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Abstract

As recently observed by Bazhlekova and Dimovski [I], the n-th de-
rivative of the 2-parametric Mittag-Lefller function gives a 3-parametric
Mittag-Lefler function, known as the Prabhakar function. Following this
analogy, the n-th derivative of the (2m—index) multi-index Mittag-Leffler
functions [6] is obtained, and it turns out that it is expressed in terms of
the (3m—index) Mittag-Leffler functions [10, [11].

Further, some special cases of the fractional order Riemann—Liouville
and Erdélyi-Kober integrals of the Mittag-Lefller functions are calculated
and interesting relations are proved. Analogous relations happen to connect
the 3m-Mittag-Leffler functions with the integrals and derivatives of 2m-
Mittag-Lefler functions.

Finally, multiple Erdélyi-Kober fractional integration operators, as op-
erators of the generalized fractional calculus [5], are shown to relate the
2m- and 3m-parametric Mittag-Leffler functions.
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1. Introduction

The Mittag-Leffler (ML) function (2-parametric) is defined by the power

series which is an entire function:
o0 k
z
E, 5(z) = - z€C; a,8€C, Re(a) > 0). 1.1

i@ =Y gy BEC, Re(@)>0).  (L1)
Arising in the beginning of 20th century (initially for 5 = 1) it remained
unremarked and unused for a long time (almost for a half of century). How-
ever, nowadays it enjoys wide range applications and many generalizations.
Among them is the 3-parametric Mittag-Leffler function

ak + B) k!

introduced by Prabhakar [12] and known in the literature also as the Prab-
hakar function.

Other generalizations are the multi-index Mittag-Leffler functions. First
of them is the multi-index ML function with 2m parameters (m = 1,2,3,...):

o Zk
E; g(2) = kZ:O F((Vi)’“ (z€C; o, 8,7 € C, Re(a) >0), (1.2)

o)
zk:

Eo)y. 8)(2) =E\ 54(2) = .
@302) = B, 00O = X oy By Tank  B)

It was introduced by Luchko and Yakubovich [I4] and Kiryakova [6] and
studied in details by Kiryakova [0 [7]. Originally defined for a; > 0 and S;
arbitrary real (complex) numbers, later its definition is extended for com-
plex parameters with Re(a;) > 0 (see e.g. [6] for the first case and the
works [2, B] for the second one). For the applications of this class of spe-
cial functions in the solutions of fractional order differential equations and
models, see e.g. in Kiryakova and Luchko [8]. The survey by Kilbas et al.
[4] describes the historical development of the theory of these multi-index
(2m-parametric) Mittag-Leffler functions as a subclass of the Wright gen-
eralized hypergeometric functions ,¥,(z). The method of Mellin-Barnes
type integral representations allows these authors to extend the considered
functions and to study them in the case of arbitrary values of parameters.

The next is the multi-index ML function defined by means of 3m pa-
rameters:

(1.3)

0 k

() _ pihm gy (VDk - - (ym)k z
iy, 30 (2) = By () (2) = X T(ark + B1) - D(ambk + Bm) ()™

k=0
(Z € (Cv A, ﬁi) Yi € (C7 Re(ai) > 0)7 (14)
and was introduced by the author in [I0, 11]. It generalizes both the 3-
parametric Prabhakar function (L.2)) and the 2m-parametric ML function

(@3).
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2. Integer order derivatives of ML type functions

Recently, it has been obtained by Bazhlekova and Dimovski [I] that
the n-th derivative of the 2-parametric Mittag-Leffler function gives a 3-
parametric Mittag-Leffler function, introduced by Prabhakar (up to a con-
stant), namely

EU(2) = nl EVEL (2. (2.1)

Following this analogy, the n-th derivative of the (2m-parametric) multi-
index Mittag-Leffler function (L3)) is calculated. It turns out that this
integer order derivative is expressed by the 3m-parametric Mittag-Leffler
function (LA]), also up to a constant.

As usual, by
ar d\"
D'=—=(— N
dz" <dz> 7 E T

we denote the n-tuple differentiation with the conventional assumption that
D"f(z) = f(z) when n = 0, i.e. Df(2) = f(z). The next assertion gives
the relation between the functions (L.4)) and the n-th derivative of ([L3]).

THEOREM 2.1. Let oy, 53,2 € C and let Re(o;) >0 fori=1,...,m
Then the following equality holds true for all the values of n € Ny:

mn

n d m
D" [Bary, 5 ()] = T [Blan. 0 ()] = T+ D) B o) (),

(2.2)
withy1=n+1, ==, =1
P r o o f. Having in mind that
I'(k+1) _
D" kY _ k—n
(Z > Tk—n+1)
one obtains
> T(k+1) Zk—n
D" | E .y (3, =
[Blan. 20 (2)] kz_; T(k—n+1) T(ark+ B1) ... T(amk + Bm)

_Z k:+n+1) 2"
I'(k+1) T(aak+amn+Br)...Tamk +amn+ Bm)

Thus, taklng a term-by-term differentiation under the summation sign
(which is possible in accordance with the uniform convergence of the se-
ries (L3) in any compact subset of C and the differentiability of the power
function), the proof ends, by using that

I'(k+n+1)

(n—i—l)k (1)k e (1)k
T(k+1) '

I'(ktntl) = (n+1)y D(n+1) and (kh)ym

=I'(ntl)

If n =0, we have
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0 _ (1),m (yi),m
D [E(ai),(ﬁi) (z)] =Eay, 8 ()= E( ), (Bi) (2)=T(n+1) E(V ), (Bi+nas) (2),
withyy =n+1=1, v =--- =7, = 1, therefore (22 is also fulfilled. O

3. Fractional Riemann—Liouville integrals and derivatives

The most popular definition for integration of arbitrary (i.e. not obli-
gatorily integer) order A € C (Re(\) > 0) is the Riemann—Liouville (R-L)

fractional integral [13]
z 1

A —L z— )M = 2 — ) (zr)dr
Rf(z)—m)oﬂ 0 f(t)dt—m)o/u P fGer)dr. (3)

The corresponding Riemann—Liouville fractional derivative of order A
is defined as a composition of a derivative of integer order and an integral
of fractional order of the form (B.1]), namely:

D f(z) := D" R" f(2), (3.2)
where n := [Re(\)] +1 > Re(A), [Re(\)] = integer part of Re(\).

In this section we consider the Riemann—Liouville (R-L) fractional inte-
grals and derivatives ([B.I]) and ([B.2)) of the multi-index Mittag-Leffler func-
tion (L3]), multiplied by a suitable power function. For the simplest case
m = 1 of the classical ML function with 2 parameters (L1]) the following
elementary assertion can be formulated.

THEOREM 3.1. Let a, 8, A € C, Re(a) > 0, 0 < Re(\) < 1, n € N,
and let A\=n —1+ A. Then

DN Eap(2)] = T+ DEXEL 1 (2) (Jargz| <), (3.3)

Proof Weput p=£k+ \in the well-known formula [13]
D) () = XD
F'p—A+1)
and exchanging again the orders of differentiation and summation (justified
by the differentiability of the power function for |argz| < = and uniform
convergence of the series in any compact subset of this set), we obtain

- 0 DY
D [P Eap(2)] = D*

(3.4)

Z I'(ak + B)

k o

> )\+nkF)\+n) 2* A+1D(A+1) 2*
Z:;)Fak—k (n—1a+p) k l;)l“(ak—k(n—l)a—kﬁ)ﬁ’

since A+ n=A+n—1+1=A+ 1. Thus we get (33). O




258 J. Paneva-Konovska

In particular, if we set n = 1 in Theorem B then the parameter A
becomes A = X and (B.3)) gives the following corollary.

COROLLARY 3.1. Ifa, 8, A € C, Re(a) > 0 and 0 < Re(\) < 1, then
the following identity holds

DM EBap(2)] =T\ + DEG () (Jargz| < ). (3.5)

For the multi-index Mittag-Leffler functions, the result is given as be-
low.

THEOREM 3.2. Let a, Gi, X € C and Rg(ai) >0 fori=1,...,m, and
let also 0 < Re(A) <1,n €N, AX=n—14 \. Then it holds

DN Bl (2] = T+ DEQ 5 nnjay(2) (Jarge] <), (3.6)
with parameters y1 = A+ 1,72 =+ =, = 1.

P r oo f. From the definition (L3)) we have

X 0 DY
Eoy s =

and then, in accordance with (3.4]) and by analogy with the proof of The-
orem B.1] it consequently follows that

D(k+A+1) e
DMNAE
[ (o kzn:— F —’I’L—|—2) F(alk“Fﬁl)---F(amk‘i’ﬁm)

oo

_Z Fk—i—)\—i—n) P
—~ T(k+1)  T(ak+5)...T(amk + Bm)

e}

A+ D 2
i—o L(aik+ B1) ... T'(amk + Bm) k!’
Wheregi:(n—l)ai—i—ﬂiforz'zlj,__jm' -

=T(A+1)

COROLLARY 3.2. If oy, Bi, N € C, Re(a;) > 0 fori = 1,...,m,
0 < Re(\) < 1, then the following equality holds:

DA B 3] =T+ DEQ (5)(2) (largz| <m),  (37)

with parameters v, = A+ 1,79 = --- =y, = 1.
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P r o o f. Analogously to Corollary 3] the truth of (87)) automatically
follows from (B.6)), by taking n = 1. O

THEOREM 3.3. Let o, 3, A € C, and let Re(a) > 0 and 0 < Re(\) < 1.
Then

RNz By p(w2)] =T(1 = N EL j(w2)  (Jargz| < ). (3.8)

P 1o of Putting f(2) = 27 E, g(wz), we have

o0 k
— A A T (wzT)
fler) =271 "By g(wzr) = 271 kzzo T(ah 7))
whence, using the second part of definition (3.I]), we obtain
. 1 )\ 1 _)\ (A}ZT
TN Z ['(ak + ,B
0
1
i (wz)k / (1— T)A_lTk_A g
= T.
— T'(ak + ) I'(\)
-0 s

Changing the orders of integration and summation is possible due to the
integrability of the power function for |arg z| < 7 and uniform convergence
of the series above in any compact subset of this set. Now, taking into
account the relation

(- MR Bk —A+1) Tk—A+1) (1= A=A
/ O\ YT Ty Lk+1 k! ’

we complete the proof of the theorem. O

THEOREM 3.4. Let «;, i, A € C and Re(a;) > 0 fori = 1,...,m.
Moreover, let 0 < Re(\) < 1. Then

RA[Z—AE(%),(BZ.)(W)]:r(l—A) 5y(W2) (largzl <m),  (3.9)
1.

with parameters 71 =1— Xy = =7y =

P r o o f. Like in the previous proof, we obtain

1
A\ 1 >\ 1=X S (w ZT)k
R f _F()\ O/ Z Fa1k+/6l (amk+'8m) .
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1

B & (wz) )\ 1 k A
_i;) D(ark + p1) ... T(amk + Bm) 0/ ar-

Then, the proof continues in the same way as this one of Theorem B.3l
O

4. Generalized Erdélyi—Kober fractional integrals
and derivatives

Along with the classical Riemann—Liouville definitions of fractional or-
der operators, the so-called Erdélyi-Kober operators are very useful in clas-
sical fractional calculus, as depending on one more parameter. Namely, for
real parameters A > 0, u > 0 and 3, the Erdélyi—-Kober fractional integral
operator or order A is defined as (for details, see e.g. Kiryakova [3]).

I f(2) = [V RN (1)

z—zH

z 1
—p(B+A) 1
=S [ e eae) = s [0= 0t e,
0 0

(4.1)
and respectively, the Erdélyi-Kober fractional differential operator can be
written symbolically ([5]) as

DI f(z) = [Z_BDAZB'M f(zl/“)] . (4.2)

z—rzH

Note that D570f(z) = Ig’of(z) = f(z), and D57)‘I57)‘f(z) = f(2). The case
with p = 2 was introduced by Sneddon, while Kober and Erdélyi originally
considered the case p = 1. The Erdélyi-Kober operators (4.1l and (4.2)
have numerous applications emphasized ever since Sneddon by himself, and
they are widely used in FC and fractional order differential equations to
model various type of physical, economical etc. processes. See for example
Pagnini [9], considering the so-called Erdélyi-Kober fractional diffusion and
a family of diffusive processes governed by the ggBm (generalized grey
Brownian motion).

Further, we consider the operators (41l) and (£2]) with ;o = 1. Then,
they can be written in the forms

1P f(z) = VRN [PE)], DPAF() = 2D [ ()| (43)
and so, these are practically Riemann-Liouville integrals and derivatives,
up to power functions multipliers.

For the functions () and (L3), first we evaluate the Erdélyi-Kober

fractional integrals with parameters
M:17>\>07ﬁ:_>\7
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and Erdélyi-Kober fractional derivatives with parameters
p=LA=n—14X8=-XA (0<A<1l,n=12...).

Using the results in Section Bl we can formulate two elementary asser-
tions.

THEOREM 4.1.  Let o, aj, 2 € C, 0 = 1,2,...,m, A = n — 1+ A
(0< A< 1, m,neN), and let |argz| < 7, Re(a) > 0, Re(cy;) > 0. Then

D}_n’)‘Ea,,B(Z) — I‘(l + )\) ZTL—I Eitg\-i-(n—l)a(z)’ (4.4)
Di™™*Blagy g (2) = DA+ XN 2" BT L0 () (4:5)

with parameters
Nn=1+A rn==m=1L

P r o o f. These are simple corollaries of Theorems B.Iland 3.2l Indeed,
in view of (£3]) and Theorem [31],
1—n, A _ X _
DY B, 5(2) = 2L DA [ZAEM} =TI+ "B L (2), (46)
which is ([@4]). The proof of (4] goes in a similar way. O

In particular, if n = 1, the second representation in (£3)) and Theorem
[4.1] automatically yield the result formulated below.

COROLLARY 4.1. Let a, oy, 2 € C, i = 1,2,...,m, m € N, and let
|arg z| < 7, Re(a) >0, Re(a;) > 0,0 < A< 1. Then
DY E, 4(z) = D> {z)‘Eaﬁ(z)] =T(1+\) EL(2), (4.7)

DY Ela g (2) = D* |2 Bay, 50(2)] =D+ N EQ) T () (48)
with parameters
Nn=1+A n==m=1L

The following assertion, which is a simple corollary of Theorems [3.3land
[B:4], refers to the operator (4.1)) and it is essentially used in this section.

THEOREM 4.2. Let o, o, w, 2 € C,w # 0,3 =1,2,...,m, m € N,
and let |arg z| < m, Re(a) > 0, Re(a;) > 0,0 < A < 1. Then
LM B p(w2) = T(1 = M) EL M wa2), (4.9)
=\ A i)
L By (a0 (02) = D(1 = ) BT (w2) (4.10)
with parameters
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Now, we briefly recall some definitions of the operators of the so-called
Generalized Fractional Calculus (GFC) of Kiryakova [B, 6]. The kernel
function Hn";b,% appearing below is a suitably chosen case of the Fox H-
function.

DEFINITION 4.1. Let m > 1 be an integer, \; > 0, u; > 0, 3; €
R, i =1,...,m. Consider f = (f1,...,0m) as a multi-weight and resp.
A = (A1,..., ) as a multi-order of fractional integration. The integral

operators, defined as follows:

1 m
m,0 (BiA-Ni+1=1/p5, 1/ i) )
{Hm’m [T (Bit1=1/ps, 1/ i)™ ' ] flzr)dr, if Z; Ai >0,

F(2), A =A== Ap=0,

i), (A
Tuim 1) =

(4.11)
are said to be multiple (m-tuple) Erdélyi-Kober fractional integration op-

erators. More generally, the operators of the form

If(2) = 20000 f(2) with X >0 (4.12)

are briefly called generalized (m-tuple) fractional integrals.

REMARK 4.1. Ifall y; = p >0, fori =1,...,m, then ([@II)) is denoted

by I(?,iq)f()‘i)f(z) instead of I((fz))q(qi”)f(z), and the integral operators (4.I1))

and (4.12)) reduce to such ones with the simpler G-function of Meijer:

1 m 1 m
Lo G |7 |G pariydr, i 3 A >0,
109 1) = {4 O R ] e &

f(z), f Ai=X=-=X,=0,

respectively
If(z) = 20T M f(z) with A > 0. (4.14)

For m = 1 the operators (411]) turn into the classical Erdélyi-Kober
integrals (4.1]), for m = 2 these are the hypergeometric fractional integrals,
for arbitrary m > 1 we get the hyper-Bessel integral operators as particular
cases, etc. The theory of the GFC based on operators (4.11]) is developed
in full details in Kiryakova’s book [5]. Here we briefly recall some of the
basic facts we use.

Let o be an arbitrary real number. Denote by H(£2) the space of holo-
morphic functions in a complex domain €2, starlike with respect to the
origin z = 0, and consider the spaces
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Ho(Q) ={f(2) =2"f(2); p 20, f(2) € H(Q)}, Ho() :=H(Q).

For 5; > —1 — o/pu; and \; > 0 the operators (4.I1]) map the space H,(2)
into itself (Kiryakova [5]).

The main property of the generalized (m-tuple) fractional integrals is
that the single integrals in (4.12)) and (4.13)), involving H- and G-functions,
can be equivalently represented by means of commutative compositions of
single Erdélyi-Kober integrals of the form (IH) Namely, for f € H,()
with 8; > =1 —0o/p, A; >Oandz':12 m:

(ﬁz Ai) HIBZJ\ f(z

/ 1—7' R
:/ /[ o L ]f((ZTl...Tm)l/“) dri ... d1,.
0 =1

If some of the \; are zeros, e.g. Ay =--- =X\, =0, 1 < k < m, then the
corresponding multipliers are identity operators, i.e. Iﬁi’Ai = I, and the
multiplicity of (4.13]) reduces from m to m — k (same for the order of the
kernel H-functions). Decomposition relation (415 is the key to various
applications of (4.I3) and (4.I4). The generalized fractional derivatives,
corresponding to (£I3)), are defined in [5] by differ-integral expressions
analogously to the idea for (8.2]) and (4.2).

Now, by analogy with Lemma[£2l we prove a relation involving the gen-

eralized fractional integral (4.13)), in this case in the class of entire functions
in C.

(4.15)

THEOREM 4.3. Let w € C, w # 0, 0 < A < 1, and Re(c;) > 0 for
1 <i<m. Then

—)\i s )\7, _>"L .
LM E ) (g (w2) = D1 = A1) T(1 = M) EG 0T (@2).

P r o o f. Taking into account the following relations, based on (4.1

and (I10),

1

1— )l M
/( ;)()\1) 1 E(ai),(ﬁi)(WZTl---Tm)dTl

= Il_)\l’)\lE(ai),(Bi)(WZT2 . Tm) = F(l — )\1) E((Zi)):?;i)(wZTg . Tm),
Wlth')/l :1—)\1’72:--- :f)/mzl,
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and respectively, denoting v1 = 1 — A, ..., Ym-1 =1 — Am—1,7m = 1, we
deduce that
1

1—7, Am—1 Tnfb)‘m 5:).m
/ ( F)()\m) L(1—X)...I(1— )\m_l)E((li)):(Bi)(szm)dTm

=T(1 = A1) ... T(L = Npy) I E((Zz))q(%z)(wz)

—)\i ,m
=T(1=M). D= An) Bl 0 (w2),

i.e. the subsequent repeated (m times) integrations in ([@I5]) with p =1
lead to the identity .

=i, (A =iy A
LB () (w2) = IIn Elay), 8 (@2)

=1
: p[m NA =L —Ai
<[

o Li=1
1-X\;),m
=T =\ . T = An) B 00 (w2),
that proves the theorem. O

E(ai)7(5i)(wz7'1 . Tm) dTl . dTm
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