SOME RESULTS FOR ¢—FUNCTIONS OF MANY
VARIABLES

THOMAS ERNST

ABSTRACT. We will give some new formulas and expansions for
q—Appell-, g—Lauricella- and ¢—Kampé de Fériet functions. This is
an area which has been explored by Jackson, R.P. Agarwal, W.A
Al-Salam, Andrews, Kalnins, Miller, Manocha, Jain, Srivastava,
and Van der Jeugt. The multiple g—hypergeometric functions are
defined by the g—shifted factorial and the tilde operator.

By a method invented by the author [20]- [23], which also
involves the Ward-Alsalam ¢—addition and the Jackson-Hahn ¢—
addition, we are able to find g—analogues of corresponding formu-
las for the multiple hypergeometric case. In the process we give a
new definition of g—hypergeometric series, illustrated by some ex-
amples, which elucidate the integration property of ¢g—calculus, and
helps to try to make a first systematic attempt to find summation-
and reduction theorems for multiple basic series. The Jackson I';—
function will be frequently used. Two definitions of a generalized
g¢—Kampé de Fériet function, in the spirit of Karlsson and Srivas-
tava [69], which are symmetric in the variables, and which allow ¢
to be a vector are given.

Various connections between transformation formulas for multi-
ple ¢-hypergeometric series and Lie algebras & finite groups known
from the literature are cited.

1. HISTORICAL INTRODUCTION

After Gauss’ introduction of the hypergeometric series in 1812, the
multiple hypergeometric series (MHS) was developed by a number of
people, who have given name to the respective function. In 1880, Paul
Emile Appell (1855-1930) [7], [8] introduced some 2-variable hyperge-
ometric series now called Appell functions.

= m m b m b, m
Fl (CL; b, b/; ca, [Eg) = Z (CL) 1'+ 2'( ) 1( ) 2:1711711:[312’
(1 S ma!mal(€)m, 4ms

max(|zq], |z2]) < 1.

Date: March 30, 2006.
02000 Mathematics Subject Classification: Primary 33D70; Secondary 33C65
1



2 THOMAS ERNST

ZOO b)m, (V')
E b b/. /. = (a)ml—i-mz( mi m2 _mi,.ma
2(a7 y056,C ;xlaxQ) mllmQ!(c)ml (C,)m2 1 2

m1,m2=0

(2)
|zq| + |2o| < 1.

F3(a,d’;b,V;c;xq,m0) = Z (a>m1(a)m2(b>ml(b)m2xml m2

(3) m1,ma=0 ml!mzl(c)ml-'er ! 20
max(\x1|, |.T2|) < 1.
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Remark 1. In the whole paper, the symbol = will denote definitions,
except when we work with congruences.

The four Lauricella functions of n variables were introduced in [50].
The first systematic treatment of this subject was written in French by
J.M. Kampé de Fériet (1893-1982) and Appell [8].

The Kampé de Fériet functions, in its most general form is defined
in [69, p. 27]. There are many generalizations of these functions in the
literature, and we refer to the books Srivastava and Karlsson [69] and
Exton [25].

Much of the research in MHS today is concerned with reduction
formulas, which reduces the degree of the function in some sense. Like
in the one-variable case, there are also confluent forms of MHS, which
are obtained by using limits.

We will now describe the method invented by the author [20]- [23],
which also involves the Ward-Alsalam g—addition and the Jackson-
Hahn g-addition. This method is a mixture of Heine 1846 [32] and
Gasper-Rahman [26]. The advantages of this method have been sum-
marized in [23, p. 495].

Definition 1. The power function is defined by ¢* = e®°9(@) We always
use the principal branch of the logarithm.

The variables a,b,c,a1,as,...,b1,be,... € C denote parameters in
hypergeometric series or ¢-hypergeometric series. The variables
1,7, k,l,m,n,p,r will denote natural numbers except for certain cases
where it will be clear from the context that ¢ will denote the imaginary
unit. The g—analogues of a complex number a and of the factorial
function are defined by:

a

) @)= T2, g V(1)



SOME RESULTS FOR ¢-FUNCTIONS OF MANY VARIABLES 3

(6) {n}! = [[{#e {0}!=1 g€C

Definition 2. In 1908 Jackson [39] reintroduced the Euler-Heine-Jackson
q-difference operator

A9-au) i g€ C\{1}, = #0;

(1-g)z

(7) (Dyp) (x) = § E() ifg=1,
2(0) if £ =0

If we want to indicate the variable which the ¢—difference operator is
applied to, we write (D, ) (x,y) for the operator.

Remark 2. The definition (7) is more lucid than the one previously
given, which was without the condition for x = 0. It leads to new
so-called g—constants, or solutions to (D,p)(x) = 0.

Definition 3. Let [16] ¢; denote the operator which maps f(x;) to
f(gjz;). In our case all ¢; = q.
The following operator [41] will also be useful.

(8) 0; = ;D

Definition 4. Let the g—shifted factorial (compare [28, p.38]) be de-
fined by

1, n =0;
(9) (a;q)n = ﬁ
(1—¢"*) n=1,2,...,
m=0

The Watson notation [26] will also be used

1, n = 0;
10 (qQ)p = nl
(10) (a:4) H(l—aqm), n=12,...
m=0
Furthermore,
(11) (@;q)00 = H(l —aq™), 0<|q| < 1.
m=0
(12) (a;q)aEM, a#q¢ ™ m=01,....
(ag™; q)o
(a5 q) oo
(13) (a;@) g = ———""——, aF-m—am=0,1,....

(a+ & q)oo’
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Definition 5. In the following, £ will denote the space of complex

numbers modlzg’q. This is isomorphic to the cylinder R x 2™ 4 € R.
The operator
- C C
D= —
Z Y/
is defined by
i
14 —
(14) a—a+ 08 ¢
Furthermore we define
(15) (a:q)n = (@5 @)n-
By (14) it follows that
n—1

(16) (@iq)n = [ (1 +4™),
m=0
where this time the tilde denotes an involution which changes a minus
sign to a plus sign in all the n factors of (a; q),.
The following simple rules follow from (14). Clearly the first two
equations are applicable to g—exponents. Compare [72, p. 110].

(17) G+b=a+bmod
log q
-~ 7 271
(18) atb=a+xbmod —,
log ¢

(19) ¢ =—q",

where the second equation is a consequence of the fact that we work

mod 12’” .
ogq

Definition 6. Since products of ¢—shifted factorials occur so often, to
simplify them we shall frequently use the more compact notation Let
(a) = (ai,...,as) be a vector with A elements. Then

(20) {(@)}ng =Ha1,. . aatng = H{aj}n,q-

The following notation will be convenient.

(21) QE(z) = ¢*.

When there are several ¢:s, we generalize this to
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The g-hypergeometric series was developed by Heine 1846 [32] as a
generalization of the hypergeometric series.

Definition 7. Generalizing Heine’s series, compare [26, p.4], we shall
define a g—hypergeometric series by

p+p/¢r+r/(d1,...,dp;bAl,...,6r‘q,ZH81,...,Sp/;tl,...,tr/) =
aila"'aaZp S1y--.,Sp -
pip Orir { b,.... b 2, 2]l t ooty } -
> a: ..° a7 1+r+r'—p—p’
(23) _ Z <aflaq>n-..<afp7?>n |:(_1)nq(2):| p—p
= (L)l @ (b @On

p/ ,r,/

2 | | (sw3 Q)nH(tk;Q)Ela

k=1 k=1

where ¢ £ 0 when p+p' > r 41"+ 1, and

(24) = {f

a

X

Remark 3. In a few cases the parameter a in (23) will be the real plus
infinity
(0 < |g|] < 1). They correspond to multiplication by 1.

Remark 4. The parameters d; and b; to the left of | in (23) are thought
to be exponents, they are periodic mod 137;1'

The general equation (23), with nonzero parameters to the left of ||
is used in certain special cases when we need factors (¢;¢q), in the ¢—
series. One example is the g—analogue of a bilinear generating formula

for Laguerre polynomials [23].

This notation will be further extended as follows.

Ezample 1. Let

1
(25) Ey(x) =Y 2.
We have

(26) D (=) = = Y

This can’t be expressed in usual g—hypergeometric notation in a simple
way. That’s why we suggest the following extension of the notation,
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where an extra k appears in the index to indicate the summation vari-
able. This elucidates the integration property of g—calculus, i.e. to
get the proper g—analogue, every factor in the hypergeometric formula
has to be integrated in the (multiple) sum. The sum is the natural
g—analogue of the integral, as is manifested by the definition of the
g—integral.

(27) DqEq<—x2>=—x1¢o,k[°f|q 21-ol "l

1_|_qk’+1 :|

In general the new notation should look like, compare (98), (127).
Definition 8.

@17,,,,(:1,1, S1,... Sp H fz( )
p+p'4p ¢r+r+r,k|: blanwbr ‘CLZH ) H‘ H ](k;) =

<€I,1, q)k P <&p7 q>k [(_1)kq(§):| T4rr! 40! —p—p' —p!! %
) = Lautbi - (i
p’ r
[1, fi(k)
s @) | |ty 2t
H H o I, 9;(k)
where ¢ # 0 when p+p'+p” > r+r'+1r"+1. We assume that the f;(k)

and g;(k) contain p” and r” factors of the form (a(Ak); Q) or (s(k);q)k
respectively.

[e.9]

In the same way as the I' function plays a basic role in complex
analysis, the I'; function plays a fundamental role for g-calculus.

Definition 9. Let the I' -function be defined by [71], [36], [47]

Lijoe (7 _ gyl-w if0< g <1
Fq(x) { Bep

(z;
—1 x .
é >> (g — 1)~ q(z), if 1 <|ql.

The following notation for quotients of I'; functions will sometimes
be used.

Definition 10.

ary ... a, | _ Tglar)...Ty(ap)
(30) b { bi,...,b, } T T,(01) .. . T,(r)

We will give a longer exposition of the I'; function in [24]. Basically
it has similar properties as the I' function except for the simple poles

at v = —n =+ ffg’rq’, n,k € N.

As was pointed out by Jackson [41, p.78] the g—analogue of hyper-
geometric formulas with sums in the function arguments must contain

(29)
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a so-called g—addition. Jackson meant the Jackson-Hahn g—addition,
compare [31, p. 362] , which is given by
(31)

n - (T k k. n—k _ _n y _

k=0 q
The Ward—AlSalam ¢g—addition was invented by Ward 1936 [76, p. 256]
and Al-Salam 1959 [4, p. 240]

(32) (a @, b)" = Z (Z) av"F n=0,1,2,....
k=0 q

Unlike the Ward—AlSalam g—addition, the Jackson-Hahn g—addition
is neither commutative nor associative, but on the other hand, it can
be written as a finite product.

We will find the Ward—-AlSalam g—addition more convenient for our
purposes.

The paper [11] was a breakthrough in the studies of expansions for
MHS. By using an inverse pair of symbolic operators, Burchnall &
Chaundy were able to prove a large number of expansion formulas for
Appell functions. These results were later generalized by Verma [75]
and Srivastava [64] to Kampé de Fériet functions.

In 1942 Jackson [41] made the first attempt to find a g—analogue
of [11]. Jackson [41, p. 70] and Agarwal [2, p. 187] defined four s.k.
normal ¢—Appell functions.

Definition 11.
(33)

Z (@5 @) mytmn (05 @y (U5 @ m
(I)l(a; b, b/, c|q;a:1,a72) = 1 2 1 Q_Qjmlme.
(L @) (15 @) imo (G Qe

mi,ma=0
(34)

00 - b; @)y (V5 @)
Dy(a; b,V e, g 21, 20) = (@5 @)my-ms (05 @)y (U @)y oy
2 o) = D (15 @) ms (13 D (€3 Doy (5 @y 77

m1,ma=0

) )

Os(a,a’;b,b'; clg; x1, 10) = Z <a;<q1>‘”qq’;<alélq‘>$2<b;<z.>;>l<b/;q>m2x’f“x§”.
M1 ma=0 7 4)ma AL @) ma (G5 ) matms

36) )

R Y e e

m1,m2=0
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with the same convergence regions as before, and with even sharper
convergence when |g| < 1 [41, p. 70].

For the four s.k abnormal ¢—Appell functions, :r;g'”qk(?) replaces

x5 in the general term. We will see that normal functions (in a
broader sense) correspond to the Ward—AlSalam ¢—addition, and ab-
normal functions, with & = 1, (in a broader sense) correspond to the
Jackson-Hahn g¢-addition.

g—Contiguity relations for ¢; were found by Heine [33], and for
q¢—Appell functions by Agarwal [3]. The first Saalschiitzian theorems
for double series were published by Carlitz 1963 [13] and 1967 [14].
g—Analogues of [13] were found by W. A. Al-Salam [5]. W.N.Bailey
(1893-1961) had been greatly influenced by Ramanujan as an under-
graduate at Cambridge 1914 and wrote the first systematic treatment
of hypergeometric series [10]. L.J. Slater attended Bailey’s lectures
on g-hypergeometric series in 1947-50 at London University and wrote
many important papers on this subject; among her pupils were Howard
Exton. R.P. Agarwal [2]| also visited Bailey, in 1953, and made the
aforementioned contributions to the subject.

In 1966 Slater concluded [61, p. 234] that there seemed to be no
systematic attempt to find summation theorems for basic Appell series,
but Andrews [6] managed to prove some summation- and transformation-
formulas for basic Appell series. Some of these do not have a hyperge-
ometric counterpart. This is typical for g—calculus, we almost always
get more equations than we had before.

In a series of papers [52], [53] Miller has proved that by using the
maximal Lie algebra generated by the first order differential recurrence
relations satisfied by a MHS, we obtain addition theorems, transforma-
tions and generating functions. Then in 1980 Kalnins, Manocha and
Miller [45] developed a theory which enabled the powerful use of Lie
algebraic methods for the solutions of partial differential equations by
two-variable hypergeometric series. As was shown in [1], this technique
can also be adapted to multiple g—hypergeometric series. This was the
Lie algebra approach.

There is also a finite group approach to transformation-formulas for
q—MHS, which we will briefly summarize. In the footsteps of Rogers
[57],[58], and Whipple [77], Lievens & Van der Jeugt [51] and Van der
Jeugt [73] proved some formulas for ¢—-MHS by using the invariance
group or symmetry group of the particular double series.

In 1996 Kuznetsov & Sklyanin [49] showed the connection between
(multiple) Macdonald polynomials and ¢g—Lauricella functions.
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Obviously we have not seen the end of this story yet as the subject
gets more and more complex.

Various g—analogues of Kampé de Fériet functions occur in the liter-
ature, compare [69, p. 349-350] and [70, p. 50]. We will give a definition
reminding of [26], which allows easy confluence to diminish the dimen-
sions in (37) and (38), and has the advantage of beeing symmertic in
the variables. Furthermore, ¢ is allowed to be a vector and the full
machinery of tilde operators and g¢—additions will be used. The first
definition is a g-analogue of [69, (24), p. 38], in the spirit of Srivas-
tava. The second definition is a g—analogue of [69, (24), p. 38] with the
restraint [69, (29), p. 38], due to Karlsson. It will be clear from the
context which of the definitions we use.

Definition 12. The notation ) denotes a multiple summation with
the indices myq, ..., m, running over all non-negative integer values. In
this connection we put m = Y7, m;.

Definition 13. Let
(a)v (b)7 (gz)a (hz)a (a’/)a (b/)a (92)7 (h';)
have dimensions
A7 B7 Gi7 Hi7 Al? Bl? G;,a Hz/
Let
1+B+B +H,+H —A-A -G, -G, >0,i=1,...,n

Then the generalized ¢—Kampé de Fériet function is defined by
(37)
pAHAGHGGut Gy | (0) 2 (91)5-3 (gn) o (@) (1) 5 (gn)s |

B+B'":H1+H{;...;Hn+H], (b) . (hl); o (hn>7 ) (b’) : (hl) (h
T ((@); @0) st (@) @0Vt Ty (((05): @Y, (95 03 )imy )

m <(b)7 QO>m1+...+mn((b) qo>m1+ Amy H] 1( (h ) > J((h;)v Qj>m]-<1; Qj>mj>

X

(—1)Zd=1 Mo (Lt Hy + Hj =Gy =G4 BB = A= A7) o
/ / m i , ’ m
j=1

Definition 14. Let
(a)v (b)7 (gi)a (hz)a (a/)a (b/)’ (91{)7 (h;)

have dimensions

AB,G H A B.G H.
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Let

1+B+B +H+H —A-A-G-G >0.
Then the generalized ¢—Kampé de Fériet function is defined by
(38)

phiaG [ (@ (@51 () | 0 i) ]

¢ (a

(B) : (h1); .. (); (v’

((@); G0Yma-t. b (@) @0Vt L1
%: <(6);QO>m1+...+mn((b) qo>m1+ A+mn H] 1( (

_ (');qj)m]-((g});qg-)mjx}?q’j) y
1) @) m; ((BS)5 €5)m, (15 @) m; )

n
J

(—1)Xi=1 i HHH —G=G' 4 BB/ = A=)
QE ((B+B’—A—A’)<7g),qo) []QE ((1+H+H’—G—G')<”;f),qj) ,
j=1

Remark 5. In case we want to get rid of the co symbol, we just take
away all the —1 and g—powers in the definitions. In the one-variable
case, this was the original approach, see Thomae 1871 [72, p. 111],
[62]. However in this case we have to watch out for convergence and
we lose the confluence property.

2. TRANSFORMATIONS FOR BASIC DOUBLE SERIES

In some of the proofs we will need the following g—summation for-
mulas. A g—analogue of the Dixon-Schafheitlin theorem [19], [59, p. 24
(22)] is a corollary of Jackson’s g@7 sum.

—~——

abcl+la
—~ lg,q

1+a—0, 1+a—c,%

_r l+a—-bl+a—cl+351+5-b—c
N l+a,1+a-b—c1+5-01+35—c

145 —b—c

403

(39)

A g-analogue of Kummer’s formula [48], the Bailey-Daum summa-
tion formula, was proved independently by Bailey 1941 [9] and Daum
1942 [18]. This was the first example of a g-analogue of a summation
formula for a hypergeometric series with argument —1.

Theorem 2.1.
(40)
l+a—b1+2]1(1+5-b1lLg
1+a,1+%—b <1/_T_/ 1/\_/().q>oo'

2¢1(a7 ba I+a— b’(L _ql_b) - Fq

where |¢*™ <1 and 1+a—b#0,-1,-2....
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Proof. Put ¢ = g in the previous formula or use [26, (1.8.1) p. 14].

The idea to use the ¢-Dixon-Schafheitlin theorem for this proof was
mentioned in Daum’s thesis [17], chapter 3. O

If a is a negative integer, (40) must be rewritten in the form

Theorem 2.2.
(41)
2¢1(—2N b ]. — 2N — blq, —ql_b) =

2N +k(1—2N—b <bSQ>k
Z(k) T TR A

k=0
N-1
2N b; 2N b;
—~ \ k 2N—|—b—/{:;q>k N/, (N +b;9)n
7Q>N <1, 2>
(N +b;q)n
(42) 291 (=N, b;1 — N —blg,—¢"' ") = 0, N odd.
Proof. The validity has been confirmed by Axel Riese (RISC) in Linz
using Mathematica. 0

Remark 6. For b = 400 this is a result of Gauss [27], [29]. Equation
(41) is a g—analogue of [55, p. 43].

The following corollary enables us to find a relation for I' ,-functions
with negative integer argument.

Corollary 2.3.

1-2N —b1—N A-Nbudx 1 o
(43) T ’ =—— CH NS
TLI=2NA=N=b ] G DN b b+ Nig)y
Proof. Just equate (40) and (41). O

We continue with a few examples where the Jackson [40], [26, p. 11,
1.5.4] g—analogue of the Euler—Pfaff-Kummer transformation is used.

2¢1(a'7 bvc‘Q7t) = 2¢2(Q,C— ba C’Qatqu_;tqa)'

1
(44) (t:9)a

When no convergence region is given for a certain formula, we first
assume that the absolute value of the function arguments are small.
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The following two equations are g—analogues of [8, p. 23]

/. n,.. _ 1
(45) (1)2(05;576 a%ﬁ ‘anlaxQ) - ($2;Q)a

3¢2(O{, ﬁa S OH ’Y‘% $l||_7 qua)'

/. n,.. _ 1
(46) (1)2(05;576 ;577 ‘anlaxQ) - (ml;q)a

3¢2(Oé, 5,7 o5 7,‘q7 x2||_7 xlqa)‘
The following two equations are g—analogues of [8, p. 23 (26)]
29251(0[, /Ga 7|q7 Ty 69(I 'r2) =

47 = e, B35 Q) ™
" 2 <1=7q§€I>m1

op1(av+ my, B+ my;y +malq, xa).

m1=0

. o G <Oé,ﬁ;q>m13?1
(48) 201, 5714, [21 + wa]g) = g::o Ty

29252(0( + ml?ﬁ + mayy7y + ma, OO|q, _xQ)‘

This can be generalized to the following two equations, which are g—
analogues of [25, p. 24 1.4.9]. We assume that the double sum is abso-
lutely convergent.

f(my +mp)amal? & N
49 331 @ x2)
(49) mlzm; 0 (L; @)y (L) m 2:0 q
f(mq + mg)a] 1335”%] f T
(50) Z Z (——5q)n-
m1,m2=0 1 q>m1<1 q>m2 N—0 T2

The following three expansions of ®; in terms of one-variable ¢ are
g—analogues of the Appell and Kampé de Fériet [8, p. 24 (27), (27),
(277)] formulas.

- (v, 35 Q)m, 27"
Dy (0 B, 05 7lg; 21, 1) =
(51) m; (1,7 @ (%23 @) ey

2¢2(OZ + my, Yy — ﬁ/ —+ may;y + ml|q?x2qﬁ/||—;x2qa+ml)'

= {a, B )y ™
Dy (o B, 8 9|q; 21, 22) =
(52) n;o (L7 @) ma (22, 9)

2093,y — iy + malq, 20T | = 220%).
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- (a0, B; @)y x
Q1 (a; B, ' 7|q; w1, x2) = L
(53) mlz::() (L% @) ma (225 @) at pr—

201(y — o,y = B+ muy A+ malg, 22"t ).
By (47) and Jackson [40] we obtain the following two expansions of
201(1q, 1 B¢ x2)

o0

(o, B; q)m, 2™

201 (v, B57|q, 11 Bg x2) =
(54> ! T;O <17 7 q>m1 (332; q)oz-i—ml
20a(a+my,y — By v + malq, wag” T || = wag® ™).
= (o, B @)y 21"
201(av, B35 7]q, 11 Bg x2) =
(55) ! g::o (L7 @ (%25 @) 4y
202 (B +my,y — a;y + malq, vaq™ T || =5 20g” ™).
By [34, p. 115] we obtain
- (o, B5 @)y "
201 (v, B57|q, 11 Bg x2) =
(56) ! n;o <17 v q>m1 (332; q)oz-l—ﬁ—'y-i—ml

201 (Y — a,y — B; 7y + myq, wag® TP,

The following three expansions of ®, in terms of one-variable ¢ are
g—analogues of [8, p. 24 (30), (30’), (30”)]

— (B q)m "
@2(0{, 67 ﬁ/7 Y, ’7,|C]7 Zy, x2) =
(57) T;O <17 v q>m1 (.Tg; Q)a—i-ml

aba(a+my, Y — B37]q, 220" || —; w2g™t™).

(@, B @™
Do(a; B, 67,7 |q; 21, 22) =
(58) ,g::() (1,9 @)my (225 ) 3

202(3, Y — a — my; Y| g, Tag® ™ || —; 2207 ).

« — <O‘aﬁ§Q>m Zq !

9 Oy(c; B, 857,7 lg; 21, 2) = ) !

5 _ <177a q>m1($2;q>a+ﬁl_ﬂ// my
( ) m1=0 +

201(Y — a —my,y — B9 |q, waqttF MY,

By [40], we get a g—analogue of [8, p. 25 (31)]

1 Z <1 <O‘aﬁ;q>m1xgnl

Po(a; B, 857, |q; 21, 22) =
( | ) (22, 9)a

m1=0
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i (o +m1, 9 = B @)y (20" )™ (—1)m2q(77§2)
(1,95 @)y (X2GT™5 @)y

mo=0
_ 1 Pl { a: By =B ;
= 112 | e n) Ao a. .
(.Z'Q,Q)a S5, 005 Toqg™ : )
The following three expansions of ®3 in terms of one-variable ¢ are
g—analogues of [8, p. 25 (33), (33"), (33”)]

\q; 71, 2267 |

= {a, B Q)™
®3(aaa/;ﬁ>ﬁ,;7‘q;xlwx2) = !
(60) ,;0 (L% @y (725 @)
6’|

2ba(a’,y — B+ my;y + malg, vaq” || —; w2g®).

(@, B @y
Qs(a, s B, 05 7]q; w1, 22) =
(61) g::o (L7 @ (72 0)

202(3, 7 — o +my;y 4+ malg, vaq® || —; w2g”).

- (@, B; @), T
y(a, s B, 5 v]q; 21, x2) =
(62> W;O <]‘7 77 q>m1 (I‘Q, q)a’—h@’_'\/_ml

201 (7 — &+ my,y — B+ myy 4 mag, g™ T,
There are a lot of more formulas of this kind to be found, and we
give 2 ¢—hypergeometric examples, which are proved by using ¢—Appel
expansions. By combining (46),[41, p. 75 (33)] and [41, p. 75 (34)], we
obtain

(

fo . a7ﬂ;qTrrra r—
s02(, 3,003 7]q, wal | = 21¢%) = Z%)xlxzq (a1
(63) = (Lal

201(a+ 7, B+71;7+7|q, )

(214% q)»
= _1Ta>ﬂ;QTrrraT

e, Bl ) = S OS50y rek()

(64) r=0 <1777q>7“
1
M sfo( + 7, B+ 17,0057 + 7q, w1]| =5 22¢™T).

We present some Saalschiitzian theorems for basic double series taken
from Carlitz [13].
Assume that

(65) y+d =a+p —n+1,

(66) y=0"+05,
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(67) d=a—-F —-m+1.
This implies that
(68) Yy+oi=a+pF-—m+1

Then

s=Y &4m®4—m?xaq> +s(8:0): (0" 9)sa

— (L) (L @) (s @)rtes (03 0) (05 @) s

r=0
_ zm: <_m7a76;q>7“qr (—n,a + r, ﬂ,u q>sq5 _
(Ly,d:q) ~ = (Ly+7,650)s

- <_m7avﬁ;Q>r r<7_a7’7_5/+TSQ>n
(69) Z;<1%5@rq<7+ﬁ7—a—@wm
_ —m,a,y — ﬁ/+n7q>7“ r<7_a?7_ﬁ/;q>n
22 Ly tn0q) (7 —a—Bigh
W—mv—ﬁ On (v —a+ 1,85 0)m
(hy—a=035qn {(y+n,0 — a;q)m
— <ﬂ + 5, - O‘yQ>m+n<ﬂ 4 >m<57Q>n
<ﬂ + 5,; Q>m+n<ﬂ/ — Q4 Q>m<ﬂ — Qg Q>n‘

If instead of (66) we assume that

(70) Y +0=1+aq,
(65) implies that
(71) y—0"4+n=0.

In this case,

 (—m, o, Biq W—%v—ﬂ+n®n
o= ;; 17ﬁQ> oYy —a— i
(v—a,y =035 qn
(72) ey —a=05a)
e =By tn—a,y+n=0i¢Q)m
Sy —a=Bign(r oyt n—a—5iq)m
_ <7 - O‘)TH-M('V - ﬁ,>n<7 —a— 3 Q>mqma
Mnim(y —a =B850 (y = )m

3¢2( m701,5;’}/ +n7’7 - ﬁ/‘q,Q) =

15
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If v =3+ (it follows that

(73)

Qi1(y —a; 8,858+ Flg;z,y) = mZZO xmyn<ﬂ<_7 O;;Zm;fm LI

" z; 2; << > o OV Drts <aq:+ﬁs’< - iﬁsiﬁf&iﬂj Cgs— n+1;q)s
O P o e ,; I R

% (_1)r+sxm—r< n; q> < —a; Q>n Sy (s) (2)+g(ﬁ—a+n—1)+r(g/_a+m—l) —

z—:zx y® Oé>q<r+s<>ﬁ<Q>r§f:SQ> ¢ —a)+r(B'—a) o

> Z ﬁ,_a q m— rxm Ti(ﬁ_a;(pn—syn_s _

1 q m—r <1;q>n—s

m=r n=s

B —a. —a.
xq 14 ) oo q 14 ) oo [ —
_{ : ) (2" : ) ®1(a, 8,06+ Blg; 2q” =, yq"*).
(75 @)oo (Y5 @)oc

Remark 7. The original paper [13, p.417 eq.12] seems to contain a
misprint, this was corrected in [5, p.457 eq.9]. The correct equation
also occurred in [70, p. 52 (3.3)].

We are going to present a number of transformation formulas for ba-
sic Appell series. Some of these do not have a hypergeometric analogue.
The following transformation [6, p.618] holds.

, . (5 @)ool B+ 25 Q) 0ol + U5 Qo
b (o el e AN
(74) e, 5501447 4%) (7 @)oo (75 @)oo (U3 @) oo
X 302 (v —a,z,y; 6+, 8 +ylg, q%) .
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Proof.
(75)
qmqy” a;q s Om(B'5q
D B Az ) = 303 R AT T

’Y q m+n<1 Q>m<17Q>n

m=0 n=0

oozzq g (y +m +n; qi oo (B85 @)m (B aq>n

(o +m+mn;q) @ m(L; @)n

_ wzzzq q "y = a19)r (B (85 @) _

% 1m=0 n=0 r=0 >,«<1,q) < On

;q)

Joo (Y — 5 Q)r m<ﬁ+x+r;Q>oo<5’+y+r;q>oo
'>oo; Ga)y | @t rde Wt rde

)

)

oo< +ZL’C]> <ﬂ/+yqooz aq>r ar

q X

o AT @)oo (U5 @)oo L q),

O VO VX I X 1 <ﬂ+x,Q>oo<ﬂ’+y;Q>oox
(B+x5q), (B +239), (7 @)oo (@5 @)oo (Y3 @) o

X 302 (v —a,z,y; B+, 8 +ylg, q%) .

Furthermore [6, p.619].

(B+2,8.8 +y =)

(76)  ©1(8" — 28,858+ Flarq",¢") = (B+ 02,9 @)oo

Proof.

B+, —z,0 +y;0)
B+ 02,95 @)oo
ﬁf_z> _ B4z 0 8+ Y — T )
<ﬁ+ﬁ/ax>y§ q>oo '

O (B — ;8,85 8+00:4%,9%) =
(77)

201 <x,y;5’+y\q,q

Finally [6, p.619].

O (1—y; 8o +1—2y; 8+ 14z —ylg; ¢ ¢") =
(78) (B+2,1; @)ool + 1,2(1 — ) + 25 ¢%) oo
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Proof.

By(1=y; B0+ 1—2y; 8+ 1+ —ylg;¢* @) =
A=y B+a,r+1—yq)u

(79) (B+1+7 —y,2,9; q)oo
(842,15 q)oo{r + 1,2(1 — y) + 7, ¢%) oo
(B+1+7—y,2,9; ) '

201 (2,32 +1—ylg,—¢"Y) =

O

Our next task is to find g—analogues of some general formulas of
Carlson [15]. We first recall the following two equivalent forms of the
¢—Vandermonde theorem. The second one also appeared in [41, (29) p.

74] and [42, (60) p. 56].

Lemma 2.4.

BV Dn ey O+ @) N
2 Egama T g
(81) S Banlti@n o bt Viahy,

= (Lig)n

The order classification [35] for double hypergeometric series (DHS)
was prevalent for a long time. Carlson [15] showed evidence in support
of the need for a new classification of DHS.

The following 4 equations are g—analogues of Carlson’s transforma-
tion [15, (8), p. 223].

Theorem 2.5.

3 <li;‘q>m<b’; Doy

q " (11 By v2) "y =

(82)

/ (; @)m o
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Proof.
00 N—n
<b7 q>N—TL<b/7q>TL —nb’ N_n I N—m/
LHS = n m_
> = (1) N-n{l; @)n mz:: m )
i R S (/3 I (1) MR
(83) m=0 (L;0)m =0 (L) N—n-m
i\f: xgnxév_mq—b’(N m) (0; @)m(b+ V' +m;q)nom _
— (L q)m (LN-m
iy (L @)m (L;@)n
[
Theorem 2.6.
(0; ) VsDn m_n
2 T, 2t olys =
CONE i) o
b+ b,7q ) m q—nb/-i- ZL .Z’ml'n.
< >Nm+zn;N O+, 1L;q)m({Liq)n b
Proof. Same as above. O
Theorem 2.7.
b; )m (Vs n n mon
2 21'q> <1-q§ 7@ @ 2] =
(85) m+n=N <b >
b b,' 7q m m n‘
o+ ’q>Nm+n2;N BV, LG 2
Theorem 2.8.
ba q>m b/7q>n n m,n
> 21- <<1- e g =
(86) m+n=N s 4)m L q)n <b q) ( )
b+10b;q e Q\2) g,
< >Nm§;N O+, 1Lq)m(1;9)n b

Corollary 2.9. / g-analogues of [15, (4), p. 222], which are valid when

21| + 22| <1, a#ec, c#£b+V, b#1 U #1,
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neither ¢ nor b+ =0 or —N.

(87)

In this chapter we will derive some more complex g—analogues than
before. When certain special cases of these (non-g)-formulas have been
published, we try to find ¢g—analogues of them too. We will prove 2
general multiple formulas by the ¢-Vandermonde sums, and 2 general
formulas by (41). The Bailey-Daum theorem will also be used.

We first derive two g—analogues of the general formula [65, (4), p.

(@; Q) minlb; ) mlVs @) G
o (G Dmn(l; m(l; O

2
i (@ 0+ Qrminbi D
>

(71 Dq 1)1y =

g " ay'ay,
0 (& Db+, 130)m (1 q)n b

a; mnb mb n n m.n
(03 @)l oV Dy

q
o (G Qman(L; @m(L; @n

i (0.0 + 0 DominB D o
m,n=0 <C? q m+n<b+ bl? 17q>m<17q>n b

[z + xl]mxg =

)
i (a; Q§m+n<b; @ (V5 O p—

q m+n<1; q>m<1; Q>n

i (@ 0+ QminB D i (3)
(& Dmanb+,15,0)m(1; )n !

m,n=0

[z + xl]mxg =

(@5 @) min(b; m (Vs nb
Z <Cv >m+n< >m<

!
(a,b+10; q>m+n<b TQ)m () g ym
SO e N R e R A

m,n=0

m,n=0

3. ¢—ANALOGUES OF SOME OF SRIVASTAVA’S FORMULAS

295] (88) and (91).

Theorem 3.1. If {C,}22 is a sequence of arbitrary complex numbers
then

(88)

m,n=0

[e.e]
Cm+n$m+”q2( )+0n CNxN

=N N N;
Lvdiallod, ~ 2o Mgy 0 - LTV Vi
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Proof.
(89)
= Oy il (—v+1—N,—N;q) a
LH ) 14/ n(—1+v+2N+o) _ HS.
o= Z (Lvig)n ; (L,05q)n 4 feft s

O

Corollary 3.2. A first q-analogue of [65, (8), p. 296]. If |z| < 3 L then

(90)
i O 115 Qg g2 ) om i (A p, 5=, = 2 2 )
=0 <I/ 1; q> <U,1;q>n 0 1/71,0'7V—|—0—17q>n

Theorem 3.3. If {C,}22, is a sequence of arbitrary complex numbers
then

m4+n 2( )—i—n( 2(m+n)—v+2)

> et -
(91> m,n=0 <17V; q>m<170—;Q>n

ON.Q?N o
Zm<0—1+V+N;q>NqN(1 M.
N:0 7 ) )

Corollary 3.4. A second q—analogue of [65, (8), p. 296].

man 2(5)+n(—2(m+n)—v+2)

i <)‘a,u§Q>m+nx q

<V L; Q> <071§Q>n

m,n=0
(92)
i <)\ L, I/+O’ 1 I/—i—g l’ 1/—50’ V—é—a’q>nx qn(l—u—n) |x‘ - l
(v,1,0,v+0—1;q), ’ 4’

n=0

Theorem 3.5. A g—analogue of [65, (5), p. 295].
If {C,}22, is a sequence of arbitrary complex numbers then

m,n=0 <17‘77q>m<1707Q>n

Z(_l n Cona™ (=0 +1—2n; (]>nq(g)+m

n=0 <U7q>2n <171707q>n
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Proof.
N A (—o+1—N,—N;q)
LHS = ’ 14)n n(N+o) _
Z (Lo q)w ; (1,0,¢)n 4
>0 v (~o+1-Nig)y
oS (42 -
N=0,N even <17U’q> < 0+1_—7Q>E 2
’ 2

oo

Copa®™ <—0:—\1/— 2n; q)y,
—0 <17 g; Q>2n <_U +1- 3 q>n

(2:¢*), = RHS.

n

Corollary 3.6. A g-analogue of [65, (9), p. 296]. If |z| < 5 then

—mn

. m—+n
Z (_1>n <)\a,u7q>m+nx q

(0,1;q)m (0, 1;q)n

m,n=0
o0 @ugu_ﬂXEEﬂTq)

(95) 22727272737/\3,2, s y
n=0 <%’UT+1’CQT70—+1 ‘7717Q>
(—o+1—2n;q)

t(—1)7gB) .

(1; ¢)n

The following corollary appeared in different disguised form in [42,
(61),p. 56]. It is almost a g—analogue of [12, p. 124].
By (88) we get

Corollary 3.7. A first q—analogue of a reduction formula for the Hum-
bert function [65, (12), p. 296].

(96)

1:2.0 | M1 00, 00, ) - l/+0' 1 v+o v4o-—-1 1/+o

P34 00 Vo |q,x,xq = 504 22 0 g, @
Val/—i—a—l,oo
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Proof.
(97)
. .. 0 . n -1 N: N
) K00, 003 7‘q;x;xq(r :Z<M7q> <U +V+ 7Q>Nx
00 V305 fowrd (Lvig)n{o;a)w
O (gL e el g
N=0 <17V707V+0_1;Q>N

v+o—1 v+o v4+o—1 v4o
= 5¢4 22 2 1 9 2 1 9 |q,33'
v,o,v+o—1,00

By (93) we get

Corollary 3.8. A g—analogue of a reduction formula for the Humbert
function [65, (13), p. 297].

(98)

S R T

m,n=0 <17V; q>m<1vl/;Q>n

S (v T2 gpaa?rg(D (B L Bl gy

1 L¥a) (54555 5
poptl poptl o V T

¢[ 22000 g, —at|| || VL k’m]
9: 9 135 g s Vs

Corollary 3.9. A g—analogue of [65, (14), p. 297|, which leads to a
relation for the product of the two Jackson q-Bessel functions [26], [37],

38].
2¢1(00, 003 v|q, ) o1 (—; olgq, 2q7)

(99) vHo—1 vto vto—1 vo
= 403 2 020 2 o2 gzl

v,o,v+o—1

Theorem 3.10. The first qg—analogue of [65, (16), p. 297].

[e.9]

Z Om+nxm+n<y; q>m<07 Q>nq_m
(1;@)m{1; @)

m,n=0

(100)

[e.e]

Cot"V+ 000 o
DT "
(L;@)n

n=0
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Proof.

n(—v+1-o)

C’Nx N a; Q) nlv; q)Nq
Cna™{ V—V+1—O—N;Q>N

= RHS.

N=0

There is also a second g—analogue of [65, (16), p. 297].

Theorem 3.11.

i Congn®™ (V5 Q)05 O)ng™ i Crx™ (v + o5 q)y

102 _
(102) o (L; @) (L5 q)n — (L5 q)n
By putting
(103) Cp= B gy, =gt

in the two equations above, we get the following two special cases,
which are g—analogues of [8, (24), p. 22].

Corollary 3.12.

1 (a; b, 05 clg; g0 g ) =

(104) c,e—a—b—V

. /. . c—a—b=b _c—a-b'\ _
q)l(aababac|q7q » 4 )_Fq C—G,C—b_b,

)

where |g¢~7 Y| < 1.
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Proof.
(105)
1 (a; 0,0 clgs g0 g ) =

i (a,V;q)myq

<1,c, Qs

(c—a—b—b")m2 (c—a—b)m1

i (a4 ma, b; @) m,q

(1, ¢4 ma; @)m,

mo=0 m1=0

— Z < >m2q(c a=b=t)mz c+mg,c—a— b

_m20 <1cq> a c—a,c+m2—b

_ Z (@, 1 q)my g a—b_b/)mzF c,c—a—b (€5 Q) my
Ma=0 <1CQ> ! C_a’c_b <C_b;Q>m2

_F {C_GC b7c_b_a,C—b—b’ C_ac_b_b,
- (Dl(a; b7b;dq;qc_a_b_b/’qc—a—b/)

—b,c—b,c—a—b—b’}_F { a—b—b’]

4

For n = 2, the above theorem implies the following reduction theo-
rem for a g-Lauricella function from [21, p. 5 (27)].
Theorem 3.13.
(106) q)gb)(a, bi,....bpic|lqga,aq wqg 270 pg) =
= o¢1(a,by + ...+ by c|q, xq 20,

where

@%)(a, bi, ..., bu;cq e, ..., xy)

(107) Z (@ @)y +.tm H;L=1<bj5 CI)mjx;nj
— & D mittmn =1 (L Oy

Theorem 3.14. A g-analogue of [65, (17), p. 297].

, max(|x|, ..., |z,) <1

. (_1>ncm+nxm+n <U; Q>m<v; Q>n - C2nx2n <U7 @/; q>n
108 = .
(108) m;O (L @)m (15 q)n ; (L%
Proof. See the proof of (125). O

By applying the Bailey-Daum theorem, we can prove the following
Theorem 3.15. A g—analogue of [63, p. 104].

Oy(a;b,b;14+a+b—V|q ¢, —¢") =
(109) Lbatb—b. 11,143 (1+2-V.1¢)x

/ / o~ — ~——r 9
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where |¢*~"| < 1.

Proof.
(110)
— <a7 b/; q>n 1-b
LHS = —1)gn0=*)
2 Titatb—big, U4
i (a+mn,b;q)m 0 =

(L1+a+b=V+n,¢)m

oo <a7b/;q>n n n(1-b) 1+a+b—b,,1—b/ .
ZW(_D Fa 1+b—V,14a—-V+n (1-4q)

_ - <a7 b/7q>n n n(]_—b’) 1+a,+ b_ b/, 1 - b,
=2 e E R pry

} =RHS.

O

When a is a negative integer, the above theorem must be rewritten
in the form

Theorem 3.16.
O (—2N;b0, 01 +a+b—V|g ¢, —¢"") =

mn {1—2N+b—b’,1—b’] (V' a)n
- 4
(

1.2
12N W1 46— | N+ brge 2 I

(112) O (=N;b,b;1+a+b—1V]g; ¢, —ql_b') =0, N odd.

Proof.
(113)

= (—2N,V5q), non(by | 1=2N+b—=0,1-V0 |
LHS_;<171_2N_bl;q>n( 1) Ly 1+b0—-¥V,1—-2N -V = RIS

O

The following 4 equations follow from (100). Each of them has a
dual by (102).

Corollary 3.17. A g-analogue of [66, (2.3), p. 100].

1 1+ %:7;9; 3
@2:131|ia Of? 2 » Yy ,_1,_ ) _
200 g l+ta—y—0:——; la q

Oé,1+%,’)/+5 g
3¢2|i%71+a_,y_5|Q7 q .

(114)
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Corollary 3.18. A g-analogue of [66, (2.5), p. 100].

1 1+%5,08:7;0; -5
O R RGN S B
U5 21 _ 1 _ _ C )
(115) PR + ﬁv +a Y d )
¢ |i a,1+%,ﬁ,'y+5 |q q—6:|
s s lta-0B1+a—-—vy—-050"" '

In the same way we obtain the following
Corollary 3.19. A g-analogue of [66, (3.12), p. 104].

(116)
P21 a, =N :7;0; .| = (0,20 =y — b q)n
2001 20,1 4+~v+d—a—N:—;—; 94 <20&,Oé—7—5;q>1v'

Corollary 3.20. A g-analogue of [66, (3.13), p. 105].

(117)

@231;1 a?ﬁ : _M; _N; |qq q—M-H _ <O‘72O‘_ﬁ; Q>M+N
550 20,14 90— M- N 0T = IR

Proof.

a,—M — N, 3

(18)  LHS=3¢2| o, 1 g _q_nM—nN |00

}:RHS

O

The following theorem is a g—analogue of Srivastavas generalization
of Carlson’s identity from [67, (3), p. 139]. Notice the difference in
character to the equations in chapter two.

Theorem 3.21. If{C,}2, is a bounded sequence of complex numbers,
r1#0, v£1, c#1l, v+0#0,—-1,-2...

and the two double series are absolutely convergent, then

(119) QE <— (7;) + (Z) +om+n(l—m— n)) _
5 Gttt s g () o)
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Remark 8. The LHS of the above equation can also be written
(120)

3. ottt e () + (3) o)

m,n=0

Proof. We will use the ¢-Euler—Pfaff equation (44).

(121)
oo N ( 1\n N (z2\n/,,. _ — v —0— N-:
RHS — ZZ( 1) Cle (;) <UaQ>N< N,l-v—o N7q>nqn(1+o) _
N=0 n=0 <17Q>N<171_U_N7q>n
i CNI{V@'CD 2o o,—N | z2 2 v— N|| - _
L Lgn(— 277y [ 1o =N 7wl g

n

— Cnat (v 9w XN: (—Noq)y  (2g*N)rgld)
— (Lagy = (L1-v=Niq)u (24" q)n-n

= Cya¥{v; q) al (=N, 0;q)n 2-v—N\n
> (Lq )" X

The following generalization of (100) is a g—analogue of [54] and [60].
Compare [66, (4.3), p. 107]

Theorem 3.22. If {C,}22,, {a.}22, are sequences of arbitrary com-
plex numbers then

Oml-i—...-i-mn H?:l xmj <aj7 _
> T (L o, ( Zm Zal) -

(122) ™

= Oy (3 s @)
<1;’;>N QE (—N;al).
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Proof. We use induction. Suppose that (122) is true for n > 1, and
denote the LHS by A,,, then

(123)
e xmn+l
Apyr = Z (o Q>mn+1 LiQE (=mpp1(oe 4+ ...+ apy1)) X
mn+1:0 < ’q>mn+l
Z pmitetma ﬁ< > zk:
Conitotmppr T | (5 Om QE | = )y
mi,...,Mn et i H’L ]_<1 Q>mz k=1 § 1=2
o9 n+1
xmn+1
ST Wy (. 9
mn+1:0 < ?q>mn+1 1=2

o0 n N n
ZCN+mn+1<Zak;q>Nf“—QE —NZal
N=0 k=1 (Lg)w -

[e'e] n+1 Z >
:ZCNQ;NQE< Nzaz) &’

N=0 QN

where in the last step we used the induction hypothesis for n = 2, with
the following values of the parameters in (122).

(124) my — N, mg — mu,+1, as — a,, + 1, x — zQE (—Zal>.

O

Remark 9. There is a dual too.

4. quNALOGUES OF REDUCIBILITY THEOREMS OF KARLSSON

Karlsson [46] has derived two interesting reduction formulas of gen-
eral character for triple sums, which can be used to deduce many re-
duction formulas for hypergeometric functions in three variables [69,
p. 311]. The formulas (39) and (41) are used in the proofs. Clearly
many more reducibility formulas of this type can be deduced. We il-

lustrate with a g—analogue of one interesting special case known from
the literature.

Theorem 4.1. A g-analogue of [46, p. 200].
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If {Crn}sn=o 18 a sequence of arbitrary complex numbers then

- Om,n-i-p(b; q>n<b§ CI)pqunxg(_x?)p
2 (1 @) (15 @)n(1; @)

(125) e

ZZ Com ok (b, b; ) ia? x%k

m=0 k=0 )m (L, 1; Sk
Proof.

Chn, b, —t; @) at (—1)Pgr(—b)
LHS = (0 @)e{b, —t @)y _
T;Opz; Om(L;q)i(1, 1=t = b q)y

126
(120 o (0ra) i (35 6%)

t
2 = RHS.

mtthxl 3
Z Z Lqy (b+3559)

m=0 t=0,t even

N+

O
Remark 10. We obtain (108) by putting x; = 0 in the theorem above.
Corollary 4.2. A g-analogue of [46, 2.5, p. 201].

<I>(D3)(a+ 1,1+a—c¢bbclg;—q % z,—x) =T, { . C’E a ] X
’ 2

c
127 ~
(127) (Lc— 3 @)oo b, &
e /-\-/a a 2¢1 c— ‘q X
(c—a,1+5;q)o(1+q2)
Proof.
1; m+n 1 — G m c—a
Put C,n = fat1ig) <c+q<) Fa=ci) ; xp = —q¢“ % in (125).
) m+n
(128)

RHS = Z <a7Q>2k’<1 +ta—ca+ Qka q)m <b7 ba q)k’x2k(_1>mqm(c—a) —
¢ q)ar(l, ¢+ 2k @) m (1,1;¢)

o0
Za’
C

=0 7

m,k=0 <
b: )

Dt { c+2k,E+1+k

Vo Lka 1+a+2kc—9%+k

—_—

e N TN Y N
%_|_1_|_k; > k0< ;aLlaq)
) k a c
rq{ } et K- — LHS.
C — a; Q>a+1 c(l + q2+k)
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Theorem 4.3. A g-analogue of [46, 4.1 p. 202].
If {Crn}sn=o i a sequence of arbitrary complex numbers then

f: Cm,n+p<a7 ba Q>n<a7 ba 1— n-2l-p7 q>pxl I‘2( ) q2(n b

/-\_/

(129) m,n,p=0 <1- q> <1 Q>n<1, _T§ q>p
mk=0 <1;q>m<1,a+b,1—b_/gj; O

Proof. Compare [56, p. 56].

(130)
Z Z Conn{, b @), b, =1, 1 — 23 q) altaiq(B) PR m e D5 0mp=l)
m,n=0 p=0 < m<7 n< 1_n_b71_n_aa_%;Q>p

o0

q
ZO nla,b;q nxmxr {1—b—n1—a n,1— 1—a—b—@]

2’ 2
N IR R R R

2

m,n=0
< >m<aq>n 7 1_a—b—n71—a_ﬂ

m=0n=0,n even 2

—~——

<1 N b q>ﬂ <lq2>n _ i Cm,2k<a7 ba Q>2k xTI%k
Q22 bbb+ 2 50 (Lan{lia)u

MI:

1—a—b—2k1 k:b
< = oL (3:¢*)x = RHS.
(1—a—2k1—k—=0bb+Fk;q)x

5. ¢—ANALOGUES OF BURCHNALL—CHAUNDY EXPANSIONS

This chapter is mainly based on the following inverse pair of symbolic
operators defined in [11]. We will get an improved version of [41] in
the process, compare [2].

_ h, h + 01 4 05 _ h+61,h+ 6,
(131) vq(h) =T, { B+ 01, b + 0, } Bqlh) =T { h+«91+92,h]

Then

(132) Va(h) (s @)m (P @) wy = (B @) man @] 25
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Recall that
(133)

a,b; Q) m(a V50
201(a, b; clgq, 1) 201 (d’, Vs g, v2) = Z <(1,c;qq>>m<<1,c’;qq>>n Ly Ly -

m,n=0

o

G PDmin 0 Qmin o n
(138 ati(abiclr.or @0 = 2, <1§q>q><1~+q>< (z?q>++ e

m,n=0

We can write symbolically (the last three equations first appeared in
41, (14) p. 72))

135
| i))z(a; b,b's e, clq; a1, ) = V4(a)2di(a, b; clq, x1)201(a, b5 g, x2).
(136)

Dy(a,a’; b,V clg; x1, x2) = Dglc) 201(a, b clq, z1) 201(a’, V5 clq, x2).
(137)

Dy (a; 0,0 clq; w1, 22) = qla) Ay (c)2¢1(a, b; clg, 21)2¢1(a, V; clg, 22).

(138) Dy (a;b,b'; c|q; x1, 1) = 4(a)Ps(a, a; b, Vs clq; 1, 22).
(139) Py (a;b,b';c|q; 21, m2) = Dg(c)Pa(a; b, ¢, c|q; 1, 22).
(140) Dy(a, b;e, d|q;x1, x3) = 74(0)Pa(a; b, b; ¢, ¢ |q; 21, 22).
(141) 2p1(a, b;clg, 1 By 2) = 7 4(b)P1(a; b, b; c|q; x1, 22).
(142) 201(a, b; clg, 21 By x2) = Dy(c)Pu(a, b; ¢, c|q; x1, x2).
(143)  a2¢1(a, b;clg, x1 By x2) = Vq(b) Ly (€)D2(a; b, b; ¢, c|q; 1, 22).
(144)  561(a,b; clg, [21 + wa]y) = V4 (D) @151 { o ‘_"jf;; |q;x1,x2] .
(145)

won(abicla oy +ly) = D038 | 020 g,
(146)

201 (a, b; clg, [21 + 22)y) = V4 (D) Dy (¢)P1T5 { a;ob: f’c’b’ \q;xl,xg] .

For a simple ¢—hypergeometric series we obtain
1

<‘91 + G, Q>r
and analogous formulae for double series.

1
(147) 2¢1(a7 b; c|q, fEl) = Wﬂbl(a; b;c+ T’qa xl),

I
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The following formulas for #; and 65 obtain.
1
(=a—0, =0+ 1;q),

Dy (a; b,V clq; 1, 22)

(148)
—1{a: ,
= %‘M@ — b Vclgy g, wag") g B TTED)
) 2r
(=015 @) 201 (a, b; clq, z1)
149 —1)"(a, b; ¢)ra? o
( ) _ ( )<<Caq> Q> Xy 2¢1(CL+T,b—|—T;C+T|q,Qf1q r)q(Q) 2‘
a;q)or (b, q)r ,
(150) <_917 _GQ;Q>T qDl(a; b7 b,;C‘Q;xth) - < q><2c<q>2 q> T LE2

X Oy (a—+2rb4+r b +ric+ 20| aig ", xag g
Combining (148) and (150) we obtain
(151)
(=01, —0; ),
(—a—0, =6y + 15q),

—1)a,b,b; q), r
_ (ED)%a,b,b59) x{xgq)l(a+r;b+r,b'+r;c+2T|q;x1,x2)q(2)+r(“_1).

Dy (a;b,b'; c|q; x1, )

<C;q>2r
We obtain the following set of lemmata
h7m+n+h o - <_m n q>r r(m+n+h)
(152) Fq[m+h,n+h]—ZWq
m+k,n+k = (=m, —n;q)»
153 r ' = 4
(153) {]ﬁm—l-n-i-k} — <1,—k—m—n+1;q>rq
- (=m, —n; @)r (K; q)2 (5) +r(mtnth)
154 = —1)" rimanR),
(154) ;( ) <1,k+m,k+n,k+r—1;q>rq2
r kE+m,k+nh,m+n+h
k:m+n+k‘,m—|—h,n+h
155 0
( ) Z ,—n, k?—hq> <kq>2r qr(m_;_n_;_h)
— lhk—H"—l m+k,n+k;q),
,—n,h — k;q),
1 = "
(156) Zlh k: m—n+1q>q

Note that (153) follows by letting h — oo in (156), (154) follows by
letting h — oo in (155) and (152) follows by letting £ — oo in (155).
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In (152) replace m,n by 6;, 0 to obtain

= <_917_62; >7“ h
157 h) = = q"ee.
(157) Va(h) TZ:; 1, ) q €6
Similarly we obtain

e (=01, =059,
(158) _TZ: 1 1—]1—91—92;Q>7«Q7
- (=01, =02 )r(hi Qe (1)irn
1 VN
(159) Z 1h+r—1 Wt 00kt O, A
and
= 917 927k h q) <k: q>2r h

1 = T rT.r

nd h ]C 61, 62, > r
(161) Zlhl—k: 91—92,>q

=0

where the last formula is the ¢—Pfaff-Saalschiitz theorem. By adopt-
ing these operators, we obtain the following expansions, which are ¢g—
analogues of [11, (26)-(43)]

Theorem 5.1. g—analogue of [11, (26)].

— (a,b,V;q)
d bl o, _ <a7 Yo d/r p r(a+r—1)><

op1(a+rb+ric+rlg,x1) 201(a+ 1 b + 1 +7r|q, o).

(162)

This is equivalent to a form of the first ¢—Vandermonde theorem
(163)
min(m,n)
(@ Qmin 3 (a;q)r (@ + 7 @Q)m—r (@ + 7 @)n—r @D
Laomliahh 2= Loy LGOmr (L@nr
Theorem 5.2. g-analogue of [11, (27)].
(164)

[e.e]

—1)"(a, 0,6 :q)r . . yas(
201(a, b clq, z1) 2¢1(a, V' |q, 22) = Z ( <i <c & q) 2 L1329 +He)x

r=0
Po(a+r;b+rb +ric+r,d +r|gr, ).
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Proof.

901 (a, b;clg, x1) 2¢1(a,b'; g, x2)
(165) > ela_02; >
e 11—@—01—927>

q"Po(a; b,V ¢, d|q; 21, 20) =

T

O
This is equivalent to
a;q)m i) CL m4n—r —1)" ra+(5
(166) 215?1?7% Z q + <1;Q>T£_r<>1;Q>n_rq 2
Theorem 5.3. g-analogue of [11, (28)]. Compare [2, p. 194].
(167)
= (—=1)"(a,a,b,V;9), ’{xngr Sr(r—1) o

Let+r—=19)(cq)2
sb1(a—+1,b+r;c+2r|q,x1) 9p1(a’ + 1,0 +1r;c+ 2r|q, z2).

Proof.

(168)

(I)?)(av CI,/; ba b/7 C‘qa T1, .fl?g) = Z <
r=0

200: _1)T<_91 _02.q>r<6. q>2r
CI) ,'b b/, . — ( ) ) ) ( )—i—rc rr
oo dib Viclason v2) —0 <1,c+r—1,c+91,c+02;Q>rq ae

2¢1(@> b; C|q7 301) 2¢1(@/7 b/; C|q7 xz) =

This is equivalent to
1

(15 @) m (L5 @)n{a; @) mesn

ra—l—%r(r—l)

3 (1) q
—~ (La+r =101 Qmr (& Qmir(l,a+2r;¢)n

Theorem 5.4. g-analogue of [11, (29)].
(170)

— (a,d,b,V5q), 1)
201(a,b; clq, z1) 201(d', V5 clq, 22) = ryasg T
(@ biclg, 1) 2 42:) ;<1,C;Q>T<C;Q>zr e

Os(a+r,a +r;b+rb +r;c+2r|q; z, x0)
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This is equivalent to

min(m,n)
<CL; Q>m+n q
171 = :
(17) (L, a; @)1, a5 q)n Z:; (L, a5 4)0 (L; Qm—r(L; @)

which for m = n is a special case of the first ¢—Vandermonde theorem.

Theorem 5.5. g—analogue of [11, (30)]. The first version of this equa-
tion occurred in [41, (37)p. 75]. The same corrected version also oc-
curred in [2, 6.8 p. 193].

(172)

ra+r(r—1)

b el N~ (e—aab i),
Pu(asb, B s, 22) = Z:; (Le+r—=1;9)0(c;q)or
sd1(a+m1,b+r;c+2r|q,x1) od1(a+ 1,0 +1;c+ 2r|q, x2).
Proof.
(173)

ra+r(r—1)

T_Tr
179 X

i —01, =02, ¢ — a; q),(c; q) 2y o

D (a; b,V clg; 2, @ ©
1( y Uy Uy |q7 1 2 1CLC+T 17C+01,C+02;q>r 2

<_91> _927 c—a Q>T<c; q>27“ ra_r_r
q €€
<170+T_ 1,a,c,c;q>r

[e.e]

201 (a, b clg, x1) 2¢1(a, Vs clg, x2) =
r=0

<b7 a, bl? C—a; Q>r<07 Q>2r

sb1(a,b;c+rlg,x1) 2p1(a, b c+1|q, x2) = Z

l,c+r—1,c,c,c+r,c+7r;q),
r=0

qm”(’”_l)xlra:g’“ sb1(a—+r,b+r;c+2r|q, x1) 201 (a+ 1, b + e+ 2rlq, x0) =

O
This is equivalent to the ¢—Whipple theorem
(174)
(@; @)+ _
(L @)m (L q)n <C§ @ mtn a
mm(f’") (c=a,a;0) g™ {atri@mr (@700
—~ (Letr—Lg)(Ligmr (G Dmer (Le+2rq)n—
Theorem 5.6. g—analogue of [11, (31)].
(175)
¢1(a, b; | /: N ab Ve~ aiq). ra+(3)
2¢1(a, b;clg, x1) 291 (a, b clq, x2) Z q x1 @ X

1 Q) < S Q)2
<I>1(a+r;b+r7b'+r;c+2r|q,x1,x2).
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Proof.
2¢l (av ba C|q7 xl) 2¢l (av b/a C|q7 33'2) =

(176) = <C —a, _Qla _027 Q>r
<17C,1—(I—01 _92aq>r

qr‘bl(% bV, c\q; x1,T2).
r=0

This is equivalent to a form of the ¢—Pfaff-Saalschiitz theorem
(177)

(a; @)mfa; @)n (=D~ a:a)r (G Dmin-r  rar(y)

= q
(L g)m(lc;q)n Z:; (L6 @) (€5 @min (15 @)L Qs
Theorem 5.7. g—analogue of [11, (32)].

min(m,n)

— {a,0,V;q)
D (a;b,b;clg; 21, 20) = la, 5,05 ¢)r Gt g Ty %
(178) ! 141, 2] ; (15 9)r{c; q)ar b

Os(a+r,a+r;b+rb +r;c+2r|qr,x).

Proof.
- 91 92 r
O (a;b,b'; clq; x1, x2) ’ i ragrer s
(179) 1 1421, 22 Z (1, a; ), "
®3(a,a;b, 0 clg; 21, 72) - . .
[
This is equivalent to (163).
Theorem 5.8. g—analogue of [11, (33)].
— b, b'; q)
P3(a, a; b, V5 clg; x1, o) ( la, r () gy Ty x
(180) 3( |q; 21, 2 Z (0o q 1 T2
q)l(a'—i_r;b_l_rabl+T7C+2T|Q7$lax2)‘
Proof.
®3(a, a;b,b; clg; 21, 12) =
(181) - (=61, —02;q),
L ®(a;b,V;clg;x1,10) =
;(1,1—a—01—62;q>7«q 1( ‘q 1 2)
O

This is equivalent to (166).
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Theorem 5.9. g-analogue of [11, (34)].

(182)
- (_1)T<bv b/.q>r<a;q>2r 3 o(p—
P by . _ ’ retgr(r=1),. r T
l(a'a ) aC|C]7371,332) Tz:; <1,C—|—T— 1,q>T<C, q>2r T To
Oy(a+2r;b+ 1, b + e+ 2r ¢+ 2r|q; 1, 22).
Proof.
(183)
= 917 927 > <C. q>2r ()+
b b — rc,.r. r
(CL C|q733'1,3?2 rz:; 1C+T—1C+91,C+927 >q €162
©y(a; 0,05 ¢, clg; w1, w2) =
U

This is equivalent to (169).
Theorem 5.10. g-analogue of [11, (35)].

(0, V5 a)r{a; a)ay !
P a;b)b/;c’cq;x,x — qrc—l—r(r )I' 27X
(184) 2 |43 1, 22) ;<1cq><q>r )
y(a+2r;0+ 7,0 + e+ 2r|q; 1, 7).
Proof.

. _9 ,—0 ; r
Oy (a; b,V ¢, clg; w1, 0) = ) MQ’“CE’{ES

(185) —~  (Lcq),

Dy (a; b,V clg; 21, 22) =

This is equivalent to (171).
Theorem 5.11. g—-analogue of [11, (36)].
— (b; q)r{a; q)or -
Dy(a;b;c,c|qg; 21, 10) = —<’ ’ g o=
(186) ol 451, 72) ; (1,c,cq),
Oo(a+2r;b+r,b+r;c+r,.d +r|gx, x).

r1 To" X

Proof.
(187)

(01, —05:0)r
Dy(as by, c|q; a1, 22) = Z %q Y€ ey o (a; b, by e, gy 1, ) =
r—0 s Uy r

O
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This is equivalent to (163).

Theorem 5.12. g-analogue of [11, (37)].

e}

—1)7(b; @)r{a; @)or (r

) 'b b‘ /|y — ( ) ) ()—i—rb r..r

(188) 2((1,, ) ,c,c\q,xl,xg) TZ:; <1,C,C,; q)r q\? T X2 X
Oy(a+2r;b+ e+, +1lg; T, x0).

Proof.

(189)

= T_Q?_e; G q)or re_r r
Oy (a; b, b; ¢, c|q; x1, x2) :Z 1c—|—)7“<—1lc+291>c<—|-92>2 i q( )+ €1€5X

r=

@4(@, b7 G cC |q7 Ty, x?) -

This is equivalent to (166).

Theorem 5.13. g—analogue of [11, (38)]. The first version of this
equation occurred in [41, (45)p. 76].

i <b’ q> <CL q>27“qrb+r(r 1)

2¢1(a, b; clq, 71 Dy T3). = 1 To' X

(190) — (1;q)r(c; q)2r
Oi(a+2r;0+ 1,0+ r;c+ 2r|q; 1, x2).
Proof.
= 917 927 r rb
a,b;clq,r1 B, x "€l el
(191) 201 ( g, 71 Bq 2) Z 1,b;9), 7 o 4 Gt

r=

Oy (a;b, b; clq; x1, 22) =

This is equivalent to (171).

Theorem 5.14. g—analogue of [11, (39)]. The first version of this
equation occurred in [41, (46)p. 77].

o0

(=1)"bs @) (@ Dor (7)1
Dy (a;b,b;clq; 1, x0) = )Tl T Ty
92 ™t 00 2) ; Lo Gge 0 0

ap1(a+2r,b+1;c+4 2r|q, 11 By x2).
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Proof.

o0

Py (a; b, b; clg; 1, 2) = Z

2p1(a, b clq, 1 By x2) =

917_92; >
(L,L1—=0b—0, — 6y

T

ot

(193)

This is equivalent to ;(166).

Theorem 5.15. g-analogue of ;[11, (40)]. The first version of this
equation occurred in [41, (47) p. 77].

(194)

- (_1)T<a7 b? Q>27“ Sp(r—1)4rc,. r . T
201(a, b; c|q, 11 Bg 12) = Z - - q? Ty Ty X
r=0 <17 c+r— 17 q>r<07 Q> 2r

Gy(a+2r;b+2r;c+ 2r, ¢+ 2r|q; x1, x2).

This is equivalent to (169).

Theorem 5.16. g—analogue of [11, (41)]. The first version of this
equation occurred in [41, (48) p. 77].

S CL?b;q T r(r— rc r r
Dy(a; b;c, clg; v, 72) = Z< < )2 q( D+ T1 T X

(195) _ 17 G, q>r<ca q>2r
op1(a+2r, b+ 2r;c+ 2r|q, 1 B, x2).
Proof.
= 91) 027 7”
D,y (a;b; e, c|q; 1, z2) "€l el X
(196) o 421, Z T (Lag, 0T

2p1(a, b clq, 1 By x2) =

This is equivalent to the limit a — oo in (174).

Theorem 5.17. g-analogue of [11, (42)].
(197)

- <CL, Q>2T<b7 C— b7 q>7“ r(b+r—1), . r. . r
201(a, by clq, 1 Bg 12) = q T1 Lo X
(@b 0 72) Z(:] (e q)ar(lc+r—1;9),

Do(a+2r;b+ 1, b+ r;c+ 2r ¢+ 2r|q; x1, 22).

This is equivalent to (171).



SOME RESULTS FOR ¢—-FUNCTIONS OF MANY VARIABLES 41
Theorem 5.18. g—-analogue of [11, (43)].
(198)

- (@5 @)or(b,c = 0:0)r (1) im
Dy(a; b, b e, c|q; x1, x9) = -1)" q\2) """y X
2( | ' 2> Tz:;( ) <Ca q>2r<1>c; q)r b

9d1(a+2r,b+1;c+2r|q, 1 B, 2).

This is equivalent to (174).

By the same method which was used in [41], we obtain the following
g—analogues of the corrected version of Verma [75, (10)-(14)]. The for-
mulas also closely resemble g—analogues of [64, (11),(12),(8),(13),(7)].

When there will be no misunderstanding, we will write G and H for
Gl; G2 and Hl; HQ.

Theorem 5.19.
(199)

e [ (@) () (92) 0 ((90), (92), 05 0o ((@): @) o(y)ima
P { (b) : (hn); (ha) 2T ). (i) (B .

L7t ATICI Gt (a+2r),00: (g1 +7),a+7;(g2+7),a+7;
P25 B+ L+ Lo+ L (b4 2r) ao+ 21 2 (hy + 1), 00; (he + 1), 00;

Y. _
. ‘q,ifl,xz} = X
b

‘95551,552] .

(200)
_ 5 (G0 9): (92): ) (9) D2 (5)ra s
Z <1>(hl)a(h2)>a;Q>r<(b)SQ>2rq 1%

(I)A-l-l:G—i-l (CL—FQT),CY—FTZ(91+T>,OO;(92—|—T),OO; ‘ ST
(b+2r),00: (hy +7),a+71;(hy +7),a+1; &, T2 -

r=0

B41:H+1
(201)

(91, (92). 7 — v @)i{(@): @2 o()ira r

; 17(h1)7(h'2>77+r_1;Q>T<(b)7a;Q>2rq 1
PA+IGH1 (a+2r),v+2r:(g1+7r),a+r;(ga+7),a+r; g,
BrULH+L (b4 2r),a+ 21 : (hy + 1),y + 2r; (he + 1), 7 + 2r; &L, L2 -
(202)

— (CD91) (92): @) {(@); @ar a()irap s

Tz:; <1,(h1),(h2),05+7’—1; >r<(b)aq>2rq 1

(I)A+1:G+1 |: (CL+2’I“),CY-|—27" : (gl—l—T’),oo; (gg—l-’f’),OO;
(

BrUH+L | (b4 2r),00: (hy + 1), a0+ 2r; (ha + 1), a0 + 215 |q;x1,x2} :
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(203)
- (92), @ =7, ) {(@); Dor ()4 1 s
Z <h2> DO aigyy S

a+2r),y+r: +7r),a+r; +r),a+r;
PA+1:CH1 { (( ) 7 (91 ) (92 ) |q;x1,x2 ‘

BALEHAL N (b4 2r), a4 2r: (hy+71),y+71;(ho +7), 7+ 7;
These formulas hold when A+ G1 < B+ Hi+1, A+ Gy < B+ Hy+1,
and |z1|, |z2| are chosen in such a way that both sides converge [64, p.
49].

Proof. We will use the following abbreviation.

Q= (_1)m(1+H1—G1+B—A)+n(1+H2—G2+B—A) >

QE((B—A)(m;n) +(1+H1—G1)<”;) +(1+H2—G2)<Z)).

First we prove (201).

—01, =05,y — ;@) (7 @)ar
LHS = et el
Z<1 a7’y+74_1a7+9177+92;q>rq 12

+161 | (a),7 1 (g1), 05 (g2), @
P [ (bl (). 7 (). 'q’””l’“]
(204 P — i) ()
rn;O <a’7+r_17’7 Vi q)r
LG4 (@), : (91), @; (g2), o3 _ _
OB (0 h . 0] = RS

Equations (199) and (202) follow from (201) by letting v — +oo and
a — 400 respectively. Equation (203) is proved in a similar way.

= (=01, =02, 00 — 7, q)r A (a),7: (g1), ;5 (92), o
LHS ) ) ) Tq) +1:G+1 ) 1), & 2), L&y
Z (1, a, 1 — v — 01 — 09 q), BHEHFLL (b), a2 (ha), s (h2), 7

f: P — OV Qtn—r gy

(1,05 q),

<() >m+n<( 1); & @)m <(gz),a;Q>n1’Tl’3
((0); @5 @Qmin{(h1), 7 O <(h2) @l @ (1 Qs

= (—1)7qB a0 — 7, (g1), @, (92); @) ((0); @)
Z < v(hl)>7> (h2)7 >r<(b)7a;Q>2r O

r,m,n=0
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2i'zg{(a+2r), 7 + 1 Quan{(G1 + 1), @+ 1 @wml(G2 1) @+ T _ o
((b+2r), 0+ 2r;q)man((h +7),7 + 7 Qm((ha +7),7 + 75¢)n
Equation (200) follows from (203) by letting o — +00. O

Remark 11. As pointed out in [75], (199) gives on specialization of
parameters (162), (170), (178), (184), (186), (190), (195). (200) gives
(164),(180),(188),(192);(201) gives (172) and (197) ; (202) gives (167),
(182) and (194) ;(203) gives (175) and (198).

6. CONCLUSION

There is a typical trend in some of the new results. In the Watson-
and Jackson formulas for g¢7 series, we append an extra tilde in numer-
ator and denominator to get the g—analogue. This is also the case in
the LHS triple sum of (129). However, in the RHS double sum of (129)
we append two extra tildes in numerator and denominator to get the
g—analogue. In (90) and (99) the hypergeometric function argument
4z is replaced by x times two tildes in the numerator.

The following decomposition of the ¢—hypergeometric series into even
and odd parts is a g—analogue of [68, p. 200-201], and an example of a
g—analogue of a hypergeometric function with argument ix. .

Theorem 6.1. [22, (366), p. 71]

(205)
(@ (@ (a+D) (a+D)
ngﬁs((a); (b)|q72) = 4y Pasy3 ® (25)’ @ 2@ 2l . - |q, Z2q1+s—r
2)20 2 2 122
(- z szl(l - qu') y
—q Hj:l(l —q%)
(@+]) (@rD) (a+2) (@+2)
s (b+1) 2@’5 2(b+,2) 2(b+/\75) 2§ 3 1 \q,z2q3(1+5—7”)
2 0 2 0 2 02 0272

So we have 2 cases where the tilde operator is connected to ¢—
analogues of hypergeometric function arguments expressed as z x 2%,
The extended g—hypergeometric series (28) follows a similar pattern.

Hopefully the ¢—Kampé de Fériet functions defined here will enhance
the understanding of this interdisciplinary subject. Further develop-
ments along these lines will be given in future papers.
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