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ABSTRACT. We give elementary derivations of some classical summation for-
mulae for bilateral (basic) hypergeometric series. In particular, we apply Gauf}’
2 F} summation and elementary series manipulations to give a simple proof of
Dougall’s 3 H> summation. Similarly, we apply Rogers’ nonterminating ¢¢s
summation and elementary series manipulations to give a simple proof of Bai-
ley’s very-well-poised 16 summation. Our method of proof extends M. Jack-
son’s first elementary proof of Ramanujan’s 191 summation.

1. INTRODUCTION

The theories of unilateral (or one-sided) hypergeometric and basic (g-)hyper-
geometric series have quite a rich history dating back to at least Euler. Formu-
lae for bilateral (basic) hypergeometric series were not discovered until 1907 when
Dougall [10], using residue calculus, derived summations for the bilateral o H, and
very-well-poised 5H5 series. Ramanujan [I5] extended the g-binomial theorem by
finding a summation formula for the bilateral 111 series. Later, Bailey [6],[7] car-
ried out systematical investigations of summations and transformations for bilat-
eral basic hypergeometric series. Further significant contributions were made by
Slater [25],[26], a student of Bailey. See [11] and [26] for an excellent survey of the
above classical material.

Bailey’s [6l Eq. (4.7)] very-well-poised %6 summation (cf. [L1l Eq. (5.3.1)]) is a
very powerful identity, as it stands at the top of the classical hierarchy of summation
formulae for bilateral series. Some of the applications of the g summation to
partitions and number theory are given in Andrews [1]. Though several proofs
of Bailey’s g1)g summation are already known (see, e.g., Bailey [6], Slater and
Lakin [27], Andrews [1], Askey and Ismail [5], and Askey [4]), none of them is
entirely elementary. Here we provide a new simple proof of the very-well-poised
6%e summation formula, directly from three applications of Rogers’ [22, p. 29,
second eq.] nonterminating g¢s summation (cf. [T1, Eq. (2.7.1)]) and elementary
manipulations of series.

The method of proof we apply extends that already used by M. Jackson [19]
Sec. 4] in her first elementary proof (as pointed out to us by George Andrews [2]) of

Received by the editors July 7, 2000 and, in revised form, September 25, 2000 and October
18, 2000.

2000 Mathematics Subject Classification. Primary 33D15.

Key words and phrases. Bilateral basic hypergeometric series, g-series, Ramanujan’s 111 sum-
mation, Dougall’s 2 Ho summation, Bailey’s g9 summation.

©2001 American Mathematical Society
1113



1114 MICHAEL SCHLOSSER

Ramanujan’s 111 summation formula [I5] (cf. [T, Eq. (5.2.1)]). Jackson’s proof es-
sentially derives the 111 summation from the g-Gaufl summation, by manipulation
of series. In view of this background, it is surprising that this method has not been
further applied for half a century. A possible explanation is that the applicability
of her method was viewed as too limited. In fact, only after changing the order of
steps in Jackson’s proof, we were able to extend her proof to a method.

Indeed, the method can also be applied to derive other summations. After re-
calling some notation for (basic) hypergeometric series in Section B, we review
Jackson’s elementary proof of the 19 summation in Section[3. In Section l] we ap-
ply our extension of Jackson’s method to give an elementary proof of Dougall’s [10]
o Hy summation. Finally, in Section Bl we give an elementary derivation of Bailey’s
very-well-poised g1 summation.

We want to point out that by using a similar but slightly different method, the
author [24] has found elementary derivations of transformations for bilateral basic
hypergeometric series. In fact, in [24] we use Bailey’s [6] nonterminating very-well-
poised g¢7 summation theorem combined with bilateral series identities to derive a
very-well-poised gig transformation, a very-well-poised 19%19 transformation, and
by induction, Slater’s [25] general transformation for very-well-poised 2,19, series.
Similarly, some other bilateral series identities are also elementarily derived in [24].

In the near future, we plan to apply the methods of this article and of [24] to
the settings of multiple basic hypergeometric series. See Milne [21], Gustafson [I3],
van Diejen [9], and Schlosser [23], for several of these different settings. We are
quite confident that we may not only get simpler proofs for already known results
but should also obtain derivations of new formulae.

Finally, we wish to gratefully acknowledge the helpful comments and suggestions
of George Andrews, Mourad Ismail, and Stephen Milne.

2. BACKGROUND AND NOTATION

Here we recall some notation for hypergeometric series (cf. [26]) and basic hy-
pergeometric series (cf. [I1]).

We define the shifted factorial for all integers k by the following quotient of
Gamma functions (cf. [3] Sec. 1.1]):

_ Tla+k)
(a)k = 7]:‘(&) .

Further, the (ordinary) hypergeometric . Fs series is defined as

2.1) Folanaz, s an .:i(al)k...(ar)kz_k
: T bbby T 2 ) (b R

and the bilateral hypergeometric .Hg series as

ai,a a — (a1) (ar)
L2y e e k.- \Or)k K
(2.2) THS{bl,bg,...,bs’z} = Z - z2".

k=—o0 N
See [26] p. 45 and p. 181] for the criteria of when these series terminate, or, if not,
when they converge.
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Let ¢ be a complex number such that 0 < |g| < 1. We define the g-shifted
factorial for all integers k by

; 7] —aq’ an a; Q) = (8@
(a’aQ)oo = E}(l q ) d ( ,Q)k = (aqk;q)oo.

For brevity, we employ the usual notation

(a1, am; Ok = (a15Q)k - - - (@m; Q)

where k is an integer or infinity. Further, we utilize the notations

a1,0a2,...,0p 0 (a17a27"'7a’7”;q)k & (k) 1+s—r &
2.3 rQsg 1 q, = —1 2
(23 ’ [bl’bQ""’bS ! Z} kZ:O (q,b1,- -, bs; Q) <( )ha ) *

and

(24) s |:C;,)1,ng,...,l()lr;q’z] — Z (al,az,...,ar;Q)k ((_1)kq(§))s—r2k7
1,92y...,Us
k=—o00

(blaan' - 7bs;q)k

for basic hypergeometric .¢s series and bilateral basic hypergeometric 15 series,
respectively. See [T, p. 25 and p. 125] for the criteria of when these series terminate,
or, if not, when they converge.

We want to point out that many theorems for . Fs or .H, series can be obtained
by considering certain ¢ — 1 limiting cases of corresponding theorems for ,.¢5 or 1
series, respectively. For instance, we describe such a ¢ — 1 limiting case after stating
the g-binomial theorem in (BI)). A similar ¢ — 1 limiting case leads from the g-Gaufl
summation [B3) to the ordinary Gaufl summation (7). The situation is different
for the 19 series, though. We have a summation for the general 111, but not for
the 1H;. On the other hand, the general s Ho with unit argument is summable
but the general 215 is not. Many theorems for very-well-poised ,.1¢, series can be
specialized to theorems for very-well-poised , F,._1 series. For the notion of (very-)
well-poised, see [11l, Sec. 2.1]. For detailed treatises on hypergeometric and basic
hypergeometric series, we refer to Slater [26], and Gasper and Rahman [11].

In our computations in the following sections, we make heavy use of some el-
ementary identities involving (¢-)shifted factorials which are listed in Slater [26]
Appendix I], and Gasper and Rahman [11], Appendix I].

3. M. JACKSON’S PROOF OF RAMANUJAN’S 111 SUMMATION

The ¢-binomial theorem,
(3.1) 160 [f;q,Z] = (azziq)w

where the series either terminates, or |z| < 1, for convergence, was first discovered
by Cauchy [§] (cf. [IT], Sec. 1.3]). It reduces to the ordinary binomial theorem as
a—q*and g — 17,

A bilateral extension of the g-binomial theorem (B1I), the 19 summation, was
found by the legendary Indian mathematician Ramanujan [15] (cf. [T}, Eq. (5.2.1)]).
It reads as follows:

(3.2) o [Z;qu} _ (a,b/a,az,q/a2;9)

(b,g/a,z,b/az;q)e0
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where the series either terminates, or |b/a| < |z| < 1, for convergence. Clearly,
(B2) reduces to (3I) when b = q.

Unfortunately, Ramanujan did not provide a proof for his summation formula.
Hahn [I4, x = 0 in Eq. (4.7)] independently established (B:2)) by considering a first
order homogeneous g-difference equation. Hahn thus published the first proof of the
1%1 summation. Not much later, M. Jackson [19], Sec. 4] gave the first elementary
proof of ([3:2). Her proof derives the 11; summation from the ¢-Gaul summa-
tion, by manipulation of series. It turns out that Jackson’s method is effective for
proving also other bilateral summation formulae. Since Jackson’s short proof of
Ramanujan’s 171 summation seems to be not so well known, we review her proof
in the following.

Before we continue, we want to point out that there are also many other nice
proofs of the 111 summation in the literature. A simple and elegant proof of the 11,
summation formula was given by Ismail [I7] who showed that the ;1); summation
is an immediate consequence of the g-binomial theorem and analytic continuation.

M. Jackson’s elementary proof of [B:2)) makes use of a suitable specialization of
Heine’s [16] ¢-Gaufl summation (cf. [I1 Eq. (IL.8)]),

a,b ¢ c/a,c/b;q
(33) 0| lig £ | = il
ab (¢,e/ab; q)oo
where the series either terminates, or |c/ab| < 1, for convergence.
In (B.3), we perform the substitutions a — aq", b — ¢/b, and ¢ — ¢'*", and
obtain

a b q/a,bq"; q
(3.4) 201 [ analby, }—(1/”—%0
al (¢ b/a;q)s
provided |b/a| < 1.
Using some elementary identities for ¢-shifted factorials (see, e.g., Gasper and
Rahman [11], Appendix I]) we can rewrite equation ([B3.4)) as

(0,6/03 @)oo 5~ (@/5 Q)1 (@3 vk <§>k _ (859)n
(q/a,b;Q)o0 = (G Dk(@: Dntr \a (b @)n

In this identity, we multiply both sides by 2™ and sum over all integers n.
On the right side we obtain

(3.5)

a
1¢1 |:b7 q, Z:| .
On the left side we obtain

q,b/aqoo /bq GQ)nJrk Qk
(3.6) e 3 - Z ()

ne— 0o Q)n-i-k

Next, we interchange summations in (]3_,_51[) and shift the inner index n — n — k.
(Observe that the sum over n is terminated by the term (g; q),, | 41 from below.) We

obtain
q,b/aqooz /bq ( )ki(ach)nzn.

(q/a,b:9)s0 = (04 = (40)n

Now, two applications of the ¢-binomial theorem ([BI)) give us the right side of (32,
as desired.
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Now, we have to admit that M. Jackson did not give her proof in the above precise
order. In fact, her proof in [I9] Sec. 4] goes backwards. (This is also how the author
originally rediscovered Jackson’s proof.) She started with the ;1)1 summation (B2)
and equated coefficients of z" on both sides. The resulting identity is true by the
g-Gaufl summation.

A reason why M. Jackson’s method of proof has so far not been used to prove
other bilateral summations could be that the applicability of her derivation was
viewed as too limited. Equating coefficients of a power of a Laurent series variable
in a bilateral basic hypergeometric series identity is easy if, as in ([B3.2)), there is
an argument z which is independent of the other parameters. But this seems to
be more particular to the 111 summation, as in not all bilateral series is there
such an independent argument. The starting point for making M. Jackson’s proof
into a method is to read the proof backwards, as displayed above. The essence
here is that a unilateral series identity, B3], is specialized such that there is the
factor (g;q),, 1 4% In the series (see (3.5)), so that summing over all n again gives a
(summable) unilateral series.

In the next two sections, we use Jackson’s method to give proofs of two other im-
portant bilateral hypergeometric and basic hypergeometric summation theorems.
In particular, in Section [, we give a simple proof of Dougall’s o H, summation,
whereas in Section [B], we give a simple proof of Bailey’s very-well-poised g1 sum-
mation.

4. DOUGALL’S s Hy SUMMATION

In Section B] we multiplied both sides of the identity ([3:5]) by a suitable factor
depending on n and summed over all integers n. On one side, we interchanged sums
and found that the inner sum was summable by the g-binomial theorem. Now, what
if we start with a different factor following a similar procedure such that we can
evaluate the inner sum by, say, the ¢-Gaufl summation? If the analysis works out,
we may end up with an evaluation for a 2ty series. Let us see what happens:

In identity (33A), let us first replace b by ¢. Then we multiply both sides by

(b;@)n ((d\"
(d;q)n \ ab
and sum over all integers n.

On the right side we obtain

d
(41) 21/)2 |:Z 2, q, _b:|

On the left side we obtain

e E e () e 0

n=-—oo

Next, we interchange summations in ([@2)) and shift the inner index n +— n —k. We
obtain, again using some elementary identities for g-shifted factorials,

(4 ¢/a; )0 o (a/5 Q)i (b39) (@)’“iw < d)".

(/0,600 &= (G 0)i(dia)-r \d) = (a:dg7%;q)n \ab

ab
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Now the inner sum, provided |d/ab| < 1, can be evaluated by ([B3) and we obtain

(4:¢/a59)o0 q/cq be\* (dg*/a,d/b; q)s
(4/a, ¢ q)oo kZ:O q) ( ) (dg=",d/ab; q)os

d

which can be simplified to

(q,c/a,d/a,d/b; q)oo ad (q/c,aq/d; q)k k
(4.3) (¢/a,c,d,d/ab; ) 2 (¢,4/b; Ok (a> '

Hence, equating ([@l) and @3], we have derived the transformation
ab ~d (¢,c/a,d/a,d/b;q)s q/c,aq/d ¢

4.4 Vg, —| = ) .

( ) 2¢2 |:C, d q, ab] (q/a, c, d7 d/ab, q)oo Q(bl q/b v 4, a )

where the series terminate, or max(|d/ab|, |c|,|c/a|) < 1, for convergence. Unfortu-
nately, the 2¢1 on the right side of (£4) simplifies only in special cases. If d = agq,
then the 2¢; sum reduces just to the first term, 1, and we have the summation

q]  (g,q9,aq/b,c/a;q)o
(4.5) 2Y2 qu c b} ~ (aq,q/a,q/b,¢;q)

k=0

where the series terminates, or max(|g/bl, |c|) < 1, for convergence.
We want to add that the transformation in (4 is a special case of Bailey’s [7]
Eq. (2.3)] 212 transformation,

(az,d/a,c/b,dq/abz; q)so " a,abz/d_d
(z,d,q/b,cd/abz; q) o az,c 'V al’

(4.6) 211)2{ Fb? ]—

where the series terminate, or max(|z|,|cd/abz|,|d/al, |c/b]) < 1, for convergence.
Namely, if we perform in (fH) the simultaneous substitutions a — b, b — a, and
z +— d/ab, and reverse the order of summation in the truncated series on the right
side, we obtain ({Z4).

In Section Bl we found, following M. Jackson, a sum for a general 117 series. So
far in this section, we applied her method to obtain a transformation for a particular
212 into a (multiple of a) o¢; series. As a matter of fact, there is no closed form (as
a product of linear factors) for the summation of a general 21)2 series. The situation
is different in the ¢ — 1 case, though.

In the following, we review the classical o F; and o Hy summations and then prove
the latter by our elementary method.

In his doctoral dissertation [12], Gaufl showed that

a, b; 1} _ T'e)l(c—a—1)

(47) QFl{ c T(c—a)(c—b)’

where the series either terminates, or #(c — a — b) > 0, for convergence.
Dougall [10), Sec. 13] extended this result to

b ] T - a1 - BT (c+d—a—b1)
(4.8) oM, [ & ] ST Te—al(c—brd—ard—5

where the series either terminates, or (c+d —a — b — 1) > 0, for convergence.
Clearly, the d — 1 case of (L)) is (@7).
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We are ready to derive (8) from (7): In (1), we perform the simultaneous
substitutions a — a +n, b— 1 — ¢, and ¢ — 1 4+ n, and obtain
a+n,l—c | _ TA4+n)'(c—a)

I+n 7| T -a)l(c+n)

(4.9) o Fy [

provided R(c —a) > 0.
Using some elementary identities for shifted factorials (see, e.g., Slater [26] Ap-
pendix I]) we can rewrite equation [@9) as

(w10) D= a)T(0) § (= Oladass _ (@)

Me—a) 2 Wiure  (©n
Alternatively, we could have used (B3] with the substitutions a — ¢* and b — ¢¢,
and then let ¢ — 17, to arrive directly at (ZI0).

In (I0), we multiply both sides by (b),/(d), and sum over all integers n.
On the right side we obtain

On the left side we obtain

(4.11) le__a 53 53 1__0 Unt

C—Cl n+k

Next, we interchange summations in (£I1]) and shift the inner index n — n — k.
(Observe that the sum over n is terminated by the term (1)n+k from below.) We
obtain

o0

1—a 1—c b > an
c—a Z EZ: 1)

TL

Now, the inner sum, provided R(d — a — b) > 0, can be evaluated by (£7) and we
obtain

Fl—a
I'(c—a)

1—c kl‘(d—k;)l“(d—a—b)
T(d—a—kI(d-b)

Mg

k=0
which can be simplified to

I'(1—a)T(c)T(d)T(d —a —b) i (1—c)k(l+a—d)y
Ple—al(d—-a)l(d-b) = (Dl -b

To the last inner sum, provided R(c+d—a —b—1) > 0, we can again apply (1)
and eventually obtain the right side of (8], as desired.

We note here that to apply Gauf3’ o F; summation theorem three times, we needed
certain conditions of the parameters, for convergence. These were R(c — a) > 0,
R(d—a—-0) >0, and R(c+d—a—>b—1) > 0. But in the end the first two
of these conditions may be removed by analytic continuation. In particular, both
sides of identity (8) are analytic in a for R(a) < R(c+d — b — 1) (and excluding
some poles). In the course of our derivation, we have shown the identity for R(a) <
min(R(c), R(d—b), R(c+d—b—1)) (excluding some poles). By analytic continuation,
we extend the identity, when defined, to be valid for R(a) < R(c+d — b — 1), the
region of convergence of the series.
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5. BAILEY’S VERY-WELL-POISED ¢%g SUMMATION

One of the most powerful identities for bilateral basic hypergeometric series is
Bailey’s very-well-poised g9g summation:

6w6 Q\/a,_Q\/a, bv ¢, d7e q a q
\/av _\/av QQ/ba aq/cv aq/dv a’q/67 ’ dee
_ (aq,aq/bc,aq/bd, aq/be,aq/cd,aq/ce,aq/de, q,q/a; q)oo
(aq/b,aq/c,aq/d,aq/e,q/b,q/c,q/d,q/e, aq/bede; q)o
provided the series either terminates, or |a?q/bede| < 1, for convergence.

To prove Bailey’s g1 summation, we start with a suitable specialization of

Rogers’ g¢5 summation:
(5.2) oos| & qv/a,—qv/a,b,c,d . (ag, aq/bc, aq/bd, ag/cd; q)

) 6?5 /a, _\/a aq/b, aq/c aq/d’ " bed (GQ/ba aq/c,aq/d,aq/bed; q)oo
provided the series either terminates, or |ag/bcd| < 1, for convergence. Note that
(B2) is just the special case e — a of (B.]).

In (52), we perform the simultaneous substitutions a — ¢/a, b — b/a, ¢ — cq™
and d — ¢q~"™/a, and obtain

c/a, q\/c/a,—qy/c/a,bla,cq”,cq™" [a  aq

(53) 6 5|: \/% _\/% Cq/b q1 n/& q1+n 345 bC:|
_ (ca/a,q"7"/b,aq™*" /b, q/c; )
(cq/b,q*~"/a,q" ™, aq/bc; ¢) oo

(5.1)

where |ag/bc| < 1.

Using some elementary identities for g-shifted factorials (see, e.g., Gasper and
Rahman [I1], Appendix I}) we can rewrite equation (5.3) as
(5.4)

(cq/b,q/a,q,aq/bc; q)oo
(cq/a,q/b,aq/b,q/c; q) s

oo

—cq®*/a) (c/a,b/a;Q)k(c; Onsr(a; QDnr (a)’f

(1—c/a) (q,¢q/b;Q)k(q; Q)n+r(aq/c; Q)n—k
(b a\”"
N (aq/b,aq/c;q)n( ) )

OM

In this identity, we multiply both sides by
(1—ag®)  (d,e;q)n (ﬂ)”
(1 - a‘) (GJQ/dv GJQ/G; Q)n cde
and sum over all integers n.
On the right side we obtain

" qv/a,—qv/a,b,c,d,e a’q
0%\ \/a, —va, aq/b,aq/c,aq/d, ag/e " bede
On the left side we obtain

(cg/bq/a,q:aq/bc;@)oe o~ (1 —ag™)  (de;q)n ¢ ag\"
5 lealaalbasoafons 2 (T=a ald ajenn \ade)

XZ (1—cq®*/a) (c/a,b/a;qQ)r(c; Onir(a; @)n—r (a)’“.

(1—c/a) (q,¢q/b;Q)k(q; Q)n+r(aq/c; Q)n—k
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Next, we interchange summations in (0] and shift the inner index n — n — k.

(Observe that the sum over n is terminated by the term (g; q);Hl_ i from below.) We

obtain, again using some elementary identities for g-shifted factorials,

(cq/b,q/a, q,aq/bc;q)oo ~= (1 —cq?*/a) (c/a,b/a;q)k
(cq/a,q/b,aq/b,q/c;q)oc &= (L —c/a) (g,cq/b;q)x

(1—ag™™)  (a:q)-ok(d,e;0) & (i)k
(1—a) (aq/c;q)-2r(ag/d,aq/e;q)—k \ bq

72k+2n) 2k k

Xi (1-aq (ag*,c,dg~", eq "; q)n (ﬂ)”
= (1—aq?") (g,a¢'~!/c,aq'*/d, aq'~*/e;q)n \cde/

Now the inner sum, provided |ag/cde| < 1, can be evaluated by (5.2)) and we obtain
(ca/b,q/a,q,aq/bc; @) <~ (L~ cg**/a) (c/a,b/a; q)k(ag; q)—2x
(cq/a,q/b,aq/b,q/c; Qoo = (1 —=c/a) (q:cq/b;q)x(aq/c;q) -2k

(d,e;q)—k cde\" (ag'~%* aq'~*/cd, aq' " Jce, aq/de; q)
(ag/d,aq/e;q)— \ bqg ) (aq'=2k/c,aq'~F/d,aq’=*/e,aq/cde; q) o0’
which can be simplified to

(cq/b,q/a,q,aq/bc,aq,aq/cd, aq/ce, aq/de; q)oo
(cq/a,q/b,aq/b,q/c,aq/c,aq/d, aq/e, aq/cde; q)oo

(1 —cqg*/a) (¢/a,b/a,cd/a,cela;q) [ a’q k
szzo (1—=c/a)  (q,cq/b,q/d,q/e;q)k (bcde) '

To the last sum, provided |a?q/bcde| < 1, we can again apply (5:2) and after some
simplifications we finally obtain the right side of (&.1l), as desired.

Our derivation of the 1 summation (5.]) is simple once the nonterminating
605 summation (5.2) is given. But the latter summation follows by an elemen-
tary computation from F. H. Jackson’s [1§] terminating g¢7 summation (cf. [L1}
Eq. (2.6.2)])

(5.6) 87 . Q\/a7 —Q\/a be.d, a2q1+”/bcd, . q,q
\/_a _\/av (ZQ/ba GQ/Ca aq/da deqin/av aqlJrn? ’
_ (ag, aq/bc,aq/bd, ag/cd; q)n
(aq/b,aq/c,aq/d,aq/bcd; q)n
as n — oo. Jackson’s terminating g¢7; summation itself can be proved by vari-
ous ways. An algorithmic approach uses the ¢-Zeilberger algorithm, see Koorn-
winder [20]. For an inductive proof, see Slater [26] Sec. 3.3.1]. For another elemen-
tary classical proof, see Gasper and Rahman [11] Sec. 2.6].

Concluding this section, we would like to add another thought, kindly initiated by
an anonymous referee. It is worth comparing our proof with Askey and Ismail’s [5]
elegant (and now classical) proof of Bailey’s ¢t summation. Their proof uses a
method in this context often referred to as Ismail’s argument since Ismail [I7] was
apparently the first to apply Liouville’s standard analytic continuation argument in
the context of bilateral basic hypergeometric series. Askey and Ismail use Rogers’
605 summation once to evaluate the gy series at an infinite sequence and then
apply analytic continuation. Here, we evaluate the 414 series on a domain, and, for
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the full theorem, we also need analytic continuation. In fact, we need, in addition
to |a?q/bede| < 1, two other inequalities on a,b,c,d, e, namely |ag/bc| < 1 and
lag/cde| < 1, in order to apply the g@s summation theorem. In the end, these
additional conditions can be removed. In particular, both sides of identity (BI)
are analytic in 1/¢ around the origin. So far, we have shown the identity for
|1/¢] < min(|b/aq|,|de/aq|, |bde/a?q|). By analytic continuation, we extend the
identity to be valid for |1/c| < |bde/a%q|, the radius of convergence of the series.
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