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1. Introduction: SF of FC and multi-index Mittag-Leffler functions

The developments in theoretical and applied science have always required a
knowledge of the properties of the “mathematical functions” (in terms of H.
Bateman, [5]), from elementary trigonometric functions to the variety of Spe-
cial Functions (SF), appearing in studies of natural and social phenomena,
in formulation of engineering problems, and numerical simulations. The well
known “Classical SE” (SF of Mathematical Physics, or Named SF) appear as
solutions of differential and integral equations of integer order, mainly of 2nd
order, but also of higher (integer) ones. Most of them are representable as
particular case of the Meijer G-functions (see e.g. [5, Vol.1], [31]).

With the revival of the FC as not only an exotic theory and the recognition
that the fractional order models can describe better the fractal nature or the
world, the solutions of the fractional order differential and integral equations
and systems also gained their important place and became unavoidable tools.
These are the so-called “Special Functions of Fractional Calculus” (SF of FC),
in the general case as Fox H-functions (details in [31], [14], [13], etc.).

Among the SF of FC (see Kiryakova [19]), the basic role have the generalized
Wright hypergeometric functions ,¥,,

w [(ahfﬁ)w..damfaﬂ ]::iilXa1+kAl)“.fK%f+kAp)Eﬁ
Lo (bl,Bl),...,(bq,Bq) F(bl—i-k‘Bl)F(bq—l—k‘Bq) k!

(1)
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- 1,p . (1—a1,A1),...,(1—ap,Ap)
_HWH[Z(QMQ—MBQHWQ—%BQ : (2)
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Let us denote: p = [] A;Ai II BJB], A= Bj—> A. If A > —1, the

i=1 j=1 k=1 i=1
p¥,-function is an entire function of z, z € C, and if A = —1, this series
is absolutely convergent in the disk {|z| < p}, while for |z| =p if R(u) =

q P
RS> bj— > ai+ 5L >1/2. For more details on special functions (1) and
j=1 i=1

the Fox H-function, see in [31], [13], [14], etc. In particular, for A; = --- =
A, =1,By =---=B; =1in (1) and (2), the Wright g.h.f. reduces to the
more popular generalized hypergeometric ,Fy-function, which is a “classical”

SF representable as a Meijer’s G-function (for details, see e.g. [5, Vol.1]):
v (a1,1),...,(ap, 1)
PREL (b1,1),...,(bg, 1)
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Alp 1—-ay,....,1—ap
GMH[ lot—by,...,1—b, |’
p q
with e¢= [[[T(a:) /[[T®))| » (@) :=T(a+ k)/T(a).
i=1 j=1

Among the most popular examples of generalized hypergeometric functions
that are not “classical” but SF of FC (with irrational parameters A;, By in
(1)), is the so-called Queen function of FC, the Mittag-Leffler (ML) function E,
(Mittag-Leffler, 1902-1905), resp. the more general (2-parametric) one E, 5(2)
(Wiman 1905, Agarwal, 1953), studied later also by Dzrbashjan (1954, 1960):

[e.e]

Sk

Eop(z) = 20: Tk T F) Eo1(2) := FEa(2), a>0,5>0. (4)
This is an entire function of order p = 1/« (and the simplest entire one with this
order) and type o = 1. The ML functions (4) have been almost ignored, for a
long time, in the handbooks on SF and in existing tables of Laplace transforms.
They only appeared shortly in a chapter “Miscellaneous functions” in [5, Vol.3].
Nowadays, with the flourishing of the FC tools and models, there exist a very
vast range of literature on the theory of ML functions and their applications as
solutions of fractional order equations and systems, just to mention a few, as
the books [29], [13], [10], [23], a lot of surveys as [33], [19], etc.

These “fractional exponential functions” are natural extensions of the ex-
ponential and trigonometric functions (o« = 1, o = 2), for example of Fy(z) =
exp(z) and Fy(—2z?) = cos z satisfying integer (1st and 2nd) order differential
equations. However, the “true” ML functions (with irrational «) are solutions
of fractional order DEs. Such a simplest example is with the a-exponential
(Rabotnov) function:

D% (\z) = My(\z) with y(2) = 2271 Ey o (2%).

Other typical examples where the solutions appear in terms of combinations
of ML functions (4) are the Cauchy problem for R-L fractional differential
equation: D%y(z) — Ay(z) = f(2), with either Riemann-Liuoville D or Caputo
CD, fractional derivatives and initial conditions of the corresponding (R-L or
C-) type.

A ML type function with 3 parameters, known as the Prabhakar function
(T.R. Prabhakar, [30]) is also often studied and used as a FC tool, for a, 8,7 €
C, Rea > 0 and with the Pochhammer symbol (7)o = 1, (1) = T'(r+k)/I'(7):

s T Z]€
Ts(2) =Y % o (5)

k=0
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It is again an entire function, of order and type, which are the same as for F, g
and E,. For =1 we get the ML function E, g, and if also f=1, it is F,,.
These ML type functions are simple cases of the Wright g.h.f. (1) and of

the H-function, namely:
_ogll| (0,1)
Z:| H12 |: Z‘ (071)7(1—,6,(1) :|7

Ea3(2) =11 [ 6.0
i B 1 (7_’ (1—7’,1)
B = i | o) | =52 2] 0 0 B |

Here we are focusing first on the multi-index (multi-parametric) Mittag-
Leffler (multi-ML) functions introduced almost simultaneously (1994-1996) by
Luchko et al. [38], [1] and Kiryakova [15], then studied by Kiryakova [16], [17],
[18], Kilbas-Koroleva-Rogosin [12], Paneva-Konovska [23], [24], etc. They form
indeed a very large class of the Wright generalized hypergeometric functions
»¥y, incorporating long list of SF of FC (see e.g. [18], [19]).

Namely, these extensions of the classical ML functions (4), have been in-
troduced by replacing the 2 parameters a and 3 by 2 sets (vector indices, 2m
indices): (aq,...,u,) and (81, ..., Bm), a; > 0, B; € R, with integer m > 1.
These multi-index ML functions include many of the SF of FC as particular
cases and appear as solutions of fractional order problems of multi-order (o)},
m > 1:

[e.e] Zk

. p(m) _
B0 = By 30(2) = 2 o ) - T (omh ) )
= 1‘1’m[ (1,1); Z] H% 1%1+1 [_Z (©, ¥

(Bis )T (0, 1), (1=Bs, )T

Later, Paneva-Konovska [24], [23] extended (6) to multi-index analogues
of the Prabhakar function (5), by 3m parameters, with additional (71, ..., 7p,)
instead of :

(Tz _ S (Tm)k Zk
B z(:) I'(a1k + /31 T(omk + Bm) (K™ "
— i (Twl)m l 1m
— Am\IJQm1|: (ﬂz,al)T,(1,1;,7(171) :| AHmQWL( 2)7

m
where (7;)r = I'(7;+k)/T'(;) are the Pochhammer symbols, A = [H F(TZ‘):|.

=1
Evidently, the case V7, = 1,7 =1,...,m, leads to the above 2m parameter ML
type function (6), while for m = 1 we get the Prabhakar function (5).
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We note also that Kilbas-Rogosin-Koroleva [12] extended the 2m index ML
(m

functions E(a )) (Bi)(z) with all o; > 0 to the case when all oy, i = 1,...,m can
be real and different from zero, even negative.

The studies on multi-index (vector) ML functions have also a trend includ-
ing a multivariable case (with 8 > 0,a; > 0, integers [; > 0, i = 1,...,m),
introduced by Luchko et al. (see e.g. [38]) for the purposes of operational cal-
culus; and later applied in many other works to present solutions of BVPs for
fractional order PDEs:

Hhilzl‘i
E kily, ...l = .
(@10 B(21 -+ 2m Z: 2 it ob) TS o)

k=0 li+...+lm=k

Here (k;l1,...;lm) = k!/(11)!...(L,!) are the multinomial coefficients.

Some short facts of the basic theory of the multi-index ML functions (6)
and (7), from Kiryakova [16], [17], [18], Paneva-Konovska [24], [23], [25] and
Paneva-Konovska and Kiryakova [27], include the following.

Theorem 1. The multi-index ML functions (6) and (7) (with real param-
eters o; > 0) are entire functions of order p with

1
p =1+ ... + (8)

and type o:
/o = (par)™™ ... (pap,)’*™ (o >1 for m>1). 9)
Moreover, for each € > 0 we have an asymptotic estimate, as:

B, (8 (2)] < exp (0 +€)[2[7), |2[ =70 >0,

with p,o as above, ro(e) sufficiently large.

We have shown that the multi-ML (2m-parametric) functions (6) are eigen-
functions of the Gelfond-Leontiev (G-L, 1951) operators of generalized differen-
tiation that we generated by means of the coefficients of these entire functions.
In fact, this was the inspiring idea to introduce this class of special functions
in Kiryakova [15]. Namely, the multi-index ML function E(,,) s,)(2) satisfies a
differential equation of multi-order (o > 0, ..., a;, > 0) of a general form as:

Do), 8) E(on)(8:)(A2) = AE(a,),(8,)(Az), A #0,

see [16], etc. We note that the G-L operator of generalized differentiation
D(a,),(3;) With respect to (generated by) F,,) (s,)(2) is practically a generalized
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fractional derivative of the form z~! D% }a O)”n_ll) () (in sense of Kiryakova [14]),

1
and also a fractional order extension o% the hyper-Bessel operators of Dimovski
(see [3], [14, Ch.3]).

Other useful properties of the multi-ML functions, aside from their repre-
sentations in terms of the Wright g.h.f. and H-functions (6), (7) (see Kiryakova
[18], Paneva-Konovska [24], Paneva-Konovska and Kiryakova [27] for proofs and
conditions on the parameters), include results related to Mellin-Barnes type in-
tegral representation and Mellin transform, namely:

Lemma 1. The following Mellin-Barnes type integral representation holds,

z #0:

B (2) = / S (—2)*ds, (10)
omi Hrn 2 D1 =)™ 1H (3 — sa;)

where the path L is suitably chosen to separate all the poles of the Gamma-
functions in denominator. This is based on the Mellin transforms of the multi-
index ML functions, see [13, p.48], [18], and in the general 3m-case, [27], for
0 < R(s) < minT;:

I'(s) H L(r; —s)
MBS (—2)is} = : = ~oay

I(r) [T(1 — 5)]m ! f{lr(ﬂi — s)

s

=1

Note that the choice of the contour £ and the inclusion of the additional
“Pochhammer parameters” 7;, ¢ = 1, ..., m cause the difference observed in the
same kind of formulas for the 2m-parametric case (6) in Kiryakova [17], [18],
as well as in the recent work by Rogosin-Dubatovskaya [34] on multi-index
Mittag-Leffler analogues of Le Roy type.

Many of the elementary and special functions are particular cases of £, g,

E7, 5, and much more - of the multi-index ML functions Ey,) (s,)(2) and E((TZ)) (55)°
All details and long lists of examples can be found in the mentioned our previous
works.
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2. Mittag-Leffler functions of Le Roy type

However, recently, there appeared several works on further extensions of the
Mittag-Leffler type functions, as “fractional indices” analogues of the Le Roy
function [21], [22]. These special functions have been introduced almost simul-
taneously by Gerhold [9], Garra-Polito [7], and are referred to as “Gerhold”
or “Garra-Polito” or “Mittag-Leffler type Le Roy functions” (abbr. MLR-
functions). Extensive studies on the basic properties of the MLR-functions
and some of their applications are presented next also by Garrappa-Rogosin-
Mainardi [8], Tomovski-Mehrez [36], Garra-Orsingher-Polito [6], Pogany [28],
Gorska-Horzela-Garrappa [11], Kolokoltsov [20], Simon [35], etc.

Namely, Gerhold [9] and Garra—Polito [7] have introduced a new function
related to the special functions of the Mittag-LefHler family, as a generalization

of the function
k

2O =Y = S e 77 "

k=0

studied by E. Le Roy in the period 1895-1905 ([21], [22]) in connection with
the problem of analytic continuation of power series with a finite radius of
convergence. In the mentioned recent works [9], [7], [8], the so-called Mittag-
Leffler type Le Roy function has been introduced and studied:

o0 k
M.y — SN
Fa,ﬁ(z) = kz_o T(ah+ A ze€C,a,pB,v€C. (13)

These authors have proved that (13) is an entire function for all o > 0,5 €
R,~ > 0 and studied some properties, then some next deeper results on (13)
have been extended also in [6], [11], [35].

While developing the idea and some results on the special functions (16)
from the next section, and revising this final version, we have been informed by
private communication for a next step done towards a multi-index extension of
Le Roy function (13) in the sense of multi-index Mittag-Leffler functions (6).
Namely, in [34], Rogosin and Dubatovskaya considered the following function
(we may refer to it shortly as multi-MLR function):

F((;)/B)m(z) = E — , z€C, (14)
k=0 H1 [T (ajk + B;)]
]:

with vector parameters (multi-indices) (o, 8)m = (@1, 81), -y (), Bm), (V)m =
(715 --»Ym), supposing Vj : «; # 0, and some other conditions are specified
along with their study. As expected, it is proven that (14) is an entire function
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and its order p and type o are evaluated. Supposing R(c; - v;) > 0, p; € C,
j=1,2,...;m, the results in [34] read as:

p=> Rla;-v), 1/o=p-expqpd Rla;-v;-logay)p. (15)
j=1

J=1

Some particular cases clarifying the nature of these multi-MLR functions
and Mellin-Barnes type integral representations are also provided in [34].

3. Multi-index analogues of
Mittag-Leffler-Prabhakar functions of Le Roy type

Now we consider the following extension of the functions (13) (as well as of (14)),
to combine the multi-index Mittag-Leffler functions (6) (with 2m parameters
instead of the two: a and ), their Prabhakar variant (7) (with 3m parameters,
replacing 7 by m-set), and the fractional Le Roy type functions (by taking m
different parameters 7; instead of the v in (13)).

Definition. We introduce the following class of multi-index Mittag-Leffler-
Prabhakar functions of Le Roy type (abbrev. as multi-MLPR):

Fo(2) = F7 (2)

i, Bi5Ti

Sk

o Mk (T
B z(:) (k™ [T(ank + )] ... [T (amk + B)] ™™

N with e TT TR 1 1
_;)’“ , Wit ’“_H{r(kﬂ) I(7;) [P(aik—kﬁi)]%}’

with 4m different parameters. For simplicity of expressions, in this paper we
suppose Vi = 1,....m: «; > 0,8, > 0, > 0,7; > 0, although a case for
R(a;) > 0,R(7;) > 0, B; € C can be also considered.

As already mentioned, almost in parallel, Rogosin and Dubatovskaya [34]
have studied the functions (14), that can be considered as the above functions
(16) when Vi =1,....m: 7, = 1.

(16)

3.1. Basic properties of the multi-MLPR functions

Theorem 2. The multi-index MLPR-function (16) is an entire function
of the complex variable z of order p and type o, evaluated as follows:
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1 1
P = ) _:a171+"'+a77 17
a1yl + - ' Ym P e ( )
and
1 (L S L
e 1 (O I | (PO (18)
P \iz1 E——
that is,
om+--ta
7= 11 1’)/](;(m'Ym 1/(a1:11m+am7m) ’ (19)
(a7 af ™)
1 (a8 .a%mwm)l/(awﬁ"dram'ym)
o a1y1r + - o Ym
Moreover, for each positive € the asymptotic estimate
| Fm(2) [< exp ((0 +¢)|z"), |z[ =m0 >0, (20)

holds, with p and o like in (17) and (19), for |z| > r¢(e), and ro(e) being
sufficiently large.

Let us remind that for simplicity, here we have limited ourselves to the case
of real positive parameters «;, B, 75, vi, © = 1,2, ..., m.

Proof. Since the proof goes analogously to this one for the Prabhakar func-
tion of Le Roy type in Paneva-Konovska [26], only the idea is given here. The
details are omitted and will be exposed elsewhere, also for not so restrictive
conditions on the parameters.

The theorem is proved using mainly Stirling’s asymptotic formula for the
I-function along with I'-functions quotient property (see e.g. [23, Remark 6.5]).
By the Cauchy-Hadamard formula, the radius of convergence of the series (16)
is obtained to be oo, i.e. the function (16) is an entire function. The order p
and type o are obtained by the formulae

klnk
= lim sup and  (cep)'/? = limsup (kY?|cp|V*) , 21
plime ey (oo = lmowp (K1), @)

taking the coefficients ¢, from (16).

The asymptotic estimate (20) follows from the definitions of order and type
of an entire function. O
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3.2. Integral representations

In the previous section we have discussed that the multi-index MLPR-function
Fr(2) = Fli’?;z ., (%), defined by (16), is an entire function, and its order and type
have been given. Separating our considerations in two cases, we begin with this
one, when the parameters 7; are all positive integers, i.e. 7, € N = {1,2,...},
for i = 1,...,m. Then, all the functions I'(5; — s«;) are meromorphic with
simple poles s;, = (8; + k)/a; (k € Ng = {0,1,2,...}). Further, an integral
representation of (16) is given by means of Mellin—Barnes integral, extending
the integral formula obtained by Paneva-Konovska [26].

For this purpose, we first consider the sets

S;={s:s=—-k (keNy},
and

Sy={s:s=1l+m, 1€Ny,7>0(=1,...,m)}.

Remark 1. The intersection of the sets S; and S, is empty, i.e. S;NS, = &.
Moreover, the set S; lies on the left hand side of the strip

S={s:5e€C, 0<R(s)< min ()}, (22)

i=1+m

while the set S, lies on its right.

Theorem 3. Let a; >0, 38, > 0,7, >0and~ € N, i =1,...,m. Then the
multi-index MLPR-function (16) is expressed by the following Mellin—-Barnes-
type contour integral representation:

Fnle) = 5 [ Honl=9)(=2)ds, A= 1), larg(-2) < 7. (23)

r i=1

Hin (=) = M5, (—s) =

;,Bi5Ti

; (24)
[P =)=t

e

[D(B; — sa)|e

and L is an arbitrary contour in C running from —ioo to +ioco in a way that
the poles s = —k (k € Ng) of I'(s) lie to the left of L and the poles s =1+ T;
(I € Ng) of I'(m; — s) to the right of it.
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Proof. According to Remark 1, none of the poles of I'(s) and I'(7; — s) are
in the strip S, defined by (22). Moreover, the poles s = —k (k € Ny) of I'(s) lie
to the left of this strip and the poles s = [+ 7; (I € Ny) of I'(7; — s) to its right.

Let us consider the right hand side of (23)

(2) =5 / “%ds. (25)
Taking into account the asymptotic formula (see e.g. [5, Vol.1, 1.1.(8)]):
F(s)—ﬂ[l—l-O(s—i—k‘)] (s = —k; k=0,1,2,...) (26)
_k"(S—i-k’) ’ S Rt Bt A A

and calculating the residues of the integrand of (25) at the simple poles s = —k,
k=0,1,2,..., we have

— % Z Resg—_i {Hm(—s)(—2)""}
k=0

s——k

:%Z lim {(s+ k) Hm(—s)(—2)""}
k=

L DR TR
=1

Azk' L(k+ 1) HD(B; + kay)]

oo ﬁl(Ti)k zk
L C
k=0 [[[T(B;i + kay)]i
=1
that proves (23). O

Remark 2. Let us note that in the particular case m =1 and 7 =717 =1,
Theorem 3 gives the result referring to Le Roy type functions (13) from the
mentioned articles, and for arbitrary T it is the result from Paneva-Konovska
[26]. If additionally v = 1, the result obtained is related to the Mittag-Leffler
function E, 4, see for example [13]. The case Y7; = v; = 1 leads to the result,
obtained in Kiryakova [17] for E,,y s,)(2), (6).

The Mellin transform of a function f(t) of a real variable t € Rt = (0, 00)
is defined by
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(MF)(s) = M[f(B)](s) = F(s) = /f(t)ts_ldt (seS5cC), (27)
0

S is a suitable vertical strip (see, for example, the book by Titchmarsh [37]),
and the inverse Mellin transform is given for ¢t € R™ by the formula (v = Re(s)):

v-+1i00
(MTIF)(t) = MLF(s)](t) :% / F(s)t™*ds, 0<t<oo, (28)

where the integral is understood in the sense of the Cauchy principal value. For
more detailed information on the Mellin integral transform, its properties and
applications, we refer the reader to the classical books with tables of integral
transforms.

In what follows we use the results of Theorem 3. By setting —z = ¢ and
having in mind that 0 < t < oo, we see that |arg(—z)| = |arg(t)] = 0 < 7.
That is why the representation (23) holds true with —z = ¢.

In this way, we can formulate the results for the Mellin transform image of
the Le Roy-type function (16).

Theorem 4. Let the parameters «;, $;, and 7; be positive, and let ~; be
positive integers, i.e. v; € N, for i =1,2,...,m. Then the Mellin transform of
the multi-index MLPR-function (16) is expressed as follows

MEn(-](s) = 22 (0 < () < min (), (29)

A
with t > 0.

Proof. In particular, if £ is the straight line Re(s) = v, lying down the
stripe (22), and taking —z =t € (0, 00), then the relation (23) leads to

] 1/+iooH ( )
-5
Fr(—t) = — 2 t7%d t .
m(—1) 5] / i s, 0<t<oo (30)
v—100
The relation (30) means that the function F,,(—t) is the inverse Mellin trans-
form of the function W' Therefore the direct Mellin transform of the
function F,,(—t) is given by (29), which is the desired result. O
Remark 3. Let us note that in the particular case when all v; = 1,
Theorem 4 gives the result for the multi-index Mittag-Leffler function of Prab-

(Ti)’m

hakar type E(ai) (Bi)(z). If additionally, all 7, = 1, this result concerns the
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2m-parametric function E,,) ,)(2). Both results are presented in [27]. In the
case m = 1, Theorem 4 gives the result for the Prabhakar function of Le Roy
type (35), obtained recently in [26].

Now, we consider the other case, when at least one +; is not necessarily
an integer. Then we establish two more integral representations, using the
above techniques. For the sake of simplicity, further in this section we consider
again the parameters «;, 5;, Vi, 7; to be positive. In this case the function
I'(a;s + i) is a meromorphic function of the complex variable s with simple
poles at the points s = —% (k=0,1,2,...). When ~; is not integer, the
function [I'(a;s + £;)]" is a ‘multi-valued function of s. We fix its principal
branch by drawing the cut along the negative semi-axis, starting from —/;/«;,
ending at —oo, and supposing that [I'(«;& + §;)]7 is positive for all the positive

m
values of £&. The principal branch of H[F(aié + B;)]7 is chosen by cutting along
i=1
the negative semi-axis, starting from — még(ﬂi /i) to the —oo, and supposing
Vi

that [['(a;€ + B;)]" are all positive for the positive values of &.

Theorem 5. Let oy, B, 7, 7 >0 for i = 1,...;m, and let v1,...,7v, ¢ N
(ip € {1,...,m}). Let additionally [I'(c;s + f3;)]"* be the described branches
of these multi-valued functions (i = 1,...,i9). Then the multi-index MLPR-
function (16) can be expressed by the following L ~,-contour integral represen-
tation:

1 1
Fr(z) = — Hm(s)(—2)°ds + ———, |arg(—2)| <, (31)
2mi A L/ l;ll[f‘(gi)]%
with A = ﬁ (),
i=1 "
D(=s) [ (7 +9)
Hon(s) = HYT5 - (5) = =T : (32)
L+ s)mt l;[l[F(ﬁi + sa;)|”

and where L is a right loop lying in a horizontal stripe, starting at the point
+00 + i1, terminating at the point +00 + ipy (—00 < 1 < 0 < g < +00),
and crossing the real line at a point ¢, 0 < ¢ < 1.

Proof. The chosen contour L., is negatively oriented. It separates the
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poles s = k (k € N) of the function I'(—s) from the poles s;; = —7; — [
(it =1,...,m, 1 € N) of the functions I'(r; + s), along with the pole s = 0 of
the function I'(—s). Let us consider the integral of the right hand side of (31),
denoting for convenience

(z) = 51 A %ds. (33)
L
Calculating the residues of the integrand of (32) at the simple poles s; = k,
k =0,1,2,..., and taking into account the asymptotic formula (26), applied
for I'(—s):
I‘(—s)—i[l—FO(—s—l—k)] (s = k; k=0,1,2,...)
kN (—s+ k) » BES 58
we have
ZReSS k{Hm(s)(=2)"}
k=
1 ) s
-~ ;;g«s — KH()(2)%)
m
o (=D (=2)* TIT (7 +Fk)
_ 1 Z =1
A — E'ND(kE+ D)™ HT(8; + ko)
_ Z i=1 ?
=TT+ kagpe ®
=1

that proves (31). O

Now we get another form of the representation of the Le Roy type function
(16). We consider the multi-valued function [['(o;(—s) + ;)] and fix its
principal branch by drawing the cut along the positive semi-axis, starting from
Bi/ai, ending at +oo, and supposing that [['(c; (=) + 5;)]7 is positive for all

m

the negative values of £&. The principal branch of H[F(ai(—g) + f3;)]"" is chosen
i=1
by cutting along the positive semi-axis, starting from mig(ﬂi /i) to the +oo,

and supposing that [I'(a;(—&) + ;)] are all positive for the negative values of
&.
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Theorem 6. Let oy, B, 7, 7 >0 for i = 1,...,m, and let v1,...,7v, ¢ N
(io0 € {1,...,m}). Let additionally [I'(5; — «;s)]”" be the described branches
of these multi-valued functions (i = 1,...,i9). Then the multi-index MLPR-
function (16) can be expressed by the following L _ ,-contour integral represen-
tation:

)" %ds + ;, larg(—z)| <m, (34)
[T (B:)]

i=1

F
m(2) 2mA

with A = H I'(7;), Hm(s) defined by (32), and where L_o, is a left loop lying

ina hor1zontal stripe, starting at the point —oo + i@, terminating at the point
—00 F iy (—00 < p1 < 0 < 9 < +00), and crossing the real line at a point c,
-1<e<.

Proof. It follows the lines of the previous one. The details are omitted. [

Remark 4. Let us note that in both representations (31) and (34), we
cannot include the term corresponding to the pole at s = 0, since in this case
either L_, or L4 should cross the branch cut of the corresponding multi-
valued function.

Several open problems can be further handled for the multi-MLPR functions
(16), concerning for example, conditions of complete monotonicity, and other
properties similar to that of the multi-index ML, multi-index ML-Prabhakar

functions (m > 1) and the generalized ML functions of Le Roy type as F O(;Yﬁ)

and F() (m =1).

Let us note that on contrary to the cases of the Mittag-Leffler type func-
tions (4), (5) (and all their particular cases) and multi-index Mittag-Leffler
functions (6), (7), the recently introduced Le Roy functions of Mittag-Leffler
type (13) and the multi-MLPR functions (14) cannot be presented in terms of
Wright generalized hypergeometric functions ,¥, nor either as cases of the Fox
H-functions. Nevertheless, we may consider these Le Roy type functions as
members of the family of Special Functions of Fractional Calculus.



760 V. Kiryakova, J. Paneva-Konovska

4. Examples of the multi-index MLPR-function

e Let us take m = 1 in (16). A case of such MLPR type special function of the
form

- o (1)
Fméw(z) = kZ:O m , (35)

has been mentioned in Tomovski and Mehrez [36]. This function has been
studied in details by Paneva-Konovska [26]. There, it is proved that (35) has
the order p = 1/avy, and type o =+, that do not depend on “Prabhakar” index
T.

For 7 = 1, it is the Mittag-Leffler function of Le Roy type (13), Fo(jﬂ)(z),
introduced and studied in the mentioned works [9], [7], [8], [36], [6], [28], [11],
[35], as entire function with order p and type o that are in agreement with the
more general results (17)-(18), nameiy:

p=—, 0=17.
ay

Naturally, if m = 1,a; = 51 =71 = 1,71 = v > 0, the original Roy function
(12) appears:

Zk

(k1)

[e.e]
F () =Fyz) =
k=0

with order p =1/ and type o = 7.

And, for m = 1, if vy = 7y = 1, it is the famous Mittag-Leffler function
E, p of order p =1/a and type o = 1; while for 7 = 7 we have the Prabhakar
function E; - We skip the comments for their important role as SF of FC and
all long lists of particular cases, presented in [29, pp.17-20], [18]-[19], [33], [10].

e The case m = 2. In the paper [28] Pogany mentioned as an example only,

a special function of the form (we keep the denotations from [28]):
o0 k

FoP z) = © .
) = 2 i I+ o

This function illustrates the case m = 2 of the new special functions we consider

here, namely it can be written as:
o0

F(l,l);Q _ Z (Dx(1)k 2
(P,7),(¢,5);(a,8) = (k)2 [T(pk + )]* [C(rk + s)]?

So, in this case, we obtain that this is an entire function with:

1 pa+rp

“patrg 77 (ppec . prB) Y/ (patrB)?

p
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and as expected, the order and type do not depend on 2nd parameters ¢ and s
in the Gamma functions.

We may continue the examples for m = 2 with the case of the not enough
popular ML type function of Dzrbashjan [4] (1960, in Russian only), with 2 x 2

indices, which he denoted alternatively by (below we may set 1/p; 1= a;, p; ==
,Bi, 1= 1, 2)
00 zk

Dy po(zi 1, o) = >
prpe im0 D(un + 25T (kg + 1)

(36)
= E(ﬁyé%(uhuz)(z) = E(al,a2)7(51752)(z)'

Dzrbashjan found the order and type of this entire function, claimed on few
simple particular cases, and considered some integral relations between (36)
and Mellin transforms on a set of axes. Then, he developed a theory of integral
transforms in the class Lo, involving kernel close to functions (36) and further,
proposed approximations of entire functions in Lo for an arbitrary finite system
of axes in complex plane starting from the origin. The 2 x 2-indices ML type
functions (36) are studied in details also by Luchko in recent works (as one of
2020). He allows the parameters p1, p2 to be also negative or zero, and called
them “4-parameters Wright functions of second kind”.

Simple cases of (36) as mentioned by Dzrbashjan himself, were: the ML
function (itself): E%#(z) = E(%70)7(u71)(z) =&, (z;p,1); also:

1

1—2z

= E(0,0),(1,1)(2) = Poo,00(2; 1, 1);

the Bessel function:

Ju(2)= (g)y Eq,w+1,0) (_z{) = (g)y Q4 <—ZI2; 1, V+1> .

To these examples, we have added ([18], [19]) also: the Struve and Lommel
functions:

1 22
Sup(2) = ZZ“H E11),(3=v+u)/2,3+1v+1)/2) <_Z> ,

H,/(Z) = m SVJ/(Z).

The (classical) Wright function studied by Fox (1928), Wright (1933), Hum-
bert and Agarwal (1953), is also a case of the multi-index M-L function with
m=2:
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k

w(a,ﬂ;Z)ZkZO Tkt ROVt [ (8,a)

_ (2
z} _E(a,l),(ﬁ,l) (2), (37)

and thus, it also falls in the case of multi-index (m = 2) ML functions of Le
Roy type!

The Wright function ¢(«, 3; z) plays important role in the solution of linear
PFDEs as the fractional diffusion-wave equation studied by Nigmatullin (1984-
1986, to describe the diffusion process in media with fractal geometry, 0 < o <
1) and by Mainardi et al. (1994 -), for propagation of mechanical diffusive waves
in viscoelastic media, 1 < a < 2). In the form M (z; 8) = p(—5,1-05;—=2), B :=
a/2, it is called also as the Mainardi function. In our denotations, this is:

M(z;8) = 5.1),(1— 5)( z), m = 2 and has its examples like: M (z;1/2) =
1/y/m exp(— 2/4) and the Airy function: M (z;1/3) = 3%/3 Ai(z/3'/3). In other
form and denotation, the same Wright function (37) is known as Wright-Bessel,
or misnamed as Bessel-Maitland function:

TEE) = ol +15-2) = ¥ [ v |7

= (2 N
Z 1/—|—/w—|—1)k:' = B, w1 (72) (38)

again as an example of the Dzrbashjan function. But it is an obvious “frac-
tional index” analogue of the classical Bessel function J,(z), and example of
multi-index M-L function of Le Roy type. Several other “fractional-indices”
generalizations of J,(z) have been also exploited as SF of FC, and we can
present them as multi-index M-L functions and as Le Roy type functions (16):
the generalized Wright-Bessel-Lommel functions (Pathak, 1966-1967); the gen-
eralized Lommel-Wright function with 4 indices, introduced by de Oteiza, Kalla
and Conde (1986), etc. (see in [18], [19]).

e The case of arbitrary m > 2.

As mentioned, while this work was in progress, we have been informed by
Rogosin and Dubatovskaya about their studies on a kind of multi-index Mittag-
Leffler functions of Le Roy type, defined by (14),

[
zk

D () —
Fladn () =

— , z€C.
k=0 -H1 (el + B)]7
i
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In [34] they have provided the order and type of these entire functions as in (15),
Mellin-Barnes type integral representations, some interpretations and particular
cases. Evidently, (14) appear as functions (16) with V7; =1, =1,...,m.

For the case of Vv, = 1,7, = 1,7 = 1,...,m, we have the 2m multi-index
M-L functions (6), and if Vv; = 1, but 7; are chosen arbitrary, these are the 3m
multi-index ML functions (7), and our formulas (17) and (18) give their order
and type.

e Some other special cases, that are examples of multi-index ML functions
and so, also of the multi-index MLPR-functions (for more examples, see in
[18],[19]):

Consider the case m > 2, with Vo, =1, =1,...,m. Then:

(m) — (1,1)
E(l,...,l),(ﬂrl'l)(z)_1\Ijm|: (Bi, DT

Z]zconst 1o (15 pens 2, ey fns 2)

reduces to 1 F},, and also to a Meijer’s G%:}ﬂﬂ—function. Denote 5; = v;+1,i=
1,...,m, and let additionally one of the 3; to be 1, e.g.: B, =1, i.e. v, =0.
Then the multi-index ML function becomes a hyper-Bessel function of Delerue
([2], [14, Ch.3)):

m—1
— z Z Vi (m) Z\m
Jom=1) (Z):(E> S B et Lot L1) (_(E) ) (39)

In view of the above relation, the multi-index ML functions with arbitrary
(a1,...,am) # (1,...,1) can be seen as fractional-indices analogues of the
hyper-Bessel functions. The hyper-Bessel functions (39) themselves are multi-
index analogues of the Bessel function. These are closely related to the theory
of the hyper-Bessel differential operators of Dimovski [3]

— OtOi ali,“ amfli am — 4B i
Bf(t) =t LA TR fit)y=t"r P, <tdt> f(t)
—¢+ B kHI <t% + Bz/k> f@), t>0, (40)

and form a fundamental system of solutions of the differential equations of
the form By(z) = Ay(z) (see Kiryakova [14, Th.3.4.3]). For example, if § =
m, ) < vy < ... < Uy =0 < 1y +1in (40), the solution of the Cauchy
problem By(z) = —y(z), y(0) = 1,y (0) = 0, j = 1,..,m—1, is given by
the normalized hyper-Bessel function: y(z) = jl,?ff,},z,kl(—z), related to the
Bessel-Clifford function of m-th order:
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Now, let us mention the spemal functions appearing in some recent pa-

pers by Ricci (say, in [32]). He considers the so-called Laguerre derivative

d d d
D = %Z$ and its iterates D,,; = d—z£z P —2z. But these are the

same as the particular hyper-Bessel differential operators considered in oper-
ational calculus by Ditkin and Prudnikov (1963). Then, the L-exponentials

e1(z),e2(2), ..., em(2), ... which are eigenfunctions of D,,,, that is, D,,1, ep,(A2) =
1S9 Zk

Aem(Az), are shown to have the form e, (2)= Observe that these

&, ()t

are exactly Le Roy functions with integer v = m + 1 and can be seen also to be
1,1
€m(Z):0F (— 1 1 1 )—1\Ifm+1 ( )

(1,1),(1,1), ..., (1,1) z]
Thus, these are examples of both hyper-Bessel functions and multi-index M-L
functions E((T tll))’(lw’l)(z). Ricci applied these SF and the related Laguerre-
type generalized hypergeometric functions as solutions in population dynamics.
Namely, again in a recent work, Ricci considered some Laguerre-type (L-) Bessel
functions, L-type Gauss hypergeometric functions, and the Laguerre-type gen-
eralized hypergeometric functions r,F, which can be shown to be representable

by pFy+1:

s o) o
Fo(ay, .y by, .. by 2) = :
Lp q(a17 y Ap; 015 -0y Q’Z) kgo bgk)bgk) (k')Q

RO R (41)

[e.e]
Z W . H:qu_i_l(al, ...,ap;bl, "‘7bq> 17,2)

These spemal functions fall again as examples of the hyper-Bessel, multi-index
ML and multi-index MLPR-functions.

Finally, one may consider multi-index analogues of the Rabotnov (a-expo-
nential function), with all o, = 5, =a > 0,1 =1,....m

0 ak
M (2) :ZaflE((Zl). () (Z) =27 -

[T(a+ak)™’ (42)

k=0
and for o = 1 we have the original Le Roy function: Z W
k=0
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