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1. Introduction

A great interest in the theory of multiple hypergeometric functions (that is, hypergeometric
functions of several variables) is motivated essentially by the fact that the solutions of many
applied problems involving (for example) partial differential equations are obtainable with the
help of such hypergeometric functions (see, for details, [25, p. 47 et seq., Section 1.7]; see also
the recent works [14,15] and the references cited therein). For instance, the energy absorbed by
some nonferromagnetic conductor sphere included in an internal magnetic field can be calculated
with the help of such functions [11]. Hypergeometric functions of several variables are used in
physical and quantum chemical applications as well (cf. [13,24]). Especially, many problems in
gas dynamics lead to solutions of degenerate second-order partial differential equations which
are then solvable in terms of multiple hypergeometric functions. Among examples, we can cite
the problem of adiabatic flat-parallel gas flow without whirlwind, the flow problem of supersonic
current from vessel with flat walls, and a number of other problems connected with gas flow [7].

We note that Riemann’s functions and the fundamental solutions of the degenerate second-
order partial differential equations are expressible by means of hypergeometric functions of
several variables [8]. In investigation of the boundary-value problems for these partial differ-
ential equations, we need decompositions for hypergeometric functions of several variables in
terms of simpler hypergeometric functions of (for example) the Gauss and Appell types.

The familiar operator method of Burchnall and Chaundy (cf. [2,3]; see also [4]) has been used
by them rather extensively for finding decomposition formulas for hypergeometric functions
of two variables in terms of the classical Gauss hypergeometric function of one variable. In our
present investigation, we construct decompositions for each of Srivastava’s triple hypergeometric
functions H4, Hp and Hc¢ (see [21,22]) with the help of the Burchnall-Chaundy method. These
decompositions involve such simpler hypergeometric functions as the Appell and Gauss func-
tions. By means of the decompositions obtained by us, we also deduce some definite integrals
associated with the aforementioned triple hypergeometric functions H4, Hp and Hc defined by
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which were introduced and investigated, over four decades ago, by Srivastava (see, for details,
[21,22]; see also [25, p. 43] and [26, pp. 68—69]). Here, and in what follows
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denotes the Pochhammer symbol (or the shifted factorial) for all admissible (real or complex)
values of A and .

2. The main pairs of symbolic operators

Over six decades ago, Burchnall and Chaundy [2,3] and Chaundy [4] systematically presented
a number of expansion and decomposition formulas for some double hypergeometric functions
in series of simpler hypergeometric functions. Their method is based upon the following inverse
pairs of symbolic operators:

_ DTG +8+h) o (=8 (=82
Vey(h) = I8+ +h) _kgo (k! @D
A () o FELE DTG 4 1) i (=8Dr(—=82)x
T DTS 4 82+ h) (1= h =8 = &)ik!
o (=DM (=8 (=82 02
= (h+k—1)(51 + M) (52 + h)ik! '
and
Vo () Ay (g) i LT @182 4 M TG1+ 9T + )
Fré1+mrG+h) T @l +62+g)
_ i (8 = (@) (=81 (=82)k
(g +k — D81 + &)k + g k!
_ i (h = &)e(=81)k(=2)x
=5 (W1 — g — 81 — 82)ik!
81 :=xi; &2 ::yi . (2.3)
ox ay

Indeed, as already observed by Srivastava and Karlsson [25, pp. 332-333], the aforementioned
method of Burchnall and Chaundy (cf. [2,3]; see also [4]) was subsequently applied mutatis
mutandis by Pandey [16] and Srivastava [22] in order to derive the corresponding expansion and
decomposition formulas for the triple hypergeometric functions

F/(f), Fg,Fg,Fu, Fn, Fp and  Fr, Ha, He,

respectively (see, for definitions, [25, Section 1.5] and [26, p. 66 et seq.]), and by Singhal and
Bhati [20] for deriving analogous multiple-series expansions associated with several multivari-
able hypergeometric functions. Subsequently, by making use of the Laplace and inverse Laplace
transform techniques in conjunction with the principle of multidimensional mathematical in-
duction, Srivastava [23] established several general families of expansion and decomposition
formulas for Kampé de Fériet’s double hypergeometric function

r:a:q’
Fuvv

and for Srivastava’s general triple hypergeometric function

FOLx,y, 2]
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(see also [25, p. 333, Theorem 1; p. 335, Theorem 2]). Some closely-related results involving
Kampé de Fériet’s double hypergeometric function can also be found in the works by Ragab [18]
and Verma [27].

We now recall here the following multivariable analogues of the Burchnall-Chaundy symbolic
operators Vyy (k) and Ay (h) defined by (2.1) and (2.2), respectively (cf. [9, pp. 115-116] and
[20, p. 240]; see also [22, p. 113] for the case when r = 3):
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where we have applied such known multiple hypergeometric summation formulas as (cf. [10];
see also [1, p. 117])
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for the Lauricella function F' g Dinr variables, defined by (cf. [10]; see also [25, p. 33, Eq. 1.4(4)])
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3. A set of operator identities

By applying the pairs of symbolic operators in (2.1) to (2.5), we find the following set
of operator identities involving the Gauss function 5 F7, the Appell functions Fi, ..., F4, and
Srivastava’s triple hypergeometric functions Hy, Hp and H¢ defined by (1.1), (1.2) and (1.3),
respectively:
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Hc(a, i, B2; v5 X, ¥,2)
= xz(a)vxy(ﬂl)vyz(,32)Ayz()/)Ax;yz(V)
2 Fi(, Bis vy X)2F1(B1, Ba; v )2 Fie, Bas v 2). (3.15)

In view of the known Mellin—Barnes contour integral representations for the Gauss func-
tion 5 F, the Appell functions F1, ..., F4, and Srivastava’s triple hypergeometric functions H4,
Hp and Hc, it is not difficult to give alternative proofs of the operator identities (3.1) to (3.15)
above by using the Mellin and the inverse Mellin transformations (see, for example, [1,12,22,
25]). The details involved in these alternative derivations of the operator identities (3.1) to (3.15)
are being omitted here.

4. Decompositions for Srivastava’s triple hypergeometric functions H4, Hg and H¢

Making use of the principle of superposition of operators, from the operator identities (3.1) to
(3.15) we can derive the following decomposition formulas for Srivastava’s triple hypergeometric
functions H4, Hg and Hc:
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Ha(a, B1, B2; v1, ¥2: X, ¥, 2)

i @it @itk Btk Bij ok V2 = Bk i o v
ety (2+i+j+k—Di()i(YDiv; V)it jrokiljlk!
Fil+it+j,fi+i+jiyi+i+jix)
DF 1B+ i+jt+kBi+i+j+hky+i+j+2ky)
DFiBrti+jtka+itkym+i+j+2k;z); (4.10)
Hp (e, 1, B2 Y1, 72, V31 X, ¥, 2)
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¥V — B2i+j(V)2it2j+k+1(V)2i+2j+k+i+2ri!jk!r!
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y
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(4.12)
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_ i @ (B4 B)is i i
520 WDi+j (¥2)itjilJ!
DFi(a+i+j,pr+i+jiyi+i+jix)
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Hc(a, B1, B2; V5 X, ¥, )

o
. Z (_1)i+j(a)i+2j+k+l(/31)2i+j+k+l(,32)i+j+k+l(y)2i+2jxi+j+k+1yi+j+k+1

kIO (v +i+J = Digjl2it2)4a1% RN

DFi(a+i+2j+k+Lp1+2i+j+k+1Ly+2i+2j+k+15x)

DFiBr+i+jtk+lLa+B1+3i+3j+2k+Ly +2i+2j+k+1;y).
(4.15)

Our operational derivations of the decomposition formulas (4.1) to (4.15) would indeed run
parallel to those presented in the earlier works which we have already cited in the preceding sec-
tions. In addition to the various operator expressions and operator identities listed in Sections 2
and 3, we also make use of the following operator identities [17, p. 93]:

dn
G+an{f®}= él’“@{é"’*”"f@)}
<8 ::é%; aeC; neNy:=NU{0}; N:={1,2,3,...}> 4.16)
and
= f®}=(- "ﬂ{ b= 4 nen 4.17
(= fE)}=(=8) ZEr f &) ( .—sdé_,ne 0) (4.17)

for every analytic function f(§).
5. Alternative derivations of the decomposition formulas (4.1) to (4.15)

First of all, we prove the decomposition formula (4.1) with the help of the following known
integral representation for H4 [21, p. 100, Eq. (3.3)]:

HA(O[, ﬂlt ,32, Y1, V2, X, Y, Z)
_ I'(yDT(y2)
FBOTBIT (1 — BT (2 — B2)

1 1
'//Eﬁ'_lnﬁz_l(l _ %-))/1—/31—1(1 _ n)n—ﬁz—l(l _ yn)d—ﬁl
0 0

(A =y —zn) —xg] “dedny
(R(y1) > RB1) > 0; R(y2) > R(B2) > 0). (5.1)
Since

[(1—ym (1 —zp) —xg]*

o]

— [ =261 = ym)(1 — 2] _ZO ("jf; J i)
i,j=
<c71 = xz6n ; 0= %), (5.2)
A —x5)1 -y~ A —xE)(1 =y

upon substituting from (5.2) into the integral representation (5.1), we find that
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Ha(a, B1, B2; v1, ¥2: X, ¥, 2)

720 ilj!
I'(y1) 1
L ¥4 VA Bititj=l _ gyni=Bi—=1l¢] _ —a=i—j g4
FEOT(n — 1) 0/5 (oo ey
I'(y2) 1
W) Batitj=1cp _ pyr2=B2=1¢1 _ —Bi—i=i(1 — ;)i g
TG (rr — Bo) /n (I—mn) =y (I—zn) 1,
¢ (5.3)
which, by virtue of the following well-known integral representations:
1
[eta—orra—xoas = T2 R b
I'(c)
0
(R(c) > R(b) > 0) G4
and
1
[ty - e a
0
= Wﬂ(a, b1,by;c;y,2) (%(c) > R(a) > 0), (5.5)

yields the decomposition formula (4.1).
Next, in order to give an alternative derivation of the decomposition formula (4.3), we simi-
larly apply the following known integral representation [22, p. 100, Eq. (1.4)]:

He(a, B1, B2s v x,y,2)
_ C'(y)
C@I'(BOT(y —a — B1)

11
: / / e L (S
0 0

(1= x§ — yn — 2& + yén +2x€%) P dg dn
(R(@) > 0; R(B1) > 0; R(y) > R+ ) (5.6)

in conjunction with (5.4) and (5.5). In view of (5.4), Srivastava’s result (5.6) is an immediate
consequence of the following single-integral representation for Hc:

Hc(o, B1, B2 v x,5,2)

1
T e e
_Fw)F(y—a)O/” A== A =™ (A =2
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o (I—=mny
'2Fl<ﬂ1’ﬂ2’y “’(1—xn><1—zn)>d

(R(y) > R(@) > 0). (5.7

In a similar manner, many of the other decomposition formulas of Section 4 can also be
derived alternatively by means of some appropriate integral representations for the triple hyper-
geometric functions involved in them.

6. Integral representations via decomposition formulas

For each of his triple hypergeometric functions H4, Hp and Hc, Srivastava [21,22] gave
several ordinary as well as contour integral representations of the Eulerian, Laplace, Mellin—
Barnes, and Pochhammer’s double-loop types. Here, in this section, we first observe that several
known integral representations of the Eulerian type can be deduced also from the corresponding
decomposition formulas of Section 4. For example, we have (cf. [21, p. 100, Eq. (3.3)]; see also
Eq. (5.1) above)

Ha(e, B1, B2; Y1, 25 X, ¥, 2)
_ C(yDl(y2)
CBOCBIC (1 — BOC(v2 — B2)

1

1
[ et oA e P e -
00

xyén )"‘
1= déd
( A=y -xt—zp) 4
(RO1) > RB1) > 0; R(y2) > R(Ba) > 0), ©6.1)

which Srivastava [21] deduced from his single-integral representation [21, p. 100]:

Ha(e, B1, B2; Y1, v2: X, ¥, 2)

1
— & / nﬁz—l(l _ ,7)}’2—/32—1(1 _ yn)—ﬁl (1—zn)~
C(B)T (2 — B2) ,
X
2 F (Ol, B1; v m) dn
(R(r2) > R(B2) > 0). (6.2)

Next we turn to a set of known double-integral representations of the Laplace type for Hy,
Hp and Hc, each of which was derived by Srivastava [22, p. 101] from the following rather
elementary formula:

I |
(=555 / N (RO > 0: e Np). ©63)
0
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Hal(a, B1, B2 v1, v25 %, 9, 2)
1 o0 00
= e T P g Fy (—s s xst)1 Fi (Bas vas ys + zt) ds dt
C()C(B1) 0/0/

(min{R(@), R(B1)} > 0; max{R(y), R(2)} < 1), 6.4)

which, in view of the elementary integral formula:
o0
1 —t -1
VI ) = s [ e oFi(— wandr - (BG) > 0), (6.5)
0

immediately yields the following triple-integral representation of the Laplace type for Hy:

Ha(a, B1, B2; Y1, V2; X, ¥, 2)

(oo le o]

— 1 ///e—s—t—uta—lsﬂl—luﬁz—l
F(@)I'(BDT(B2)
0 0 0

0 F1(—; v x5t)0F1(—; v2; yus + zut)ds dt du
(min{R(), R(B1), R(B2)} > 0). (6.6)
Hpg(a, B1, B2; Y1, V2, ¥3: X, ¥, 2)

:;//efsfttaflsﬁlfl
I'()(B1)
0 0

“0F1(—yis xst)Wa(Bas v2, v3; s, zt) ds dt
(min{R(@), R(B1)} > 0; max{R(y), R()} < 1), 6.7
where ¥, denotes one of Humbert’s confluent hypergeometric functions of two variables
[, p. 225]:

(@) mtn x_m y”

o0
CHIRCESEY

Dm(p2)n mt 0’ (6.8)
m,n=0 (yl)m(y2)n m! n!
Indeed, since
Yo (a5 y1, v25 X, Y)
o0
:[e_tta_IOFl(_; v xt)oFi(—; yi; y0dt - (R(e) > 0), (6.9)

0

which is easily derivable by combining (6.3) with the definition (6.8), we find from Srivastava’s
result (6.7) that

Hp (o, B1, B2 v1, v2, V3: X, ¥, 2)

[oele ole o]

— 1 ///efsftfutaflsﬁlfluﬂzfl
F()T(BDT(B2)
000

0 F1(—; y1: x8st)0F1(—; v2; yus)oF1(—; y3; zut) ds dt du
(min{R(@), R(B1), R(B2)} > 0). (6.10)
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Hc(a, Br, B2; v x,y,2)
oo o0
= ;ffe_s_’t“_lsﬂl_IQ%(ﬂz; y;ys +zt, xst)ds dt
I'(@)(B1) -

(min{R(w), R(B1)} > 0; max{R(y), R(x)} < 1), (6.11)

where @3 denotes another Humbert’s confluent hypergeometric function of two variables
[5, p. 225]:

@)y x™ y"
(Y)m4n m! n! '

o
D3(a; 5 x,y) = Z

m,n=0

(6.12)

By appealing to the following rather straightforward consequence of (6.3) and the definition
(6.12):

oo
Dr@iyixy) = [ TRy (@) 2 0), 6.13)
0
we can easily rewrite Srivastava’s result (6.11) as a triple-integral representation of the Laplace

type for Hc:

Hc(a, B1, B2; v5 X, ¥, 2)

[o.ele ole o]

— 1 f//e—s—t—uta—lsﬂl—luﬁz—l
F(e)T'(BDT(B2)
000

~0F1(—; y;xst + yus + zut)ds dt du
(min{R(x), R(B1). R(B2)} > 0). (6.14)

In each of the integral representations presented in this as well as the preceding sections, it
is tacitly assumed that both sides of the result exist. Multiple-integral extensions of (6.10) and

(6.14) for the hypergeometric functions H g') and Hg’) in n variables were recorded also by
Srivastava and Karlsson [25, p. 325, Egs. (198) and (199)].

7. Concluding remarks and observations

By suitably specializing the decomposition formulas (4.1) to (4.15), we can deduce a number
of (known or new) decomposition formulas including those given by (for example) Burchnall
and Chaundy [2,3]. For instance, for Appell’s hypergeometric functions, we find the following
(presumably new) results:

Fi(a,B,8,v:x,)
_ i 1y @i B Bliei V1 i i
=0 (v +i — Dil(¥)2i4,1%i!)!
Py +2i +27, B+i+jiy 24 jy +2i 4+ jix,y) (7.1)

and
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F(a, B, B2 v, v x,y)
o0

_ Z (@)2i4;(BDitj (B2)itj xitiyiti
V)i (¥)aiq2jilj!

i,j=0
Fy(a+2i4j,a4+2i+j,81+i+j, Bt+i+ v +20+2);x, ). (7.2)

Furthermore, by making use of the decompositions (4.1) and (4.2), we can derive the follow-
ing known reduction formulas for Srivastava’s triple hypergeometric functions H4 and Hp [21,
p- 103, Eq. (5.3)]:

Hy(a, Bi, B2; v1, B2; X, ¥, 2)

=1-nNPU-2""F <a, B v1; (7.3)

Ta=s)
(I-y»1-2)
and [21, p. 104, Eq. (5.6)]

Hpg(a, B1, B2; v1, B2, B2: X, y,2)

=(1-yFfa —z)“"F4(a,/31;V1,/32;( a e ) (7.4)

1-»1-2" (1-yl-2)

Some of the most recent contributions in the theory of Srivastava’s triple hypergeometric
series Hy, Hp and Hc include a paper by Harold Exton (1928-2001) [6] and a paper by Rathie
and Kim [19]. The work of Exton [6] made use of elementary series manipulation and some well-
known analytic continuation formulas for the Gauss hypergeometric function in order to derive
a fundamental set of nine solutions of the system of partial differential equations satisfied by the
symmetrical function Hp. Rathie and Kim [19], on the other hand, presented several summation
formulas for the functions H4 and H¢ by applying Srivastava’s result [21, p. 104]:

Fi(a,b,b;a+b—b +1;1,—1)
F@+b—b + DI - (Ja+1)
" T+ DI -+ DM (Ja—b +1)

(R@) <1). (7.5)

However, in deriving many of their applications of the summation formula (7.5), Rathie and
Kim [19] obviously violated the constraint 93(b’) < 1 associated with (7.5) at least in situations
in which the hypergeometric series involved in their investigation would not terminate.

Finally, we note that, here in this paper, we have not applied such superpositions of operators
as those provided by (for example)

Viy (@) Vy, (@)Ay, (Q)Ayz (»2), sz(a)vxy (@)Ay, (@),

and
Viz (@) Viy (@) Ay (@) Ay (¥) Ay ().
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