Cn+p _
[ Gaim o] G | = via), o>
0
with condition
m+mn=p+gq, corresponding to (5.3.4). (5.3.10)
Denote the kernel-functions of (5.3.9) by
m,n 1
Gi(z) = Gpingem {x } = Q—/Xl
£
1
GQ(%) Gzi_z g+m |:JJ :| = ﬂ/XQ
£
where
m n
[IT(bj+s) [IT(1—a;—s)
.)C' (S) - 7=1 J=1 o Fl,l.r271
BT B STyl
[IT(L=bpj—s) ITT (anj +9)
j=1 j=1
m n (5.3.11)
H (d +s) HF(l—CJ—S)
XQ(S) 7=1 J=1 1—‘1’2.1—‘2’2

nr( dnsj =) [T (cnrj+5) 220

J= J=1

The Mellin transform
M ()} = F(s) = [ v fu)du
0

with its inversion formula

M HF(s)) = f(u) = —,/F(s)u_sds
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and the known Parseval theorem, is a useful tool in solving dual integral equations.
Applying this transform to equations (5.3.8), we can reduce them to a pair of equations
whose kernels are the Mellin transforms of the G-functions, namely:

Aty ..., nyp _
b,.. H = 4(s)

© bm-i—q

C1, -5 Cn+p
= A5(s).
d17 s dm+q :| } 2(8)

As shown in [286, §7.2], by using the Parseval theorem for the Mellin transform, the new

m {ngz,qm {x

(5.3.12)
m,n
m {Gp%qm {

pair of equations is

z °F(1 — 1
27”/2(1 F(l—s)ds = p(x), 0 <z < 1,

(5.3.13)
27”/.)(2 s)x °F(1 —s)ds = (z), x > 1.

Here the new unknown function is the Mellin transform F'(s) of f(u). For the details of
the reduction of (5.3.9) to (5.3.13) we refer to [286, p. 242-243].

Next, the main idea is to transform each of the kernels Xj(s), i = 1,2, of equations
(5.3.13) to a common kernel X'(s) of the same form using fractional integration operators.
By an application of the generalized Riemann-Liouville type fractional integral to the first
equation of (5.3.13) we try to transform the quotient & h of I'-functions with (—s) from

the expression for X;(s) in (5.3.11), into the correspondlng quotient L2 = £22 from the
expression for X,(s). Similarly, by a fractional mtegral of Weyl type apphed to the

second equation of (5.3.11) we transform the quotlent 1—2 of I'-functions with (+s) in

F11

Xs(s), (5.3.11), into the coresponding quotient F—4 = —. In this way, equations (5.3.13)

can be reduced to a pair of equations with a common kernel

m

[IT(b;+s
Fl.rg_ j=1 (j )j

q
I's.T'y Ir ( ds s)
j=1

s

(1—c¢j—s)

Il
—

X(s) =

(5.3.14)
r (anﬂ- + s)

.
=t

and their solution can be written by a single formula.

To this end, we consider the following Erdélyi-Kober fractional integrals (5.1.1):

o= LY Gy = I Rt ik g (5.3.15)
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and form their compositions as follows:

n q
® =[], ®=]]rp R=RHK
j=1 k=1
Supposing ¢; > aj, j=1,...,n,and by, ., > dy 41, K =1,...,q. According to Theorem

1.2.10, we obtain the multiple Erdélyi-Kober integral

R — I(’Vk)v(‘sk). Ve = —Ck, Op =Cp —ag, k=1,...n,

= : 5.3.16
Lntg Ytk = ~Omiks Ongk = bmik — ik K=1,...,q, ( )

written by means of a Ggi(q]:% +g-Tunction as a kernel.

Lemma 5.3.2. For
o(x) € Co, atl>cj>aj, j=1,....n; a+1>by . >dpyp, k=1,...,q, (5.3.17)

the Riemann-Liouville type multiple fractional integral (5.3.16) transforms the first equa-
tion of (5.3.13) into an integral equation of the same form but with a kernel-function
X (s), defined by (5.3.14), viz.

1
5 X(s)x °F(1 —s)ds = Rp(z), 0 <z <1, (5.3.18)
7r

£
with Re(x) € Cy.

Proof. We apply first R’ = [1(7;Cj)’(cj_aj) to the first equation of (5.3.13) and using

(1.2.1):
%/ {x = —S ﬁ 8)
1 — aj — s)
j=1
we obtain
R o(z) = W L/X(s) F(1 - 8)d ZL/X(s)m’{x—S}Fu—s)ds
14 omi | omi |
£ £
1 [yaTen Top
S [ 222 spg gy
27T2'/I13,1-F4,1 IS ( 8) i
£

Similarly, since
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we have

1 I I |
* / 1,1-+ 2, 2 3, 1 s

i — ].
9%90(1’) R {9% (,0(1‘)} ; / W 1 N 2 F ( S)dS

1
=— [ X(s)x”°F(1 — s)ds,
2mi

£

as required. According to Theorem 1.2.15, for p(x) € C, and the other conditions
(5.3.17), it follows that Rp(z) € Cy too.

Analogously, we consider the Weyl type multiple integral

p m
20 = W' = HKf"H"amj_ij (H kaadk_bk)

J=1 k=1
Cn4q )\ Qpiyi—Cnpiyg bk» 5 dk—bk (5.319)
om0 )
=b =dp —bp, k=1,...
I A A
Tm+j = Cnakr Om+j = Antj — Cnyygy, J = 1,...,p,

see (1.1.17%), (1.4.2), (1.4.8). Now by using formula (1.4.4), namely:

_ (b, + ) _ P Cpyjt+ S
w o= TG o= Tt

from the second equation of (5.3.13), we obtain subsequently:

Wi(a) =W (W)} = oo [ LR (1 s)ds

211 F32F42 F12 F41
£
1 IFRIEP e 1 / _
— F(l—-—s)ds=— | X SF(1 — s)ds.
" omi ) Tyoluy (L=s)ds = 5= [ X(s)z " F(L = s)ds
£

Then, by Theorem 1.4.8 the next lemma follows.

Lemma 5.3.3. For
V(x) € Cpe, Apyj > Cpyj >, j=1,...,p; dpy > b >a", k=1,...,m, (5.3.20)

the Weyl type multiple fractional integral (5.3.19) transforms the second equation of
(5.3.13) into an equation with kernel X, (5.8.14), namely:

% X(s)x *F(1 — s)ds = W(x), = > 1, (5.3.21)

£
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and with Wip(x) € C} ..

It is seen now that if we apply generalized multiple integrals (5.3.16), (5.3.19) respec-
tively to the first and second equations (5.3.13), we transform them into a single integral
equation with X'(s), defined by (5.3.14) as a kernel:

1
50 Xz °F(1—s)ds =g(x), 0<z< oo, (5.3.22)
i

£

where we denote by

(z) = { Apla), 0@l (5.3.23)

Wyp(z), z>1,
the new right-hand side; Ry € Cy, Wy € C7 ..
According to Marichev [276, Theorem 11|, an appropriate space for considering func-
tions like g(z) with Mellin transforms in the strip Rs = v, —a <y < —a™ is the space

lg(x)| < Az%, 0<z<1; . N
M < .
g(2)] < Aa0 p>1; Vb @ sa

(5.3.24)

Then, by the Mellin transform techniques ([286, p. 242, Lemma 7.2.2]), equation
(5.3.22) can be rewritten in the form

f(z) = %/%d& (5.3.25)

£

Co,or = {g(m) € C[0,1] N C[1,00); and

where f(z) is the original unknown function and G(s) = M{g(z);s}. Let us denote

| RS ) LIRS
H(s) = i = e I (5.3.26)
(1) TP = b =) T (¢ + 9
=1 j=1

and let h(z) = M {H(s)} be the original of (5.3.26). This does exist for m+n = p+q,
under the conditions on the parameters accepted here and

(=ans)io s (=) } |

(_dm-‘rk)zzl ) (_bk)z‘nzl

According to Parseval theorem ([286, p.242, Lemma 7.2.1]) it follows that the solution
f(x) of the original pair of integral equations (5.3.9) has the form

h(z) = GEp g [x ‘ (5.3.27)

n

7 T —ap )P (=)
flz) = / h(zu)g(u)du = / G ma {x ‘ ((_d ]k))jZZI . ((_ g)f;l ] g(u)du  (5.3.28)
0 0 Mk k=17 J=1
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with g(z) defined by (5.3.23). Thus, we obtain that

flx) = /h(xu)iﬁ(p(u)dunL/h(xu)ﬂﬂw(u)du. (5.3.29)

By replacing h(x) by the G-function (5.3.27) and the multiple fractional integrals Ry (u),
21 (u) by their single integral representations via G-functions (see (1.1.6), (1.1.9)), for-
mula (5.3.29) gives the explicit solution of the dual integral equations (5.3.9). Let us bear
in mind that this was obtained by the above formal technique. Therefore, strictly, we
have to verify it by substituting the final expression for f(z) into (5.3.9) and then, work-
ing out the trivial but boring calculation of integrals involving products of G-functions
(by formula (A.28)). In the most general case (5.3.3) with H-functions, this is done in
Galue, Kiryakova and Kalla [119].

In this way, we finally obtain the following theorem.

Theorem 5.3.4. (Kiryakova [205]) The function

1

— 4q,p
f(@) = /Gn+p m+q [wu
1
G40
X / n+q,n+q [
0
o0

1
p
« /Gm+p,0 1 (dk + 1)7171 ’ (an—i—j + 1)1
mM+p,m+p (bk + 1)717%, (Cn+j + 1)117

1

(canei)ls (=) ],
(—dp o <—b‘2>1“] d

(5.3.30)

+

(_an+ ')?3 (_C')T w
TNy ) (b } d

v

] W (uv)dv

satisfies the dual integral equations (5.3.9):

(@5

(b)y" ™

m,n
Gp+n g+m {xu

(cj)"ﬂ’ _ flwdu =¢(x), z=>1
(dy.)y"™ ’ '

0\8 0\8

Gﬁz g+m {xu
Note. The result obtained in [286, p. 247, (7.2.35)] is the same, but it contains compo-

sitions of fractional integrals

Ro(u) =riry...rp (r1 ... rpe(w) ; We(u) = wiwy ... wy (w) .. wyp(u)),
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written only symbolically. Their explicit representations

1
() = / G Hhea |1

L ntq

-] <

(1 - tk o Yk
et @ [u (.. tnag)] dbr .. dtnag
n+q) oy k=1
and the similar ones for 209 (u) found in the above theorem allow us to write down, for

the first time, the solution (5.3.30) explicitly. Moreover our conditions (combination of
(5.3.17) and (5.3.20)):

p€Cn, YeEC, " <a; at+l>ci>aj, j=1,....,n a+1>by > dp i,
k=1,....¢apj>cppj >, j=1,....p; dp, > b >a*, k=1,...,m;
(5.3.31)
ensure the correct application of the fractional integration operators R, 20 to the bound-
ary conditions ¢(z) and 1(z). These conditions are missing in [286].

Note. The solutions of the dual integral equations involving various special functions,
used in applied mathematics, can be derived as particular cases of (5.3.8), in particular
of (5.3.30).

First of all, let us consider the dual integral equations with H -functions, considered
in Mathai and Saxena [286, §7.2].

EXAMPLE 5.3.5.

T (0 A7) 1

/H]T)Z—’ﬁq-i-m |:'T (bZ,B]Z)l f(u)du = QO(.I‘), 0<z< 17

0 - (5.3.32)
(¢, 4;)

m,n
/ Hyn.grm {xu
0

This case follows from (5.3.3) if C; = A;,j=1,...,n+p, D =B, k=1,...,m+gq,
respectively. Conditions (5.3.4) reduce to condition (v), [286, p. 240]. Conditions (5.3.5)
are also fulfulled with “=" signs in all of them. The additional conditions (5.3.31) have
no changes. Then, Theorem 5.3.5 gives the explicit solution (5.3.8), simplified by the
above substitutions.

Next, we illustrate the general results on the example of dual integral equations in-
volving Bessel functions of arbitrary order.
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EXAMPLE 5.3.6. (TITCHMARSH DUAL INTEGRAL EQUATIONS)

/u—w (2v/0) flu)du = gi(z), 0<a <1,
(5.3.33)

/ w0, (2vzu) f(u)du = go(z), x> 1.

Since (see (C.6), Appendix):

Ty (2Vz) = 22 Gy [a]0, ],

the dual integral equations (5.3.33) turn into a special case of (5.3.9) with condition
(5.3.10) satisfied, viz. (m+n)—(p+¢q) =(14+0) — (04 1) = 1. If we put additionally

b=l b=~y dy =Y =5, dy=—L 6,
p(r) = Vg1 (), P(x) = 20 (),

then equations (5.3.33) have the form:

8

Gy [zulby, bo] f(w)du = p(z), 0<z <1,
(5.3.34)
Gos [wuldy, do] f(u)du = (x), x> 1.

TT—g o —

From Theorem 5.3.5 we find the solution

1
/G 0 [zu| — dg,—bl]du/Gl1 |:I/ B
0

ds ] o(uv)dv
—bs

o0
0 1 d1 +1
—I—/G oo [xu| — da, —by] du/G [; by 41 } Y (uv)dv.
1
By taking into account (C.10):
1,0 o+ ﬁ Z’a(]_ — QL’)ﬂil
G [m N } 0 0<z<l
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in the previous notation we obtain:

1

v J— 1/ 1 _ )\ ,Ulfl
f(x) — /uu+23 ) (2v/zu) du/v v) g1(uv)dv
/ J — 1)
i pisv 5 OO,U 2 U o 1 v—A—1
+/u 2 \ (2v/zu du/ g2(uv)dv

1

(5.3.35)
where A = &322 + (5 — ).

For the right-hand sides gi(z) € Cq, g2 € C«, the corresponding conditions (5.3.31)

are:
1

v>A>p GHatl>0, g+6—7—o¢*>0. (5.3.36)
After a change of variables, we can obtain the solution of the classical Titchmarsh

dual integral equations (see Sneddon [452]):

(5.3.37)
w0 Ty (au) f(u)du = Fy(z), > 1,
which for vy = =%, § =0, A = £ has the form
1 o0
flz) = 2A VgAY / ATV I\ (@) ha (8)dt + / MY I (et ho(B)dt 5, (5.3.38)
0 1

found earlier by Peters ([452, p. 85-86]), where

t

1—wV+2w
m(t) = T 2 t / AATHTL LR (1) dr
0
and
Qt/H'w T v—XA—1
ho(t) = / 2_2) TRy (r)dr
t

Let us assume Fy(z) € C_4, Fy(x) € C* |, i.e. @ = a® = —1 and therefore,

Plz) = {ggg oS 1} € Cyy C L0, 00).
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This is the most natural case usually considered, i.e. with Lebesgue integrable boundary
conditions. Then, conditions (5.3.31) take the known form (see [452, p. 86] again):

A>p>-1, p+w>-1, v>A\

For other results on dual integral equations obtained by means of the fractional cal-
culus and some alternative approaches, one can see the articles: Erdélyi and Sneddon
[110], Fox [115]-[116], Love and Clements [267], Saxena [436]-[437], Virchenko [502]-[503],
Virchenko and Makarenko [505] as well as the books: Sneddon [452], [455], Samko, Kilbas
and Marichev [434], Ufljand [498], Virchenko [504].

5.4. Convolutions of generalized fractional integrals. Multiple DzZzrbashjan-
Gelfond-Leontiev differintegration operators

Following Definition 2.1.1 for a convolution of a linear operator L, mapping a linear space
into itself, we can state now the problem for finding convolutions of the multiple Erdélyi-

Kober fractional integrals L = ey E;k))’(gf) in spaces Cy. Till recently, this problem has
k)

been solved in some special but important cases, namely:
a) m = 1; arbitrary 8 > 0, v, § > 0; By = 3§ > 0:

L=a"1°, (5.4.1)

the Erdélyi-Kober fractional integrals (2.1.4). The corresponding family of convolutions
of L is found in Kiryakova [206] and Section 2.1, Theorem 2.1.2.

b) arbitrary m > 2; arbitrary ., all . = 1, all 5. = 8 > 1, k = 1,...,m;
fo=p5>0:

m
L= xﬁlé”;)’(l""’l) — 2/ [H ng’ll , (5.4.2)
k=1

the hyper-Bessel integral operators (3.1.21)-(3.1.23), corresponding to the Bessel type
differential operators of order m > 1, (3.1.2)-(3.1.3):

B:xaoixal...iiﬂam :.fli_ﬁ ﬁ $i+57k .
dx dx dx

k=1

A one-parameter family of convolutions of operator (5.4.2) was found by Dimouvski [64]-
[71] and gave rise to the development of operational calculi, integral tramsforms and the
theory of hyper-Bessel operators of arbitrary order. Later on, the same convolutions were
represented briefly by means of generalized fractional integrals, see Section 3.6, Theorem
3.6.1 and related results.

c) m = 2; arbitrary 71, o; integer §; > 0, d > 0; the problem was solved for
some special cases, for instance, for the operator

L=Lyy, =157 >0 (5.4.3)
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related to the Bessel-Maitland function JI" (z) (E.36), see Section 1.6, Example h). A
convolution for integer p > 0 was found by Krétzel [239]. The problem of finding a
convolution in the case of arbitrary rational p > 0 still seems to be open (Open problem
No 1, Kiryakova [196, p. 57]).

Recently, following the general convolutional scheme of Dimovski [73], Nguen
and Yakubovich [317], Yakubovich [513]-[514], Yakubovich and Luchko [515]-[516],
Yakubovich and Nguen [517], Luchko and Yakubovich [270]-[271] have found some very
general convolutions, related to the G- and H-functions. Their results allow solving the

problem for convolutions of almost arbitrary multiple fractional integrals L = mﬂol(%)’(f:).
k)

In essence, the convolutions found by Yakubovich and Luchko are related to above the
operators with arbitrary vz, 6. >0, k=1,...,m, By = pu > 0 but 8 = 3%, k=1,...,m,

i.e. of the form L = x”[ﬂk)’(ék).
§k’

Theorem (Luchko and Yakubovich [270]-[271]). Let p >0, a; > 0, o € R, 1 <
1< n;

a = max <aZ ), A > max iy (5.4.4)
1<i<n a; ;

Then, the operation

(£29) @) =2 {_H 2 (o g)(a:)} , (5.4.5)

where

onto ol o1

o 0 J=t (5.4.6)
n
[ H 1 — ;) ] duy .. .dup,,
is a convolution without divisors of zero of the linear operator Ly, in Cq, where
Lyf(x) = 2t [HI O‘“W%]
1 (5.4.7)
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5.4.i. Fractional hyper-Bessel differential operators and convolutions related
to them

Definition 5.4.1. By a fractional hyper-Bessel differential operator we mean a differin-
tegral operator of the symbolic form

(51 (52 677’1,
B = g% <%) 4 (%) coxfmet (%) zhm (5.4.8)

with integer m > 1, real ag, aq, ..., ay, and positive 6y, ..., .

As shown in Section 1.6, operators (5.4.8) can be considered as generalized (m-tuple)
fractional derivatives (1.6.17):

POk e Q0= S ap =Yk + 0k — Vi1
B =Dy " with k=1, 1 o = o+ 6o, (5.4.9)

i.e. as a product of Erdélyi-Kober fractional derivatives Dg’é of the form (1.6.7):

Dg’éf(ac) — [m—v (%) ’ gVt f (wé)] , (5.4.10)

1‘—>.’I)B

namely (Lemma 1.6.5):

D _ 71751 72762 ’Ymatsm
B = Dﬁ Dﬂ "'Dﬁ .

In order to use the convolution (5.4.6) for the fractional hyper-Bessel operators B (strictly,
for the corresponding integral operators f)), we now represent them in an alternative way,
using compositions of Erdélyi-Kober derivatives (5.4.10) with different parameters 5 > 0,
and hence related to Fox’s H-function as a kernel.

First, we should note that a composition/decomposition theorem, analogous to
Lemma 1.6.5 but corresponding Theorem 5.2.1, holds: the composition of commuting

Erdélyi-Kober fractional derivatives Ig:’ék, k=1,...,m, with different ..’s can be rep-

resented as a generalized (multiple) fractional derivative D%"/’))’(f:) of form the (5.1.38),

k)

viz.:

D’Vl

01 V2502 YmsOm _ y(Vk)>(Ok)
pDR D =D . (5.4.11)

ﬂm (ﬂk),m

Then, for the fractional hyper-Bessel differential operator (5.4.8)
) )
~ d 1 d m
B=a ) g0 () gom
() (@)

m 51{: Ok m m
M:[H (g) ] p=> 6p—> aji=A-A>0, (5.4.13)
k=1 1=0

k=1

with
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the same ¢;.’s and new parameters:

)
’Yk:_k[ak—f—+am_5m_6m+1_'_5k+1], k:].,...,m_]_,
g‘m y (5.4.14)
= —aqy; =—, k=1,...,m.
TYm [ Qs ﬁk 6k-, ) » 1
we find the alternative representation:
~ L ve),(6)  —
B =—pUrhOk 5= (5.4.12)
M)

Indeed,

01 om,
B = % (di) x™ . (di) x&m
x T

d o
(R (i) Ln(E-R) (i) i

dx

(51 61
— i é I_£(71+51)+(51 i ‘,L,(%(’Yl-f—(sl) o
M [\ p dx

Sm om
[(6_m> et () xﬁmw] ~

[ dx
10060 md Oom—p _ L n(w) (o) —
:_D’71,1D71’2”.D’Ym,m D) ) "
T e T (A
k

. 1)
in a subspace of Cy, where D¥"°F commute.
Ok

By Theorem 5.1.9 (see (5.1.42")), the linear right inverse operator of B (5.4.14), is
the generalized (m-tuple) fractional integral of the form (5.1.8):

T = map () 0k). (5.4.15)
(&)
considred in Cy, o = ér;ﬂagcm —ﬂﬂk (v + 1)}, and L: C, — Catp C Ca.

This can be called a fractional hyper-Bessel integral operator and has the representa-
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tion:

l—tk )0k W’f} 5 bm
Mx”/ / flatd oot | dty. . dty,
(O%)
= M:U“/H%lfn [0
0

Then, by a suitable change of notation in (5.4.5)-(5.4.7), from the result of Luchko
and Yakubovich [270] we obtain the following convolutions of L.

(5.4.16)

Theorem 5.4.2. For A > max [HV(?—_(S’“} the operations
1<k<m k

(f 3 g> (z) = MO+ [H 127k+1 A0, — VK~ 1] (f o g)(x)

k:15k

A+1)0—Y—
= O [IED(ADINT) _p 66 oy,
£ m
<5k>’
where (o) is the auxiliary operation

/ /H t (1 —ty) '““f[ ﬁt ] [ f[l 1—tk)§k]dt1...dtm,

Ok‘l

(5.4.17)

(5.4.18)
and the parameters p >0, By, Y, 0 >0, k=1,...,m, are as in (5.4.12)-(5.4.13), are
convolutions without divisors of zero of the fractional hyper-Bessel integral operator L,

(5.4.15)-(5.4.16) in the space Cy, a = 1gllga<xm %]

Note. Along with representations by multiple integrals like (5.2.7), the generalized frac-
tional integrals
T, = ) (k) (D= k=1) (5.4.19)

B )

n (5.4.17), also have single integral representations of the form (5.1.8) involving H-
functions. This fact allows representations of the convolutions <i> by means of (m+1)-
tuple integrals only, namely:

(1%9) (@) =2+ / H, [a

(f o g)(z) being an m-tuple integral (5.4.18).

(et <T ) ﬁai}) e %xn] ( 0.9) (zo)do,
(5.4.20)
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By means of these convolutions one can develop operational calculi, corresponding to
the fractional hyper-Bessel differential operators B, (5.4.8) or (5.4.12).

Special cases:
i) form>16=-=0p=Lu=m—(g+-+am) ::B>O,/\Zml?ka, Co
with a = max [—8 (7. + 1)] we obtain the convolutions of Dimovski [64]-[71], Dimovski

and Kiryakova [79] of the “integer” hyper-Bessel operators (see Theorem 3.6.1, (3.6.6)).

ii) for m =1, p = 6 > 0, the convolutions (2.1.7) of the Erdélyi-Kober integral
L = azﬁ‘slg’a are found. In particular, the convolutions (2.2.25) of the Dzrbashjan-Gel-
fond-Leontiev operator I, ;;, (2.2.16)-(2.2.17) follow.

Next, we show one more interesting special case of the fractional hyper-Bessel opera-
tors which is a multiple analogue of Dzrbashjan-Gelfond-Leontiev operator (2.2.16).

5.4.ii. Multiple Dzrbashjan-Gelfond-Leontiev operators and their convolu-
tions

Similarly to the Dzrbashjan-Gelfond-Leontiev operators of integration (see Section 2.2):

—1

_171 1 — % _ 1
lpad@) =21y 5@ o [ CEE o1 (w0 ) do
r(}
. ’ g (5.4.21)
00 T <'u + _> o0
_ P k+1 . _ k
Zakr< ﬁ)a} : 1ff(x)—2akx )
k=0 D k=0
we can consider their multiple counterparts.
0.}
Definition 5.4.3. For power series f(x) = > akxk, arbitrary real uq, ..., wm, and
k=0
p1 >0, ..., p;m > 0 we define a multiple Dzrbashjan-Gelfond-Leontiev integration op-
erator by means of the series
oo F(ul—i—ﬁ)...F(umﬁ—i)
P Pm
Lf(l‘) = L(Pk)7(ﬂk;)f($) = Zak - :L‘k+1. (5.4.22)

k k
i T ()T + B2)

It is easily seen that this operator extends to analytic funcitons in spaces $4(€2),

continuous functions of Cy, a = Irllﬁax (—py.) and even to integrable functions by means
1<k<m

of the integral representation
m (5.4.23)
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Thus, this is a generalized fractional integral of the form (5.4.15) for which we dispose
with a family of convolutions (5.4.17). By putting u = 1, v, = pp. — 1, 0. = i in (5.4.17)
we obtain the following result.

Theorem 5.4.4. For \ > max (uppr — 1) the operations

(7.49) “):”’“’MIEZ:;JNH ) o

(P), ()

1 (5.4.24)
M1 [ gm0 (ﬁ + M #)
x Hy'm |0 L m (fog)(zo)do,
0 (2:uk - ﬁ? ﬁ)l
where (o) is the auxiliary operator
- ffiwe-rol i
0 k=1 (5.4.25)
m
X g [xH (1—ty)? ] dt, ... dtp,
k=1

are convolutions of the multiple Dzrbashjan-Gelfond-Leontiev integration operator (5.4.23)
in Co, v = max (—pppr)-

The corresponding fractional differential operator B( )( i.e. the multiple Dzr-

pie)> (1)
bashjan-Gelfond-Leontiev operator of differentiation can be represented in the forms

o mw) ()

Blo () =% Plp)m
1 1
= g% (%) " .. (%) . zhm,

m m
with p = L S a;=1>0.
— Pk

In particular, in the case m = 2, our 2-tuple Dzrbashjan-Gelfond-Leontiev integration
operator (5.4.22) has the representation

i (/ﬂ + ﬁ) r <N2 + %) LR (5.4.26)

i T+ BT (22

as well as a representation of the form (5.4.23), i.e. involving the Gauss hypergeometric
function in the kernel. It is seen now that (5.4.26) is nothing but a Gelfond-Leontiev

(Pla/h) M17M2
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integration operator (2.2.8) with respect to Dzrbashjan’s function (E.33):

0 k

X
(I)PDPQ (x;l“vﬂ?) - Z L g\
ko I’ </~L1 + p_1> r (,u2 + E)

(5.4.27)

considered as a 2-index analogue of the Mittag-Leffler function E,(x;u). Operators of
the form (5.4.26), related to function (5.4.27) do not seem to have been considered till
now. Formula (5.4.24) with m = 2 provides a family of convolutions for them.

Note. Convolutions (5.4.17), (5.4.24) of the fractional hyper-Bessel integral operators
7 (k) (0)

and multiple Dzrbashjan-Gelfond-Leontiev operators L( %)
o
)™

w): () can be

used for representations of the commutants of these operators and their integer powers,
like the results shown in Section 2.3.

OpPEN PROBLEM 5.4.5. Although Theorem 5.4.2 provides convolutions for the class of ge-

neralized fractional integrals of the form L = x“I(%)’@k), pw >0 (ie. with G, = %,

o )™
k=1,...,m), the problem of finding a convolution of the most general multiple fractional
integral L = x(sofég’“))’(f:), dp > 0 of the form (5.1.9) still seems to be open. In particular,
k)

it states the problem for a convolution of Krétzel’s operator (5.4.3), when g > 0 is an
arbitrary (rational) parameter.

5.5. Generalized fractional calculus in classes of analytic functions and appli-
cations to univalent function theory

There are several approaches in defining fractional differintegrals for functions of a com-
plex variable, each of them with its pros and cons. There has also been some controversy
leading to a certain distrust in the general concept of fractional calculus, especially in
the mid-nineteenth century. “The mathematicians at that time were aiming for a plau-
sible definition of the generalized differentiation. But, in fairness to them, one should
note they lacked the tools to examine the consequences of their definitions in the complex
plane” (Davis, see [404, p. 4]). As pointed out in [434], the first successful attempts in
developing fractional calculus for functions of a complex variable belong to the Russian
mathematicians Sonine [456] and Letnikov [254]-[255]. They have established that the
extension of the Cauchy integral formula

fwwy—ﬁg/@lgLﬂK,p:QLZ”. (5.5.1)

27 — z)PHl

£

to non integer negative values of p (or in general, to complex p with fRp < 0) coincides
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with Riemann’s definition for integration of order § = —p > 0, viz.

Spn e L[ FQAC 1 [ s
ROf() = D'f(:) = / A = / -0 G, (552)

where ¢ is the cross-point of the contour £, encircling z, and the cut in C put for
determinig a unique branch of (¢ — z)~”~ ! in (5.5.1).

Another frequently used method descends from Hadamard’s paper [124]. There, the
idea of a fractional differentiation of analytic functions via term-by-term differentiation
of their Taylor series:

Dé{;ak(z—c} Zaka (H_))(z—c)k_(S, d#—1,-2,... (5.5.3)

has been effectively used and gave rise to the so-called Hadamard approach. In [124], also

the representation
1

5 5 [(1—0)!
Rf(z) ==z /—f(za)da, >0 (5.5.4)
I'(9)

0
of the Riemann-Liouville fractional integral (5.5.2) has appeared. This form, following
by a simple substitution is however much more convenient than (5.5.2) when dealing with
complex variables. Then, the choice of the unique branch there depends only on the fixed

point z = 0 while in (5.5.2) the branch-point z = ( is variable.

There exist also several other approaches in developing fractional calculus in complex
domains, for example, Nishimoto’s approach (see [321]-[331] and especially the books
[324], [326], [329], [331]). He uses contour integrals similar to (5.5.1) but allowing frac-
tional values of p. Recently, the Riemann-Liouville fractional integrals and derivatives
in that sense have been used repeatedly by: Nishimoto et al. [332]-[335], Nunukawa and
Owa [336], Owa [344], Owa et al. [345]-[354], Srivastava and Owa [471]-[474], Srivastava
et al. [477]-[482] and other authors of the same school, see the volumes [475]-[476]. There,
the Riemann-Liouville fractional derivatives of order 0 < § < 1 are used in the form

z

d [(z=0~"
D) = 7 [ Gl Qe (555

in simply connected domains €2 and requiring In(z — ¢) to be real for (z — () > 0.

Some of the other recent articles on the topic, related mainly to the univalent star-
like and convex functions are: Rusheweyh [411]-[412], Mokanu [311], Owa, Altintas and
Pashkuleva [346], Sekine [443], Yakubowski [150]-[152], Dimkov [63], Kapoor and Patel
[183], Saitoh [427], etc. Worthy of mentioning is the recent resolution of the famous
Bieberbach conjecture by de Branges [42].
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Most of the difficulties, arising with respect to multi-valued in integrals (5.5.2), (5.5.5)
or factors 2° in (5.5.4), can be easily overcome by considering the Erdélyi-Kober operators
of fractional integration and especially, in their form:

5 1(1—-0)‘5'1 .
1°f(z) = /Wﬁf <zaﬁ) do, vER, §>0,3> 0. (5.5.6)
0

Originally, they were introduced by Kober [220] and Erdélyi [104] and used till recently
by many authors in the more complicated form

z (ZB B Cﬁ) 0—1
Ig’éf(z) = 2_5(7+5)/ NG Cﬁvf(od(gﬁ), (5.5.6')

its disadvantage being obvious especially when dealing in complex domains.

This is the main idea in the following development: to use the Erdélyi-Kober fractional
integrals (5.5.6) and their multiple analogues of the same form: Igﬁi’(ék) (1.1.6), D(ﬁvﬁi’(ék)

1.5.19), 10R:08) (51 8 , DOKLOR) (1 5 38 , and hence the techniques of the G- and H-
(Br).m (Bk).m
k)s k)

functions, for the purposes of complex analysis.
5.5.i. Generalized fractional differintegrals in classes of analytic functions

Definition 5.5.1. Let 2 be a complex domain, starlike with respect to the origin z = 0,
and hence a simply connected domain. Denote by H(Q2) the space of analytic and single-
valued (i.e. holomormphic) functions in ). Further, for real 4 > 0 we consider the
following classes of functions:

9u(Q) = {£(2) = #F(2): () € 9@}, 5o(2) := H(Q). (5.5.7)

(in practice, most often p > 0 is taken to be integer). To avoid the multiplicity of the
factors z# we determine a unique branch of arg z : 0 < arg z < 27 by putting a cut in
along the half-line {Rz > 0, Imz = 0} and assuming

M = |z|Fexp(ipargz), p=>0.
In particular, €2 can be taken the unit disk

U=A;:|z| <1, orthedisk Agp:|z|] <R, R>0.

In the latter case, we can consider the functions f(z) given by their power series

f(2) :z“Zanzn =z2M(ag+ a1z +...) € Hu(AR), (5.5.8)

n=0
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absolutely convergent in Ap with R > 0 defined by the Cauchy-Hadamard formula

R= {HW}_I. (5.5.9)

n—0o0

In Chapter 1 and in Sections 5.1-5.4 we have studied the multiple Erdélyi-Kober
fractional integrals and derivatives in the spaces C,, (continuous type functions) and L?,
L, p (Lebesgue integrable functions). In Chapter 2 some special cases of generalized
fractional differintegrals have been considered also for functions of complex variables.
Now, we go deeper into the problems, related to generalized fractional calculus in the
classes (5.5.7) of analytic functions.

For the most general case of multiple fractional integrals involving Hﬁ%’%—functions
we state the following result.

Theorem 5.5.2. (Kiryakova [204]) Let the conditions

7k>—ﬁﬁ—1, 5, >0, k=1,....m (5.5.10)
k

be satisfied. Then, the multiple Erdélyi-Kober operator TR 08) defined by (5.1.8) or
(Bk);m
k)

(5.2.7), maps the class $,,(€2) into itself, preserving the power functions up to a constant
multiplier:

m F(fyk+5%+1>

IE%’“))’(:Z“) {2} =cpaP, p>p with ¢y = : (5.5.11)
k) k=1F<7k+5k+ﬁ%+1>
Hence, the image of power series (5.5.8) is given by the series
B m o Ty + 2 4 1)
(8 p
Iég’;)) (nf)f(z) =M Z an, H i 2", (5.5.12)

n=0 k:1F<7]€+5k+n—ng+1)

having the same radius of convergence R > 0, defined by (5.5.9) and the same signs of

the coefficients. More generaly, each generalized fractional integral Rf(z) = 2] égk))’(gf),
k)

6o > 0 maps 9,,(Q) into 9,,,5,(2) C Hu(2).

Proof. We emphasize only the specific details for §,,(2) which have not been used
in the proofs of the similar theorems for spaces C, Ly, p. For instance, (5.5.11) has been
calculated in Theorem 5.1.4. Then, term-by-term integration of f(z) € $, (AR), (5.5.8)
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leads to the power series

0.}
Iégk)) (6k)f( ) = Za I % (5k z“*”} Y Zancwnzn
, M n=0

=2H Z b 2",
n=0

where the new coefficients are:

)
R | s o
k:1r(7k+5k+ﬁ_k+1)

and so have the same signs as ap, n = 0,1,2,... . The radius of convergence of the
image-series, due to (5.5.9), is

~ —1 _ 1 1) —1
R={TTm |bal7} = { T Jau|7leunl7 }

n—oo
. T'(x+b) b—a T
By repeated use of the asymptotic formula Fata) ~ T 4 — 00, we obtain:
m é
1\ —Ok [ L\
e CRONE
=1

ie. Tim |by|n = Hm |an|n = R = R.

n—00 n—00

The correctness of definition (5.1.8) (with = = z € Q) for arbitrary functions f(z) =
Hf(z)en 1(£2) can be justified by means of Range’s approzimation theorem applied to
each compact subset of the simply connected domain 2. Namely, we can approximate
there the analytic function f(z) by means of polynomials P, (z), and therefore f(z), by
the polynomials z# Py, (z), n = 1,2,... . Another way is to establish that the improper

integral [ (gk)(dk {z“ f(z )} depending on the parameter z € €2, is uniformly convergent

in each compact subset Q C 2, and thus it is a function from $,(Q) again. To this end,
we use the asymptotics of the kernel Hy;, m—functlon (see the proof of Theorem 5.1.3) and
conditions (5.5.10).

For the leter use, we shall consider the simpler case when
. . m,0 m,0
the By =pFo=---=0n=0F>0, 1ie. thekernel is Hy, (o) = Gpm(o). (5.5.13)

(7%)(0k)

Then, the simpler Erdélyi-Kober fractional integrals / Bom , (1.1.6) with a complex

variable & = z € ), considered in the classes £,,(£2) have the same properties as stated in
Theorem 5.5.2 but with the substitution 3. = 3, k =1,..., m; see Theorem 1.2.18 and
its proof in Kiryakova [199]. The simplest (and the most useful) case is with parameters
Or=0=1,k=1,...,m. Then, we have the following statement.
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Corollary 5.5.3. Let us consider the multiple Erdélyi-Kober fractional integral (1.1.6)
with = 1:
1

(k) (0%) _ m0 (v + 0 + 1)
Iim f(z) = O/Gm’m {a‘ (g + 1)1 ] f(zo)do (5.5.14)

in the classes of function $,,(2). If

Ve > —p—1, 6. >0, k=1,...,m, (5.5.15)

then 11(’77’;)’(5’{) :9,(2) — 9,(Q) and in particular, for f € Hu(AR) C Hu(Q):

(7)) S -
1137]; o {zuzanzn} = Zuzancu+n2n (5.5.16)

n=0 n=0

with
n
(v +14+n+p)

c = >0, n=0,1,2,..., >0, 5.5.17
pren HF(’yk+5k+1+n+u) : ( )

k=1

i.e. these operators transform power series into power series with the same radius of
convergence and the same signs of the coefficients.

Note. For the classes of analytic functions considered here, the generalized fractional

Vie)>(Ok

integrals [ é ) and derivatives D&k))’(f:) , (5.1.38) act in almost the same manner,
k)

ﬁk‘)vm
so the mapping and other properties of the latter are similar to those of the integrals
TOR)(0k)
(Br)m

All the other operational rules and properties, stated in Chapter 1 (for the case of
G%:(fn—kernels) and in Sections 5.1-5.4 (for the Hm’gl—kernels) are also valid for the ge-

(Vk):(0k) (k) (Ok)
I D

(Br)m * 7 (Br)m
and we shall use them (e.g. Theorems 5.1.6, 5.1.9, 5.2.1, etc.) under conditions (5.5.10),

(5.5.15).

neralized fractional differintegrals in the classes of functions $,,(12)

In particular, for m = 1, the above general results have as consequences the proper-
ties of the clasical Erdélyi-Kober operators in spaces of analytic functions. Some of them
are well-known but present interest as a tool, commonly used in dealing with univalent
(starlike, convex) functions. Let us list them in the form of a separate proposition.

Theorem 5.5.4. Ify > —u—1, 6 > 0, then the Erdélyi-Kober fractional integrals (5.5.6)
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(with 3 = 1) preserve the class $,,(€);

00
.0 ) u n ) C(y+1+n+p) ST
" {Z ;anz }_Z Z (+o+1+ntp)

Il’y,ézA _ ZAII/\+%5.

)

)
d
=1 {11%6} I%L(S R DWS Dl%é:z_7 <—> 210

117-5—5,0[17,6 _ I{Y’é-‘rg'

I

I{Ya ]irua — IfuaI?ué — I§:};7T)7(67a); (5,5,18)

dz

and

(H IW’%) - I (H D%’(Sk) = 1(}7’;)’(5’“). (5.5.19)

5.5.ii. Application to some special classes of analytic functions

Definition 5.5.5. For integer p = p > 1 and Q = A; = {|z| < 1} we define the
subclasses 2, C 9, (A;) of functions, analytic in the unit disk A; and satisfying the
conditions

FO)=f(0)=---=fPV0)=0, fP(0)=p),

i.e.

Ay = {f(z) S P P b apa P = () T E (A ag = 1}- (5.5.20)

We are interested in the problem of preserving these subclasses 2, which play an
important role in the theory of functions of a complex variable, when acting on them

E 3 ))(6’“) Dévﬁk))’(g’;), considered in the previous
k k)

theorems. To this end, we should only put there integer p =p > 1, 2 = A; and add the
requirement:

oo
1m {sza z } :szbnz” with ap =1 = by = 1. (5.5.21)

n=0

by generalized fractional differintegrals [

Since
L' (v +14p)
L (v, +6,+1+p)

bn == anCn+p = bo = aon == Cp = H
k=1

we “normalize” the fractional integrals and derivatives by the factors cp, respectively é.
Then, from Corollary 5.5.3, we obtain the following.
Theorem 5.5.6. Let p > 1 be an integer and

> -—p—1,6.>0 k=1,...,m. (5.5.22)
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Then, the (normalized) multiple Erdélyi-Kober fractional integrals and derivatives:

7m ’

cp Cp P (v, +1+p) (5.5.23)
7)+(0k) _ pD( )+(0k) _ pI(7k+5k) ~0k)

FOR00) L 00 0) iy ﬁ L' (y, + 6k +1+p)

by,

m

preserve the classes Uy, defined by (5.5.20). In particular,
10 Gy = B ) = o

and for functions f(z) = 2P (1 4+ a1z + axz® + ...) € Ay, operators (5.5.23) act as follows:

0 7 7 7
1(% k) f(z)=2P (1 + bz + bz + .. ) . bn = angnyp,
(), o ) (5.5.24)
1%’ k f(z)=2" (1—|—d12—|—d2z2+...>, dn:anggjg, n=12,...
where the “multiplier coefficients” are:
c D (v 4+ 1+n+p) T (y + 0, +1+p)
gy = L = [ b S Ty, (5.5.25)
o S TOk+o+1+n+p)T (0 +1+p)
therefore,
signb, = signd, = signa,, n=1,2,... . (5.5.26)

Most frequently, special cases of the generalized fractional differintegrals (5.5.23) (see
the examples below) are used in the classes 2, with p = 0 and p = 1, namely:

={f(z) =14 a1z + az* + ... ; analytic in A}, (5.5.27)

A=A, = {f(z) =24 a2+ Fap" T Eﬁ(Al)}.
(5.5.28)

The latter is the familiar class 2 of functions, analytic in the unit disk and normalized
by the conditions f(0) = f/(0) — 1 =0.

It is now easy to specify the conditions (5.5.22) under which the generalized Erdélyi-
Kober operators (5.5.23) preserve these two classes, namely:

e > —1, 6. >0, k=1,...,m, for 2; (5.5.27")
Ve > =2, 0, >0, k=1,...,m, for =2 (5.5.28")

Note. In terms of the so-called Hadamard convolution (product) (o) of power series (see

2.2.9)) one can say that the generalized integration j(%)’(ék), 5.5.23), maps a function
1,m
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[ €y into its Hadamard product by an analytic function g,(z) whose Taylor coefficients
are gn p, namely:

fl(;’;%(dk)f(z) - ~1(,ZZ)7(5’“) {zpf(z)} = (f 5 gp) (2)

) - (5.5.29)
= 2P (f °© gp) (2) =2 Z angnp?",
n=o
where
gp(z) = Zgnvpz" with gnp — 0, n — oo. (5.5.30)

n=0

= (1), (0% )

Analogously, the generalized differentiation Dy,
product with the “associated” function

1 nothing but a Hadamard

Zgnl " with g, — 00, n— oo, (5.5.31)

1.e.

DUR ) pzy = DR Larfiay) = (f Bap) ()

Zp<fogp> _sz an o

n=0 gn7p

(5.5.32)

Examples of generalized Erdélyi-Kober fractional integrals
used in the topic of univalent, starlike and convex functions

These operators have been introduced by different authors who use them to study analytic
functions in various subclasses of the class 2 defined by (5.5.28). Such classes include
the class S of functions univalent in A;; the clases S*(«) of functions starlike of order
a (0> a>1)in Ay; the class K and K(«) of convex (convex of order «) functions in
Ay; the C(a, B) (see e.g. [351]), etc. Most of the operators listed below are defined in
the class 21 and preserve it (as a corollary of Theorem 5.5.6 when p = 1). Their proper-
ties in the above subclasses of 2 have been discussed in many papers and books. We
shall not describe in detail the various interesting results on this topic, but let us give
some examples only. We begin with the simplest case m = 1 of the classical (single)
Erdélyi- Kober operators of fractional differintegration.

Examrre 1 (Biernacki [33]). The linear integral operator B is defined in 2 by

) = j@dt = ja_lf(za)do =1, "' f(2).
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ExamrLE 2 (Komatu [230]-[232]). The integral operator L is defined in 2( by

1

21 = [LE%000) = [ o7 Gorio = 17 502)

o

in the case when the probability measure on [0, 1] is taken to be w(o) = 0. The sequence
{L"} (n =0,1,2,...) is then interpolated into a family of operators {LA}, depending
on a continuous parameter A > 0. According to our theory, the integer powers L" can
be considered as n-tuple compositions of the operator L itself:

n _1\n n
I — (Il—m) _ Il—l,l {11—171 o <11—1,1>} _ If,nl)l’(l)la

that is, as n-tuple Erdélyi-Kober fractional integrals of the form (1.1.6):

1
L"f(z) = I{’_nl)’(l)f(z) = /GZZ% |:0' ‘ (}1 .’.0 1 ] f(zo)do
0

1,...,17 f(z0)
QHWJ Zdo (5.5.33)

I
—~
3
| | —
—_
=
O\H
/?\
=
Q|
N——
3
L
—
—~
N
)
S—
QL
)

(see [370, p. 637, (3)]). This result coincides with the representation for integer A =n > 1
found by Komatu [230]-[232].

ExampLe 3 (Libera [256]). The linear integral operator

1ﬂ@:§/f@ﬁ:2/ﬂwma:yWﬂA

ExampLe 4 (Owa and Srivastava [351], Owa and Obradovié¢ [349]). The generalized Libera
operator B is defined for ¢ > —1 by

B.f(z) = c:—cl /tc_lf(t)dt =(c+1) /O'C_lf(ZO')dO'

0 0
= (c+ DIV f(2) = (e + DI f(2).

(5.5.34)

For integer c =n =0,1,2,..., this operator is considered by Bernardi [30].
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ExampLe 5 (Ruscheweyh [411]-[412]; Owa and Obradovié [348]). The so-called Ruscheweyh
derivative is defined by

z
DYf(z) = {m} of(z) (a>0), (5.5.35)
where (as before) f o g denotes the Hadamard product of two power series, that is,
oo
(fog)(z) = Z anbpz" (5.5.36)
n=0
o oo
for f(z2)= Zanzn and g(z) = anzn.
n=0 n=0

It can easily be seen that (5.5.35) has the alternative representation:

1

= mel’af(Z)

(5.5.37)

in terms of the Erdélyi-Kober fractional derivatives of order «, defined by (5.5.18). Ac-
cording to Theorem 5.5.4, this differintegral operator is an inverse operator of the Erdélyi-
Kober integral

Lo =T(a+ 1) " (a>0).

For integer « = n = 0,1,2,..., the Ruscheweyh derivative (5.5.35), (5.5.37) has the
known form:

0" f(2) = (L) f(2) = 2 (") = DT (),

In particular, for n = 1, we obtain the operator

(L) 1) = (7)) 72) = D (o) = 2 (2),

inverse to the Biernacki operator considered in Example 1.

Since D% is an Erdélyi-Kober derivative of the form DY’(S with v = —1 > —2 and
§ = a > 0 (see conditions (5.5.27') and (5.5.28')) and D*{z} = 2, Theorem 5.5.6 implies
that D maps the class 2l into itself. Further, we can consider a composition of a finite
number of Ruscheweyh derivatives % (ay. > 0, k = 1,...,m), that is, the m-tuple
Erdélyi-Kober derivative:

Darnn f(2) (H @> = D ), (5.5.38)
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defined by (1.5.19). On the other hand, formula (5.5.32) provides a representation of
(5.5.38) as the Hadamard product

n=0 k=1
that is,
DA f(2) = (g o f) (2). (5.5.39)
Then, the inverse operator J-@m := [} - 1) (o) is a product with the generalized hy-

pergeometric function (5.5.30):

o= ([T e )

(o1 + 1 (am + 1)

n=0
== 2Fm(1717<ak+1)1 ; )7
i.e. in terms of the Hadamard product:
Jio O f(2) = oFy (1,15 (o + 1)]"; 2) o f(2). (5.5.39)

We may call the a generalized fractional derivative (5.5.38) a multiple Ruscheweyh
derivative.

ExampLe 6 (Owa and Srivastava [352]; Sekine et al. [444]). The differintegral operator
O defined by

QM =T(2- )" (i

A
dz) [(2)=T@=ND;Mf(2) (A #£2,3.4,...)

provides another example of an Erdélyi-Kober fractional derivative (5.5.18).

ExampLe 7 (Carlson and Shaffer [52]; Owa and Srivastava [352]; Owa et al. [354]). Con-
sider the integral operator L(a,c) defined in 2 by the Hadamard product (5.5.36) as
follows:

L(a,c)f(z) = P(a,c; z)o f(2) ={2F1(1,a; ¢; 2)}o f(2). (5.5.40)

It is easily seen that

F(C) c—a—1_a—2
L(a,c)f(z) = (1—-o0) o “f(zo)do
Fla) I(e—a) 0/ (5.5.41)
. F(C) a=2c—ap(, a < ¢
- F(a) Il f( ) (O < < )
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Naturally, £(a,a) is the identity operator. The inverse operator of L(a,c) is formally
given (cf. [52] and our inversion formula (5.5.18)) by:

ﬁ_l(ay C) = ];ECCL? 11(0*2)+(C*a), a=c = _1;((623 116—2, a=c _ ;C(C, CL),

which has to be understood as an Erdélyi-Kober fractional derivative:

F(a) DE—2c—a

L Y a,c) = L(c,a) = ro

(c—a>0).

The property from [52]:
L(b,c)L(a,b) = L(a,c)

follows readily from the product rule in (5.5.18); in fact we have

L(b,¢)L(a,b) = ?8 1?‘2’0‘1’58 o 58 I = £(a, ).

A composition of operators (5.5.40) was considered by Owa and Srivastava [352].
Note that, according to Theorems 1.2.10, 1.2.18, we can represent such a composition as
a multiple fractional integral involving G-function in the kernel; for example:

L=L (al, bl) L (aq,bq) L (aq+1, 1)
q+1

“1I I (bl;;ij(ak_z)a(bk_ak)' (5.5.42)
k=1

F (a 1,q+1

Then, the following result related to operator (5.5.42) (see Owa and Srivastava [352, p.
1067, (5.6)]) can be found also by the technique of the (¢ + 1)-tuple fractional integrals
of Erdélyi-Kober (cf. Kiryakova [200], [209]):

z g1 Fy (al, oy Qg bi, by z) =LAz F(1,1; 1;2)}. (5.5.43)

For other applications of the operator L(a, c), see Owa and Srivastava [352].

Let us mention now two interesting special cases of the multiple Erdélyi-Kober ope-

1(771;)7(%)

rators Iy, with m = 2 which have been recently used in univalent function theory.

ExampLe 8 (Saigo [415], [420]). The hypergeometric fractional integral operator 1%
defined by

z

_ Aoa—1
19PN f(z) = 2+ / % o Fy (a + B, —na;l — g) f(Q)d¢ (5.5.44)
0
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is, according to the proof of Theorem 1.2.10 with m = 2, a double Erdélyi-Kober frac-
tional integral:

10PN = =B =00, et _ =f p=b, —npdedn (5.5.45)
Therefore, for « > —n > 0 and 8 < 1 + 2 (see condition (5.5.28')), the normalized

operator
7,3 B o, F'2-/r'2+n+a)
[P = czP [P (C'——
['2+n-p)

preserves the class 2.

Examrie 9 (Hohlov [135], [136]). Another hypergeometric fractional integral is defined in
20 by means of the Hadamard product, namely:

Fla,b,0)f(z) ={z 2F1(a,b; ¢; 2)} o f(2). (5.5.46)

Hohlov [135], [136] uses them in solving some interesting problems concerning the uni-
valence of functions of the class 2.

Operators (5.5.46) also have a representation as double Erdélyi-Kober fractional in-
tegrals:

1
(1 _ a)cfafb

Flabe)f(z) = F(a)F(b)/F(c—a—b—i—l)ab_c
X oFi(c—a,1—a; c—a—b+1; 1 —0)f(zo)do

I'(c) a—2, 1—a tb—2, c—b I'(c) (a—2,b—2), (1—a,c—b)
— I I ] ) — I I I I
rare™ 1 TP = rgrp e

(5.5.47)

Naturally, when a = 1 or b = ¢, Hohlov’s operator (5.5.47) reduces to a single Erdélyi-
Kober integral. For a < 1 and b < ¢, it is a purely integral operator; otherwise, F(a, b, ¢)
has a differintegral representation. All the properties of this operator follow from Theo-
rems 5.1.6, 5.5.2, 5.5.6 with m = 2. According to (5.1.32), the inverse operator has the
form:

fﬁl(a, b, C) e w1(715672)7 (afl,bfc)

(¢) M
F( ) (b) D(a—2,b—2), (l—a,c—b).

Q

—

@)

(5.5.48)

S
.1

- ( ) 1,2
Most of the operators listed until now (those of Biernacki, Libera, Ruscheweyh and
others) are easily seen to be special cases of (5.5.46) and its inverse (5.5.48).
One of the problems considered by Hohlov [135], [136] was to find the conditions
for the parameters a, b and ¢ under which the operator F(a,b,c) maps the class S of

normalized univalent functions into itself and analogously, for the class of normalized
convex functions IC.

’1

®)
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The variety of the results and the concluding remarks in [135]-[136], as well as the
collection of other papers cited here, suggest the following problem for further discussion.

OPEN PROBLEM 5.5.7.Study the same problems (as those considered by Hohlov) for the ge-
neralized (multiple) Erdélyi-Kober operators of fractional differintegration and use them
in the theory of univalent functions.

In fact, compositions of Erdélyi-Kober operators and integer powers of them arise
frequently in analysis. Examples of these occurences are the so-called Gelfond-Leontiev
generalized integrations and differentiations of power series, the hyper-Bessel differen-
tial operators of arbitrary order m > 1, some transmutation operators used in solving
integral and differential equations and a series of other generalized integrations and dif-
ferentiations, all of them having the general form proposed by Kalla [164]. Multiple
Erdélyi-Kober operators of differintegration have been recently used sometimes, along
the lines discussed in this section (e.g. equations (5.5.33) and (5.5.42)) but (as a rule)
the repeated integral representations (m > 2) or the Hadamard products (m = 2; e.g.
equation (5.5.46)) are considered. No other authors seem to have used the excellent
properties of Meijer’'s G-function as a kernel of the corresponding single integral repre-
sentation, especially in the above field (see e.g. Srivastava and Owa [475]-[476]). By
this description of the G-function approach, we would like to stimulate researchers on
analytic function theory to use it.

5.6. Generalized Laplace type integral transforms generated by multiple
Erdélyi-Kober fractional integrals

There are many results relating Integral Transforms and Fractional Calculus (see e.g.
Erdélyi [104], Widder [510], Fox [114], Zemanian [519], McBride [288], etc.)

Here we consider briefly the two-fold connection between the gemeralized (multiple)
fractional differintegrals and a class of integral transforms, generalizing the Laplace trans-

AOI((;:)a(Ak)

form. First, each fractional integral z Yo (5.1.9) generates such a transforma-

tion. On the other hand, these integral transformations have the property of algebraizing
some corresponding fractional (or integer) integrals and derivatives.

The Laplace transform

o0

L{f(x);z} = /exp(—zx)f(x)d:z:, Rz > (5.6.1)

0

can be considered for functions from C_; = {f(z) = 2Pf(z), p > —1; f € C[0,00)}
which have exponential growth as x — oo, i.e. in the subspace

Co ={f(z) e C_y; f(x)=0O(exppuzx),z — o0; u € R}. (5.6.2)

More general integral transforms involving Meijer’s G-functions, Fox’s H-functions
and other special functions have been considered recently by various authors, e.g. Fox
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[113], Rooney [403], Srivastava [458]-[459], Srivastava and Buschman [465], Pathak [358]-
[361], Tuan [495]-[496], Tuan, Marichev and Yakubovich [497], Yakubovich and Nguen
[517], Nguen and Yakubovich [317], Luchko and Yakubovich [270]-[271], McBride and
Spratt [292]-[294], Berkel [29], Kiryakova [196], [201]; and for generalized functions, re-
spectively by Lighthill [257], Zemanian [519], McBride [288], Lamb [244]-[245], Pathak
and Pandey [362], etc.

According to recent developments (see Marichev [276], Brychkov, Glaeske and
Marichev [44], Tuan [496], Marichev and Tuan [284]), there are mainly three kinds of
generalized integral transforms: of the type of the Fourier transform (sin-, cos-Fourier,
Hankel and symmetrical Fourier transforms); of the type of the fractional integrals (1.1.6),
(5.1.8) and of the type of the Laplace transform (like the Meijer, Borel-Dzrbashjanand
Obrechkoff transforms).

Definition 5.6.1. The G- and H-transforms of the form

& f(z) = / G {zx EZZ))‘%I } Fa)da, (5.6.3)
0
respectively,
Vi m,n aj, Aj b
o f(z) = O/ o {zx ((b;j BZH F(@)da, (5.6.4)

are said to be generalized integral transforms of Laplace type when

5:m+n—l%>0 (5.6.5)

for (5.6.3), respectively
n p m q
O=> A=) Aj+> By— > By>0 (5.6.6)
j=1 Jj=1 k=1 k=m+1
for (5.6.4) (cf. (A.10), (E.4)).

Definition 5.6.2. A generalized (multiple) fractional integral (5.1.9):

m
1 1

) (5.6.7)
1 ]f(xa)da, Ao >0,

considered as a transmutation operator from the Laplace transform to a generalized
Laplace type transform, is called a generator of the latter integral transform.
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Definition 5.6.3. A composition of the Laplace transform and a generalized fractional
integral (5.6.7) as a transmutation operator 7"

H{f(x); 2} = L{Tf(); 2} (5.6.8)

is said to be a generalized integral transform of Laplace type, generated by the transmu-
tation operator (generator) T.

The notions of Definitions 5.6.2-5.6.3 have been used, for example, in Kiryakova
[201] and deeper investigations on this topic have been made recently by Luchko and
Yakubovich [270]-[271], Yakubovich and Luchko [515]-[516], Yakubovich and Nguen [517],
etc.

Here we propose only some basic ideas along the lines of our previous results on the
integral transforms of Borel-Dzrbashjan, Meijer and Obrechkoff (see Chapters 2, 3) and
further possible generalizations of the Laplace transform.

Theorem 5.6.4. For functions of the space

09 ={10) € G = mx [ (o + V]

<_’Yk_>\k,ﬁ%c)zn )m]} as r — 00, MER},

(a + 17 1)7 <_7k‘7 ﬂLk )

(5.6.9)
the generalized integral transform of Laplace type (5.6.8) generated by the transmutation
operator (5.6.7) with \g = —a — 1 has the following explicit representation as an H -
transform:

9S(@); ) = ${Tf():2) .
<'7k A+ 1 - > 6.
/Hn";‘mfl [ ﬁk P m | f(z)dz, Rz > p. (5.6.10)
(_a_171>7 <7k‘+1 /Bk 5k>
The transform (5.6.8), (5.6.10) has a convolution in C’Oj? of the form
9 _ 1
fHg) (@) =T""{(Tf*Tg)(x)}, (5.6.11)
where (x) is the Duhamel (Laplace) convolution
(f*g)(zx /f (x —t)g (5.6.12)
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namely, for f,g € C:
o{(7%0) @ =} = 9ts@2)90000):2). (5.6.13)

Proof. Formal calculations based on representation (5.6.7) of 7" and integral formula
(E.21") with
Ao _ ~1,0 71,0
27 exp(—zz) = Go)s [z Ao] = Hyy [z (Ao, 1)],

lead to representation (5.6.10), namely:

S{f(2); 2} = &{Tf(a / )T f(x)de

.¢]

1
:/ )‘Oexp( 2T dm/Hﬁfn

0

(~ k+/\k+1—ﬁL,ﬂL>

o0
f(t)dt/x)‘o_lexp(—zx)Hﬂrg”gl E] dz
t

0\8

(w + A1 - ﬁk>m

.Y
0 m f(t)dtv

=z

0\8

m+1,0
HmmJrl [zt

where \g = —a — 1.

On the other hand operator T, (5.6.7), maps Cyq into C,, ), for the choice a =
max (=B (v +1)] (Theorem 5.1.4). For \g = —a — 1 this means T : Cy, — C_y. It

remains to establish additionally that the subspace C’O”f) C (), is suitably chosen so that

T transforms the behaviour of f € C’Oj? as x — oo into the condition T'f € C7. Actually,
by using formula (E.21’) again (and (E.12)-(E.13), (E.8)), we see that:

)\k,
o (it || 0 (ﬂ;k ] b / H VS (o)
0, 9

<_7’<f k’ﬁk) <ngk> ] (5.6.14)

m
(_)‘07 )7 ( )‘kvﬂk) ( Vkaﬂk)
= & HyY [—pa |(— o, 1)] = 2% exp(pa)a™0 = exp(pa).

/\O 1,2m
H2m2m+1 —HT

Since generalized fractional integrals “preserve”, in general, the asymptotics (see,
for example, the proof of Theorem 3.9.15 for x — +0; but Theorem 3.9.16 deals with
x — 400; details can be seen also in the article [28]), then (5.6.14) means that the new
transformation (5.6.10) is well defined in C’Oj? and for Rz > u.
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Using the property of the Duhamel convolution (5.6.12): £{f x g;2} = £{f}.£{g}
and representation $H{f;z} = £{Tf;z}, we find:

9 {h? g;z} =9 {T Tf=Tyg); z} = L{TT Tf=Tyg); z}
=L{Tf; 2}.L{Tg; 2} = 9{f; 2}.9{g; 2}

ie. (5.6.13).

Note. By replacing operators T and T ! in (5.6.11) by their (differ)integral represen-
tations via H-functions and simplifying suitably in special cases, one can find also ex-

plicit representations for the convolutions {x? . For instance, it is suitable to choose

Tf(z)= :U“I(%)’((Sk), p = —a —1, as in Section 5.4.

,m

v

Ok

In particular, let us consider a simpler case of a transmutation operator 7" involving

a G%j?n—function and the corresponding Laplace type G-transform, generated by it. As

established in Kiryakova [201], we can take the Sonine-Dimovski type transformation
B B (),(A
Tf:=of (:1:m> _ Bm+1) mzé’jl)f(l k)f(x) (5.6.15)

in Coy = max [ (7 + 1)], and consider the corresponding new transform
1<k<m

&{f(z); 2} = Lpf(z); 2}

_ - Z\™m
=\/m(2m)l=mz 57’”/G727T_1712’Sn_1 [(—) f
0

m) e (&
(5.6.16)
for f € C°%, and Rz > p, where
a,m
8
o = {f €Cy; flx)=0 (exp,uxﬁ> , T —00; uE R} : (5.6.17)
Oé,m

Being a special case of the H-transform (5.6.10), the G-transform (5.6.16) is easily
seen to generalize some other integral transforms, considered in previous Chapters 2, 3.

ExampLe 1. Let m = 1, then transmutation ¢ in (5.6.15) reduces to the simple trans-

1
formation ¢f(z) = 27 f <x5> and the generalized Laplace type transformation (5.6.16)
takes the form:

Llof(x); 2z} = ﬁ/exp (—zx5> PO £ () . (5.6.18)
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This is a modification of the Borel-Dzrbashjan transform (2.4.4):

Bpulf(@); 2} = pz’“""l/exp(—zf’tp)tﬂp‘lf(t)dt. (5.6.19)
0

As shown in Section 2.4, this transform turns the Dzrbashjan-Gelfond-Leontiev operators
of differentiation and integration into algebraic operations (Theorems 2.4.2, 2.4.3). Its
convolution is (2.4.11).

ExampLE 2. Let m > 1 and let us choose A\, = vm — v + %, k=1,...,m —1in the
transmutation T = ¢, (5.6.15). Then, it reduces to the Sonine-Dimouvski transformation

(3.5.52') related to the hyper-Bessel operators

L—ﬁj(wf)’(l). B — -3 M i_}_ﬂ
- ﬁm va I = knl xdl_ 7]{} )

so that

oL = (%) "y in Cq, a= max (=08 (v + 1)].

The Laplace type G-transform (5.6.16) is then :

2): 2) = (25—~ M Ym T 2m—1,0 z mxﬂ (7[@ + %)Zn_l
Lof(z); 2} \/ (2m) O/Gm—l,Qm—l (m) (’Y}C)T, (WC—F%)T_I
X f(x)dz

 Jams (@) (-3 1)) s,

1

(5.6.20)
i.e. up to a constant multiplier, this is the Obrechkoff integral transform (3.9.23), (3.9.34).
Formula (5.6.11) now gives its convolution (3.9.33): ¢ '{(¢f) * (pg)} and Theorem

3.9.6 illustrates its properties of algebraizing the hyper-Bessel differential and integral
operators.

ExampLe 3. In particular, for m = 3 = 2, v, = £%, then (5.6.16), respectively (5.6.20),
turns into the Meijer transformation (3.10.a), due to relation (3.10.a").

Needless to say, if all the A\j’s in transmutations T' (5.6.7), (5.6.15) are taken to be
zero, then T are the identity operators and the H-, G-transformations of Laplace type
(5.6.10), (5.6.16) are nothing but the Laplace transform.
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Note also, that Weyl type generalized fractional integrals of the form T* =

AOW((;:)), ()

with G- and H-functions in the kernels. The most commonly used transmutations are the
two-dimensional Riemann-Liouville and FErdélyi-Kober fractional integrals, see: Raina
[384]-[388], Raina and Kalla [389], Raina and Kiryakova [390], Raina and Koul [391]-
[393]; Saxena and Kiryakova [438], Saxena, Kiryakova and Davie [439], Saxena and Ram
[441]-[442], etc.

can also be taken as transmutations, generating new integral transforms

5.7. Miscellaneous

We can hardly mention all the possible applications of fractional calculus and thus, the
possible ones of the present generalized fractional calculus. We refer to the handbook of
Samko, Kilbas and Marichev [434]. Nevertheless, let us describe a few topics.

Summation of series

There is a series of papers showing how some interesting results for series summation
and the ¥-function can be established by means of fractional calculus. Their idea was
initiated by Ross [408]. His paper discussed the general problem for “serendipity in
mathematics” (i.e. the course of a mathematical discovery), by means of an excellent
example of how fractional operators can simplify the solutions of complicated functional
equations. In particular, Ross’ result [408] showed “how one is led to discover that

0}
135.....2n—1) 1 3 15
— = —Ins”. 7.1
2 w2 2 16 T T (5.7.1)

n=1

This idea was extended by Ross and Kalla [409], Kalla and Al-Saqabi [166], [168],
etc. In the famous Cambridge Tract entitled “The General Theory of Dirichlet’s Series”,
Hardy and Riesz showed implicity that the concept of the Riemann-Liouville fractional
integral was a very useful expedient for the summation of the series of so-called typical
(Rﬂk)—means. Later, Mikolas (1960-1975) succeeded in clarifying the role of fractional
integrals for general summation theory. After numerous more special results, in [304] he
discussed the so-called (M )-method for arbitrary function series and some of its applica-
tions.

Statistics and related topics

First of all, the special functions (in general, the G- and H-functions) used as kernel-
functions for generalized fractional integrals (0.10), (0.11), (5.1.6) and generalized frac-
tional transformations (5.6.3), (5.6.4) find also wide applications in statistical distribution
theory, multivariate statistical analysis, generalized probability laws, queuing theory and
related stochastic processes, spares provisioning, generalized birth and death processes,
etc. One can see: Mathai and Saxena [286]-[287], Srivastava and Kashyap [468], etc. It
is interesting to note that Kabe [153] seems to be the first to use Meijer’s G%j%-functz’on
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(the kernel-function of our generalized fractional integrals (1.1.6), (1.1.9)) as density
functions of a random variable:

fU) = ﬁ MG%;% [U (5.7.2)

a1,...7am
)
bl;"'van

the special cases m = 1, m = 2 giving the so-called “beta- and Gauss-distributions”.

On the other hand, fractional calculus finds its own use in the above topics. Examples
of applications of fractional differintegral operators and prospects for future use of their
generalizations can be found, for example, in Laurent (in [404, p. 256-266]), Saigo and
Raina [424], Ignatov and Kaishev [144]-[145], Kaishev [154], etc.

Radiation integrals

Applications of the Gauss hypergeometric function (the kernel-function of our 2-tuple
Erdélyi-Kober fractional integrals (1.1.18), (1.1.19)) and some fractional integrals of spe-
cial functions are shown to be useful in the environmental sciences and protection from
accidental radiations. For example, the radiation field arising from a plane isotropic
rectangular source can be presented by the integral (called the Hubbell integral):

b

a dz

f(a,b):/arctg<\/1+x2>\/1+m2, 0<a<b< oo, (5.7.3)
0

investigated in detail in a series of fundamental papers by Hubbell ([142]-[143], etc.) for
its various applications. Several generalizations of (5.7.3) have been given by authors
like Bach and Lamkin, Glasser, Andrews, Saigo and R. Srivastava, etc.

Recently, the following generalized radiation integral has been investigated:

b
a,b,p,)\,,u O'CL/ A 2 —Q ‘732 : CL2
I == 1- ) ,F Ly — 7.4
|: :| A / x (.CE +p) b2 241 a?ﬁa s +p dx (5 7 )

Oévﬁvfy .’132

by Kalla, Al-Saqabi and Conde [169], Kalla, Conde and Hubbell [170], Kalla, Galue
and Kiryakova [172], Galue and Kiryakova [118] etc, which is suitable for dealing also
with radiation fields with specific configuration of source, barrier and detector. Series
expansions and representations of (5.7.4) by means of Appell’s double hypergeometric
functions have been found in [169], [170], especially when p = 0, and these results have
been generalized in [172], [118] by introducing the above integral with arbitrary p > —1.
In the latter papers, radiation integrals (5.7.4) are considered also as Erdélyi-Kober ope-
rators (1.1.17) of the Gauss function.

Fractional powers of operators and Mellin multipliers

As shown by Dimovski [65], [69], fractional powers of some linear operators L mapping a
linear space X into itself, can be defined by means of the convolutions of these operators
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(in the sense of Definition 2.1.1). In building an operational calculus for the operator L,
its powers L)‘, A > 0, can be represented as convolutional products with corresponding
elements of the operational (quotient) field: LAf = {I\} * f, Iy, f € X as is done for the
hyper-Bessel integral operators (see Definition 3.6.2 and Theorem 3.6.3).

To represent the fractional powers of the same hyper-Bessel operators, McBride [289],
[291, p. 99-139] has used another approach, based on Mellin transform theory and
extendable to fractional powers of the so-called Mellin multiplier transforms, see also
Rooney [402]. This approach provides a rigorous framework for the development of a
theory of the fractional (i.e. not necessarily integer) powers L%, « > 0, of some classes
of operators L, based on the relation

h(s — ay)

M{LYf; s —ay} = Wi)ﬁ{f; s}, a>0, (5.7.5)

g(s) :== % being the Mellin multiplier, v € C. The above papers, as well as McBride

[288], Lamb [243]-[245], Lamb and McBride [246], McBride and Spratt [292]-[294], etc.
propose a unified approach to fractional calculus based on a systematic use of Mellin
multipliers.

For other approach see also Komatsu [225]-[229].

Operational calculus and integral transforms

The relation of this topic with fractional calculus is so close that it is not discussed
here. The modern operational calculus is related to the name of Mikusinski ([306])
but as shown later (e.g. Dimovski [68], [70]-[71], [73]) many operational calculi can be
developed even for a single linear operator. More references can be seen, for example in
the surveys by Ditkin and Prudnikov [88] (especially relations to fractional calculus in
§24) and Brychkov, Prudnikov and Shishov [45]. Recent contributions are related also to
some trends like convolutional calculi (Dimovski [73]), convolutional representations of
commutants and multipliers (Bozhinov [38]), discrete operational calculi (e.g. Dimovski
and Kiryakova [82]), etc.

Fractional finite differences and averaged moduli of smoothness
It is well known that for a n-times differentiable function, the following formula
ALf) (@)

f™(z) = lim (

lim 22—, n= 1,2,... (5.7.6)

holds, where (AZ f ) () denotes the finite difference of integer order n. This equality can
be used for an alternative definition of the fractional derivatives of order o > 0, via the
generalized differences of fractional order

(AYF) () =D (-1)F (Z)f(x —kh), «a>0, (5.7.7)
k=

0
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namely:

a >0, (5.7.8)

the so-called Griinwald-Letnikov fractional derivatives, originated by Liouville (1835),
Griindwald (1867), Letnikov (1868), Mikolas (1963), etc. Recently, this approach to the
fractional calculus has again attracted the attention of mathematicians, due to Butzer
and Westphal [47] and Butzer, Dychkoff, Gorlich and Stens [46]. Their approach, from the
point of view of the contemporary theory of functions, relates several classical problems
of fractional calculus with the problems of functional analysis and gives also a way of
dealing with generalized functions. Differences of fractional order (5.7.7) have been used
to introduce moduli of continuity of fractional order:

wa(f,h) =wa x(f,h) = |S‘ur;l [AF fll v
t|<

X being a Banach space; fractional averaged moduli of smoothness; spaces of functions
of generalized smoothness; Hausdorff approximation; etc. Related results can be seen
in Timan [487], Sendov [445]-[447], Sendov and Popov [448], Popov [364], Ivanov [149],
Dryanov [93]-[95], Kaljabin [179]-[181], Kaljabin and Lizorkin [182], etc.

OpEN PrROBLEM 5.7.1. Find an appropriate discrete definition of the generalized (multiple)
Erdélyi-Kober fractional differintegrals (1.1.6), (1.5.19), analogous to (5.7.8) and based
on some “fractional multiorder differences”, generalizing (5.7.7) and related to the G-
functions.

Fractal Hausdorff dimensions and fractal geometry

Fractals are geometrical objects: points, curves, planes, cubes, etc. but unlike more
familiar objects, they cannot be “measured” by conventional methods. The notion was
introduced by Mandelbrot [273] who discovered that many irregular shapes in the Nature
that are not just random but can result from simple formulas, based on certain shapes
nesting inside others. His observation of the existence of a “Geometry of Nature” has
developed into a new kind of geometry, fractal geometry. Whereas classical geometry is
used to describe the form and structure of man-made objects the fractals are models of
both physical and non physical structures such as clouds, coastlines, plants, snowflakes,
etc. Recently, fractal theory has been developed intensively towards applications in
geometry, analysis, graph theory, etc. See Barnsley [27], Kuyosying [242] and the series
of papers of Lapidus [247]-[251].

In addition, the question of a possible relation between fractals and fractional calculus
(not only semantically) remains foggy but needs to be clarified. A fractal set consisting
of one-dimensional parts in a two-dimensional setting, is adopted to have a dimension
between 1 and 2, i.e. a fractal dimension. It is based on the idea of the Hausdorff
“measure” of a compact region in an n-dimensional space, where n can be a fraction.
Then, we need a constructive interpretation of a fractional measure. By analogy, an
integral of order 1% can be considered as a measure of a body’s volume in a 1%—dimensional
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space. Since the integer-dimensional spaces are Cartesian products of one-dimensional
spaces (lines) with a continuum cardinality, to construct a 1%—dimensional space as a
product of one-dimensional and %—dimensional spaces, we need a solution to the following
problem.

OPEN PROBLEM 5.7.2. Give a constructive description of a set whose cardinality is a part
of the continuum, for example a half of it?

Another positive answer is suggested by some results in Takev [486]. Namely, one
can consider the graph G(f) of a continuous function as a fractal set with Hausdorff
dimension D (G(f)). Suppose also that the fractional derivative D f exists but D¢ f
does not exist for any € > 0. Then,

sl 9y <o oofl, (>p>1)5
DG(f) <2—a, O<a<l,

(5.7.9)

where wy(f; 6) denotes the average modulus of continuity and a problem arises: If
for Lipschitz functions of order a, can the “<” sign be replaced by “=” in the latter
inequality?

In view of the above-mentioned, we would like to hope that fractal geometry might
give at last a positive answer to a long standing open question, a challenge to fractional
analysts. It was posed subsequently in [404], [291], [329], still without answer, as follows
([329, p. 283]): “Is there a geometrical representation of a fractional derivative? If not,
can one prove that a graphical representation of a fractional derivative does not exist? (by
B. Ross) ... . The consensus of experts ... is that there is, in general, NO geometrical
interpretation of a derivative of fractional order ... It can be asked, however at least
for a geometrical meaning or a physical phenomena that can be represented by means of

equations involving a derivative of a particular order such as % 7

Let us hope that the above conjecture will fail, so we pose the question again (and
even generalize it).

OpeN PrOBLEM 5.7.3. Find geometrical or physical meanings for the generalized Erdélyi-
Kober fractional differintegrals, or at least for the classical fractional operators. The
answer seems to be hidden, probably, in our fractal world.

THE MAIN RESULTS OF CHAPTER 5 HAVE BEEN PUBLISHED IN: Kiryakova [196], [199], [201], [203]-
[205], [207], Kalla and Kiryakova [174]-[175], Galue, Kiryakova and Kalla [119], Kiryakova
and Srivastava [214], Raina and Kiryakova [390], Saxena and Kiryakova [438], Saxena,
Kiryakova and Davie [439].
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Appendix: Definitions, examples
and properties of the special
functions used in this book

The notation, definitions and properties of the special functions used or mentioned in
this book are scattered over a number of manuals, monographs and papers, published
at different times, and in different languages and places. To make our presentation self-
contained and convenient for the reader, we have tried to gather the main facts about the
generalized hypergeometric functions having an essential use here. Most of these facts are
well-known and can be found in the books by Erdélyi et al. [106], [108], Luke [272], Mathai
and Saxena [286]-[287], Marichev [276], Srivastava and Kashyap [468], Srivastava, Gupta
and Goyal [467], Prudnikov, Brychkov and Marichev [368]-[370] as well as in many other
lecture notes, papers, reprints, etc. To avoid overloading our presentation, usually we
do not indicate the corresponding sources. On the other hand, some of the results listed
below are not so well known or have been found recently. In these cases we mention their
origin. In any case, the reader interested in more detailed information on the generalized
hypergeometric functions and various special cases is referred to the books and papers
cited.

A. Definitions and basic properties of the generalized hypergeometric func-
tions and Meijer’s G-functions

In recent decades Meijer’'s G-function has found various applications in different areas
close to applied mathematics like: mathematical physics (hydrodynamics, theory of elas-
ticity, potential theory, etc), theoretical physics, mathematical statistics, queuing theory,
optimization theory, sinusoidal signals, generalized birth and death processes, etc. Due
to the interesting and important properties of the G-functions, it became possible to rep-
resent the solutions of many problems in these fields in terms of these functions. Stated
in this way, the problems gain a much more general character, due to the great freedom
of choice of the orders m, n,p,q and parameters of the G-functions, in comparison with
the other special functions. Simultaneously, the calculations become simpler and moore
unified. Evidence for the importance of the G-function is given by the fact that the
basic elementary functions and most of the special functions of mathematical physics,
including the generalized hypergeometric functions, follow as its particular cases. There-
fore, each result concerning the G-function becomes a key leading to numerous particular
results for the Bessel functions, confluent hypergeometric functions, classical orthogonal
polynomials, etc. Here we give a brief sketch of the results used repeatedly in this book.
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A.i. Definitions

Since Meijer’s G-functions are natural extensions of the generalized hypergeometric func-
tions pFy, we first draw our attention to them. Concerning the more general notion of a
function of hypergeometric type, Marichev [276,p. 46] wrote: “The author failed to find
an accurate definition of this notion in the literature. Therefore, for convenience, further
we shall base ourselves on the following definition including all the linear combinations
of functions mentioned in §12, except for the functions Jii)\(x), E,(x,p) for irrational
and p.”

Definition A.1. (Marichev [276]) By a function of hypergeometric type of the variable
z we mean each function u(z) representable in a neighbourhood of the point z = 0 in the
form of a linear combination of functions

E((ag), (br), o)z Fy((ag); (by); hz"),

(where E((a), (b),a) is a function of the parameters (a), (b), o, v > 0, h =const) as well
as each function that can be obtained continuously by a limiting process with respect to
these parameters.

Examples

The functions z%exphz, (1 — 2)7% In(1 + z), Inz, arcsinz, arctanz, (1 + 1 —2)7¢
and linear combinations of them are functions of hypergeometric type. The fact that
the function u(z) = In(z) belongs to this class follows easily from the equality Inz =
lim (2% — 1)a~! and the second part of the definition. Naturally, all the ,F,-functions

a—0
and their particular cases are functions of hypergeometric type.

In general, functions of hypergeometric type are functions whose Mellin transforms
have the form

and therefore, these functions are Mellin-Barnes type integrals of the form
(a; + s)T'(b; — s
/ H ! (b )z_sds,
2mi Fck+stl—s)

or linear combinations of such integrals (here £ denotes a certain contour in the complex
plane). In fact, the transition from the Mellin images to the originals u(z) is performed
by means of Slater’s theorem based upon the theory of residues (see Slater [450]).

The generalized hypergeometric function ,Fy was known in the time of Euler and its
long history was described in a number of books and articles, e.g. in Slater [450].

Let p and g be arbitrary natural numbers such that p < g+1 and ay,...,ap; by,...,bq
be some complex parameters. In general, the variable z is supposed to be complex too.
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Definition A.2. The generalized hypergeometric series ,Fy(2) is defined by the sum of
the power series

pFy((ag); (by); 2) = pFylar, ... ap;bi, ... bg; 2)
ZOO ar);...(a izi A.l
Z} ( ) ( p)- il A

a/17...,a/p

in the domain of its convergence, namely: |z| < oo for p < ¢ and |z| < 1 for p = ¢ + 1,
where (a); stands for Pohhamer’s symbol

I'(a+ 1)

(ao=1, (a);= W’

By a generalized hypergeometric function pFy(z) we mean the sum of the series (A.1) in
these domains; or, in the case p = g + 1, also its analytical continuation in |z| > 1.

The aj.’s and by’s are called numerator and denominator parameters, respectively. The
pFy-function is symmetric in its numerator parameters, and likewise in its denominator
parameters. If at least one of the parameters by, ..., by is zero or a negative integer, then
(A.1) has no meaning at all, since the denominator of the general term vanishes for a
sufficiently large index. That is why we suppose that

by £ —j, l=1,....q, j=1,2,... (A.2)

Under this condition, if some of the numerator parameters are negative integers or
zero, then the series terminates and turns into a hypergeometric polynomial of the fol-
lowing form (see for example Luke [272, I, p. 142] or Srivastava and Kashyap [468, p.
33]) with n =0,1,2,...

—n; o, ...

p+1Fq |: 517 .

& (o) 2P
} Z ( Bq) I (A.3)

k=0
_(al)n...(ap)n ) q+1Fp[ n,l—ﬁl—n,...,l—ﬁq—n (—1)P+CI]‘
2

l—a;—n,...,1—ap—n

If we suppose that none of the numerator parameters is zero or a negative integer
(otherwise the question of convergence will not arise), and with the usual restriction
(A.2), the ,Fy-series in (A.1):

converges for |z| < oo, if p<gq,
converges for |z| < 1, if p=qg+1,
diverges for all z,z #0, if p>q+ 1.

Furthermore, if we set
q p
=D b — Y a, (A.4)
=1 k=1
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it is known that the ,Fg-series withp = ¢+ 1 is:

absolutely convergent for |z| = 1, if R(w) >0,
conditionally convergent for |z| =1, z # 1, if —1<R(w) <0,
divergent for |z| =1, if R(w) < —1.

Therefore the generalized hypergeometric function ,Fj is defined by the (absolutely)
convergent series (A.1) whenever:

p<gq and |z]< oo, or p=q+1 and |z]<1.

As in the case of the Gauss o Fi-function, the , Fy-function with p = ¢+1 can be continued
analytically to the domain |arg(l — z)| < 7, that is, to the plane cut along the real axis
from z = 1 to z = oo, by using (A.1) in conjunction with the Mellin-Barnes contour
integral representation:

pEy ((ax), (by), z) = .(—Z)Sds,

+
I'(b1)...T(bg) L / (a1 + s) F(ap + s)I'(—s)
) 2w I'(by+s)...T(bg + s)
00

ap #0,—1,-2,...; k=1,...,p; |arg(l—=zi)| <.

(A.5)
Here the path of integration is the imaginary axis (in the complex s-plane) which can be
distorted, if necessary, in order to separate the poles of I'(ay, +s), k=1,...,p, from
those of I'(—s).

Another integral representation of the , Fy-function for p = ¢+1 providing an analytic
continuation to the domain |arg(l — z)| < m, is obtained in Chapter 4, see (4.2.30)-
(4.2.30") and Corollary 4.2.12.

Since Meijer’s G-function considered below is a generalization of the ,F-function ,
the basic properties and operational rules concerning the latter can be derived as easily
seen special cases of those for the G-function. For the same reason we shall list some of
the most familiar special cases of the ,Fy-functions in Section C.

Meijer’s G-function arises in mathematical analysis in attempts to give meaning to
the symbols [ in the case p > ¢+ 1. The first of Meijer’s definitions ([295]) coincides,
in essence, with the definition of the so-called E-function, introduced independently
by McRobert in 1937-1938 (see [106, I, §5.2]). The basic idea consists in considering,
instead of the senseless I, with p > ¢ + 1, the finite series of well defined generalized
hypergeometric functions 41 F)—1 with ¢ +1 < (p — 1) + 1, namely:

HFal—ak HF b—ak]

- (A.6)
ak,ak—bl—l—l,..., k—bq+1 (—1)p+qz
Afp — Q1ye oy ¥y a0 —ap + 1 ’

E(p;ag : ¢;by : Z

k=1

where |z| < 1 if p = g+ 1. The asteriks in the product mean omission of the factor
I'(ap, — ap), while in F' they mean omitting of the parameter (aj — ap + 1).
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Later on, Meijer [296]-[297] replaced this definition by one in terms of a Mellin-Barnes
type integral. The latter allows a greater freedom of choice of the values of p and ¢ and
uses the powerful tools of complex analysis, especially the theory of contour integration

and the residue theorem. More about the history of Meijer’s G-functions can be seen in
Braaksma [41].

Definition A.3. By a Meijer G-function we mean a Mellin-Barnes type integral of the
form

Gmn —_qgmn|, (aj)lf _ L m,n 54 AT
Dyq () = D,q (bk)i] B gp,q (s)2"ds, (A7)

ai,...,0p | ~mn
b bq]_Gp»q {Z

where L is a suitably chosen contour, z # 0 is a complex variable, z® := exp[s In|z| +
i arg z] with a single valued branch of arg z and the integrand is defined as follows

[GL Ty —s) [T7-, T(1 —aj +5)

Gpg (s) = :
z:m-s-l I'(1— by, + ) ]]?znﬂ F(aj - 5)

(A.8)

Here an empty product is interpreted as unity, the integers m, n, p and ¢ (known as orders
of the G-function, or as components of the order (m,n;p,q)) are such that 0 < m < g,
0 <n < p; the parameters aj, j=1,...,p, and by, k=1,...,q, are complex numbers
for which

aj—bp#0,1,2,3,...; j=1,....n, k=1,...,m (A.9)

is satisfied. The latter condition ensures that none of the poles of the functions I'(b;, — s),
k=1,...,m, namely, s;.; = b, +1, [ =0,1,2,..., coincide with a pole 5;‘,1’ =aj — I —
1, I’ =10,1,2,... of the other I'-functions in the numerator: I'(1 — a; + s),j=1,...,n
and that these groups of poles could be separated by a contour L.

Denote
p

1
5—m+n—§p+q V—Zbk—z . (A.10)
k=1 j=1
Then, the paths of integration £ in the complex plane C can be of the following three
types:

i) £ =L_jx tico chosen in a manner to go from —ico to + 0o leaving to the
right all the poles Skl =bp+1,1=0,1,2, ... of the functions I'(b;, —s), k = 1,...,m and to
the left the poles Sjl =a;j—1'-1,1"=0,1,2,... of the functions I'(1—a; +s) j=1,..,n.
Integral (A.7) is convergent for 6 > 0, |arg z| < 7r5 The possibility |arg z| =7,5 >0, is
also considered. Then, the integral converges absolutely when p = ¢, if R(v) < —1; and
when p # ¢, if (¢ — p)R(s) > R(v) +1— 5(¢ —p) as Im(s) — +oo.

ii) £ = L, is a loop beginning and ending at +oo and encirling once in
the negative direction all the poles of T'(b;, — s),k = 1,...,m, but none of the poles of
[(1—aj+s),j=1,..,n. Integral (A.7) converges if ¢ > 1 and either p < g or p = ¢ and
|z| < 1.
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iii) £ = L_ is a loop beginning and ending at —oo, encircling in the positive
direction all the poles ofF(l’—aﬁ—s), j =1,...,n, but none of the poles of I'(b;,—s), k =
1,...,m The integral is convergent if p > 1 and either p > q or p = ¢ and |z| > 1.

Here we give an illustration of what these contours can be like (cf. Marichev [276, p.
52]). Tt is supposed that the parameters aj, by and the variable z are such that at least
one of the definitions with contours i)-iii) has meaning. When more than one of these
definitions make sense, they lead to the same results, so no confusion can arise.

Meijer’s G-function is an analytic (many-valued) function of z with a branch point
at the origin. More exactly, it is representable by a function analytic in the sector
largz| < md. For 6 > 0,p = q, the functions defined by ii) and iii) are analytical conti-
nuations of each other through the circle |z| = 1 in this sector. In the case § < 0 there is
no sector of analycitity but if p = ¢ both above mentioned functions which are analytic
in |z| < 1 and respectively in |z| > 1, have the same limit as z — 1 along the ray
{argz = 0}, if R(v) < 0,6 = 0. Further details on the situation, depending on the values
of the orders m,n,p,q and of the numbers §,v in (A.10) can be seen in the books by
Marichev [276, p. 46-59], Prudnikov, Brychkov and Marichev [370, p. 618, 626], see also
Marichev [280].

If we use, for example, the path of integration ii), then integral (A.7) can be evaluated
as a sum of residues. So, if no two of the parameters by, k = 1, ..., m, differ by an integer
or zero, all the poles of the integrand are simple and a representation in the form (A.6)
is obtained, namely:

m n
m 1T (bp —bp) TIT (1 + by, — ay)
Gpd' {Z EZ ) } =3 — 2
h=t J[ T(@1+b,—b) [T T(aj—ap)
k=m+1 J=n+1
(L+0bp — aj) p—m—n —
X pFg—1 [(1+bh_bk)* (-1) z| forp<qorp=gq,lz| <1.

(A.11)
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If m = 0 and we use ii), the integrand is analytic on and within the contour and so,

on | |(aj) | _ _
Gpq [z (by) } =0forp<qorp=gq,lz] <1 (A.12)
Analogously, if no two of the a;, j =1,...,n, differ by an integer or zero, and we use

the contour iii), we obtain

n m
IT "T(ap —aj) IT T (bp — app, +1)
Gmn (a;)] _ m =l k=1
H F(aj —ap + 1) H F(ah — bk) (A.lll)
j=n+1 k=m+1
_ 1+ b —ap)
ap—1 (1+ b —ap _
X z qu_l{ (1+a]—ah)*1 forp>qorp=q,lz] > 1,

and for n = 0:

GZ}&O [z EZ]” =0forp>qorp=q,lz| > 1. (A.12))
k
A.ii. Some basic properties of the G-functions
The G-function is symmetric in the groups of parameters (ai,...,an), (@ni1,--.,ap),
(b1, 0m), (bmy1s--.,bq). If one of the aj’s, j =1,...,n, is equal to some of the b;’s,
k=m+1,...,q, then the G-function reduces to one of Lower order. For example, if
n,p,q 21,
m,n ai,...,0p _ ~mn—1 az » ap
Gp,q |:Z bl,...,bq_l,a1:| - Tp1¢-1 |: b17...,bq_11 ' (A13)
Similary, if one of the a;’s, j =n+1,...,p, is equal to some of the by’s, k = 1,...,m,

the function has its orders m, p, ¢ reduced by 1, for example, if m,p,q > 1,

A1y ...,0p— 1,01 m—1,n
Gyl | 2 =G z
L bl,bz,...,bq p—1q—1

al,...,ap_l /
b b ] (A.13))

A change of variable in the integral (A.7) leads to the properties:

Gy {z gz}z” :Gg}é”{ Ekara” (A.14)
I

The latter property allows us to transform a function with p > ¢ into a function with
p < q. So, without any loss of generality, we can consider only the case of G-functions
with p < q. We use this property also when passing from the domain |z| < 1 to domain
|z| > 1 and vice versa.
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If in the integrand of (A.7) we replace s by ks, k being a positive integer, and use the
Gauss-Legendre multiplication formula for I'-functions (see [106, I, §1.2], [272, I, p. 11],
etc.), then the following useful multiplication formula is obtained:

(a])lf} _ (27T)ukamk7nk: [ zk

Gm,n > e
P47 (o) pkak | kkg—p)

Clk?"'acpk A16
dlk,...,qu]’ (A.16)

where

1 g b 1
u=(k—1) {§(p+q)—(m+n)}7 U:Zbk_zaj+—(p—Q)+1

and ¢y, 1, d; . stand respectively for the set of parameters

ap ah—i—l ah+k—1
Ch,k:A(kaah):{?,T,...,T , h:]_,...,p,
@bi—f—l bi—i-k—l} ;

d’L,k:A<kvdl):{k7 E L =1

by .

A.iii. Differential equations and asymptotics

Many differential relations are known for the Meijer’s G-function. We list only a few of
them that are in use in the book, for instance:

d [ _p ~mn (aj) — ., 1=bjamn

-1 =1,2,....m
with g; = )
+1 1=m+1,...,q,

(aj)l
blw-':bifl’bi+17bi+17"‘7bq ’

(A.17)

d j 1

& e ]}t o ]

. / +1 h:1,2,...,n
with g; =
-1 h=n+1,....p,
(A.17’)
and l
d aj 0, (a;
Zl@ {GZ’L"I“ [2 Esz ]} = Gpiigh [2 ( 15 331 , 1=1,2,... (A.18)

See also [106, I, §5.3], [272, I, p.151-152], [286, p. 8-9], [370, p. 620-621].
Using these relations or directly definition (A.7), one can establish that Meijer’s

G-function y(z) = Gg?én [z ’ (%’5} satisfies the linear ordinary differential equation of

(by
generalized hypergeometric type:
(—1) z H ik +1)— H i bi | | y(z) =0, (A.19)
Jj=1 k=1
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whose order is equal to max(p, g). Due to property (A.15), only the case p < g need be
considered only. For fixed p,q and parameters ay,...,ap;b1,...,by the same differential
equation is satisfied also by all the (p + 1)(¢q + 1) functions G, [(—=1)""2] with 0 <
m<gq, 0<n<p.

Equation (A.19) has two (if p # ¢) or three (if p = ¢) singular points. If p < ¢, then
z = 0 is a regular singular point and z = oo is an irregular one. For p > ¢ these two points
change their roles. In the first case the fundamental system of ¢ linearly independent
solutions (f.s.s.) in the vicinity of z = 0 consists of the G-functions (h =1,2,...,q):

(a;) (A.20)

GLP Z‘e(p—m—n—l)m'
b4 bhvbla"'7bh17bh+1""7bq ’

being respectively O <|z\bh> as z — 0 (according to (A.21) below). Near the irregular

singular point z = oo the variable z should be considered in a sector only. The corre-
sponding f.s.s. is described by Meijer [297], cf. [106, I, §5.4], [279], [370, p. 621-622].

The case p = ¢ is more peculiar. Then equation (A.19) and the Gg&n—function
have three regular singular points, namely, z = 0, 2z = (=1)P7™7"" and z = oco. The
behaviour of the G-function in the vicinity of the new singular point (—1)P~""" is
rather complicated and as one can read in [106, I, §5.4], [272, p. 181]: “No fundamental
system for the neighbourhood of this point has been given in the literature”. Fortunately,
Marichev has recently solved this problem both for the ,F, ;- and G;rf(’]n—functions (see
[279]-[280], [370, p. 621-622]).

The asymptotic behaviour of the G-function near the points z = 0, z = oo has been
studied yet by Meijer [297]. It is well known that

m,n
%w{z

Ez}i; } —0 (|z|ﬁ> , (A.21)

where p < ¢ and (§ = mlgniﬁbk, k=1,....,m. Since z = oo is an irregular singular

point for equation (A.19) (if p # ¢), the behaviour of G(z) as |z| — oo has a more
complicated character: it can increase or decrease algebraically, or tend exponentially
to zero or to infinity, depending of the values of m,n,p,q and argz (see [106, I, §5.4],
[272, 1, p. 181-182], [370, §8.2], [286, §1.4], etc.). The behaviour of the G-function near
the third singular point (—1)P~"""", when p = g, is found by Marichev [279]-[280]. For
example, Meijer’s G%:?n—function used as a kernel of our generalized fractional integrals

Ig?’fr)b ’(5’“), has the following asymptotics:
m 1— Z)I/;kn
R Ry o
m (A.22)
where v, =Y (ap—by) —1=—-v—1#0,+1,+2,...

k=1
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In this case m +n —p = 0, and according to Marichev [280], the G%:?n—function is not a
function analytic simultaneously inside and outside the unit disk, since it is representable
by means of different analytic formulas. Indeed, we have

Grim(z) =0 for |z >1,

according to (A.12'), while in |z| < l:G%:?n(z) is continuous as z — 1, provided Ry, > 0;
it is bounded near z = 1 if Ry;;, = 0 but v, # 0; in the other cases (v}, = 0,8y}, < 0)
it has, in general, a logarithmic singularity or a singularity of the power order (—v},).

A.iv. Integrals involving Meijer’s G-functions

Here we list only the formulas useful in our considerations. For more extensive lists of
various integrals involving Meijer’s G-functions one can see, for example, [106, I, §5.5)],
[272, 1, §5.6], [286, Ch. III], [370, §2.24], etc.

Riemann-Liouville integrals of fractional order a,Ra > 0

RO{ Gy (n2)} = / (2= Gy {m ' EZZ; ] dc

1
I(e)
(=) (a)) (a))
1—0)%" as; 0, (a;
e e O
0

(A.23)
provided Rb,. > —1, k=1,...,m and p < q. If p = ¢, then the formula is valid for

Inz| < 1. For p+ q < 2(m + n) we require that |arg(nz)| < (m+n—2£9) 7 (see [107,
I1, p. 200, (96)-(97)]).

I'(«) (bg)

Weyl integral of fractional order a,Ra > 0

(0.9]

W (G )} = g (€= 26 fnc ) | ac
e I e e

(A.24)
provided 0 < Ra < 1 —-%Ra;, j =1,...,n and p > ¢q. For p = ¢ the condition
|nz| > 1 is required additionally, and for p + ¢ < 2(m + n) the corresponding condition
is |arg(nz)| < (m+n—E4) .

Mellin transform

One of the most useful integral transforms involving Meijer’s G-function is the Mellin
transform. This is due to the fact that it transforms the G-function into the coefficient
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m,n

p.q (8) associated with the factor z* in the integrand of (A.7). Thus,

MGy (1)} = 7ts lenl 'Ezzg]dt

m n
[I T +s) [IT(1—aj—s) (A.25)
- , - k=1 Jj=1
=0 Gpg"(—s) =n""— >
[T T(1—=b.—5s) ]I F(a]—l—s)
k=m+1 J=n+1

if, for example, 1 <n<p<q 1<m<gq,n#0, §>0,|argn| < dm, —<H]l€1<n Rby, <
m

Rs < 1— max PRaj. For other conditions under which formula (A.25) holds true, see
1<j<n

[272, 1, p. 157-159], [286, p. 79, (3.2.1)], etc.

Let us consider a special case of the situation p = ¢, for instance, m =p=g¢q, n =0,
that is: 6 = 0. Then, the corresponding result has the form

(0.9]

_ ,0
/ " G [
0

provided n # 0,2(\ — 1)m < argn < 2\« With some arbitrary A (for A\; = 1 we obtain

the condition 0 < argn < 27 and for Ay = 5: —7 < argn < 7) and — 21]161<n Rb, < Rs <
1<k<m

m

]dt H Dby +5) (A.26)

ak—f—s

5

1 — max Ray (see [272, I, p. 159, Case 7).
1<5<m

Laplace transform

The image of the G-function under the Laplace transform can be obtained from the more
general formula (cf. [106, I, §5.5, (8)], [286, p. 87, (3.3.12)], [272, p. 166, (1)]):

o0

tcr—lefstGm,n t (a/]) dt _ 870' m,n+1 ﬂ
/ pa | <
0

L =0, (a)) } : (A.27)

(br,) p+lg (br.)

valid, for example, if R (0’+ <n%l<n bk> >0,Rs>0,0 >0, |argn| < dr. This
1<k<m

integral is convergent also for 6 = 0, under some additional conditions (see e.g. [272, I,
p. 166-169)).

Most of the other classical integral transforms and like the Hankel, Meijer, Laguerre
and Stieltjes transforms, are defined by means of integrals whose kernels (e.g. Bessel
functions of first and third kind) are quite special cases of Meijer’s G-functions . So the
images of the G-function under these transforms can be evaluated as integrals of products
of two G-functions , according to a formula given in almost all of the mentioned books.
Since we use this result repeatedly, we cite it below even with a sketch of its proof.
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Integral of the product of two G-functions

The general formula has the form

s

lp+kn,lv+km A(l c1)y ..., A
% Glo s kglrrhp {W'A Ldy),..., A

(Ca)} _ S1—k)+p(1—1) LU+ (q—p—1);V

dz = Y(27)0 =R +p(1=0) LU+7(g—p—1);

(dﬂ) n ( )
)

) l7CV ;A(k7 1- b] - 7) 17A<l CV—H) A(l7cU)
5 l,du);A(k,l al - )|1, (l7d’u+1),...,A(l7d7)
(A.28)
Wherekl>0areintegers 177&0 w;«éO §=m+n—-B1 p=p+v-— 2T

2

U= Zb —Za]-l-p a4,V = Zdﬁ an—l— T4+1, W= %andthesymbol

A(k, c) stands for the sequence of the k numbers. T %1, . %

The main conditions under which (A.28) is valid can be found in [272, p. 159-164],
[286, p. 80-82]. The first source contains also the manner of establishing (A.28) in some
of the more specific cases. For an extensive list of conditions we recommend also the
book [370, p. 346-347, 1)-35)]. Here we shall demonstrate the evaluation of the integral
(A.28) in a special case to which the general one is easily reduced (by using properties

(A.14), (A.16)):

o]
/ GZ?&” {nz
0

09| gt [ ’ )

(b5) (dg)
. lGn—&-,u,m-f—y u_) bl; s bma (COZ)l ) bm+17 R _bq (A29)
GEOPET | | —ay,.. ., —ap; (dg)T; —ant1,-- -, —ap
_ le+l/,n+u nia -5 An; (_dﬁ)% an+1y---,0p
w PITAYT |, bl,--~,bm§(—0a)?§bm+lv---qu

provided 1 <n<p<q¢g1<m<ql<v<o<7,1<u<7,n#0,w#0 and the
following conditions are fulfilled also:

9{(b]_|_d/6)>_1’ ]:1,,77’1,, :Lnuv
Raj+ca)>-1, i=1,....,n; a=1,...,v,
(ai—bj) is not a positive integer for i=1,...,n; j=1,...,m, (A.30)

a—dﬂ) is not a positive integer for a=1,...,v; g=1,...,pu,
>0, |argn| < dm, p>0, |argw| < pm.

Among the many other situations, the case 6 =0, |argn| =0 (or p =0, argw = 0) is
possible too, under some additional conditions (see [272, I, p. 164]).

To prove (A.29) we replace one of the F-functions, say G457, by its definition (A.7)
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through a contour integral, namely:

o

L.H.S. of (A.29) = /Ggfg]” [772

[e=]

1 v
ﬁl:[lf(dﬁ—s) al;llf(l —cq+8)

1 [=1 a=1
T o ds = %/ T o
[ T(1—dg+s) Il T(ca—s) r Il T(1—dg+s) [I T(ca—s)
B=pi+1 a=r+1 B=pi+1 a=v+1

b.

o0
stds/szZﬁ’]n {nz a;-” dz,
0

(
(

where, due to the absolute convergence of both integrals under conditions (A.30), the
change of their order is permissible and the inner integral in the last line is denoted, in
what follows, by Z. Then Z can be evaluated as a Mellin transformation of the Gg?;]n—
function according to formula (A.25), viz.:

F(l—aj—s—l)

S TIT (b + s+ 1)
j= =1

n
7=1 1=

1=—y P
[l T(1-bj—s—1) [] T(aj+s+1)
j=m+1 1=n+1
n m
o T (=a=s) IIT (1= (=b;) + )
. n =1 7=1
o P q
[T T(A=(-a)+s) II L (=b;j —s)
1=n+1 J=m+1
Thus, we obtain that
S
the L.ILS. of (A.29) = li/ (f)
N 2m n
L
n n m
HF((—&j) —s) _HI‘(di—s) H I‘(l— (—bj)-i-s) HF(l—Cj+S)
1=1 1=1 7=1 J=1
X T p o q
I D —di+s) T1 T(1—(=a)+s) I T(=c;—s) II T((=bj)—s)
i=p+1 1=n+1 J=v+1 Jj=m+1
- 1 n+pm+v | W —by,...,=bm; ci,... 00 —bmyr, ..., _bq
o o | —ay,. .., —ap; di,...,dr; —apy1,...,—ap |’

which is the second line of (A.29). The third line of this formula follows by using property
(A.15).

By specializing the parameters in (A.28), (A.29) we can obtain many important
integrals involving the various special functions of mathematical physics, among which

321



the Stieltjes, Hankel, Y-, K- and other integral transforms of the G- and j,Fy-functions
(see e.g. Luke [272, I, p. 164-166]). More results about integral transforms involving
generalized hypergeometric functions, asymptotics of their kernels, invertibility of the
defining Mellin-Barnes type integrals can be seen in Marichev [275]-[278].

B. Some other auxiliary results for the G-functions

Here we give some results on the G-functions which cannot be encountered in the manuals
on the special functions, or at least in the form we use them in our considerations.

It is well known that the Gauss hypergeometric function Fi(a,b;c;z) with ¢ #
0,—1,—-2,...,%(c — a—0b) > 0 is defined by means of the absolutely convergent hy-
pergeometric series on the unit circle |z| = 1. Moreover, its value at the point z = 1 can
by expressed by the Euler formula (cf. [106, I, 2.1.3, (10))]):

1

F (¢) b= 1 )~ b—1

oF1(a,b;c;2) = (e / 1 — tz dt, (B.1)
0

giving for z =1, Re > Rb > 0, R(c—a —b) > 0:

I'(e)['(c—a—0)
I'(c—a)l'(c—b)

o Fi(a,b;c; z) = (B.2)

For the generalized g iFj-function with an arbitrary ¢ > 1 expressions for its
value at the point z = 1 have been found only for some particular values of the
parameters ag,ai,...,aq and bq,...,b; satisfyng the general convergence condition

q
R <Z bp — >_ aj | > 0. These representations are known as the theorems of Saalschiitz,

Dixon, Watson, Whipple, Dougall, etc., concerning the cases with ¢ = 2,3,4,6 (see [106,
I, §4.4]). They lead also to expressions for the values of Ggﬁ:; 41
circle (especially at the point z = —1) but only for the corresponding particular choice
of the order ¢ and the other parameters of these functions.

-functions on the unit

An analogous problem stands also for another class of G-functions having singularities
g, A1, . ..,0q

o o . . q,1
on the unit circle, say at z = 1. Let us consider the function Gg'; ;44 [z biy.. bgsbgss

with ag — bg41 = 1. As is pointed out by Marichev [280, p. 396], this is a G;rf(’]n—function

q
with m +n —p = 0 and for v* = ) (ap, — bg) > 0 it is continuous at the singular point
1

z =1 but “in the general case such a problem (i.e. to find the limit value of Gq tg41(2)
at z=1) ... is not solved”. Here we propose a formula expressing the required value in
terms of I'-functions, under the above conditions, as is usual for these special cases.

Lemma B.1. Let ag = bg1 +1 = a with an arbitrary o and let the other parameters of
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the GqLrl g+1-Junction satisfy the conditions: Ray, > Rby, > Ra —1, k=1,...,q. Then,

q;1
Gohigh {1

a, (aj)? 1 :ﬁf(bk—aqtl).
r

(B.3)

Proof. According to definition (A.7),

ow(a-)(l] q k—s I'(l—oa+s)
(b/{;)i]Jaa_ 1:| 27'('7,/ (H ak _3 1"(1+ (1 —()é—{—S))ds’

q;1
Giiigm {1

where £ = L_jx joo = {5: Ms = o} is the path of integration i) with a suitably chosen

o such that Rb, > 0 > Ra — 1, £k = 1,...,q. This integral is absolutely convergent,
q+1 q

since: § =0, argz =argl =0,¢+1=0+1 and Rv = (Z by _Z%) R (b —
T

ap)+a—1—a < 0—1=—1. The choice of the abscissa o ensures that L leaves to the

right all the poles of I'(b;. — s), k =1,...,q, and to the left all the poles of I'(1 + a + s).

Indeed, the condition Rb;, > 0 > Ra — 1 implies that R(bp +1) > o > 9%(04 —1-=10) for

(1 —a+s)
[=0,1,2,..., [=0,1,2,.. =
Pt B ) b B F(1+(1—a—|—8)) 1— a+57

a L(bg — s) ds
<H F(ak—s)> l—a+s

k=1

., k=1,...,q. Since then

G[l]:%/

L

If we denote A\, = aj — b, >0, k=1,...,q, we obtain

F(bk — S) . 1 F(bk — S)F()\k) . 1

P(ak‘ - 3) N F()\k) F(ak — 8) - F()\k)B(Ak’ bk- — S)
_ 1 (1= )™ sy
- /Wtk dtk.

We replace this result in the contour integral for G[1] and get

T+100

1 1_tk )‘k (b —8)—1 ds
1| =— || k dt _
Gl 2mi / / b Fl1T—a+s

T—100

S,

q —14+a—s
1 otico | ] ti
. a 1 — tk‘ )\k’ ! bp—a 1 <k:1 )
— H t dtj,— d
| 271 l—-a+s
0

o—100

where the change of the order of the integrals is permissible due to the absolute con-
vergence of the contour integrals and the uniform convergence of the B-integrals for
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q
Ray, > Rby, > 0. After the substitution ¢t = [] ¢z, 0 < ¢t < 1, the inner integral takes the

k=1
form
) U+ioot—(1—a+s) ) OOHIOOt*S/ . T9+100 (s
1 / ds — / ds’ — / (s") t_slds/,
2mi l—a+s 271 s! 2mi I'(s"+1)
T—100 09—100 0o—100

where s’ = s+ 1—a and 09 = 0 +1 —a > 0. According to [276, p. 130, 1 (1)],
L(s')

M(s') = e is the Mellin transform of the Heaviside function
0, t>1,
t)=H(1-1t)= .
ey =t-n={ " 17

Therefore, by virtue of the inversion formula for the Mellin transform:

0'0-‘1-200

p(t) = 5— / m (s') ¢ ds’,

0'0—7;00

the inner integral gives, for 0 <t < 1, nothing but ¢(t) = 1. So, finally we have

what was to be proved.

In particular, if a« = 0, then

. 0, (a;)? 1 T(by, +1 ,
Ggll,qﬂ {1 ‘ (bzf)q]) 1} = H y’ (B.3")

1)

provided Ray > Rb,. > -1, k=1,...,q.

As a consequence of this formula we obtain the following integral.

Lemma B.2. If Ra;, > Rb,. > —1, k = 1,...,q, then the following integral formula

holds:
1
ekl
0

q q
e ae =TI (B.4)
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Proof. Formally, formula (B.4) can be derived from the Riemann-Liouville integral
(A.23) when m =n =p, n =0, o = 1, under the conditions Rb,, > -1, k=1,...,q,

z

,0 (a) )1 0, (a)
O/Ggg {wz (bIZ) } d¢ = zGZH’qJrl [wz (bk),j—l
1 Q71 17 (a‘ ] + 1)q
= —Goign {wz (by, —|]— 1)(11,6 ’ (B:5)

namely, if we take w = z = 1. Unfortunately (B.5), as a corollary of (A.23), is valid only
for |wz| < 1.

Therefore we shall use another approach.

First we apply to the function Gg:g(g) one of the so-called multiplication theorems
(theorems concerning expansions of G-functions in series, see [106, I, §5.5, (4)]). To this
end, we set

(=An, where =2, n:%_
Then,n =0<p=qgand RA =2 > % and the above-mentioned formula is valid, namely:
Y
GQaO :quo |:)\ (aj)l :|
¢:4(€) =Gglq | A1 (by)d
_)\aq—li 1 /1 1 qu,O Clay,...,aq—1,aq —J
- — j1\\ P12 | (b '
j:

After a term-by-term integration of this absolutely convergent series in limits from 0 to
1, using formula (B.5) for w = 1, z =1 (that is, for |wz| < 1) we find:

1 o1
)4 1 /1 7 (a)){ " ag—j
G‘LO { ‘(a3>1 } d :)\aq—l - <_ o 1) /GQ,O {w ‘ 7)1 »Yq }d
[etile|h |4 > (5 14 |wc| o ¢
0 J=0 0
o0 —1
_ 1 /1 J (a; + 1)1 ag—j+1
:)\aq 1 i - by q,1 J 1 ) q
]Z:;J! (/\ > g |@ (b + 1)%:0
o0 ] —1 .
_ 1 /1 J Li(a;i+ D)9 ag—j5+1
_ y(ag+1)—1 I q,1 » \%g 1 »Y%q
=S5 (5 1) M 4] 6,
J=0

— 9!
=Gl [ AW ‘ (

1, (a; + 1)1 0, (a;){
_ q,1 ’ ] 1 _ q,1 ) 7/1
= Gargn {1 ‘ (b + 11,0 } = Gtign {1 ‘ (b, +1){,-1]"

where the same multiplication formula is applied once again. Thus the final result follows
from Lemma B.1.
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The next results present some new differential formulae for Meijer’s G-function .

Lemma B.3. (Kiryakova [196], [202]). Let n; > 0, 772 >0,...,m9 > 0 be arbitrary inte-
ger numbers. Consider the differential operator DD, defined by means of the following
polynomial of the Fuler differential operator § = chi'

i [ﬁD"] [ﬁnn (v ‘)] (5.6)

1 $=0

Then, Meijer’s Ggfgln-function (q > 1) satisfies the differential relation

o] - ()] o

(bg + )i

where z # 0 is a complex variable,

-1, 1=1
g, = .
+1, i=m+1,...,q

and if some n;,i = 1,...,q, are equal to zero, then the corresponding factors Dy, are
lacking in the differential operator D, (B.6).

Proof. The following formulas or slight generalizations of them can be found in
different variants in the literature (see e.g. [106, I], [272, I, p. 151], [286, p. 9], [370, p.
621]):

A\P
:|} — 71 blG;)nqn (a])l b :| ; m Z 1,
» bg

bl + 1, bz, .
a — 1 )
byt ” =G [z
bi+1d —b;

(aj)y
Formula (A.17) is a concise form of them. Taking into account that 2”7 27% =

m < q.

bl,...,bq_l,bq+1:|7

(zd% —b;) and the symmetry of the G-function with respect to the parameters by, ..., by,
and to b1, ..., by, we can rewrite these formulas in the form

d m,n (aj)]f _ m,n (aj)zf
(ZE - bZ) Gp’q {Z (bk‘)i] B 61Gp7q © biy... bi—1,0; + 1, bi+17 ce bq
for each : =1...,q. Analoguosly,

L] (s -0 o

d m,n (a; )p
— . (b 1 ) ]
=i |:Zdz (bl+ ):| Gp,q [ bl,.. bi_l,bi—f—l,biJrl,...,bq
p
=eGpy' { (aj)1

bi,... bilabi+27bi+17"'7bq:|.
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Operating in this manner (7; — 1)-times (for n; > 1), we obtain:

d d d a;)?
p
— nzG (aj)l :|
pq |:Z blv'“abi—labi+ni7bi+17"'7bq

This procedure can be repeated subsequently for each i = 1,...,q and this leads to the

differential relation
q
(a )]19 n; m,n
b])ﬁl = HEi Gpq |2
1=1

(I () e

that is, (B.7). Note also, that operators D,, can be written in the form
ui
Dy =zt — ) 7Y
i <dZ)

In other words, this lemma shows that applying the differential operator

o[ () [T (2) ] o

=1 s=0 =1

( ')1
<b2 +77k)(11} ’

The proof is over.

of Bessel type (see Chapter 3) to the G-function, we are able to increase each of its param-
eters by, ..., by by an arbitrary integer n; > 0, ¢ = 1,...,q. Similar considerations based
on formula (A.17") and concerning the possibility for decreasing each of the parameters
ai,...,ap by given natural numbers p1, ..., up, are valid too, namely:

Lemma B.4. (Kiryakova [202]). Let p > 1, p11 > 0,..., up > 0 be arbitrary integers and

p p pi—1
— [H D! Z] [H I1 ( +1—a;+ s) (B.8)
=1 i=1 S=0
Then, the following differential relation holds:
p p
1) ~m,n (%)11) _ / m,n (aj - Mj)1
D™ Gy g {z bt | = Hei Gpg |z (b (B.9)
1=1

for z #0 and

p +1, 2=1,...,n
g =
! -1, i=n+1,...,p.

Differential formulas (B.7), (B.9) have a series of useful applications, some of which
we shall discuss briefly now.
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Corollary B.5. Let m=q>1,n=p=0andn =--- =ng=mn > 0. Then, for the
function G(z) = Gg:g [2|(b){] formula (B.7) gives:

(0 -omre) () () o

= (-G8 [=l(br + )] = (~1)%"G(2). (B.10)
A quite special case of (B.10), when n = 1 and b; = 0, is the following differential
formula for the function ®(z) = G[z|bs,...,bg—1,0], viz.:
B*®(z) = (-1)120(2), (B.11)
where

B* =

q
d d d _ d _
— — b || = a—gbemtt | pmhatb by
H (Zdz Z>] a2 Az " dz”

i=1
According to [75], [196], [201], etc., the G-function ®(z) coincides with the kernel-function
of the so-called Obrechkoff integral transform (cf. Section 3.9; also [66]-[69], [74]-[76]).
So, formula (B.11) is nothing but the differential equation for this kernel-function, found
by Obrechkoff himself in another way (see [339)]).

Corollary B.6. ( Kiryakova [196]). For the Meijer’s G-function with m =p =q > 1,
n=0and 27! = (%)ﬁ, B >0, Lemma B.3 gives the differential relation

Ai—1
1 (ak)m L d . mo |1 (ak + )‘k‘)m
Gy {— Ll = z— +a; + G 1= ! B.12
2] (o) g 31;[() dz 2] (o) (B.12)
with some integers Ay > 0,..., Ay, > 0.

Thus, with the application of a suitable differential operator, we are able to increase
the upper parameters of a G%:?n-function. This property turns to be quite useful solving
the problem of inverting the generalized fractional integrals, introduced in Chapter 1.
Namely, the formal inversion formula leads to an integral whose kernel is a G%j?n—function
with upper parameters aj, less than or equal to the corresponding lower parameters by,

k =1,...,m. To make this integral convergent, it is necessary to replace this kernel
by another Gnmlj(r)n—function whose upper parameters exceed the lower ones, i.e. with
a;{: =ap+ A > b, k=1,...,m. This can be done successfully, if one uses formula

(B.12) with the A\;’s depending on the differences o, = b, —aj, >0, k =1,...,m, in the
following manner:

M = { [0g] +1, if d, is not integer, | L..m.

O, if 9. is integer,
For more details see Section 1.5.
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Corollary B.7. (Kiryakova [198], [202]). Another special case of (B.7) is a differential
relation concerning the generalized hypergeometric functions

—=
ﬁ
=
=

N
~—
I
I
l

qu(al,...,a/p;bl,...,bq;_

Lp
- Gplgn [Z

(1—aj)7 }
0, (1 _bk)?

o,
I
ey
Q

<

In particular, for the hyper-Bessel functions oFy(—z) of order ¢ > 1 (for more details see
Section C), we obtain

q 7

a L(b; +17@
HHZ_+b+J—1) oFg ((bg +mp)1s H

i=1j=1

OFq ((bk)i]7 _Z)

(B.13)

for integersm; > 0,1 =1,...,q.
For an application see Corollary 4.1.7.

C. Examples of generalized hypergeometric functions and Meijer’s G-function

First of all, let us note that the generalized hypergeometric function (A.1) can be expressed
in terms of Meijer’s G-function in the following way (see [106, I, §5.6)):

<
=
=
S
&
N—r
Q
\'b—\
Q3
| — |

l—ay,...,1—aq }

pFylar, ... ap;by, ... by 2) = 1 by,....1—b,

s

o}
S

.

<.
I
—

e
—

(b)

— —Gpal _ 1
g+ip |7

(aj)

<.
Il
—

a/l,...,a/p

I
—

<
I
—

So, all the particular cases of pFy-functions, mentioned below, have analogous repre-
sentations by means of the G-functions too. We start with the following three simplest
and well known examples.

GAUSS HYPERGEOMETRIC FUNCTION

0 Sk
F(a,b;c;2) = oFi(a,b;cz) = Z ﬁk Z
k=0
L(c) 2 1—a,1-0
_ 2| 2
F(a)F(b)G2’2 “lo1-c (€2)
(c#0,-1,-2,...; |2 < 1,or: 2z =1and R(lc—a—>b) >0, o0r |z] =1, 2 # 1 and

0>R(c—a—b) > —1).

329



CONFLUENT HYPERGEOMETRIC FUNCTIONS

Kummer function

)k
k=0
I'(c 1—-a
:F((aic:}g[ 0.1 } c#0,-1,-2,..; (C.3)
Tricomi function
_ 1 1 2.1 1—a

D) A ;

U(a,c;z) =z~ Y9 F (a,a+1 ¢, z) F(a)F(a+1—c)G1’2 {z’(),l_c},((].él)

Whittaker function

exp (—% 2.1 |: 1 —+ ]C :|
= GY k,— (Z)v
P(%_k_fﬂu)r(%_k—ﬂ) as 5—'_ ’%_“ H (C.5)
BESSEL FUNCTIONS
Bessel functions (of first kind and order v)
g 22 o0 ( 1) ( )Qk-l—l/
-2 R 1. -2
Tu(2) r(y+1)° 1(”+ ’ 4) ;}klr(ywﬁul)
z 22
= (§>G(1)g {Z 0, —V} ; (C.6)

Modified Bessel function of first kind

Lommel function s, (z) and Struve function Hy(z)

suw(z) = Py 1.ﬂ—y—|—3 ,LL+I/+3__Z_2
o,V _(H_V+1)(/,L+V+1)l 2 2 ) 2 ) 4 (08)
T o AN TR SVt R P N Cic) '
2 A kI
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HZ/(Z):
21,
2 2\ V+1 3 RIS
=——— () B (Li4ro- C.8
ﬁr(y+g)<2) 12< 2 "3 4) (C8)
2 | (v+1)
_lel |:Z_ 2 :|
I oyl D72 O
2 72 2

Also, the following

ELEMENTARY FUNCTIONS

can be considered as ,Fy- or G-functions, namely:

_ 1
(1+2) %= oFi(a;;F2) = oFi(a, 550, Fz) = mG}j {$Z

|z| <1, Ra >0,

while
4]
(1£2) = (12 =T(6)Gy] {:Fz 0} . el <1 (C.9)
for Ra < —1, 6 = 1 — «, that is, R > 0.
More generally,
J
21— 2)07t = T(6) G};? {z ’ z * } (C.10)
|z| <1, R >0,
which includes the power functions (6 = 1)
zWZZVH(l—z):Gi? lz‘z—'—l}, |z| < 1, (C.11)
with H(z) standing for the Heaviside unit function;
27 _ 2 11 |: a l:|
=a oGy |az™ |9 |. (C.12)
1+ az® L1 %

Let us mention the exponential function:
¢ = oFo(/,/:2) = 1Fi(a,a,2) = Gyt [-2]0],

and more generally,

R P Tl {nz“l g} ; (C.13)
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the trigonometric functions

3 22 2|1
inz =z F - = — —| = 14
sinz = z oy 2 4) \/_G 1 20} (C.14)
1 22 22| 1
the logarithmic functions
1,2 1) 1
In(1+2) =z 2F1(1,1;2;—2) = Gy, [z 1 0] )z < 1, (C.16)

1+2 1.3 1,2
In (1 — z) =2z 9F) <§, 1; 3’ z2) = Gy [—22

and some other elemenary functions, like:

113 1 1,1

arCSinZ =z 2F1 (57 5’ 5,2’2) = mGézg |:—2j2 %7,0:| ,|Z| < ]_, (017)
1 3 1 1,1

arctanz = z oI} <§, 1; Pt —22) = 56’;:3 [zQ %’7(2)] ,

1 — ] 1 (20 —1) 1, l1-a,—a
22(1

_ _ 11
(1—|—\/E) 2(1—1—(1—1—\/2) 2a:22F1 <G7G+§;§§Z)ZWG;§ [_Z

Many other elementary functions can be shown to be special cases of the G-functions
(for details see [370, 8.4], [272], [286], etc.).

Most of the classical orthogonal polynomials should be listed here as special cases of
the , Fy-functions and therefore of the G-functions. Here is a partial list of them:

LAGUERRE POLYNOMIALS

e d" . _ (1+a)n
ZA?RZ)::zan'dyl{ e} = o hilniataz)
— (n—i— a) 1Fi(—=n; 1+ a;2), (C.18)
n

LOGZ)=La(2); a>-1;n=0,1,2,...

JACOBI POLYNOMIALS

Pg‘vﬁ(z) — (=" ~ L (1—-2)" a(l—i—z)_ﬂﬂ (1 _Z)n+a(1+z)n+ﬁ] _

21n! dz"
n+« 1—2z
:( >2F1<—n,n+oz+ﬂ+1;oz—|—1; 5 > (C.19)
n
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P’r(La7ﬁ)

ULTRASPHERICAL (GEGENBAUER) POLYNOMIALS ( WITH @« = 3 = v — %)

22n(y)n (V—é,V—
n

_ o
- (2u+n), (2), (C.20)

1
|z| < 1; V>—§; n=0,1,2,...

LEGENDRE POLYNOMIALS AND FUNCTIONS <P7(La’5) witH o = (3 = 0; C'T”l WITH V = %)
1 dn 2 (070)
Pr(z) = Sl o (22 =1D)"} = (=1)"Py(2)
~1)"2n)'T (n+ %) 1
o ( ) ( ) ( 2) C?% (z) (C.Ql)

nl2=2, /7
1—

more generally, the (generalized ) Legendre functions are defined as

I
1 1\:2 1-—
P#(Z): (z—i_ ) 2F1(_V7V+1;1_/U’; 2)7

MNl—p)\z—-1 2
P)(z) =P,(z), z€C\{-1<z<1} (C.21%)
TCHEBISHEFF POLYNOMIALS (PT(La’ﬂ) WITH @ = (3 = —%; C)y WITH v = O>

nly/T P(_%’_%)(z)

Tn(z) = cos(narccos ) = gCg(z) = T(n+ l) n
2

11—
= oF}] (—n,n;ﬁ;TZ), n=20,1,2,... (C.22)

BESSEL POLYNOMIALS

k! b
k=0
= QFO(—n,a+n—1; ;—%), n=20,1,2,... (C.23)
HERMITE POLYNOMIALS
d" n 2?
Hy(z) = (=1)" exp(z2)dz_n {exp(—z2)} =22 exp (5>Dn(2\/§), (C.24)

where D, stands for the
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ParaBoLIiC CYLINDER FUNCTIONS

_ B <_ZT> 21| 1473 C.25
T (EOT (24D L2 |Z g 17 |- (C.25)
( 2) 2 "2 72

Among the other special functions, represented by ,Fy; and G-functions are: the expo-
nential integrals and related functions, elliptic functions and complete elliptic integrals,
incomplete cylindrical functions, etc. (recent results on the latter functions can be seen

in e.g. in Al-Saqabi [7], Al-Saqabi and Kalla [8], Kalla [165], Kalla et al. [166]-[173]).

Let us mention also the special functions:

INCOMPLETE GAMMA- AND BETA-FUNCTIONS:

z
a
v(a,z) = /etzo‘ldz _— 1Fi(a;a+1;—2) (C.26)
a
0
y p
Balpq) = [ 070 -1t =S aFip 1 - ip 12 (C27)
0

ERROR FUNCTIONS

2 2 2 1
Erf(z) = ﬁ/e_t dt = = 1 Fy (5, g; —z2> (C.28)

and a number of other functions, related to them.

The following function has arisen (1937-1938), similarly to Meijer’s G-function, in
attempts to give meaning to the symbol ,F; when p > ¢ + 1:

MACROBERT’S E-FUNCTION

l,bl,...,bq]

azl,...,ap

E(p,ai,....ap; q; bi,...,bg :2) = Gg;rll,p [z (C.29)

Other special functions, not being generalized hypergeometric pFy-functions (A.1), can
be represented by Meijer’s G-functions too:

MOoDIFIED BESSEL FUNCTIONS

. (C.30)

form=0,+1,+2,... ;
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Modified Bessel function of third kind (Macdonald’s function)

B s 1 a0 2y —v _
Kole) = gl - LGl = 3638 | |5 ) can
Airy functions (of the first and second kind)
1 z 2 3 1 2.0 23 1
A = — —KI — 2 = ’ —_— — . 2
i(2) W\/; 5(3 ) i 032[9 0,3}, (C.32)

Bi(z) = \/g {I_% (gz%) +1 (

e 27 v 278 2
=ec Ai <eTz) +e 6 Ai (e_Tz) = \7—26’332 {%

also, products like

HKy(2), MY (2)Y(2), 2°Tu(2)Ku(z), 2°1,(2)K,(2)  ete;

are representable as G-functions (see [106, I}, [286], [370]).

WHITTAKER FUNCTION

1-k

%_i_m’%_m}. (C.34)

Win(2) = exp (5 ) G4 {

)

Various other generalizations of the Bessel functions towards the number of indices,
like Bessel-Maitland functions, di-, n-, hyper-Bessel functions, etc. are G-functions under
some additional conditions and will be considered in Sections D and E below.
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D. Generalizations of the Bessel functions

Let us mention first the so-called

BESSEL-CLIFFORD FUNCTIONS

) = E V) = G

7=0

(D.1)

which are entire functions of z. For their properties and related functions D, (z), E,(2),

A(Vi)(z) =Cy(z)+iDy(z), i =1,2,..., one can consult the handbooks on special functions
and the detailed study of Hayek [126].

Generalizations of the Bessel functions J,(z) with one more additional index p have
been misnamed in the literature as Bessel-Maitland functions (in the name of E. M.
(Maitland) Wright [511]-[512]) see also Stankovich [484]-[485], Gajic and Stankovich [117],
Kritzel [239], Pathak [358]-[360] and the books on special functions (e.g. [276], [468],
[369]), namely:

BESSEL-MAITLAND, O WRIGHT FUNCTIONS

00 —z)k
(=) = g kT (1(+ vk M (D-2)

In general, J}" )(z) are not G-functions but the more general H-functions of Fox (see

Section E). However, for rational ;1 = £, according to Pathak [360, p. 49], these functions

q )
reduce to Meijer’s G-functions, viz.

JV(“)(Z) — (2m)"7 ¢ip ¥

q _
x G0 { = 1tz ezl (1—1+”) (1—2+”),...,(1—p+”)1.
7' q q p p p

0,p+q qipP
D.i. Hyper-Bessel functions and generalized trigonometric functions

In 1953 Delerue [60] introduced for the first time generalizations of the Bessel functions
Jy(z) with a vector index v = (v, ...,vy). Later, these functions were investigated also
by Klucantcev [218]-[219], Marichev [276], Adamchik [1], Adamchik and Lizarev [3]-[4],
Adamchik and Marichev [5], Dimovski and Kiryakova [80]-[81], Kiryakova [196]-[198],
[210], Kiryakova and Spirova [213], etc.

Definition D.1. The function

() (2 )t z \"
. B | n.__
I (2) = Tn+ 1) T(mt) oFn ((Vk +1)7'; <n + 1> > (D.3)

z \Vittn
D (v +1)...T (v + 1) ™7
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where

. . - n+1
]ul,...,un(z) = ofn | (v +1)5—

n+1
k k(n-+1) (D.4)
_— DGER)
- Z ) |Z| < o0,
1 (1 + Vl)k e (1 + Vn)k ]{5'
is said to be a hyper-Bessel function of order n with indices vy, ..., v, (multiindex v =
(V1. vp)).
Analogously,
( ) (L)V1+"'+Vﬂ, ( )
L)Y o, (2) = el i, D.5
V17"'7VTL( ) F (Vl _|_ 1) . F (Vn + 1) Vi,..osVn ( )
with

. > n+1
i) () = oFp ((uk- +1)7; (n - 1) ) (D.6)

is called the modified hyper-Bessel function of order n.

When n = 1, we obtain the classical Bessel functions, namely:
zZ\V
2 Z\ 2
) =) = b ofs (v 1i-(3)'),
I(l) T (% Y )a 1 2\ 2
£6) = 1) = g 2o (v+1:(3)).

Sometimes, it is more convenient to deal with the generalized hypergeometric functions
oFn(z) only, whose values at the origin z = 0 are 1. Following Klucantcev [218] we
call these functions j(z) = gﬂfj’,yn(z) and i(z) = Z(V??,yn(z), defined by (D.4) and
(D.6), normalized hyper-Bessel functions. They satisfy the following initial conditions,
respectively:

§(0) =1, j(0) = --- = j"V(0) =0,

i(0) =1, /(0) = --- = iV (0) = 0. (D.7)

Also, the so-called Bessel-Clifford functions of n-th order, closely related to (D.4),
(D.6), have been introduced and investigated recently by Hayek and Hernandez [127]-
[129]:

(n) _ 1
CAI,AZ,...,An(Z) T (M+D .. T+ 1)

oFn (A +1)Y5—2)

_ A+t

_ 1 (n) et
=z n+ J>\17.“7>\n |:(n + 1)2 + :| (DS)

_i (_1)kzk‘
_k_OF()\l+I<:+1)...F()\n+k+1)k!'

These entire functions ([129]) generalize the Bessel-Clifford functions (D.1) and the
Bessel-Clifford functions of third order (satisfying a third order differential equation of
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Bessel type and following from (D.8) for n = 2), see Hayek and Hernandez [127]-[128]:

1
Cu(2) = 1 (L DT (v + 1)

of> (p+1,v+1;—2).

The following generalizations of the usual trigonometric functions cos z, sin z, ch z,
sh z are also hyper-Bessel functions.

Definition D.2. For integer n > 1, the functions

and

00
kz,n(z) = Sinn,n—i+1(z) = Z 1=2,...,n, (D.10)

are said to be (generalized) trigonometric functions of order n. In particular, cosp(z) is a
cosine-function of order n and siny i (2), . . ., siny n—1(2) are the generalized sine-functions.

It is interesting to note that when n = 1 functions (D.9), (D.10) reduce to the
exponential function: k;;(z) = exp(—z). For n = 2 we obtain the usual trigonometric
functions:

k12(2) = cosa(z) = cos(z);  kao(z) = sing1(z) = sin(z).

Some properties of the generalized trigonometric functions, analogous to the rules of
trigonometry, can be found in Erdélyi at al. [108], Klucantcev [218] and other recent
papers. We state here a few results, characterizing functions (D.9), (D.10) as solutions
of special cases hyper-Bessel differential equations.

Lemma D.3. The functions y(z) = k;,(2), i = 1,...,n, are solutions of the ordinary
differential equations of n-th order:

dn
) = —u(2), (D.11)
satisfying the initial conditions
dl=Dy 1, i=1
Definition D.4. The n functions
o Snj+i—1
hinl?) =D e L= L (D.13)
J=0 '
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are said to be (generalized) hyperbolic functions of order n. In particular,

j=o (D.14)

is the hyperbolic analogue of the cosy(z) function (D.9).

For
n=1: hyi(z) =expz,
n=2: his(z)=chz, hys(z)=shz.

Lemma D.5. The generalized hyperbolic functions y(z) = h; ,(2) are solutions of the
1natial value problem

dn

dz_"y(z) =y(z),
dl—ly 1, i=1 (D.15)
go=1 () = i {0, P4l el

It is seen from the series representations (D.9), (D.10), (D.13) that the generalized
trigonometric and hyperbolic functions are hypergeometric series o Fy,—; with particularly
chosen parameters, i.e. they are special cases of the hyper-Bessel functions (D.4), (D.6)
of order (n — 1). This is like the situation where the usual cos(z) and sin(z) are special
cases of the so-called spherical Bessel functions (with index v = n + %, where n is an
integer).

For instance:

Lemma D.6. The cosine function (D.9) of order n > 2 is a normalized hyper-Bessel
function of order (n — 1) > 1 with indices v, = —%, k=1,...,n—1, namely:

cosp(2) =J_1_> _n-(2)
— oFpy ((Ey_l; _<i>”> . (D.16)
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Proof.

Since by the Gauss-Legendre multiplication formula (see [106, I]):

ﬁlr (j i %) = (2m)" 0T (),
n—1 2 e nTﬂn_%
ITr(7) - e
then,
CHONSONETS =
B i (_<2j;nj cosn(2)
Jj=0

There is an interesting generalization of the well-known assertion that the Bessel
functions are reduced to elementary functions (or linear combinations of them) if and
only if their indeces v are “semi-integer”, i.e. v =n + %, n=0,£1,42,... . These are
the so-called spherical Bessel functions.

Lemma D.7. (Klucantcev [218]) The hyper-Bessel functions (D.3), (D.4):

TN (), 3E,(2)

can be reduced to linear combinations of elementary functions if and only if their multi-
indeces are “semi-integer”, i.e. of the form

1 2 n—1
(VlaV27---aVn—l): (771+—7772+—a---777n—1+ ) (D17)
n n n

with some integers My, Mo, ., Nn—1-

The proof follows from the fact that the (generalized) trigonometric functions (D.9),
(D.10) of order n are elementary functions. Lemma D.7 gives us motivation for the
following dfiniiton.
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Definition D.8. (Kiryakova [196]) The hyper-Bessel functions (D.3), (D.4) with multi-
indices as in (D.17) are said to be spherical hyper-Bessel functions:

—1
J&;Mz o nm(2) (D.18)

In Chapter 4 (Section 4.3.1) we establish generalized Rodrigues formulas, representing
functions (D.18) by means of differential operators (polynomials of x%) of the generalized
cosine functions. These new formulas are analogues of the representations of J, . 1(z) by

2

means of (d(ziz)” {521 n=0,1,2,... (see (4.0.2) and [106, II]).

D.ii. Di- and n-Bessel functions

In 1980 Exton [111] generalized the Bessel function J,(z) in the following way

Definition D.9. The function

T S s

Z\V 1 (_(
:<§) jzo{r(yﬂﬂ)}?j!' 5!

is said to be a di-Bessel function of Exton.

He studied the corresponding generating functions, relations to the generalized hyper-
geometric functions, calculated some integrals of A, (z) and proved that as solutions of
self-adjoint differential equations, these functions are orthogonal with respect to weight
x¥, v > 0. Recent results related to (D.19) belong also to Sarabia [435] and Gonzalez
[121]-[122].

Later, in 1984 Agarwal [6] further generalized the functions J,(z) and (D.19) to
(2n — 1)-tuple indeces and studied the properties analogous to those in [111].

Definition D.10. For n > 2, the function

(—1)7 V42
Z{J'}n{F(V+1+J)}n< )

(D.20)

is said to be an n-Bessel function of Agarwal.

It should be noted that some of the authors recently working with the n-Bessel func-
tions have not observed their relation with the hyper-Bessel functions of Delerue of 1953.
That is why, we explicitly give this obvious relation here.
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Lemma D.11. (Kiryakova [196]). The n-Bessel functions (D.20) are nothing but

Delerue’s hyper-Bessel functions of odd order (2n—1) (up to a substitution x = 27%1”2%)7

Viz.

2n—1 2n—1 n—i 1
A =000 o 0@ =AY e o (2eer). 2
——
n n—1 n n—1
Proof. Obviously,
FAYd 2\ 2
Apn(z) = Woﬁbnﬂ v+1, 9 v+ 1,1, 17‘-,- 5L —(§>
7 times (n—1) times
nrv+(n—1)0
_ () Fona v+t w111, 1 —<ﬁ>2n
{L(v+ D} {ray ~ S ———  \In
n times (n—1) times
_ ey 2
—Ju,...,u,l,l,...,1(”2 z )
——— N———
N times (n—1) times

(%)V -(2n—1) ( n—1 1)
1 '

- \2) AT
{F(V+1)}n9u,...,u,1,1,... nemn z

N times (n—1) times

In particular, the di-Bessel functions are:
Ap(2) = Ava(z) = I o) = IS0 (22V2) (D.22)
and the tri-Bessel functions:
Avs(2) = I woo@) = TS0 (258 2) (D.23)

etc.

From Lemmas D.7, D.11 one obtains the following corollary.

Corollary D.12. The n-Bessel functions are not spherical hyper-Bessel functions and
therefore, they cannot be represented by linear combinations or (purely) differential oper-
ators of elementary functions.

Due to (D.21), a series of results for the n-Bessel functions can be obtained from
these on the hyper-Bessel functions; see Chapters 3 and 4.

Concerning the recent theory of Bessel functions and hyper-Bessel operators (for the
earlier history see Watson [507]), it is interesting to mention some articles and books
from the point of view of Galois groups (e.g. Duval [97]), of operator algorithms and of
matrix calculus (see Bondarenko [34]), etc. Bessel functions for purely imaginary order
have been considered also (e.g. Dunster [96]).
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E. Fox’s H-functions and special cases

Though the ,F; and G-functions are quite general in nature, there still exist exam-
ples of special functions which do not form their particular cases. Such functions
are: Wright’s generalized hypergeometric functions, Wright’s generalized Bessel (Bessel-
Maitland) functions, Mittag-Leffler functions, generalized parabolic cylinder functions
etc. (see Section E.ii). The H-functions generalize the G-functions in quite a natural
way and possess almost similar properties. More details, integrals and integral equations
involving H-functions, their multivariable analogues and their relations to the existing el-
ementary and special functions can be seen in: Fox [113], Braaksma [40] and in the books:
Mathai and Saxena [287], Srivastava, Gupta and Goyal [467], Srivastava and Kashyap
[468], Prudnikov, Brychkov and Marichev [370], Srivastava and Bushman [464]-[465], etc.

Here we propose only some basic definitions, properties and examples of the H-
functions, having in mind that their proofs and further extensions can be obtained in a
way quite similar to that used for the G-functions.

E.i. Definition and basic properties of the H-functions

Like the G-functions, the H-functions are defined and investigated mainly via their rep-
resentations by Mellin-Barnes type integrals

Fz) = RS 7700 (a1 + Ays)...T (am + Ams) T (b1 — Bys) ... T (b — Bps)
[ (c1+Cis)...T (¢p+ Cps) T (dy — Dys)...T (dg — Dys)

2°ds,
Y—1%00
(E.1)
the latter being studied first by Pincherle (1888), Barnes (1908) and Mellin (1910). Their

asymptotic expansions can be found also in Dixon and Ferrar (1936), Erdélyi et al. [106,
I, 1.19].

In an attempt to unify and extend the existing results on symmetrical Fourier kernels,
Fox [113] has defined the H-function in terms of a general Mellin-Barnes integral (E.1).
He has also investigated the most general Fourier kernel associated with this function
and obtained its asymptotic behaviour for large values of z. Later, ss the most general
special function, this kernel was found to be very useful in the characterization of prob-
ability density functions and for obtaining solutions of certain dual integral equations,
in fractional calculus and integral transforms, in queuing theory and related stohastic
proceses in various problems of mathematical physics, etc.

Definition E.1. By Foz’s H-function we mean a generalized hypergeometric function,
represented by the Mellin-Barnes type integral

Ar), .. (ap,Ap) }
bi,Bi1), ..., (bg, By)

A

B

0] e
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where £ is a suitable contour in C (as for example i), ii), iii) in (A.7)); orders (m,n;p, q)
are non negative integers such that 0 < m < ¢, 0 <n < g¢; parameters A;, j =1,...,p,
and By, k = 1,...,q, are positive and a;, j = 1,...,p; by, k = 1,...,q, are arbitrary
complex numbers such that

Aj(p+1) # B (aj—1'=1); 1,I'=0,1,2,...; j=1,....p, k=1,...,q,

and the integrand in (E.2) has the form

m n
[T by —Bys) [T T (1 —aj+ Ajs)
k=1 =1
Hp'(s) = — - . (E.3)
[TT(1—bg+ Bis) [T (aj — 4js)
k=1 =1

Further, the following notation is used (cf. (A.10)):

q p
p+yq
A=Y "B, - A, 6= -
N = (E.4)
n p m q
Q=D Aj= D Aj+) Bi— ). B
j=1 Jj=n+1 k=1 k=m+1
: . pP—q pP—q
*— . [ f— —
u_;bk—zlapt S Hl=vas o+
= J=

In general, Braaksma [40] has shown that the H-function makes sense and defines an
analytic function of z in both cases:

A>0, 0<|z]<oo; or A=0,0<]z|<p (E.5)

and this does not depend on the choice of £. More exactly, nowadays one can state the
following conditions, each one of them combined with a suitable contour £, ensuring the
convergence of integral (E.2) (e.g. [370, 8.3]):

i) £ =L inoyrico; >0, Jargz| <QF; or Q >0, |argz| = QF, yA < R’

i) £=L,0; A>0, 0<|z] < o0; or A=0,0<]|z| <p;

or A=0,Q2>0, |z] =p, RV <O0;
iii) £=L_ «; A<0, 0<|z] < o0 or A=0, |z| >p;

or A=0,Q2>0, |z] =p, RV <O0;

(E.5)
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It is easy to observe that the H-function reduces to a G-function (A.7) if all A; =

B =1: ( )p ( )p
m,n a],l _ mn ajl
a5 = | = 65 [ | 0
and also, if A; =B =c¢,j=1,...,p;k=1,...,¢
1 1 (a')p
Hmn% (a1,). ,@pd]:_ mn%c al], E.6
N W N o O R A (=0

More generally the same reduction holds if all the A; and By, are positive rational num-

bers. Then, H,5"(z) is representable as G PO (727’), where 7 is the L.C.M. of the A;’s,
By’s, namely (see e.g. [360, (2.2)], [370, 8.3.2, (22)]):

m—+1 n+1

<aj,Aj>§} o (eSS 3wt

(E.7)

ep}
f17-- fa |’

XID$2II}%G e

L6 & e
where: aj = TAj7 B =rB; v = kH ﬁk H1 a5
—1 j=

G {( ) (o)) (e ey

aj aj j=1 % Qj J=n+1
b b + B —11™ 1—by Bk — b\ *

o= 70— (1= N ,
B B k=1 B B k=m+1

Basic properties:

The H-function is symmetric in the pairs (aq, A;), ..., (an, Ap), likewise in (ani1, Ant1),
. (ap,Ap); (b1, B1), ., (by, Bm) or (bm+1, Bm+1), - - (bq,Bq). Reduction formulas

similar to (A.13), (A.13’) hold, for example, if n > 1, ¢ > m:

e [z (ah A1) ) (042, AQ) Yooy (ap»Ap) }
P4 (bl,Bl),---,(bq—lan—l) , (a1, Ay)

_ a1 P (az, 42) ..., (ap, Ap) }
p—l,q—1 (blvBl)a"‘7<bq_1’Bq_1) .

Also, similarly to (A.14)-(A.15):

e 0] g |
1

+ oA A-)p
aHmn |ﬁ (CL] J 7] 1] E9
P4 (bg, By) P4 ¢ (E9)

“| (b + 0By, By)
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i [ay ) -me FGa ] e
)

A generalization of the multiplication formula (A.16) (see [287, p. 5, (1.2.7)] or [370,
8.3.2, (12)]) holds in the form (see denotations in (E.4) and (A.16)):

m,n (A (k’aj) ’Aj)f
i | S0 5 |- 0

(aj, A7)} b1y prkmkn [ vk
(br Bt | = @0 TR Hy " | ()

Fox’s H-function can be represented also by means of a power series ([370, 8.3.2,
(3)-(4)]) or by a series of the form (A.11).

The same properties as (A.12), (A.12) hold, for example, for m = 0 and under
conditions i), ii): »
(a7, 45), 1

0,n k
Hpyq {z

0, (E.12)

(see [370, 8.3.2, (2)]) and similarly for n = 0, i), iii). In particular, for the Hg%”gl—function,
frequently used in Chapter 5 as a kernel-function, the latter property takes the form:

(ak,C’k)gZ
(bk7 Ck)l

since A, =B, =Cj,k=1,....m,Q=A=06=0, p=1, v" = v+ 1 and condition iii)
is satisfied with £ = £,5: A =0,z > 1.

Several differential formulas of the form (A.17)-(A.18) can be found in the literature
as well as the following formula ([287, p. 6, (1.3.5)], [370, 8.3.2, (20)]):

H( _C’) “Hpd’ [zaw EZ,jﬁ,ﬁ;g] (E.14)

Pl 2 M {zaw

m,0
Hp'm [z

} =0 in |z2|>1, (E.13)

p+1n.g+1

used in Chapter 5.

Unlike the case with the G-function and the differential equation (A.19), there does
not exist a differential equation satisfied by the H-function in the general case. However,
in view of relation (E.7), one can write down the corresponding differential equation
satisfied by an H-function (E.2) with rational parameters A; = %, B = %, where a;,
B and r are positive integers, j = 1,...,p, k = 1,...,q and the same notation is used
as in (E.7) (see [360, (3.2)]):

(I)PMnyzr]l]_D[ (1zi —ej+ 1) - ﬁl (lzi - fk> H(z)=0. (E.15)

Therefore, from (E.15) we can derive the linear differential equations satisfied by
special cases of H-functions with rational additional parameters A;, By,.
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Asymptotic expansions. According to Braaksma [40, p. 278], if A > 0:

HI () = O (7). |2 =0 (5.16)
with v = 1§I%1gnm%<g_]2>’ and

Hyi"(2) =0 (1A7") 1ol = o (E.17)
with v* = X gglmm<a_f4;_l>’ also the H-function can vanish exponentially for large values

of z, if for example,

A >0, 5:A+1%>0, |argz|<5g,

2\5] |, :
—Al — |z| 27 |, |z| — oo (E.17")
p

It is interesting to note that in the case p = q, the H-function like the G-function
has along with the singular points z = 0,00 also a third singularity at the point z =
(—p)P~™M=" The asymptotic behaviour as |z| — p (through values |z| < p or |z] > p)
seems to have not been established explicitly in the general case.

However, following Marichev’s approach ([279]-[280], also see [370, 8.2.2, (60)-(61)]),
in special cases one can find an explicit asymptotic formula for |z| — p. In particular,
the H-function (E.12) withn =0, p=¢q, Aj = B; =Cj, j=1,...,m = p = 1, has
three regular singular points z = 0,1,00 and near the third singularity z = 1 we can
evaluate its behaviour as follows:

(GJ’CJ);L] L=z
(b5, Cj), r(1-v%’

and then,

Hg}dn(z) =0 (exp

*

Hﬁ’% [z as z — 1, |z| < 1, (E.18)

where according to (E.4):

m
_V*:Z(bj_aj)_1<_1’ if aj>bj, 7=1,...,m.
j=1

Integrals of H-functions

The Riemann-Liouville fractional integral of order a > 0:

(2 A TV avaggmaer [0 | (GAR). (a5, 45))
(b B |J =7 e |7

1

(b, B, (A —a,h) |
(E.19)

R® {z/\Hgfdn [nzh
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The Mellin transform

AP
(4 J)Hdszns (=), (E.20)

see (E.3).

If we formally put s = 1 in (E.20), or more precisely follow the proof of Lemma B.2,
we obtain an auxiliary integral for H-function (E.13), quite similar to (B.4) and useful
for the considerations in Chapter 5, viz.:

AUXILIARY INTEGRAL

e |- Mreray e

1
/ T, {c
0

it Ray, > Ko, > —Cp, k = 1,...,m. The above integral is a special case of a more
general integral formula, involving a product of two H -functions and analogous to integral
formulas (A.28)-(A.29), namely ([370, 2.25, (1)]):

o0
) LG (aj,4;)7
g 1St [aa: (ci, Ci)y }Hm’n [wa DI e
_ o gt {i (aj,47)7 (L= dy —aDy,rDy)y (a5, 47);
PEOEE | 67 | (b, Bp)™, (1 — ¢; — aCy, rC)™, (b, Br)d, 1

The Laplace transform and other integrals of the H-function can follow from the above
formula as a special case.

Detailed study of convolutional integral equations involving H -functions as kernels
can be found in Srivastava [459], Srivastava and Bushman [463]-[465]. For H -functions
of several variables and related integral equations and transforms see Srivastava and
Goyal [466], Srivastava, Gupta and Goyal [467], Nguen and Yakubovich [317].

E.ii. Special cases of the H-functions: functions of Mittag-Leffler and Bessel-
Maitland (Wright) functions, Wright’s generalized hypergeometric functions

Naturally, all the elementary and special functions mentioned in Section C, being Meijer’s
G-functions, are special cases of the H-functions too. Other examples are:

MITTAG-LEFFLER FUNCTION AND SOME GENERALIZATIONS

One of the best-known examples for an entire function of order p > 0 and type 1 is
the Mittag-Leffler function

o0 Sk
Eo(z) = kzzo k) 0, <p = é) : (E.22)
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or alternatively denoted by

x k
Ep(z1) =Y Z—k p>0. (E.22/)
o (1+4)

This is also a typical example of a commonly used special function which does not
follow as a particular case of the G-functions (except for the case of rational p = é > 0)
but is an H-function ([468, p. 42]):

Ba(s) = 4| =

(0,1)
(0.1, (0, ) ] . (E.23)

The useful properties of functions (E.22)-(E.22') are easily transferred to its genera-
lization E,(z; ) with an arbitrary complex parameter i, allowing greater freedom and
applications.

Definition E.2. The entire function defined by means of the power series

o0 Zk

Ep(z; p) = kZ:ZO W,

is said to be a Mittag-Leffler type function, or briefly a Mittag-Leffler (M.-L.) function.
Now, we have the representation ([468, p. 42]):

(0.1)
0.1, (1-n.3) ] |

following from the contour integral representation (see [276, p. 101]):

p>0, peC, (E.24)

Ep(z;p) = /U il {—z‘ (E.25)

Ey(z;p) = 2777,/ SEF (1 _)S) (—2) ®ds. (E.26)

It is seen then, that only for rational p = @ > 0 can the Mittag-Leffler function be

n
represented by means of a G-function (cf. (E.7)):
m
1— ﬁ)
(-5, "
(W)l ’(1 T >1
(E.25")

Function (E.24) has been studied recently in detail by Dzrbashjan [98]-[102],
Dzrbashjan and Bagyan [103]. Tts special cases are:

(=2)"

nn

Eu (2 ) = mn3#(2m) "% 2w DGy

-1 h
Bi(s:1) = expz, Bi(5:2) = S0 Bu(si1) = chvz, Ba(552) = S e,

z z

N
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Similarly to the differential relation

d d
7 (e*?) = ae®*, relating D = 7 and e° = Fy(z;1),

the Mittag-Lefler function with arbitrary p, p satisfies a more general differential relation
Dy uEp(az;p) = aBy(az;p), a#0 (E.27)

where D, , is the fractional order <% > 0) differential operator (2.2.15), considered in
Section 2.2:

Dy {2 akzk} Zak <iu++ p)) 1

which is said to be a Dzrbashjan-Gelfond-Leontiev differentiation and can be written also
as a generalized Erdélyi-Kober fractional derivative (1.6.7):

prtie - M=o (3 )

The following integral relation is important (x> 0, a > 0, see [101, p. 120]):

z—2zP

ma [0 B (i) ¢ = 20, (A a). (829
0

since it shows the relation between Mittag-Leffler functions with different parameters p
and p + « via the Riemann-Liouville integral of order o« > 0. In particular,

Ep(z;p) = @ {Ep(z; 1)} , (E.29)

where the “transmutation” & is the Erdélyi-Kober fractional integral
1
1
Df(2) / (1—og)r Dty (z05> da:Ig’M_lf(z).
0

The following convoluitonal type integral formula turned out to be very useful in

finding a convolution X of the Dzrbashjan-Gelfond-Leontiev integration operator
lpu (2.2.16)-(2.2.16) in Dimovski and Kiryakova [77]-[78], namely:

B (AFia) = Py (s - )38 e
0 (E.30)
Sa+f—1

= - {AEIO <)\z%;a—l—6> — nk, (uz%;a%—ﬁ)}.
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The Laplace transform of the Mittag-Leffler function is:
1 1 —1
£ {z“_lEp (z@u) ;S} = (1 — —1> . (E.31)
sP
Then, a generalization of the Mittag-Leffler functions can be considered (see Gupta [123]):
ET )\(z) with m > 0 integer, A > 0, which has a more general Laplace transform:
P’

1 —m
e {ETA (ZE) ;s} - Alfl (1 . i) . (E.31")
p s 7

sSP

Another generalization of E,(z; 1) has been considered by Imanaliev and Weber [148]
together with corresponding results (integral rpresentations, asymptotic formulas, etc.)
in view of Dzrbashjan’s theory, namely:

(k+m)!
Z Ck:+m (

ERme (E.32)

with C']];;m =
pt k)

where p > 3, p € C, m=0,1,... and Eg(z;,u) = Ep(z; ).

Just as the di-Bessel and hyper-Bessel functions generalize the Bessel functions to-
wards increasing the number of indices, similar generalizations have been studied also for
the Mittag-LefHler functions E,(z; ). For example, Dzrbashjan [100] introduced such a
generalization with two-dimensional indices p, p:

0 k

z
(I)Plapz (Z;,ulnu2) = Z I <Iu1 N £> T <M2 N £> ) (E33)

where 0 < p; < 00, 0 < p2 < 00 and —o0 < py < 400, —00 < g < +o0o0. This is an
example of an entire function of

p p

order p= 1P and type o = <p1> (m)
p1+ p2 p P

Special cases are:

Ep(z§ ,U) = (I)p,oo(z; 22 1)

Z\V 22
JV(Z) = (5) @1’1 (—Z, 1,7/ + 1) .

WRIGHT’S (MAITLAND) GENERALIZED HYPERGEOMETRIC AND BESSEL FUNCTIONS

and the Bessel functions

The next step in generalizing the special functions is to consider functions analogous
to the , Fy functions (A.1).
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Definition E.3. Wright’s generalized hypergeometric functions are defined by means of
series and represented as H-functions as follows (cf. (C.1)):

T (al,A), - (ap, Ap) }_iF(a1+kA1) F(ap—l—kAp)z_
PE4| (b1, By) ..., (bg, Bg) T (b +kBy)...T (bg + kBy) k! (E.34)
—Hl’p s (1—a1,A1),...,(1—ap,Ap)
Pt (1=b1,B1),...,(1—bg, By)
Naturally,
[1r @)
)
LG (al’l)"”’(ap’l)'z = =1 F,(ay,...,ap; by,... . by z
p*q ) pLq ) s Ups ’ » Vg
(b171)7"'7<bQ71) IBIF(
) a;)
j=1
q
[TT (%) ) 1
_ =1 Gl,p —a, ... —ap
D pﬂ“{ l—bl,..., —bq}
[IT (a;
Jj=1

As a special case, when p =0, ¢ =1, by = v + 1, By = u, we obtain a generalization
of the Bessel function (C.6):

z

(%)

I/OO 1 z 22
—_ 2 _F 1; =

( ) ;sz+k+1 T I(v+1)’ 1(V+ ’ 4)’

namely:

T = oW (v 1, ); —2] = HLS [£1(0,1), (—v ). (E.35)
This is the so-called Wright generalized Bessel function, misnamed also as the Bessel-
Maitland function ([511]-[512]; the second name of E. M. Wright is Maitland), defined
by the power series:
- (—2)

J5 (2 JL2) = J,(2). E.36
kz_()l“u+ku+1)k" v(2) = Ju(z) (E-36)

Again, if y = g is a rational parameter, then J//(z) can be represented as a G-function
and can be shown to satisfy the following differential equation of order (p + ¢q):

q+p
g — 1 d
(—2)lq Ip~P — | | (52@ —d; ) Ty (2) = 0,
J=1

.y g—1 . . qg+p—1
=l AL,
q)4 P q
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This equation, written in the alternative form:
R -1 d\P v T
(=121 J)(2) = (,uz M£> z # <£) Jy (2), (E.37)

was obtained by Wright [511].
Sometimes, this function is denoted also by o(u, v +1; —z) = J& (), where

(.¢]

E.36/
o, v; 2) Zofv-l-k',u (E.36")

Integral transforms of Hankel type (3.10.6) involving Wright functions J£ (2) or o(u, v; 2)
instead of Bessel functions J,(z) have been considered by different authors, for example
Stankovic [484]-[485], Gajic and Stankovic [117], Krétzel [239].

There exist also further generalizations like the generalized Bessel-Maitland functions
(Pathak [358]-[359]):

1= () o

. > 0. E.38
2 Fv+kp+A+1 H ( )

)
'A+k+1)

In particular,
Z\V 22
oo = et o= (3) 9 (5

2—2\—
1 2 v

Jya(z) = msﬂw—w@)v

A corresponding generalization of the Hankel transform (3.10.6) has the form (Pathak
[358]-[359])

the Lommel function (C.8).

s r@in) = [ VI fG)dz 00 (£.39)

which turns into the Hankel transform for 4 = 1, A = 0; and if v = £1 5, into the cos-
Fourier (sin-Fourier) transforms (3.10.1); and for A = 0, into the Maltland transform
involving J} (2).

OreN PROBLEM E.4. We have seen in Chapter 4 that the hyper-Bessel functions of Delerue
(D.3), (D.5) and the generalized hypergeometric functions ,Fy (C.1) can be represented
as generalized (multiple) fractional integrals (derivatives) of some basic elementary func-
tions. In these cases, the corresponding (differ)integral operators involve the Meijer’s
G%:?n—functions as kernels. On this basis, a new classification and properties of the

afore-mentioned functions have been derived.

Now, the same problem, yet unresolved, arises for Wright’s J,S“ )_ and p¥-functions,
namely: they should be representable as generalized fractional differintegrals involving
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Hnn%’,(f)n—functions as kernels (in the sense of Section 5.1), of some basic elementary func-
tions. Once such a theory is developed, find suitable classifications and new useful rep-
resentations of Wright’s functions (E.34), (E.35), (E.36), (E.38).

Note. Some fractional integral relations for Wright’s hypergeometric functions can be
seen, for instance, in Dotsenko [92].

SOME OF THE AUTHOR’S RESULTS GIVEN IN APPENDIX ARE PUBLISHED IN: Kiryakova [196], [198],
[202], Dimovski and Kiryakova [80]-[81].
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