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1. Introduction and Preliminaries

Pochhammer’s symbol
The Pochhammer’s symbol or Appell’s symbol or shifted factorial or rising factorial or generalized factorial function is
defined by
bb+1)(b+2)---(b+k—1); if k=1,2,3,---
L+ k)
b, k) =)k = ——=7- = s = 1
k! s ifb=1, k=1,2,3,-
where b is neither zero nor negative integer and the notation I' stands for Gamma function.

Generalized Gaussian Hypergeometric Function[17,p.42(1)]

Generalized ordinary hypergeometric function of one variable is defined by

ai, az, ,aA 3
_ e (a)k(ag)y - - - (aa)pz"
AFB z —kgo (b1)x(b2)g - - - (bp)rk!
bi,b2,--- ,bp
(aA) ) (G’J)]zl 9 . (( ))
AFB z | =aFB z :;((Zg))iz' (2)
(bB) 3 (2
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where denominator parameters b1, bz, -+ ,bp are neither zero nor negative integers and A, B are non-negative integers. If

A < B, then series 4 Fp is always convergent for all finite values of z(real or complex). If A = B + 1, then series 4 Fp is

(e =4((5)), ((55)),

(@a)ran =4 ((F5)) ((25*)),, ]

7

convergent when |z| < 1.

(ai)

A
=1

where m=0,1,2,3,...

Kampé de Fériet’s General Double Hypergeometric Function[17,p.63(16); see also 16]

In 1921, Appell’s four double hypergeometric functions Fi, Fa, F3, Fy and their confluent forms ®q, $o, 3, Uy, Uy, =21, 5,

were unified and generalized by Kampé de Fériet. We recall the definition of general double hypergeometric function of

Kampé de Fériet in slightly modified notation of H.M.Srivastava and R.Panda:

(2): br)5(dp) = ((@n) i ((08)),, ((d0), 2™ 5"
A:B;D 44))m4n \OB))m \&D))y T Y
Fg.am Ty | = M;O ((€B)) min ((96)),, ((RE)), m!n!

(ep):(g9a); (hu) 3
where for convergence
(i) A+ B<E+4+G+1, A+ D<E+H+1 j;lz|<oo, |yl < oo, or

(il) A+ B=FE+G+1, A+ D=E+H+1, and

o] 4 |y TP <1 Lif E<A

max {|z|,|y|} <1 Jf E> A
Srivastava-Daoust General Multiple Hypergeometric Function[16,p.37(21,22,23);17,pp.64-65(18,19,20)]
In 1969, H.M. Srivastava and M.C. Daoust defined extremely generalized hypergeometric function of n-variables (which is

referred to in the literature as the generalized Lauricella function of several variables).

[(@a):0®, -, 8™] =+ [(b)):d s 5050 )20 ™)
A:BW,; @) ;... g(n)
c:D(1);D(2);5...; () 21,22, ,Zn
n 1 n n
()™, e ™) [(d )6 D5 51(d)0, )0
> mi mz... Mn
= Z Q(m1,ma, - ,mn) % (4)
1 M T =0 M1 M2 - Mnp.

where for convenience

A AU B (n)
[1(a5),,, 0o TL () - T (0), o)
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89, j=1,2,--,DW; forall ke {1,2,3,---,n}
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are real and positive, and (aa) abbreviates the array of A parameters a1, a2, - ,aa, and (b <)k)) abbreviates the array of
B® parameters b;®), j =1,2,--- ,B®; for all k € {1,2,3,--,n}, with same interpretations for (cc) and (d (),C)) etc. The

convergence conditions of above multiple series is given by Srivastava and Daoust[16;17].

Some Interesting Series Identities

We recall the following identities which are potentially useful in the series rearrangement techniques.

3

>3 e

O(m+r+1, 1) (5)

thg
NgE

m=0 r=0 m=0 r=0

co 2m—1 co oo co oo

> Om, 1)=>_> O(m+r+1, 1)+ > > Om+r+1, 2r+m+1) (6)
m=0 r=0 m=0 r=0 m=0 r=0

where {©(m, r)};; .—o are suitably bounded double and triple sequences of essentially arbitrary(real or complex) parameters.

Some Useful Indefinite Integrals

When m =0,1,2,3,---, then
—(3)m h 6 cosh 6 e —1)" sinh?” 0 (—1)™ (1),
/sinh2m9d9 _ (5)m(=1)™ sinh 6 cos (1) ( 1)3 sinh*" 0 n (=D™(3) + Constant 1)
D 2 @), (U
1) sinh @ cosh @ T 2r 0(3)m
/ cosh®™ 6.df = {(2) S feos Z COSh 9} +{ ((12)) }+Constant (®)
T (L), h?" 0
/sinthHGdG = Wn (= ( “cosh® Z ) sin + Constant 9)
2 r=

. 1 - h2'r 2]
/costh's'1 0do = (1)"138111}10 Z (3)r cos + Constant (10)

Fm = D

—1
Above formulas (7)-(10) can be verified for m = 0,1, ... and it is the convention that the empty sum ). F(r) is treated as
r=0

Z€ero.

2. A General Family of Double Series Identities

Theorem 2.1. Let {Qm}m—o be a suitably bounded sequence of arbitrary complex numbers, then

5 0 ([ s ga0) £ < v §7 5 ++1(%""”“” Co) by’

2 oyt 2)mtr (2)mtr (3)r
l )m

—|—’yZQ G)m(=y)™

m=0
(11)
provided that each of the series involved is absolutely convergent.

Theorem 2.2. Let {Qn }ov—o be a suitably bounded sequence of arbitrary complex numbers, then

Z Qm </ cosh®™ 9d9>
m!

m=0

ysinhycoshy o= (%)m+r(1)r y™ (y cosh® 7)" = (%)mym
_ ysinhycoshy Qi 1y 3, 2 (12)
P IPY @mtr(2mr(3)r =0

provided that each of the series involved is absolutely convergent.
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Theorem 2.3. Let {Qm tov—g be a suitably bounded sequence of arbitrary complex numbers, then

> o (/ Slnh4m0d9> UM - QmW

m=0 m=0

_ 3ysinhycoshy

i iﬂ . (Dmtr(Dmrr(L)r y™ (—ysinh® )"
8 v (2)mtr(2mtr(3)mar(3)r
" ysinh® v cosh v

> () mtr () mir(2miar (—ysinh®y)™ (ysinh* )"
E E Q 1 4
4 m—+r-+

(13)
m—0 1—0 (2)m+r(2)m+r(%)m+r(g)m+2r
provided that each of the series involved is absolutely convergent

ot

Theorem 2.4. Let {Qn }ov—o be a suitably bounded sequence of arbitrary complex numbers, then

i Qm (/ Cosh4m0d0) 7: :Wi QmW

m=0 m=0 % m m')Q
3y sinh y coshy o= (Y mar (D) mar(1)r y™(y cosh? )"
4 % Z Zﬂm""""'l 1 4 : .
m=0 r=0 (2)m+r(2)m4rr(§)m+r(§)r

sinh vy cosh® 7 o= ()t () mar(2)mrar (ycosh? )™ (ycosh? v)"
T o) S

(14)
== 2 mtr(2)mtr(3)mtr(3)mt2r
provided that each of the series involved is absolutely convergent

Theorem 2.5. Let {Qm}i—o be a suitably bounded sequence of arbitrary complex numbers, then

Z ( / sinh™ @ d6’>
— m!

C- (—y>)™ , y’sinhycoshy o~ o7 (Dr (=)™ (y* sinh® 7)"
=7 Qom + Qom42r42 -
Z am (m')2 4 mZ:OrZ:O 4m+r(2)m+r(2)m+r(%)r
N (3)r (=y*)" (y*sinh®y (=)™
+ gy coshy Qom+2r+1 -y sz+1 (15)
22 5 D (D) Z eI
provided that each of the series involved is absolutely convergent

Theorem 2.6. Let {Qm}—o be a suitably bounded sequence of arbitrary complex numbers, then

Z ( / cosh™ 0 dﬂ)
m=0 ‘
2m

2 x© > 2m 2r
y y* sinh 7y cosh ~y (1)r y*™(ycosh)
=7 g Q2m4m (m)? + 1 E g Qomtort2

m=0 m=0r=0 4m+r(2)m+T(2)m+T(%)’"
- (3)r ¥*" (ycoshy)*
+ ysinh~y Qomyort1 (16)
2 2 B e G 1)

provided that each of the series involved is absolutely convergent

Theorem 2.7. Let {Qm }ov—o be a suitably bounded sequence of arbitrary complex numbers, then

Z (/ sinh2™+1 9d0) Y™ _ coshy Z ZQerr 5) 3y) (ysinh?~)" Z 0.
m=0 m=0 r=0 (§)m+7“(1)7“

m=0

3

—~
I\J\w
3\/
—~
—
-3
—

provided that each of the series involved is absolutely convergent

Theorem 2.8. Let {Qm }m—o be a suitably bounded sequence of arbitrary complex numbers, then

1 h2 T
Z ( / cosh2m+19d9> —s1nh'yZZQm+r 2) 3;)’ “ycosh ) (18)
-0 §)m+r(1)r

m=0 r=0
provided that each of the series involved is absolutely convergent
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3. Proof of Identities

Suppose left hand side of (11) is denoted by “I” and using the integral (7), then

& simhycoshy(Dm (Do ()1 Y i) & (B (<)
m=0 rz:(:) o (Dm(Dm(3)r —i—’ymz::oﬁm (m!)?
L &I sihycoshymn (D) (D e & (B ()"
mz::o;QmJrl (1)m+1(1)m+1(%)r +’sz::09m (m!)?
ysmh'ycosv (3)m4r(1)r (—y)™ (ysinh®~)" % )m
SIPILI @mr Dmtr(3)s mZ

m=0 r=0

which is the right hand side of (11). On the same parallel lines of derivation of (11), we can derive (12) to (18) by means of

series identities (5) and (6).

4. Hypergeometric Generalization of Double Series Identities

Setting Q,, = ((‘23"”253’"Ezs))m:_‘f;;))m = Eéggii"’ in theorems (11) to (18), using some algebraic properties of Pochhammer

symbol and interpreting the multiple power series in hypergeometric notations given by (2) to (4), we get the analytical

solutions of following integrals.

- (aJ)J:I ’ %7(“])]:1 ’
/ aFp ysinh?@ | d0 =y at1FB11 —y
0
(bj)le 5 17(bj)§3:1 H
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k) 2,2, (L+bj)i: —3
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0
(bj)le 5 17(171')}'3:1 H
J J i
A [ 5 _
ysinhy cosh~ [] (a:) 5. (1+ay) 151,13
+ 5 =1 FE‘I;:&;? y,y cosh? (20)
2 [1(b:)
i=1 _2 JA b)) — 5
. (aj)?:l 5 i,%,(aj)le 5
/ AFp ysinh*@ | d0 =7 a42FB42 Yy
0
(bJ)JB:I 9 17%7(17])]'3:1 9
A 5 7 A
3y sinh~ycosh~ [] (as) pol+a)i= = L L1
i=1 At2:1 .
- B FBig Yy —ysmh
8 I1(b:)
i=1 272537(1+b) =1 —3 2 ’
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A . A 5. 7. .
ysinh® 5 coshy [] (a:) (T +a;):1, 152, [3:11], [7:1,1], [2:1,2]
i=1 A+3:151
+ B Fg 4050
4 b;
L) (14 by) 12, 201, (20,1, [20,1], (30,9
1] 5 [151]
—y sinh? v, ysinh47 (21)
5 5
(aj);lZI ) %,%7(03')}4:1 5
5
/ aFp ycosh®@ | df =7 a42FBo y
0
(bJ)JB:1 9 15%7(133);3:1 9
A 5 7 A . .
3y sinhy cosh~ [] (a:) Do (I+ai)iz @ LL1 g
i=1 A+2:1;2
+ 5 Fpiso0 y, ycosh?y
8 [1(b:)
=1 ' 2»27%7(1"‘173‘);3:1:*;% 3
A . A 5. 7. .
ySinh’YCOShB"}/ H(az) [(1-‘(‘(1]').171}]':17 [1.1,1]7 [1'171]’ [2.172]
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+ B - FB+4:O;O
4 b;
1A (4 by) 102, 201, (20,1, [2:0,1], [3:1,9]
[1:1] 5 [1:1] 5
ycosh2 v, ycosh4'y (22)
5 5
A )4 (Lajya . A
, (aj)]zl 5 ( 2J)1=17 ( 2 ! )J:1 ’ . ycosh’yil:ll(ai)
/ aFB ysinh§ | d0 = y24F2p11 - | T TR
0
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(bj)jB:1 5 1, (?])?:17 ( 21);3:1 H i=1 !
(1+a])A (2+aJ)A ’l'l 5 A A
2 Ji=b A /=l Ttz o y?sinhycosh~y [] (a:) [T (1 + as)
24 151 2 2 ginh2 i=1 i=1
X F213+2 0;0 - 4(1+yB—A)’ Zf(1+15eh—AW) + B
3 3 (14b,\B  (24b;\B . . . 4 TT(b:) TT (1 +b:)
29 27( 2 )j:l,( 2 )j:l'*s* ’ i=1 =1
2+a; 34a;
(5 (5 sls L1
2A 1152 2 2 Ginh2
X F2B+2=0;1 - 4(1+yB—A)7f(1+Bh—A’Y)
bj b,
2,2, (5O, () a—s §
1+a;\A 24ai\A
y H(az) 17(Tj)j:15 ( 2 . )j: 9
- = i1 Fapye - M%A) (23)
[1(b:) 1+4b; 24,
i=1 %» %: ( 2])}3:17 ( 23);3:1 3
ai\A 14+a;\A A
N (aj)]:1 H (%)j:h ( 2 J)j:l 5 ysinh~y ] (a:)
/ aFp ycosh@ d@:nyAFQB+1 4(1_*}/%‘1) +B71:1
0
b 1+b; I (b:)
(bj)ir s L (R, (R i=1
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(1+aa‘ )A (2+aa‘)A 1.1 . ) A A
2 Ji=b A U=l v2 y“sinhycosh~y [ (a:) TT (1 + a:)
2A 131 2 2 2 i=1 i=1
X F2B+2:0;0 4(1+nyA) ’ f(liorssllAz + B B
3 3 (l4bj\B  24b,\B . . . 4TI (6:) TT(1+0:)
29 57( 2 )j:la( 5 )j:l'*a* 9 i=1 i=1
2+4a; 3+a;
( 2])?:17 ( 2])3'4:1 1 ’171 9
2A 132 2 2 Losh?
X Fypyio0n 4(1+yB—A) ) ff(ush_ﬂ)
2+4b; 3+b,
27 27 ( 2 . )jB:h ( 2 . )]'B:I:i;% 3
(aj)?:l 5 1, (aj)le ;
-
/ sinh @ 4 F'p ysinh?0 | d0 = — a+1FB+1 —y
0
(b)ir 3 s
(a])?:l 1 7% )
+ COSh’Y F§+1::01;;01 - Y, ySinh2 v
3, (by)fr: —— 3
(@)1 (a)ier 15 3 3
-
/0 cosh§ aF'p ycosh?@ | df =sinh~y Fngl::Ol;;Ol y, y cosh? 5
(bj)?q H %7 (bj)f:ﬁ — — 3

provided that each of the series as well as associated integrals involved are convergent.

5. Solutions of Some Integrals

Setting A=1,B =0 and a1 = % in (19) and (20) respectively, we get

N=
N

/AY dé
e =72F -y
0o /(1 —ysinh”6)

L
S5l L1
ysinh~y coshy _2.1;0 L o
+ fFQ:O;l — y,ysinh” vy slysinh” 6] < 1
2,2 :— g H
11
g do Be
/ NG y
0 (1 — ycosh® )
L
IR LR R
ysinhy coshy _2.1;2 5 )
+#FQ:O;1 Y, y cosh® ~y slycosh” 6] < 1

2,2 :— % H

Putting A =1,B =0 and a; = —3 in (19) and (20) respectively, we get

(25)

(27)

(28)
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11,
. 2y 2
/0 1/(1—ysinh29)d0=’ygF1 —y
1 ;
3,5:151,1 5
sinh v cosh i1 )
— % F22:.0;’12 — yyysinh27 ;|y Sll’th 9| < 1 (29)
2,2:—5 3
11,
, 2:7 3 3
/0 \/(1—ycosh29)d0:'y2F1 Yy
1 ;
3515 1,1
sinh v cosh s
- % 17'22:'01;’12 y,ycosh? sly cosh? 0l <1 (30)
2,2 :— % H
Putting A=1,B=0, a1 = %, v =P and y = z? in (21), we get
13 .
474 5 .
? de ) 32® sinh 8 cosh 8
—'4 :IBQFI X - - 4
o /(1 — a2 sinh®6) 16
1 ;
5 7.
171‘1’171 3 5 . h35 h g
s z° sin cos
X F22:.01;,12 z?, —z? sinh? g | — - s
2,2:— 5 3
[3:1,1], [Zo1, 1], [2:1,2] ¢ [Le1] 5 [1:1] 5
X Fion — 2 sinh? B, 2 sinh? B | 3la®sinh?6] < 1 (31)

(2:1,1], [2:1,1], [3:1,2] :

o 3
These solutions are not found in Ramanujan’s notebooks [11-13], Five notebooks of B. C. Berndt [5-9], Three volumes of

R. P. Agarwal [1-3] and other literature [4, 10, 14, 15] on special functions.
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