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CERTAIN DECOMPOSITION FORMULAS OF GENERALIZED
HYPERGEOMETRIC FUNCTIONS ,F;, AND SOME
FORMULAS OF AN ANALYTIC CONTINUATION OF THE
CLAUSEN FUNCTION 3F;

JUNESANG CHOI AND ANVAR HASANOV

ABSTRACT. Here, by using the symbolical method introduced by Burch-
nall and Chaundy, we aim at constructing certain expansion formulas for
the generalized hypergeometric function ,Fy. In addition, using our ex-
pansion formulas for , Fy, we present formulas of an analytic continuation
of the Clausen hypergeometric function 3 F», which are much simpler than
an earlier known result. We also give some integral representations for
3F5.

1. Introduction

The well-known generalized hypergeometric function ,F, (p, ¢ € N U {0};
N:={1, 2, 3, ...}) is defined by the following series:

aran, - | s (@) (a2) o (0g),y, 2™
(1.1) ol BB By Z} ";E;% (B1) 1, (B2) -+ (Ba),, !

:qu (alvala"'aap; ﬁlvﬁla"'aﬁq; Z)7
where ()), denotes the Pochhammer symbol defined by

(1.2) (A)nzw (AA£0,—1, -2,...,).

For the convergence conditions, special cases, and further generalizations of
(1.1), we refer to a comprehensive book of Srivastava and Karlsson [15] on this
subject. It goes without saying that the theory of various kinds of hypergeo-
metric functions has been useful and important for scientists and engineers who
have been practically involved in solving certain differential equations. In fact,
the solutions of the differential equations concerning thermal conduction and
dynamics, electromagnetic oscillations and aerodynamics, quantum mechanics
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and the theory of potentials, have been able to be expressed as hypergeometric
functions. In particular, they appear very often in solving partial differential
equations which are dealt with separating variables. In view of theory and
applications, a large number of hypergeometric functions have been developed,
for example, as many as 205 hypergeometric functions are recorded in the
monograph [15].

Olsson [9, p. 704, Eq.(3)] presented formulas of analytic continuation of
Clausen function sF5 (for its name, see [1, p. 141]) one of which is recalled
here:

(1.3) 3k { a2, 43; x} = Fpg [ 42,43 o:} +§{ 01, 02, d3; 4 7
2

b17b2; blab b15b27
where
(1.4)
FR[ ar, az, as; x] _ )T (b2) T (by + b2 — a1 — az — as)
b1, ba; F(al)F(bl+b2—a1—a2)F(b1+b2—a1—a3)
. i (b1 —a1), (by —a1), (b1 +bs — a1 —az —az),,
— (b1 +by— a1 —az), (b1 + b2 — a1 —ag),, n!
<oF (ag,as;a1 +as+az3—by —ba —n+1;1—x)
and
(1.5)
f ai,az,as; " :F(bl)l“(bz)l“(a1+a2+a3—b1—b2)
by, ba; F(a1)r(a2)F(@3)
. pa1—bi—ba+1 b1+b2—a1—azx—as3 (bl_al)n (b2_a1)n z—1\"
v (1-) Z(b1+b2—a1—a2—a3+1)nn' T

n=0

-2F1(1—a2,1—a3;b1+b2—al—ag—a3+n+1;1—x).

An analytic continuation of the Appell hypergeometric function (see [1, p. 14,
Eq.(12); p. 28, Eq.(2)] and [5])

o (@), (01); (b2);
1.6) Fy(a;by,be;c1,c052,y) = E I T ) gty x|+ yl <1
( ) 2( 1,92,€1,C2 ) 5= (Cl)i (CQ)j Z']' (| ‘ | | )

is achieved by expressing in the following integral form:

(1.7)
Fy (a;b1,ba5¢1, c252, )
_ ['(c1) T (ca)
F Cl 7b1) (bg)r( 271)1)

/ / et (1= (L) (L — )~ dd
(R(c)) > R(b) >0, i=1,2).
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Here, by using the symbolical method introduced by Burchnall and Chaundy
(see [2, 3] and Chaundy [4]), we aim at constructing certain expansion formulas
for the generalized hypergeometric function ,Fy. In addition, using our expan-
sion formulas for ,Fj, we present formulas of an analytic continuation of the
Clausen hypergeometric function 3F5, which are much simpler than (1.3). We
also give some integral representations for 3F5.

2. Sets of operator and functional identities

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

ML +6+h) 5/
(2.1) Vay (h) = E(;)”E T (6" + h) ; :
and
(2.2)
_LO+MLE+h) g~ (=6); (=9,
Bey (0) = T (5+5/+h = 1_h 5= 0.0

=0

°° (h)g; (=6); (— >)i. (5:_%8%; 5/;_1,51).

i=0 (

Indeed, as already observed by Srivastava and Karlsson [15, pp. 332-333], the
aforementioned method of Burchnall and Chaundy (cf. [2, 3]) was subsequently
applied by Pandey [10] and Srivastava [14] in order to derive the corresponding
expansion and decomposition formulas for the triple hypergeometric functions
F®, Fp, Fx, Far, Fp and Fr, Ha, He, respectively (see, for definitions, [15,
Section 1.5] and [16, p. 66 et seq.]), and by Singhal and Bhati [13], Hasanov and
Srivastava [6, 7] for deriving analogous multiple-series expansions associated
with several multivariable hypergeometric functions. We now introduce here
the following analogues of Burchnall-Chaundy symbolic operators V., and
A, defined by (2.1) and (2.2), respectively:

 T(B)T(a+d+---+6)
Hzl,...,zl (Oé,ﬂ) = F(Oz) T (ﬁ + 51 44 6l)
(2.3) i (B = )y gory (501)g, o+ (=00,

N | I A |
ki,...,k;=0 (6)k1+--.+kl k1! kl.




110 JUNESANG CHOI AND ANVAR HASANOV

and
Z _ (@I (B+0+--+8)
Mo (@003 5 (B)T (a+01+---+)
(2.4) _ i (B = @)ppiiny (=010, - (=00,
b o Lm @ =0 = =0 g Rl Rl

<6j Z:{l?ja(zj7j:17...7l; leN)

By making use of operators (2.3)-(2.4) and the method given by Burchnall and
Chaundy [2, 3], we construct functional identities for the generalized hyperge-
ometric function ,F, given in (1.1) as in the following lemma.

Lemma 1. FEach of the following functional identities holds true:

a1,092,...,0,; a1, 2,...,0p_1;
F ) ) (Rt LAY Y = 4 ap, L F_ ) ) »Ep=1y o
(25) P q|: ﬁl»ﬁQw"vﬁq; :l :C( pﬁq)p 1ha 1|: BlvﬁQa"wﬁqfl; :|
(>3, 9>2 p,geN);

a1, Q2, ..., 0p_1; [7 Qq, Qg, ...
x| = Ha (ap, By) pFy

F, ; Qip; T
(26) poifa-t 517ﬁ27"'aﬂq71; BhﬁQa"wﬂq;
(p>3,¢>2; p,geN);

(2.7)

oo | G ] = ) He o B paFica | GGG
(p>4, ¢>3; p,geN);

(2.8)

paFys | SO0 ] (g 8) B g, By) B | 52 ]
(p>4, ¢q>3;p,geN).

Proof. The functional identities (2.5)-(2.8) can be proved by means of Mellin
transformation (see, for example, [8]). O

3. Expansion formulas for ,Fj,

Applying operators (2.3)-(2.4) and using the functional identities in Lemma
1, we obtain the following expansions for the generalized hypergeometric func-
tion ,Fy.
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Theorem 1. FEach of the following expansion formulas for ,F, holds true:

(3.1)
Q1,09 ..., Qp;
& { Bi,ﬁjw--,ﬁj, 4
i )i (a2); - (ap-1); (Bq‘_‘lp)i.rip o [ o +?,a2+?7---aap—1 +?§ "
Pt ) ( 2)i (Bg—1); (Bg); 7! L A R
(p>3,¢>2 p,geN);
(3.2)

A1, 2,...,0p_1;
pqu1|: I I y “tp ’LL':|

B1, B2, ..., Bg—1;
o0

(a1); (a2); -~ (1), (Bg — ), ; ar+i, a2+ iy apo1 Qg
Z Bn); (Ba), - Bp)y ! FQ[ BitiBatin. Botis  ©

(p>3,q>2; p,qgeN);

i=

(3.3)
1,09, .. Oép,

qu|: /817527~'-7ﬂqa :|
Oél)m—j (0‘2)i+j “’ (O‘P*Q)H»j (ap-1); (Bg—1 — apfl)j (Bg — ap)ixiﬂ-

2 (51)“_]‘ (,82)11+]‘ e (6q72)i+j (5(171)1'_”' (5<1)z 7".7'

1+7(

a1+, a9+ 1, ..., 09+ 1
cp_oF, K g P ! >4, q > 3; N);
p2q2|:51+la/82+l7~'~76q—2+7'; ‘/L.:| (p— y =9, P, q€E )7

(3.4)
A1,2,...,0,_92;
o F 9 ) y &Xp 3
2 2[ BlaﬂZa'”?Bq—Q; m:|
_ Z z+J 2+J ) (ap—2)¢+j (ai’))j (Bg-1); (Bg—1 — ap— 1)1+J (Bg — ap); it
i.j=0 (51)z+j (52)i+j"'(6q)¢+j (Bq 1— Op— 1) ilg! .
Cp|etitiatiti o titopa et
pra 61+Z+] 62+’L+J7"'75q+l+37
(p>4, ¢>3; p, g €N);
[ a1,02,...,Q
F ) ) pa _
(35) b 617B23"'36qa m+y my:l
' i (&2) (Otp)l i 1 JF, {a1+i Qg + iy, + 1 _— ]
= ) “(Bg); ! B1+1, 82 +1,. ..,Bq—i—i; yp
A1, 02, ...,0p;
F 9 ) y &py +
(36) b B17627"'76q; v y:|
’ _ > (al) (042);" ( p) i {a1+i7a2+i7,..,ap+i; . 7.'L‘:|
< (B1); (B2), -+ (B, ! Brti ot i T YT

i=
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Proof. We begin by proving the identity (3.1). Applying the operator (2.3) to
the functional identity (2.5), we obtain
(3.7)
a1,092,...,0Q > ap) 5) 01,02, ...,0Qp_1;
F ) ) 9 p7 1 L F 9 ) y» &p )
Blvﬂ%“wﬁm :| Z Bq 'L’ p-1%e-1 ﬁlvﬁ?v"'aﬁq—l;

x.

i=

It is shown (see [11, p. 93]) that, for any analytic function f (z), the following
identity is true:

i

(38)  (=6),f(2) =(=6)(1=8)---(i-1-08)f(z) = (-1)' &' il (%),

where the operator ¢ is given in (2.2). Then on the basis of identity (3.8)
and by virtue of the differentiation formula for the generalized hypergeometric
function (see [1, p. 153, Eq.(31)])

(3.9)

dt |:Q51,CMQ7.. Qs } (a1); (a2); - (o), r [a1+i,a2+i,...,ap+i; 4

@p ? /3)1’/327-“7/Bq7 (51)1(52){"(@1)11) ! 51+i,52+i7~--,5q+i§
we find
(3.10)
_5) 041,0[2,...,0@71;
( 6)1 p—qu—1|: Blaﬁ%'-'aﬂqfl; I:l
(=D (), (a2); -+ (1), R N A R
=x p—1Fg—1 ; ; i Tl
(ﬁl)z (52)2‘"'(ﬂq—1)i Bl +Z,62 +Za~'~vﬂq—1 + 1,

Substituting identities (3.10) for the formula (3.7) gives the desired identity
(3.1).

Using the identity (3.8), we find the following Taylor series for ,F,(x — h)
(h is a variable):
(3.11)

A1, 2, ...,0p;
F b b bl P _h
P q|: /817B25"'a18q; v :|

— Oohiifi_ A1, A2, ...,0p;

B 12:(:) Z'x ( 5)iqu|: Bl?ﬂ?a"'aB:; x:|

_ i(*l)i(al)i( as),; (Oép)lh,b ar +i,a0 41, .., 0, + 4
T LTG0, B Bt T BBt By i

Replacing the arguments = and h in (3.11) by 4y and zy, and by z+y—2xy and
—zy respectively, we prove (3.5) and (3.6). A similar argument will establish
the other formulas (3.2), (3.3), and (3.4). O

The special cases of the formulas (3.1)-(3.4) are easily shown as in the fol-
lowing corollary.
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Corollary 1. Fach of the following formulas for holds true:
(3.12)

1,09, ... ap,
PF‘Z|:

ﬂ17ﬂ27"'aﬁq7
_ > (al) (a2) (O‘pfl)j 2 F [041 +j a2+ g, ., 0p +j,5q—04p; 7%‘]'
j= ([31) (52) (Bq—l)]j' P 51 +j352 +j7~--a5q +j>ﬁq; ’
(3.13)
Q1,Q9,...,Q 110 | @1,a0,..,0p_1; Bg— oy —;
r ) ) i) Fp 1, ) ) s Gp—1, q Py y .
P [ 6175%"’75(1’ :| 7=1,1,0 l: 517527"'75q71; 5q§ ) v xj|
(3.14)
Qp, 02, Q3 a1 o121 | Q13 ag,fe—az; Bi—ae 5 L
F: =(1- F e Tl I8
8 2{ B1, B2 x] (1—2) ™ A [ B1; B2; - =t 1_1}

where quj denotes the Kampé de Fériet function defined by (see [1, p. 150,
Eq.(29)]; [15, p. 27]):
(3.15)

Pk (ap); (bg)s  (ck); } _ o =1 j=1 j=1 s
s |: (); (Bm); () oY r;() l m n | 'x Y
=0T (), IT (B5), T (95)7ls
J=1 j= j=
for the convergence conditions of which are given in [15, p. 27];
(3 16)
(a)J() a+73,b+7514+a+b—g (c—a),(c—=0b),
; (©); o [ ct+jl+tat+b—c—mn _1}_@%(0—@—5)71 (n € N).

It is noted that the closed form evaluation of the left hand series in (3.16)
follows from Saalschiitz’s formula (see [5]; see also [12, p. 87]):

1) ]y 0 s e e

It is not difficult to find integral representations of Clausen hypergeometric
function 3F5 as in the following theorem.

Theorem 2. Fach of the following integral representations for 3Fy holds true:
(3.18)

Qq, (2, (3] _ ; ~ e—Egon—1 o, (g _
o1 { B, Ba; x] B I‘(ozl)/o Mk { B1, Ba: f} dg  (R(en) > 0);
(3.19)

ag, g, 03; _ 1 * * a;—1 cxz 1 a3
3Fy [ By Bo: x} = T la T (an (al)F(a2)/() /0 e e 15y [ B, o a:é“n} dédn
(R(a1) >0, R(a2) > 0);
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(3.20)

Qaq, g, a3;
3F2 T
|: Bhﬁ?; :|

= *5 Cear—1 az 1,a3—1 -3
- (al)l“ TN / / / (g ¢ Fy [ B b xfn(] dednd¢
(R(a;) > 0; i=1,2,3).

4. Formulas of an analytic continuation for Clausen function

By decomposing a function into other functions, we can find a formula of an
analytic continuation of the function. Here we find formulas of analytic contin-
uation of the Clausen hypergeometric function 3F5 as in the following theorem.
Let Z and C denote the sets of integers and complex numbers, respectively.

Theorem 3. Fach of the following formulas for 3Fs holds true for (1, (B2,
ag—aq, B —a; —ay e C\ Z:

g, O, (3
355 x
[ b1, B2; ]

o 1
(4.1) =B (—z) " F <041;l32043,151+041;5271042+041;17x)

_ 1
+ By (—z)” " F; (%;52 —a3, 1 —F1+ a9 2,1 — oy +042;1,x> ;

(4.2)
ag, (g, 3]
F: €T
8 2{ B, B2; }
_ T 1
=B (1—x2) " Fy o382 —as, b1 —ag; B2, 1 — g — gy ——, ——
r—11—2x

—« xr 1
+ By (1—x) P Fy (a2 —as, 01 —ar; P2, 1 —ag —a; ——, —— | ;
r—1"1—=x

aq, 2, (3,
F: | = By Fy(a1;a3,01 —ag; 82,1 —as + a1
(4.3) 3 2[ By, Ba: ] 1 Fy (o5 as, B 2; B2 2 1 )
+ By Fy (g a3, 1 — 13 B2, 1 — a1 + ag; 2, 1) 5
(4.4)
a1, 0o, 33
F: T
s 2[ B1, Ba; ]
4 20 apag; Pr—azy o=
1Fi, L+a; +az — fi; By — T

o x
+Ay (1 —z)h <a1+a2—51;/32—a3’51—0117/31—042;5%;,90—1)7
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where Fy denotes the Appell hypergeometric function given in (1.6),

Hy (o 8,7,0;62,y) = Z (@) B (1), (O)s x™y"

oo (¢),, m!n! ’
A :F(ﬁl)r(51—a1—a2) :F(ﬁ1)r(a1+a2—ﬁ1)
YT - a)T (B —a) P ['(a1) T (a2) ’
F(ﬁl)F(ag—al) F(ﬁl)F(al—ag)

B, =

T(a)T(Br—a1) ~° T(a)T (B — )
Proof. By applying the formula of an analytic continuation of Gauss function
oFy := F (see [5, p. 108, Eq.(2)]): For b—a € C\ Z,

F(a,b;c;x):m(—x)_aF(a,l—c—i—a;l—b—l—a;i)
L ( (:c)_bF(b,chrb;laer;i),

()T (a—b)
I'(a)T (c—b)

to the expansion formula of ,F, when p = 3 and ¢ = 2, we find

(4.6)

a1, 2, A3,
3F2|: s ) 3’.13:|

(4.5)

BlaﬁQ;
= (-2)" ngz ﬁj:zi ; — )i’F<a1+i71—/31+01;1—a2+(¥1;é)
+ (=)™ ngll (;1:332 - )iF<a2+i71751+a2;17a1+a2;%)~

i=0

Using the definition of the Gauss function F' in (4.6) and considering the defini-
tion of Appell function F; given in (1.6), we prove the formula (4.1) of analytic
continuation for Clausen function gF5. A similar argument will establish the
other formulas (4.2), (4.3), and (4.4). O
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