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REDUCTION AND SUMMATION FORMULAS FOR APPELL
FUNCTIONS IN THE SPIRIT OF BURCHNALL-CHAUNDY

THOMAS ERNST* AND PER W. KARLSSON

Abstract. We find some reduction and summation formulas for multiple hypergeometric func-
tions by using Burchnall-Chaundy expansions. The proofs use Legendre duplication, Kummer’s
second summation formula, Gauss summation formula and Whipple transformation. Many times
we simply put a hypergeometric function argument equal to zero in order to cancel this second
factor. We conclude by proving a g-analogue of a reduction formula for the third g-Appell
function.

1. Introduction

This paper is based on notes of the late Per Karlsson, whose son Henrik kindly
provided them to the first author. Karlsson was a leading expert on multiple hypergeo-
metric functions [10], which have many applications as is seen in Exton [7]. After these
two books, the paper by Toscano [1 1], the book by Hari M. Srivastava [9], and the book
by Appell et. al. [2], the subject has been dormant for several years. This article is an
attempt to revitalize this important subject.

For the convenience of the reader, we state all necessary definitions. The pertinent
theorems can be found in [3], [5], [6] and [&].

DEFINITION 1. Throughout, unit arguments in hypergeometric functions are left
out [3]. The sign = denotes a definition and = denotes a formal equality. The variables

a,b,c,ay,az,...,by,by,...€C

denote certain parameters in hypergeometric series or g-hypergeometric series. The
variables i, j,k,l,m,n, p,r will denote natural numbers except for certain cases where
it will be clear from the context that i will denote the imaginary unit.

DEFINITION 2. Let the Pochhammer symbol (a), be defined by

n—1

(@n=[](a+m), (a)o=1. (1)

m=0
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Since products of Pochhammer symbols occur so often, we shall frequently use the
more compact notation

(alaa27~~~>am)nEH(aj)n~ (2)

j=1

THEOREM 1. A formula for the Pochhammer symbol [8, p. 22 (2)] is given by

k—1
(@ = K* [T ()0 G)
m=0

DEFINITION 3. Let —b; 5 Ny, 1 <i<r and p < r+ 1. Then the generalized
hypergeometric series pF, [6] is defined by
Z]
4)
Several times we shall use that its value for z =0 is 1.
The basic formula for ,F;(a,b;c;1) = 2F;(a,b;c) is given in the following theo-
rem.

THEOREM 2. The Gaufs summation formula

I'(e)I'(c—a—b)

2Fi(a,bic) = T(c—a)(c—b)’

R(c—a—b)>0. (%)

We turn to double hypergeometric series. Four double hypergeometric series,
known as Appell series [1], [2], are defined by.

DEFINITION 4. The first Appell function is defined by

i b 4
F, (a;b7b/;c;x1,x2) — 2 (a)mlirmz'( )ml( )mz xrlnlx?z7
my =0 nmq .mz.(c)ermz

max(|x; ], [x2]) < 1.

The second Appell function is defined by

- a b b
Fg(a;b,b/;c,cl;xl,XQ) = 2 ( )m1+m2( )ml (/ )mz lexfzﬂz,
my .y =0 mp !m2!(c)m1 (C )mz

x|+ x| < 1.
The third Appell function is defined by

S (@) (d)my (B)my (B
bbbz § On@nOn O
My =0 my!my! (C)m1+m2

max (|xy], [x2]) < 1.
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The fourth Appell function is defined by

o

(a)M1+mz(b)m1+m2 my_my
my ! mo () (), L T2

pe . _
Fa(a;b;c,c'sx1,x0) =
m17m2=0

[vxi]+ Vx| < 1.

The hypergeometric and Gamma functions are intimately connected and we first
state the necessary Gamma function formulas. The Legendre duplication formula [8, p.
24]

2210 (x)(x + 1) 1 3

I(2x) = N L xA0,—~,—1

S L=5e (6)

DEFINITION 5. The generalized I" function is defined as follows:

plansap | Z [(ar)...I'(ap)
bi,... b :

THEOREM 3. The following expansions for Appell functions can be found in the
paper by Burchnall-Chaundy [4, Egs. (26), (28), (30), (39), (41), (43), (47), (49)]

- bb’
Fa(a;b,b'sc,csx1,%0) = 2 (a,

r:O
x oFi(a+rb+rc+rx) oF (a—|—rb +r;d +rx7),

i V(a,d,b,b), , .

F3(a,d’;b,b;c;x1,x xix
3( 1,%2) = lc+r—l)() 172 7
X oFi(a+rb+ric+2rx)) 2F1(d + b +ric+2r;x)),
< (c—a,a,b,b),
Fi(a;b,b';c;x1,x7) = x5 xh
( ) Za(l,c—i-r—l)r(c)g, 172 (8)

X oFi(a+rb+ric+2rx)) 2F (a+rb +r;c+2r;x),
< (=17 (b),
§ CU O,

Fi(a;b,b;c;x1,x2) =

S0 (Dr(c)ar 9)
x oFi(a+2rb+ric+2rx1 +x2),
- (a7b)2i’
Fa(a;b;c,c;x1,xp) = —— 1" x"
( )= 2 Tonon (10)

X oF1(a+2rb+2rc42rx1+ x2),

i (_l)r (a)zr(b7c — b)"xlrx2r
—0 (C)Zr(lac)r (11)
x oF1(a+2nb+ryc+2rx1+x2),

Fa(a;b,b;c,c;x1,x%0) =



66 T. ERNST AND P. W. KARLSSON

“ (a b
Fi(a;b,b;cixp,x0) = Y, (@bc=a)y v
=0 rie) (12)
X 2F(a+rb+ryc+2rx; +x — x1x2),
> (a,b,c—a—b
Fs(a,a;b,b;c;x1,x2) = Y, wxlrxzr
=0 o) (13)

X oF1(a+nrb+ric+2rx1+x —x1x2).

2. Appell function reduction formulas

In this section we will state and prove several Appell function reduction formulas
by using the previous Burchnall-Chaundy expansions.

THEOREM 4. A reduction formula for the third Appell function is given by

1—2a

Fy (a,aia— ha— $2ai ) = [“”l—xﬂjlwl—xz)}
B (1—vT—x1)(1—v1—x2)
(VT (1 VI—v)

a—%72a—1
a—I—%

x oF

Proof. When
a=d, c=2a, b=V, b:a—%

in formula (7) we obtain for the left hand side

—l)r(aaa—%, é)

by () 5 r
- 2;) (1,2a—1+47),2a), 2

x oFi(a+ra—1 5 +r;2a+42r;x1) oF(a+ra— % +r;2a+2r;x)

& (=D(a,a,a—%a—12a—1),

y [5,§:2-8 6)] 2 o
fer? r1(2a,2a— 1), 172

1-2a—-2r
x [§+5vT=x] 1 +3vT—x

- [(1-1-\/1——)61)4(14-\/@)}1—%

e (i)
r'(a+) (14T —x1)? (1+VT=x)2) "’
which is equal to the desired result. [

THEOREM 5. Assume Re(c —a—Db) >0, Re(c—da' —b') > 0. Then a reduction
formula for the third Appell function is given by

c,c—a b} JF [a,cb,c a b}

/ /oo —
F3(a,a,b,b,c,l,l)—F[c_a’c_b —a,c—b
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Proof. Let’s choose x; = x; = 1 in formula (7) to obtain for the left hand side

by (3),(7 i "(a,d ,b,b' ,c—1),
A r‘cc—l)zr

F[ c+2rc+2r,c—a—b,c—d —b }

c—a+rc—b+rc—d+rc—b+r

:F[c,c,c—a—b,c—a’—bl]i (=1)(a,d',b,b',c—1 %%)r

/ / N
_ _ _ _ / c C
c—a,c—bc—a,c—b orli(c—a,c—b,c—d,c—b,S5 5),

_1].

/ c+1

r c,c,c—a—b,c—d—b a,d ,b,b'.c—1,5~
/ / "
c—a,c—bc—d,c—b c—a,c—b,c—d,c—b,

This is equal to the desired result by [3, p. 28 (2)]. U

THEOREM 6. Assume Re (¢ —a—b) > 0. Then a summation formula for the third
Appell function is given by

ct+a+b—2 c—a—b ]
b

1
Fi(a,1 —a,b,1 —b;c;1,1) = E(c— 1)1“[ C+§_b C_aib
ctah c-g+tb

Proof. Let’s choose x =a — —, y=>b—5 in[3, p. 97, Ex. 3(Il)]. Then choose
x1 = xp = 1 in formula (7) to obtain for the left hand side

(_l)r(aa 1 _a7b71 _b>r
= (Lic+r—1).(c)ar

r c+2r,c+2r,c—a—b,c+a+b—2
c—a+rc—b+rc+a—14+rc+b—1+r

by_(3)F[ c,ec,c—a—b,c+a+b—2 }
1]

c—a,c—b,c+a—1,c+b—1
by [3, p. 97, Ex. 3(1ID)] F[ c,c—a—b,c+a+b+2,%,%,C+a+1,c—b,c+b—1

by 3. (1)

Mg

Ll e—1,a,1—ab,1—b

x oF 7€
6 5[ 21 c—a,c—b,c+a—1,c+b—1

c—beta—1l,c+b—1,c—1,catbl crah coath ctl ab
tathb-2 c—a-b
by (6) 1 ¢ CJr[/ler aL %
) +ta—b c—at+b
2 |e—1,944=2 =5

which is equal to the desired result. [
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THEOREM 7. A reduction formula for the first Appell function is given by
1 1-2a
Fi(a;a— %,a— %;Za;xl,xz) = [Z(l +V1I=x)(1++/1 —xz)}

o |ab2a—1 (VT - VT -5)
2k a+}! (I+vT=x))(1++vT—x3)
Proof. Put

c=2a, b=V, b=a—
in formula (8) to obtain for the left hand side:

by ) D (a,a,a—5,a—3,2a~ 1)rxrxr
= r(2a,2a — 1)y, 172
X 2F1(a+r,a+r—%;2(a+r);x1)2F1(a+r7a+r—%;2(a+r);xz)
y[5,§:2.8(6)]i (a—312a—1), (14+/T—x 1=2a=2r
)

S r2v(a+ %), 2

<l+ /—l_x2>1—2ll—2l’ .,
X — X1Xx5

=

1 1-2a
- [Z(1+¢1—x1)(1+¢1—x2>]

a—%,Za—l

x 2k a+%
2

X1X2
(l+ﬂ>2(l+ﬂ>2] '
This is equal to the desired result. [
THEOREM 8. For x < % — % we use analytic continuation of 3F;.
For terminating series, that is
b=-n, c#-n, (c-b—a)>Z,
a reduction formula for a special first Appell function is given by

Fi(a;b,b;c;x,1 —x)
=T {if;i :Z] 2 [c - bléll’gzlibb -
Proof. Let us choose x| +x, = 1 in formula (9), then use Gauf3’s summation
formula to obtain for the left hand side
by - ) 2) (—lirlglca));(a)% (1 =x)]'T [ctz_r’ai :lb_f,_ r}

:F[cc—b a}z (eba) fah o

c—a,c—b r'(c—b)

4x(1 —x)] .
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which is equal to the desired result by (3). O

< 1. Then a reduction formula for a spe-

THEOREM 9. Assume |\/x|+ ‘\/ 1—x

cial Fy is given by

atb+1 1
p.atbtl atbil. 1 _ 2 2 a,b
F4 (a’b’%a%7x7§_x) _F[ 1‘| 2Fl [a+b+1
2

This is a particular case of Watson’s F4 reduction formula.

Proof. Put x; +x, = %, c= “*2& in formula (10) to obtain

F (a;b;a+b+l,a+127+l;x’%_x)
by (10) § (@,b)ar | r a+2rb+2r|;
- Z‘a( a+b+1) (a+b+l) (x(f_x)) 2F a+127+1 +2r 2

- (aab)2r 1 r a+2ﬂ—i_2r7l
:Zz)(l,““’“)r(““z’“)zr (2 =) atl 4y bl
a+b+1)i oo (97@7117@ r42r P
=r ﬁ% ﬁ] 2 (l2u+%)+12£ biT) (x(%—x))

2 0 2 r=0\"H " T T Jr
a+b+1 1 a b
2 0 2 2

which proves the desired result. [

THEOREM 10. A reduction formula for a special second Appell function is given
by

Fy(a;b,b;c,c;x,1 —x)

c,c—a—>b g atl g
_ b 20 2 —
F[c—a,c—b] 3F2 ¢, 1+a+b— (=),

b=—nVRe(c—a)>0.

Proof. Let’s put x; +x =1 in formula (11). Then use Gauss’ summation formula
to obtain for the left hand side

by (1) i(_l)rwr[c—i—znc—b—a—r} (1= )]

= (¢)ar(1,c), c—a,c—b+r

Again, this is equal to the desired result. [
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THEOREM 11. Assume Re(c —a—>b)> 0. Then

c,c—a—>b a,b
Fl(a,b,b,c,l,y) =r |:C—a7C—b:| 2F1 lc_b

in formula (12), which is equivalent to (1 —x;)(1 —x;) = 0. Then use Gauss’ summa-
tion formula. [J

Proof. Put
X1 +x—x1x =1

THEOREM 12. A reduction formula for a quadratic first Appell function is given
by

Proof. Put
X1 +x—x1x=0

11 - Then the second factor becomes

X1 —

in formula (12), which is equivalent to x; =
1. O

THEOREM 13. Assume Re(c—a—b) > 0. Then a reduction formula for a special
third Appell function is given by
|

Fy(@ab,bic;1,y) =T [c,c—a—b] \F [a,b,c—a—b

c—a,c—b c—a,c—b
Proof. Consider the special case
X1 +x—x1x =1
in formula (13), then use Gauf}’s summation formula. [l

THEOREM 14. Assume max(|x|,|-%5|) < 1. Then a reduction formula for a qua-
dratic third Appell function is given by

b,c—a—>b
Fs (a,a;b,b;c;x, = ) =K [a’ o
x—1 2

Proof. Put
X1 +x—x1x=0

in formula (13) and solve for x,. [
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3. A g-analogue of a reduction formula for the third ¢-Appell function ®;

We are able to g-deform one of the reduction formulas. In order to do this, the two
2¢1 formulas must be summed by the Heine formula. First we state some definitions.

DEFINITION 6. [6] Let & > 0 be an arbitrary small number. We will always use
the following branch of the logarithm: —7+ 8 < Im(logq) < m+ . This defines a
simply connected space in the complex plane. The power function is then defined by

¢t = e1og(a)

DEFINITION 7. [6] The g-shifted factorials are defined by

(@q)n=[](1—q"™),

(@aqyn=T10+4").
DEFINITION 8. We shall define a g-hypergeometric series by
ay,. @
ptp Orr |:b Z‘) |6], :|

_ v 43q)k--{ap3q) by e
:2‘ 1;71, D . [(—l)kq( )} *

where

It is assumed that the denominator contains no zero factors, i.e. bAk % —1 i;’gzi, k=
1,...,r,l,m € N. In a few cases the parameter a will be the real plus infinity, (0 < |g| <

1). They correspond to multiplication by 1.

DEFINITION 9. [6] The g-analogue of the third Appell function is defined by

®3(a,d';b,b';c|q;x1,x0)

=

— 2 <a ql> 1<a ‘1]> 2< Q> 1< Q> 2x1'x227max(\x1|7\x2|)<1
mym=0 { 7‘1>m1< v‘I>mz<C7fI>m1+mz

DEFINITION 10. The T'; function is defined by

)= (1 — g1 if0< gl <1
F’i(Z)E . >
L= (q-1)1751), if gl > 1.



72 T. ERNST AND P. W. KARLSSON

The simple poles of I'; are located at z = —n £ 12;‘;1’ n,k € Np.

DEFINITION 11. The generalized I'; function is defined as follows:

ai,...,d _ Fq(al)...Fq(ap)
r [bl,...,bf} =T, ). Ty

THEOREM 15. Heines q-analogue of Gauf3’s summation formula, [6, (7.57)],
states that

c—a— c,c—a—b c—a—
n(abiclai ) =1, | 05 4]l (14

We shall also need the following lemma.

LEMMA 1. [6, (10.217)], an expansion formula for the third q-Appell function,
and a q-analogue of (7) is given by

< "(a,d ,b,b';q), 3001
®3(a,d’;b,b';c|q:x1,x2) X g et
( a2 Z‘ 1 C+r—1 a)r(ca)a (15)

X 201(a+r,b+ric+2r|q;x1) 201 (d + b + 10 +2r|g;x0).

THEOREM 16. Assume Re(c—a—b) >0, Re(c—a' —b') > 0. Then a reduction
formula with double q-power argument for the third q-Appell function is given by

q)3 (a’a/;bab/;c‘q;qc_a_b,qC—a,—b’)

c,c,c—a—b,c—ad—b
9\ c—a,c—b,c—d,c—b

/ e+l ctl
aa bb C—ITT

)

><7¢9[

q;q“] :

Proof. Put x| = ¢ %" x, = q"’“,’h, in formula (15) to obtain for the left hand
side

c—ac—be—d,c—0, S, 53

(—1)a,d,b,b',c —1;q),
= (Lg)le,e—Lig)ar

o q’c+%’<’—1>r c+2rc+2r,c—a—b,c—d —b
U\ c—a+rc—b+rc—d+rc—b+r

y [6, (1.46), (6.33), (6.34) ] c,c,c—a—b,c—d —b
- 9\ c—a,c—b,c—ad,c—b

by (14), (15)

Ms

- ( 1) <(1(1 bblc_1a2-7ﬁ7%l;q>r

% re+ % r(r—1)

r=0<1,c—a,c—b,c—a,c—b’,%,%,ﬂ;q),
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which is equal to the desired formula. [J

Acknowledgement. Thanks to the referee for his/her constructive criticism.

Conclusion. We have found several special reduction formulas which are seldom
seen in the literature. Some with short and some with long proofs. Of course, the
formulas with proofs which use Gauss’ summation formula and/or quadratic transfor-
mations require certain restrictions of the variables. We have pointed this out, when
possible. As a by-product, we have found proper restrictions of the parameters for the
third Appell function to converge for double unit argument.

Discussion. There are also confluent formulas and reduction formulas for Horn
and triple functions etc. These can be derived from our new formulas.

It was not possible to find g-analogues of the formulas, where the argument was
set to zero. The reason was that this would require g-analogues of formulas (12) and
(13) with the second g-addition.

Conflict of interest. The manuscript contains no conflicts of interest. There is no
Data Availability Statement, since this is pure mathematics.
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