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ABSTRACT. Making use of the multidimensional fractional calculus operators introduced in
[20], this paper gives the images under these operators of the celebrated Fox’s H-function.
Special cases are briefly point out, and some of the results are also studied on general
spaces of functions M (R} ).

1. Introduction and preliminaries

The field of fractional calculus is presently receiving keen attention by re-
searchers. The recent monographs on the subject by Kiryakova [5], Miller and Ross
[7] and Samko, Kilbas and Marichev [16] give fairly good account of the develop-
ments in fractional calculus, and consider several aspects of applications to potential
problems in analysis. Most of the investigations carried out are for one-dimensional
case. However, some work relating to two dimensional (and multidimensional) cases
have also been considered, and some results happen to be repeated applications of
the one-dimensional case (see [4], [9], [12], [13], [16] and [17]). Our motive in the
present investigation is to obtain new classes of formulas giving the images under the
multidimensional fractional calculus operators involving the Gauss hypergeometric
function (introduced by Tuan, Raina and Saigo [20] ) for the celebrated H-functions
of Fox [3]. The H-function which is usually defined in terms of Mellin-Barnes type
contour integral involving the quotients of gamma functions and, as already evi-
denced in the literature, such Mellin-Barnes contour integrals are useful in several
areas of applied mathematics and statistics [6] and [17]. Some of the results are also
studied on general spaces of functions My (R ).

Special cases giving known and new results are also briefly mentioned.
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Throughout the paper, we follow the notations and conventions of [1]. Thus, R
denotes the field of real numbers and C the field of complex numbers. R"™ repre-
sents the set of n-tuple real numbers, with R" denoting the set of non-negative real
numbers, and C™ the set of complex numbers. We reserve a, b, ¢,---, x,--- in
most cases for elements of C", viz. x = (x1, -+ ,Zn), a = (a1, -+ ,a,) etc. We also
set z¢ =2 --.2% andzx.l=21+ -+ x,.

By ¢4 (z) we mean the positive part of a function ¢ defined by
4 bu(o) = {qs(x) 9(x) > 0,

For Re(a) > 0, the multidimensional modified fractional integral of order o € C of
f: R} — C are defined as follows:

(1.2) SN f(2)

= LDI/ [min{xl,~~-,$n}1}
F(Oé+1) R tl tn +

n
+

X o F1 (oz—kﬂ,a-i—n;l-i—a;l—min{xl = ,x”}) f)dt,

t
and
(1.3) SO f(x)
- S e 2],
T
X oFy (a—i—ﬁ,—n;l—i—a;l —max{fll,--~ ,f:}) f(t)dt.

Definitions (1.2) and (1.3) were introduced in [20]. By suitable subdivision of
the region R} ([1]) for fixed € R, the multidimensional operators (1.2) and (1.3)
can be expressed in terms of finite sums of single integrals (see [19, p.255]). It may
be noticed that for n = 1, we have the following connections:

(1.4) SETeE (@) = I f(x),
and
(1.5) SO0 f(x) = TP f(x),

where I 21 and Jo A1 are well known generalized fractional calculus operators
involving the Gauss hypergeometric function due to Saigo. Also, the operators
(1.2) and (1.3) contain the multidimensional modified fractional integral operators

studied by Tuan and Saigo [19] (see also [1]).
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A widely used class of special functions, (known as the H-function in literature) is

defined as follows ([3, p.408]; see also [8, Sec-8.3] and [17, Chapter 2])

A+ioco
M,N M,N (a],A )1, o —o
(1.6) YN 2] = HY [ 2| P} =5 [ 60)"do,
A—1i00
where
M M
I_Tl(b +UB)[I1( a; —oA;)
(1.7) 0(c) = Z{ L ;
[T a-0 ) I (bj+04;)
M+1 j=N+1

with
A= ZA —ZA+ZB —ZB >0, or
M+1

(1.8)
N+1
P Q (P - Q) P Q
(1.9) AZO, Re(;cﬁ—;ly)—2+)\<¥AJ‘—;B]‘>>1
(Re(bj) >_ABj (j=1,-- M), Relaj)>1-AA; (j=1,-- ,N)).
Before stating our main results, we require the following lemma
Lemma 1 ([14, p.157]). If s = (s1, 5p) €C" h = (hy,--- ,hy) € R} and
9(y) )7 € Ly(RY), then
s— 71 S
(1.10) /n z*g(max{z", - 2" })dr = };1 (El>
(Re(si) >0 (i= : ,n)),
and
s—1 : hi .. hn _ ( 1)7171 (%1) * i
(1.11) /ix g(min{z*,--- 2" })dx o g (h.l),
= 17 e 7’I’L)>,

(Re(si) <0 (i

where g*(u) denotes the one-dimensional Mellin transform of g(u)
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2. Main results
We first establish the following:

Theorem 1. Let Re(a) >0, \; <0 (j=1,---,n), A.1>max{Re(3), Re(n),
Re(a+B+mn)}, and h € Ry, Re(a;) <1 - (()\1)%) (j=1,---,N),
Re(b;) > — ((Al)%) (j=1,---,M), and the following conditions holds true:

(1) Delta—ZA — Z A—l—ZB — Z B; >0, or
N+1 1 M1

Q

(ii) A =0, and Re (;aj - i@) —£20) 1 (A1) (ijjAj - ;Bj) >1

then

(2.1) Sf_i_*g’"xlegj’N [min{x’f, sl }]
—  plgM.N+2 : h h (1=B,h),(1=n,h),(a;,A;)1,P
- HP+2 Q+2 [mln{xl A ’xn} | (ijBj)l,Q7(17h),(1ial[3—nvh)} ’

Proof. First we recall the multidimensional Mellin inversion formula [1] given by

. (M) +ioco
(2.2) f@) = s | P
(A)—ioco
for the Mellin transform
(2.3 £ =M{f@) = [ 2 ()
RY
where, we use the condensed integral notation f )‘Hwo for the n-tuple integral
>\1+'Lo<> Ap+ioco
A1 —ico Ap—i00

In view of (2.2), and by invoking (1.11) of Lemma 1, we can express

(A)+ioco
_ . — s .
(2.4) e HEYY [min{al, - 2} = 2m / Fyi(s)—pa*"tds,
where
M N ‘1
]:[1I‘(b +B] ) le(l—aj —AJ‘ST)
(2.5) Fp(s)=—3— —

J
5 .
lj\;[ P(1—b;—B;%) T Tla;+4;%)
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Applying the operator Siﬁ" on both sides of (2.4), provided that Re(s;) <0
(j =1,---,n), and using the formula [20, p.147, Eq.(3.5)]:

Sa,‘ﬁ,nx—s — F(/B + /'7 - s~1)F(n + n — 8.1) ‘ris
tin P(n—sI'(a+B+n+n—-s1)

(2.6)

)

(Re(a) > —1; Re(s;) <1 (j=1,---,n), Re(s.l) <n+ min[Re(5), Re(n)]
we obtain

(2.7) Si;ﬁ’”x_lH%@N [min{z", - 2"}]
i (A)+ioco r r
-1 1 —s.1 —s.1
— ( ) / F*( )L (6 S ) (77 S ) .Z'_s_ldS.

h(2mi)" R D(—=s.)D(a+ B +1n — s.1)
(A)—ioco

Interpreting the R. H. S. of (2.7) by means of (2.4)(under the validity conditions
stated with Theorem 1), we arrive at the desired result (2.1). O

If we put 8 = —a, then the assertions (2.1) of Theorem 1 yields the result:

Corollary 1. If Re(a) > —1, h € Ry, Re(a) < =A1, A = (A,---,A\y) €

R™, with \; < 0 (j =1,---,n), and h € R4, Re(a;) < 1 — ((x\.l)ﬁ) (j =

h
1,---,N), Re(bj) > — (()\.1)%) (j =1,---,M); and the conditions (i) and (ii)
stated with Theorem 1 are satisfied, then

a -1 M,N . h h
(2.8) X,z ' Hp ' [min{z!, - 2"}]
s g MN+L ok phyAtesh)(a;,A;)
- HPJrl 041 [mln{x o o Boroiihy |

In an analogus manner, by using the formula [20, p.148, Eq.(3.6)]:

(2.9) Si’.ﬁ’nx_s _ 'Nl—n+sHI'1—B8+n—n+s.1) o,
; rri—g—-—n+s)r(l+a+n—n+s.1)

(Re(a) > —1; Re(s.1) > max {Re(8 — 1), (n— 1)})
we obtain the following result involving the operator (1.3):
Theorem 2. Let Re(a) > —1; X\;>0(j=1,--- ) Al > maX{Re(ﬁ), Re(8 —n)
Re(—a—B3)} —1 and h € R4, Re(a;) < 1-— ()\ ) (j =1,---,N), Re(b;) >

—()\.1)% (j =1,---,M); and the conditions (i) and (ii) stated with Theorem 1
hold true, then

(2.10) Sf;ﬁﬁle%N [max{m?, sl }}
_  plpgMt2N h " (aj,A;)1,p(1=0,h),(14+a+n,h)
- Hp2.0+2 [max{xl"' S ak §+n,h>(b,,B )i.o }



6 R. K. Rain and P. Kr. Chhajed

For 8 = —a, we obtain the following;:

Corollary 2. Let Re(a) > =1, A= (A1,-- ,An) € RP with A; >0 (j=1,--- ,n)
and h € Ry, Re(a;) <1— ((A.1)%) (j=1,---,N), Re(b;) > —((A.1)%) (j =
1,--+, M) and the conditions (i) and (ii) stated with Theorem 1 hold true, then

(2.11) X nx_lH%@N [max{x?,--- ,xf:}]
_ —1gM+1,N h hy | (aj,4;)1,p,(14a,h)
= o Hpi g [max{x;, SRR | (lfh),zbgl',Bj)l,Q } ’

The results Corollaries 1 and 2 were obtained by Raina ([14]).

3. Operators on space M) (R"})

Following [19], let My (R’ ), where A = (A1,---,A,) € R", denote the space of
functions f defined on R’} which are defined through the set of entire functions of
exponential type. It is proved that the function f € My (R} ) if and only if f can
be represented as the inverse Mellin transform, viz.

(N)+ioco

f@) = o~ / [ (s)x™*ds,

(A)—ioco

of a function f*(s) which is infinitely differentiable with compact support on (()\) —
00, (A) + i00).
We now state the following known assertion pertaining to the space My (R})

which are used to arrive at further new results involving the operators (1.2) and
(1.3).

Lemma 2 ([20, p.148, Eq.(3.7)]). If Re(a) >0, A\j +Re(d;) <1 (j=1,---,n),
a+pf+n+n—dl—A1>0, Al+Re(dl) < n+ min[Re(3), Re(n)], then,
:cdSi;g’na:’d is a homeomorphism of the space My (R') onto itself, and

(3.1) a2 Si;g’nx_df(m)

1 /()\)Jrioo . r(B+n—dl—s)'(n+n—dl1—s.1)
(

(2mi)™ Jn—ioo / (S)F(n —dl-s)(a+p+n—n—dl-— s.l)xisds'

Lemma 3 ([20, p.149, Eq.(3.8)]). If Re(a) >0, Aj+Re(d;) <1 (j =1, ---,n),
—B-n+d1+A1#-1,-2,---, a+n—n+d1+X1#—-1,-2,---, A1+Re(d.1l) >
n+ Re(8 —n) — 1, then def’fL’" z=% is a homeomorphism of the space Mx(R7.)
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onto itself, and

1
32) 2980 aTf(x) =
(A)+ioco
/ £ 'Ni—n+dl+s)I'l—0G+n—n+dl+s.1) =5 ds
ri—-pg-n+dl+sl)'ll+a+n—n+dl+s1l) '
(A)—ioco

Using Lemma 2, we have

o _ MN[_. 1
(33) #'STa @Y finlal Y] =
W s T3 d1— s.1)T( d1—s.1)
« S +n—a.l—s. n+n—al—s. s
F, d
h(s)sl...sn Fn—dl-s)'(a+8+n—n—d1-— s.l)x *
(A)—ioco

where Fj(s) is defined by (2.5). Interpreting the R.H.S. with the help of (2.4), we
obtain the following result:

Theorem 3. Let Re(a) >0, A\j+Re(d;) <1 (j=1,---,n) and h € Ry, such that
A1+Re(d.1) < n-+min [Re(8), Re(n), Re(a+8+n)], Re(a;) <1-(A1)% (j =

1,---,N), Re(b;) > —(x\.l)% (j=1,---, M) and the conditions (i) and (i7) stated
with Theorem 1 holds true, then

(3.4) de_Of_;’Z’nxfd HIIL{@N [min{z”, - 2"}]
_ M,N+2 : h hy |(1=B—n+d.1,h),(1-n—n+d.1,h),(a;,Aj)1,P
HP+2,Q+2 [mm{xl,--- }l(bJ,B )1,@(1—n+d.1,h),(1—a—F— nj n+d.1,h) |

In an analogous manner, by using Lemma 3, we obtain

Theorem 4. Let Re(a) > 0, A\j +Re(d;) >1 (j =1,---,n) and h € Ry, such
that \.1 + Re(d.1) > n + Re(8 — 1) — 1, Re(a;) < 1 — (A1)4L (j = 1,---,N),
Re(b;) > ,()\_1)% (j = 1,---, M) and the conditions (i) and (ii) stated with
Theorem 1 hold true, then

(3.5) def’ﬁ’"a:’dH%jQN [max{z", -, 2"}]
. M+2,N h h(aj,A; )1 p(1—B—n+d.1,h),(1+a+n—n-+d.1,h)
Hp 5040 [max{xu'” }‘ 1=n+d.1,h),(1—n—B+n+d.1,h),(b;.Bi) 1.0 |



8 R. K. Rain and P. Kr. Chhajed

4. Modified fractional derivatives

Following [20], we note that Sa’ﬁ " is a homeomorphism of M (R'}) onto itself
if Re(ar) > 0, Re()\j)<1(]_1 n), a+B8+n—n—A1l>0 A1l <
n + min[Re(8), Re(n)]. There also exists 1ts inverse operator (ij’;i’")_l, which is a
homeomorphism of M (R’) onto itself (see [20, p.158]), and is given by

A+i00
1 Fn—s1)I'(a+B+n—n—s.1)

omi / LS S 7 B r——

A—ioco

z~%ds.

(4.1) (ST (@) =

Similarly, there also exists the inverse operator of SO"B” if Re(or) > 0, A; > 1,
—B—n+A1>0, a+n—n+A.1>0, A1 > Re(6—n)—1, which is ahomeomorphlsm
of My(R'") onto itself, then

(42) (Sizé?"rlf(w)
T a D@ 1)
—f—n+s. +a+n—n+s. s
/ fils rl—mn+s)I'1—B+n—n+s.1) @ ds.
)\ 100

Using (4.1) in conjunction with (1.11) of Lemma 1, we readily obtain the following;:

Theorem 5. Let Re(a) >0, \; <1 (j=1,---,n), a+8+n—A1>0, Re(A1l) <
min[Re(8), Re(n), Re(a+B+n)], h € Ry, Re(a;) <1— (A1) (j=1,---,N),
Re(b;) > —()\.1)% (j = 1,---,M), and the conditions (i) and (ii) stated with
Theorem 1 hold true, then

B\—1 gpM,N [
(4.3) (ST HEY [min{a”, - 2"}
_ M,N+2 . h hy |(1=n,h),(1—a—pB—n+n),(a;,A;)1,
= Hpl oo [mm{fﬂlv"' o} |(bj,Bj)lyQ,(1_3_n,h,),(1—i7—ﬁ,it)P} :

In an analogus manner, by using (4.2) in conjunction with (1.10) of Lemma 1,
we obtain the following:

Theorem 6. Let Re(a) >0, A\; >1(j=1,---,n), AM1-8—-n>0, a+n—n+
A1>0, (A1) >[Re(B—n)]—1, he Ry and conditions (i) and (it) stated with
Theorem 1 hold true, then

(4.4) (ST Hp [max{z”, - a"}]

_ M+2,N h h (a;,Aj)1,p(1—n,h),(1—n—pB4n,h)
Hp o442 {max{x }|(1J B=n,h),(1+a+n—n,h)(b;,B;)1.0
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5. Concluding remarks

The main results contained in Theorems 1-5 essentially involve the well known
H-function which includes as its special cases, mathematically important functions
such as the Bessel Maitland function J¥ (x), the Wright’s generalized hypergeometric
functions ,¥,, the Mittag-Laffler functions E, and E, g ([5], [6] and [8]), and
Miller-Ross functions, viz. E,(v,a),Cy(v,a) and Sy (v,a) ([7]).

To illustrate few special cases here, we deduce below the image functions under
the operators (1.2) and (1.3) from the main formulas (2.1), (2.10), (3.4) and (3.6)
by assigning suitable values to the parameters such that the reduced functions are
identifiable with known functions. It may also be noted that the formulas (2.8)
and (2.11) mentioned in Corollaries 1 and 2 contain the one dimensional fractional
derivative formulas given in [10, p.99] and [11, p.277].

(i) Letusset M =N=P=Q=1, ay=1-a, Ay=By=1, by =0, d=0
n (3.4) and (3.6), we obtain

(5.1) S_?_,‘Z” (14 min{z", - 2"}
= ﬁH?ffg [min{ﬂﬂ T h} |(0 1ﬁ 1n Z h)l(ln an hg)(ln anllz)} )
and
(5.2) SI 1+ max{al, - 2"} "
- %H [mex{al, -l G ]

(ii) Next, weput M =1, N=P =0, Q =2, by =0, By =1, by = =)\,
By =v, d=01in (2.1) and (2.10), we obtain

(5.3) ijﬁ” (271 I} {min{z", .-+ 2"}}]
—1pl2 [ s oo h 2h ) ((1=6.h),(1=n,h)
x 1Hz,4 {mm{xl SRR Asd (0,1),(1,h),( Y ), (l—a—ﬂ—n,h)} )
and
(5.4) Sffl’" (271 J{ {max{z", 2"}

~1773,0 h = (1-B,h),(1+c+n,h)
x Hyy [maX{xl’“ n}|( 0,1),(1,k),(1— ﬁ-ﬁ-n,h),(—)\w)}’

where J{(z) is the Bessel-Maitland function defined in [8].
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