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Abstract. We provide elliptic extensions of elementary identities such as the
sum of the first n odd or even numbers, the geometric sum and the sum of
the first n cubes. Many such identities, and their g-analogues, are indefinite
sums, and can be obtained from telescoping. So we used telescoping in our
study to find elliptic extensions of these identities. In the course of our study,
we obtained an identity with many parameters, which appears to be new even
in the g-case. In addition, we recover some g-identities due to Warnaar.

1. Introduction

The geometric sum is a staple of high school algebra. It can be written as

Y=t i, (1)

k=0 l=q

where [n], denotes the g-number of n. This notation is justified because the limit
as ¢ — 11is

n—1

1=n.

=

=0
More generally, we can define [z], := (1 —¢*)/(1 — g) for any complex z, where ¢ is
a complex number with ¢ # 0, and observe that lim,_,1[z]; = z. Thus, we call [z],
the g-analogue of z.

The objective of this paper is to extend several classical and elementary iden-
tities to the so-called elliptic numbers—which are even more general than the g¢-
numbers—defined in [25]. Rather surprisingly, these lead to new identities even in
the ¢-case.

To be able to define an elliptic number, we need some notation. The modified
Jacobi theta function of the complex number a with (fixed) nome p is defined

as
e}

o) =[] (1~ ap’) (1~ '+ /o),
j=0
where a # 0 and |p| < 1. When the nome p = 0, the modified theta function 6(a; p)
reduces to (1 — a). We use the shorthand notation

(a1, az,...,am;p) == 0(a1;p)B(az;p)---0(ar;p).
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An elliptic analogue of a complex number z is defined by [25] as

0(¢%, aq*,bg?, a/b;p)
q,aq,bg*t1 a1 /b;p)’

[2]a,bi.p = o( (1.2a)

This has additional (complex) parameters a and b, in addition to the base ¢ and
nome p. Note that [0]g,p:q,p = 0 and [1]4,p:9.» = 1. Let the elliptic weight be defined
by

e(aq2k+17 an bq2a aq_l/b7 a/bap) k
0(aq. bg" 1, bg" 2, ag"=1 [b,ag" /bip) T

Wabigp(k) = (1.2b)
for any k. By the Weierstraf} addition formula for theta functions (see (1.6b), below)
we have

[ + Ylabigp = [Tlabigp + Wa,b;q,p(w)[y]aq“,bq”;q,p' (1.2¢)

Note that if we set p = 0 and subsequently take ¢ = 0 and then b = 0, the elliptic
weight in (1.2b) reduces to ¢*. In this case (1.2¢) reduces to the recurrence relation

[z +ylg = [zlg + ¢"[ylq-

This, along with the initial conditions [0]; = 0 and [1]; = 1, is used to define the
g-number for integers. Thus, the elliptic number in (1.2a) is indeed an extension of
the g-number [z], for any complex z.

The analogue of the geometric sum (1.1)—obtained by iterating (1.2c)—is as
follows. (Here n is assumed to be a non-negative integer.)

L+ Wapgp(1) + Wabgp(2) + -+ Wapgp(n — 1) = [n]apgp- (1.3)

The present work is in the context of elliptic hypergeometric series. Among
the first results in this area were by Frenkel and Turaev [10]. Subsequently, War-
naar [33] obtained many results, and proposed several conjectures. Further sum-
mation and transformation formulas appear in [7, 8, 13, 15, 17, 26, 32, 34, 36].
In addition, there are results for multiple series over root systems; see [18]. Gasper
and Rahman treat elliptic hypergeometric series identities in Chapter 11 of the
second edition of [12].

By contrast, the results in this paper are elliptic extensions of more elementary
identities. We study identities which appear often in enumeration, such as the
geometric sum, the sum of the first n natural numbers, and the sum of the first odd
numbers, or squares, or cubes. Many results of this nature (even in the ¢ = 1 case)
are examples of indefinite sums, and can be proved by a telescoping method going
back to Euler (see Bhatnagar [4]). This motivates the study of elliptic extensions
of these identities using this technique. In doing so, we naturally came across the
following identity, which is somewhat esoteric, but appears to be new even in the
g-case.

At this point, we would like to emphasize that the parameters in our identi-
ties should be chosen to avoid not-removable singularities and poles, so that the
identities make sense.
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Theorem 1.1. For any non-negative integer n and complex numbers ¢, d, g and
h, we have the following identity:

" < [Q(Qk + C)(hk + d)] a,biq,p [QQhk +ch + dg] ag2(9k—g+e)(hk+d) palak—gte)(hk+d) g p

Z [QCd] ch + dg]

k=0

a,b;q,p [ aq?(c=9)d bqle=9d;q,p

[(97 + g +c)(hj +d)] aq2(ei—g+o)(hi+d) pglai—g+e)(hitd).q

::M

=0 93 +g9+o)(hj+ d)]aqz(gj+g+c><h,j+2hr+d>’bq<gj+g+c)<hj+2h+d>;q,p
k—1 .
X Wag2(ai+e)nstnta) pglasternitnrar.q p(29h5 + 2gh + ch + dg) )

= [( +o)(hn +h+ d)]a,b;q,p [(g t C)d] ag?(c=9)d bglc—9)diq,p

[QCd] [ch + dg]
[(97 + 9+ )hj + D], otai-grer0540 pgtos—otortstar g p
1 [(93 +e)(hj—h+ d)]aq2<gj+c><hj+h+d),bq<gj+c><hj+h+d>;q,p

a,b;q,p ag2(c—9)d pgle—a)d:q p

=

<.
Il

Wag2(ei—gternitd) pgloi—stornitd).q p (2ghj +ch + dg)

=

1

c— g)d} a.biq.p [C(d - h)] ag2e(htd) pge(h+d)
[QCd] [ch + dg]

<.
Il

B

—

4P
W, 2te—ad pote—aa.q p (ch + dg).

a,b;q,p ag?(c=9)d bglc=9d;q,p

(1.4)

The “hypergeometric version” of (1.4) is given by

"L (gk + ¢)(hk + d)(2ghk + ch + d
Z(g )( )(2g 9)

pors cd(ch + dg)
_ (gntc)(hn+h+d)(gn+g+c)(hn+d) (d—h)(c—g)
2cd(ch + dg) 2(ch +dg)

Note that this extends the well-known formula for the sum of the first n cubes.
Multiply both sides by cd(ch 4+ dg)/2 and then take ¢ =d =0, and h = g =1 to

obtain
Zk3 ( mn + )).

This is indeed an elementary 1dent1ty, but its extension given in (1.4) involves some
rather unusual factors. For example, the product

k—1

H (g7 +9g+c)(hj+ d)]aqz(gj—g+c><hj+d>,bq<gj—g+c><hj+d>;q,p

§=0

appearing with index & in the sum. The associated g-product (obtained by first
letting p — 0, followed by a — 0 and b — 0)

1:[ gj+g+c(hj+d)]
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is rather unusual as it is not a g-hypergeometric term. In particular, the ratio t(k -+
1)/t(k) of this product, that is, [(gh+g+c)(hk+d)], = (1—qktatetbhtd)) /(1 _¢q),
is not a rational function in ¢¥; it is a rational function in qkz and ¢*, and contains
quadratic powers of q.

Nevertheless, (1.4) contains various extensions of well-known elementary identi-
ties. The following identities appear as special cases.

n i 12K]q n+1

;q k[[Q]L { '; L; (1.5a)
n 2 2 2k2 q 2k q n(n+1 q ?
an K2k []2}% ] _ <[ ([21 )] ) ) (1.5b)

k=1
Here we have used the notation

-

The first of these is a g-analogue of the sum of the first n natural numbers; the
second is a g-analogue of the sum of the first n cubes, which is equivalent to a
formula of Cigler [9, Theorem 1, q — ¢2].

We now provide some background information and list some notation used in
this paper.

Background information.
(1) Two important properties of the modified theta function are [12, (11.2.42)]
0(a;p) = 0(p/a;p) = —ab(1/a;p), (1.6a)
and [37, p. 451, Example 5]

O(zy, x/y, uv,u/v;p) — O(av, z/v,uy, uw/y;p) = gﬂ(yv,y/ku,x/u;p). (1.6b)

This last formula is called the Weierstral addition formula. It is used exten-
sively in this paper.

(2) The following general theorem serves as a justification of referring to [2]a,b:.p
defined in (1.2a), as an “elliptic number”.

Proposition 1.2 ([16, Theorem 1.3.3]). Let g(x) be an elliptic function, that
18, a doubly periodic meromorphic function of the complex variable x. Then
g(x) 1is of the form:

0(a1q”, a2q”, . .., arq"; p)
g(x) = - ¢

9(b1q$7 qux7 ey brqup)

where ¢ is a constant, and

)

aijag - ap = ble...br.

This last condition is the elliptic balancing condition. If we write ¢ = €27,
p = *™7 with complex o, 7, then g(z) is indeed doubly periodic in x with
periods ¢~ ! and 7o~ L.

(3) Using Proposition 1.2, it is easy to see that the elliptic number [2]g,pq,p 1S

elliptic in z, and also elliptic in log, a and log, b.
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(4) Similarly, the elliptic weight function W, 4.4 ,(k) is elliptic in log, a, log, b
and k (regarded as a complex variable).
(5) The following useful properties readily follow from the definitions.
(1) For any k and [, Wa7b;q7p(k + l) = Wavb;qw(k')waq%’bqk;q,p(l).
(i) Wa,biqp(0) =1, and for any k, Wy pig.p(—k) = W2k pg—r.q (k)7L
(iii) For any z,
[=2]abigp = —Wabiap(—2)[2]ag-22 g9,
= ~Wag-22 pg-2:4.p(2) " [&lag—22 bg—210,p-
(iv) For any z and y, [2Ylabiqp = [#]abig.p[V]abgr—=107 p-
(v) For any r, x and y,
[]a,biq,p (Y] agzr+22—20 bgr+eo—v,q.p — [T + T]abigply — T]ager+2e—2u pgree—vigp
= [r+ = — Ylabigp[rlag2 bg= 10,0 Wagzr+2e-20 pgrva—v,0 p(y — 7). (1.7)
The property (1.7) is a consequence of the Weierstrafl addition formula in
(1.6Db).
(6) Elliptic weights (perhaps different from the ones considered here) have ap-
peared in combinatorial contexts, in the work of Schlosser, Yoo and oth-
ers [1, 2, 3, 5, 6, 14, 20, 21, 22, 24, 25, 27, 28, 29, 30, 31].

(7) In §3, we require the notation of ¢-rising factorials and their elliptic analogues.
We define the g-shifted factorials, for k =0,1,2,..., as

k—1 ‘
(a:q), = || (1 —aq’),
J

Il
=)

and for |¢| < 1,

(1 faqj).

—

Il
o

(a5q) o =

The parameter g is called the base. With this definition, we can write the
modified Jacobi theta function as

0(a;p) = (a;P) oo (P/ 05 P) o
where a # 0 and |p| < 1. We define the g, p-shifted factorials (or theta shifted
factorials), for k an integer, as

k—1

(a:q,p);, = [ ] 0(ad’sp) .

§=0
When the nome p =0, (a;q,p), reduces to (a;q),.
We use the shorthand notations
(alv A2, ..., Qr; q7p)k = (al; qvp)k(aQ; q7p)k e (a’r‘; qvp)k7
(a1, a2, ... ar5q);, = (a1;9),(a2; @)y, - - - (ar; @)y

(8) Most of the proofs of the theorems in this paper use the following technique,
explained in detail in [4, Theorem 3.3].
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Lemma 1.3 (Euler’s telescoping lemma). Let uy, vx and t be three se-
quences, such that

tk = U — V.
Then we have:

n
tp uoUy -~ Ug—1 _ U [UUp---Un Vg (1.8)
0 to V1V - -+ Vg t() V1V -+ - Up (%) '

provided none of the denominators in (1.8) are zero.

Some important specializations of the elliptic numbers and weights. It is
helpful to explicitly write out some important special cases of the elliptic numbers
and the elliptic weights. These cases correspond to p = 0 (the “a, b; g-case”); p =0
and b — 0 (the “a;g-case”); and, p =0 and a — 0 (the “(b; q)-case”).

The three special cases of the elliptic numbers are

(1—¢*)(1 —ag®)(1 —bg?)(1 — a/b)

o = T~ ag) (1~ b 1) (1 — ag=1/5)’ (192)
_(1=-¢)1—ag®) ,_,.
[2]asq = A—ol—ag ¢ (1.9b)
_ (1 =¢)(1-bg%)
[Z}(bﬁ) - (1 _ q)(l o qu+1)7 (190)

and called a, b; g-numbers, a; g-numbers, and (b; ¢)-numbers, respectively. We place
parentheses in “(b; ¢)-numbers” but none in “a;g-numbers”, to avoid confusion
between the two special cases. This follows the notation used in [23].

The corresponding special cases for the elliptic weight W, 4.4.,(k) are as follows:

(1 —ag®™*)(1 —bg)(1 — bg*)(1 —aq*/b)(1 —a/b)

Weralk) = 4 T 011 — b2 (1 —agh 1 /o)1 —aghjp) ¢+ (1109

Wag(k) = % —k. (1.10D)
a;q - (1 . aq) q ’ .

Wi (k) = A-bll —ba) (1.10c)

(1 — bgF1)(1 — bqk+2)q
Remark 1.4. The are many feasible elliptic extensions of z. There are already
several g-extensions of z. For example, other than (1.1), which appears frequently
in combinatorial contexts, the following symmetric extension is used in the context

of quantum groups:
z

¢ —q
<Z>lI T q_q_1 :
Both of these are contained in [2]4p;q,p- In (1.9b), letting a — oo gives [z],, while
taking a = —1 gives (z),.

This paper is organized as follows. In Section 2, we use Euler’s telescoping
lemma to find elliptic extensions of three elementary identities and discuss some
interesting special cases. In Section 3, we consider elliptic extensions of several
elementary identities that are obtained in an analogous way to the g-identities
previously obtained by one of us in [19]. Finally, in Section 4, we give the proof
of Theorem 1.1 (achieved by combining Lemma 1.3 with the difference equation
(1.7)), and explicitly state a few noteworthy special cases.



AN ESOTERIC IDENTITY WITH MANY PARAMETERS 21

2. Elementary Examples

The purpose of this section is to extend three elementary identities to corre-
sponding identities containing elliptic numbers. For each of these elliptic identities,
we give some special cases for illustration. The three identities are:

i(m”l) =n’ (2.1a)
k=0
k:1k(k+1)...(k+m—1):m+l(n(n+1)...(n+m)); (2.1b)
- 1 1 /1 1
kzzlk(k+1)...(k+m) :m<m!_ (n+1)(n+2)-~-(n+m)>’ (2.1¢)

where m =1,2,3,....
First, we give an elliptic extension of the sum of the first n odd integers.

Theorem 2.1. For n a non-negative integer, we have

Z Wabiq.p(k) ([k + Uabiq.p[2lag2e bgks0.0 — 1)
k=0

= Wabiap(D[n + abigpn + ag2,bg:0,0- (22)
Proof. We apply Lemma 1.3 and take

uk = [k + abiqplk + ag? bgsa.ps
vk = k-1 = [KlabigpKlag? bgig.p = [k + Uabiaplk = ag2 pgiap T Wag? bgigp(k — 1)-
The last equality follows from the (x,y,r) — (k, k,1) case of equation (1.7). Thus
by = up — v = Waq?ybq;q,p(k -1) ([k + ”cz,b;q,pmaq?’%bq";q,p - 1)
and to = ug —vg = 1.
We thus obtain (1.8) with these choices of ug, v and t;. Multiplication of both
sides of the identity by W, p.4.(1) gives the result. O

Remark 2.2. The elliptic analogue of n, namely, [n]q 4, contains extensions of
n? and of (";1), besides other extensions. Take z = n in (1.9b), the a; g-number
of n. For a — oo this reduces to [n],, for a = 1 to ([n]y)%¢* ™, and for a = ¢
to ¢!~ "[n]y[n + 1]4/[2]4- That is, the telescoping sum over odd elliptic numbers
also extends a sum over odd squares, and to a sum over binomial coefficients. The
examples in this section illustrate some of the possibilities to obtain interesting

identities by specialization.

Special cases of (2.2).
(1) Three immediate specializations of (2.2) are as follows.
(i) For the a, b; g-analogue, take p = 0.

Z Wa,b;q(k)([k + 1]a,b;q[2]aq2’“,bqk;q - 1) = Wa,b;q(l)[n + 1]a,b;q[n + 1]aq2,bq;q' (23)
k=0

This identity has two parameters, a and b, in addition to the base q.
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(ii) For the a;g-analogue, take b — 0 or b — oo in (2.3). This gives

Z Waig(B)([k + aq[2]ager,g = 1) = Wayg(D[n 4 ag[n + Lagzyq- (2.4)
k=0

(iii) For the (b; ¢)-analogue, take a — 0 or @ — oo in (2.3). This gives

Z Witsg) (B)([k + 1 559) [2](bq’“;q) —1) = Wi W)+ g [0+ Upgg)- (2.5
k=0

n

(2) We further specialize a and b to obtain two new g-analogues of (2.1a).
(i) Take @ — oo in (2.4), or b — 0 in (2.5), to get

YA Rl + 1y — 1) = [0+ 105
k=0

(ii) When a — 0 in (2.4), or b — oo in (2.5), to obtain

n

> (2glk + 1] — ¢ = [n + 12,
k=0

(3) Take a — 1 in (2.4), respectively, b — 1 in (2.5), to obtain the following pair
of identities:

i g2k ([2]q[k + 1212k + 2] — ¢" T 2k + 1]q) = [n+1]3[n + 3g;

- " L V1 O W O I
kzzo[kJrl]q[kJFQ]q( [k + 3], 1) B n+2]4[n+ 3]y

(4) Next, take a — ¢ in (2.4), respectively, b — ¢ in (2.5), to obtain the following
pair of identities:

n

> g ([k + 1] [k + 2Jg[2k + 8], — "2k + 2“) -
k=0

[n+ 1[0+ 2]4[n + 4],
2], ’

g (B bzl ) _ o+ 113
k=0 [k + 2]q[k + 3]q [k + 4] [n+3]g[n + 4],
Next, we give an elliptic extension of (2.1b).

Theorem 2.3. For n, m non-negative integers, we have

ZWa,b;qm(k)[m + 1]aq2k,bqk;q,p([k + ua,b;q,P[k + 2]11717%(1710 T [k + m]mb;q,p)
k=0

= [n+ 1abigpn + 2abigp - - [0+ M+ apigp (2.6)
Proof. We apply Lemma 1.3 and take
up = [k + absgplk + 2abigp - - - [k +m+ 1abig,ps

v = Uk—1 = [Klabigpk + Uabigp - - - [k + Mlabigp
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so that,

by = me;qm(k)[m + l]aqz’“,bq’“;q,p([k + 1]a,b;q7p[k + 2]a,b;q,p okt m]a,b;qm)-

Here, (1.6b) is used for computing t; according to tp = wup — vg. With these
substitutions, we have (1.8) which immediately gives us (2.6). O

We take m = 1 and shift the index k — k — 1 and replace n by n — 1 in (2.6), to
get the elliptic analogue of the sum of first n even integers.

> Wangn(k = D)[2agz-2 -1 pKlabigp = Mabigpn + Uabgp (2.7
k=1

This can be regarded to be an elliptic extension of the formula for the sum of the
first n natural numbers:

n(n+1)
—
We list further special cases of the elliptic analogue of this elementary identity
below.

1+24+3+ - +n= (2.8)

Special cases of (2.7).
(1) For the a,b; g-analogue, take p = 0.

i Wapiq(k — 1)[2]ag2e-2 pgr—1,q[kla,big = [M]abig[n + Uabig- (2.9)
k—
(2) For the clt; g-analogue, take b — 0 or b — oo in (2.9). This gives
5 W= D2l Flg = gl + T .10
k=1
(3) For the (b; g)-analogue, take a — 0 or @ — oo in (2.9). This gives
Zn: Winig) (b = D2 (vgr-1,0) [l ti0) = [P (vi) [2 + U o) (2.11)
k=1

(4) Two g-analogues of (2.8)
(i) Take the limit a — oo in (2.10), or b — 0 in (2.11):

qul{k]q = {n; 1L~

(ii) A g-analogue due to Warnaar [35, Eq. 2]: take the limit ¢ — 0in (2.10),
or b — oo in (2.11).

- n— n+1
S, = "
k=1 a
(5) Some assorted g-analogues.

(i) A g-analogue of the formula for the sum of cubes due to Warnaar [35,
Eq. 2]: take a — 1 in (2.10).

- o2n—2 [/C]ﬁ[?k]q n 1 ?
’;q ! o :{ ‘; L. (2.12)
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(ii) Take b — 1 in (2.11).

g 1 2] - [n]q
;qk k+1,k+2, [n+2,

(iii) Take a — ¢ in (2.10).

Zq2" 25 [k qll + 1)g[2k + 1]g = i ["+[;]]‘21["+2]
(iv) Take b — ¢ in (2.11).
- mﬂk]q _ [n]q[n + 1],
2T Jok+ 2k +3, [n+2gn+3l,

k=1

Remark 2.4. There is another g-analogue of the sum of the first n cubes given by
Garrett and Hummel [11, Eq. 2]. This can also be obtained by telescoping (take

k= (1—¢"2) and vy = —(1 — ¢*) in Lemma 1.3). Their elliptic extensions are
immediate and are not included here. Further such g-analogues are obtained by
Cigler [9], again, by telescoping.

Now, instead of taking m = 1 in (2.6), we take m = 2, shift the index k +— k — 1
in (2.6) and replace n by n — 1. We then obtain

ZWabqp - 1)[ ] 2k=2 bgk—1;q,p [k}a,b;q,p[k"‘ 1]a,b;q,p

= []abigp[? + Yabigpln + 2abigp- (2.13)

Some special cases of (2.13). We note some special cases of the a; g-special case
of (2.13) (which is obtained by first letting p — 0, followed by letting b — 0 in
(2.13)), i.e.,

ZWaq — 1)[8]agee—2q klaiglk + Nasq = [Magln + Uaigln + 2oy (2.14)

(1) Take @ — 0 in (2.14) to obtain

K] [k 4+ 1], =

NE

>~

I

=
=
2

(2) Take a — 1 in (2.14) to obtain

1q3n_3k([k]q[k+1]q)2[2k+ Hq = [3]q

(3) Next, take a — ¢ in (2.14) to obtain

M=

b
Il

[nq[n + 1)7[n + 2]7[n + 3], '

qun k] [k + 12[k + 2]q[2k + 2], = 3]



AN ESOTERIC IDENTITY WITH MANY PARAMETERS 25

(4) The following pair of identities is obtained by first replacing g by ¢? and then

letting @ — ¢, respectively, a — ¢~ 1:

iq‘“)”*%pk]q[% + 1]4[2k + 2]4[2k + 3],[4k + 3],
k=1
[2n]q[2n + 1]4[2n + 2]4[2n + 3]4[2n + 4],4[2n + 5], '

[6]4

n

> qP TR [2k — 1)[2K]g (2K + 1)[2k + 2]4[4K + 1],

k=1

[2n — l]qpn]qpn + 1]q[2n + 2],1[271 + 3]q[2n + 5]q
(6] '

Finally, before closing this section, we note the elliptic extension of (2.1c).

Theorem 2.5. For n,m non-negative integers, we have,

- Wa bia,p(K) [M]ag2e bgriq.p

Klabigplk + Uabigp - [k +mMlapap

]

1 1
_ _ . (215
<[m}a7b;q,p! [+ abigpn + 2apsgp--- [+ m]a,b;q,p> ( )
where (Mg piqp! = [M]apigplm — Uapigp - [Lapiqp i an elliptic analogue of the

factorial of m.

Proof. We apply Lemma 1.3 and take
1

[k + 2]a,bsq,p [k + 3labsgp - - - (B +m + abigp
1

[k + abigplk + 2apgp - [k +mlapgp
so that, by virtue of (1.6b),

—Wabigp(k + 1)[m]agar+2 pgr+isq p
[k + Yabigplk + 2abigp--- [k +m+ apgp

U =

)

Vg = Ug—1 =

tr =

and

to = _WaJD;q,p(l)[m]an,bq;q,p.
[m + 1a,biq,p!

With these substitutions, we have (1.8), and after replacing n by n — 1 and
shifting the index of the sum (such that k runs from 1 to n, instead of from 0 to
n — 1) we readily obtain (2.15). O

3. Special Cases of Elliptic and Multibasic Hypergeometric Series
Identities

In [19], the indefinite summation formula

= D (3.1)

~(1—ag®) (a,b59), .,y _ (ag,bg;0),
kZ:O (1—a) (q,aQ/b;Q)kb (¢:aq/b;q),,
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is used to obtain g-analogues of several elementary sums. This includes Warnaar’s
[35] g-analogue of the sum of the first n cubes. In this section, we use the same
idea, but use the following elliptic analogue of (3.1):

i O(aqzk;pg) (avbu Cpaq,p2)k (bcp/a;qil’p2)kbn—k
= 0(a;p?) (g,aq/b,bepg; q,p%),, (cp/ag; g~ p?),
 (aq,bq,cpg; q,p%), (bep/ag;q,p?) (3.2)
(¢,aq/b,bepg; q,p%),, (ep/ag;q=t,p?),, '

We first give some remarks before the proof. Clearly, (3.2) reduces to (3.1) when
p=0. We cannot take ¢ = 0 in (3.2) while keeping the nome p?, as ¢ = 0 appears
as an essential singularity on each side of (3.2). The extra parameter ¢ ensures that
the elliptic balancing condition holds for the terms appearing in (3.1). The way the
g-series identity (3.1) is extended to the elliptic identity in (3.2) is analogous to the
way the of the g-Saalschiitz summation is extended to the elliptic case as described
in [12, Sec. 11.4, p. 323]. Notice that the indefinite summation (3.2) can also be
obtained by telescoping (just as (3.1)).

Proof of (3.2). A direct way to obtain (3.2) is to deduce it from the Frenkel and
Turaev 10Vy summation [12, (11.4.1)], which is an elliptic analogue of Jackson’s
very-well-poised g¢7 summation. Specifically, taking e — a¢g"*! in [12, (11.4.1)] we
obtain

i 0(ag®*;p)  (a,b,c,a/beiq,p), 4 (ag,bg,cq,aq/beiq,p),
= 0(aip) (g,aq/baq/c beg; q,p), (¢, aq/b,aq/c, beg; ¢, p),,
Now replace p by p? and subsequently replace ¢ by c¢p and use

(a/bep;q,p?), 1 (bep/a;q™',p?),
(aq/cp;q,p?),, Vg (ep/ag;q=t,p?),

This immediately gives (3.2). O

It is easy to use (3.2) to obtain elliptic extensions of results from [19]. However,
these results necessarily have the additional parameter ¢, which cannot be special-
ized to 0 or oo before letting p = 0. As an example, we give another extension of
Warnaar’s result in [35, (2)], which is a g-analogue of the sum of cubes.

Replace n by n — 1, shift the index of summation k — k — 1, and set a = b = ¢>
in (3.2) to obtain:

2 2 oy m2 =1 2
0 ) (PP e ap®), (PP s
i= 0(¢%p%) (0:4,p0% ¢ P?) 1 (ep/a* 47 Py

(¢ ¢* epgsq,0%), | (ep/g;a70%),
(@, 4,ep43;4,0%) 1 (/a7 0%), 1

When p = 0, this reduces to (2.12).
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Remark 3.1. A special case of (3.1) is the following g-analogue of the formula for
the sum of the first n odd numbers (cf. [19, (3.9)]):

n—1

> 2k + 1yqF = 0] (3.3)
k=0

An extension of (3.3) to cubic basic hypergeometric series can be given as follows:

”il e ag e (1— g2+t (1 — ag?*+1)?
q
—7 (e 1—gq (1 —ag)?

_ (—g?(1—ag") (ad5d*), o,
(1—92(1—aq) (a5, @

For a — 0 this reduces to (3.3). It is easy to verify that this sum telescopes.

(3.4)

Remark 3.2. Another general indefinite elliptic summation that can be specialized
to obtain various extensions of classical results is the following special case of a
multibasic theta function identity by Gasper and Schlosser [13, (3.19), t = ¢]:

Zn: 0(ad(rs)®, br* /dq*, cs* /dq”; p)
f(ad,b/d,c/d;p)

k=0
(ad?/bc; 4, p)i(b; 7, )i (c; 8, p)w(a; 78 /q, p) K

(dg; g, p)i(adr /c; 7, p)r(ads/b; s, p)k(bers/dg; s/ q, p)k

B 0(a, b, c,ad?/bc; p)

~ df(ad,b/d,c/d,ad/bc;p)

(ad?q/bc; q, p)n (br; v, p)n(cs; 8,0)n(ars/q; 18/ q, p)n
(dg; q,p)n(adr/c;7,p)n(ads/b; s, p)n(bers/dg;rs/q, p)n
0(d,ad/b,ad/c,be/d;p)
 d6(ad,b/d,c/d,ad/bc;p)’

4. The proof of Theorem 1.1 and Some Special Cases

We have seen that telescoping leads to several elementary identities. All the
telescoping identities are special cases of Euler’s telescoping lemma, Lemma 1.3. In
order to apply the telescoping lemma, we would like to use sequences ug, vg such
that ¢, = ugp — vg can be simplified.

We now turn to the proof of Theorem 1.1. The motivation behind this theorem
is to use (1.7) so that tx = up — vr becomes an analogue of a factorized product of
linear factors in k.

Proof of Theorem 1.1. We combine Lemma 1.3 with a special instance of the the
difference equation (1.7). Let

x = (gk — g +c)(hk + d),

y=—(gk +c)(hk — h+d),

r = 2ghk + ch + dg.
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With this assignment of variables, we have z +r = (gk + ¢)(hk+h+d), y —r =
—(gk+g+c)(hk+d), and r +x —y = 2(gk + ¢)(hk + d). Substituting these values
into (1.7), we have

[(gk —g+c)(hk+d)], ..

— [(gk + ¢)(hk + h + d)]
X [ —(gk +g+c)(hk + d)] agilok+e)(hk+d) pg2(gh+e)(hk+d) g p

= [2(gk + ¢)(hk + d)] a,biq,p [2ghk + ch + dg] agq2ak—g+e)(hktd) pglak—g+e)(hh+d) g p
X W gttansor(nira) pgriar+onitar.q (= (gk + g + ¢)(hk + d)),

[ - (gk + C) (hk —h+ d)] agqi(gk+e) (hk+d) pg2gk+e)(hk+d) g p

a,b;q,p

which is equivalent to
— [(gk — g+ ¢)(hk + d)]

X [(gk‘ + C)(hk —h+ d)] ag2(gk+e) (hh+htd) pg(oh+e)(hk+htd) g p

a,b;q,p

X Waq2(gk+c)(hk+h+d)7bq(gk+c)(hk+h+d);q7p ((gk: + C)(hk —h+ d)) -1
+ gk +o)(hk+h+d)], .

x [(gk + g+ ) (hk + d)] ag2(9k—g+e)(hk+d) pg(ak—g+e)(hk+d) g p

X Wogatak—a+e)(nkta) potar—g+onirar.q (9K + g + ¢)(hk + d)) !
= [2(gk + ¢)(hk + d)]

X [29hk +ch + dg} ag2(ak—g+e)(hktd) pglgk—gte)(hhtd) g p

a,b;q,p

X Wy g2(ak—g+o)(nhta) pglar—g+e nktar.g p ((gk + g + ¢)(hk + d)) -
Multiplication of both sides of this relation by the factor

W ag2(ar—gte)(nktar pglar—ate nrrar.q p ((gk + g + ¢)(hk + d))
and application of the reduction

Wan(gk—g+c)(lLk+d),bq(gk—g+c)(hk+d);q7p((gk +g+ C)(hk + d))
Waq2(9k+c)(hk+h+d)’bq(gk+c)(hk+h,+d);q’p ((gk‘ + C)(hk‘ —h+ d))
= Wan(gk—g+c)(}zk+d)7bq(gk7g+c)(hk+d);q’p (29hk 4+ ch + dg)

gives the identity

[(gk + ) (hk +h+d)],,
x [(gk + g+ )k + )] , 2ok sser0010) pgtor—arernriargp

~ [k —g+e)(hk+d)],,
x [(gk +c)(hk —h + d)]aq2<gk+c)<hk+n+d>7bq<gk+c><hk+h+d>;q,p
X Wg2(ak—g+e)(nta) polak—g+o nirar.q » (29RK + ch + dg)

= [2(gk + ) (hk + )], ..,
X [2ghk + ch +dg] oo grerinisa pgtanoternnin.g (4.1)
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Thus, in order to apply Lemma 1.3, we let
tr = [2(gk + ) (hk +d)] .
X [2ghk + ch + dg] ag(ak—g+e)(hk+d) pg(ak—g+e)(hk+d) g 1
u = [(gk + ¢)(hk + h + d)]
x [(gk + 9+ c)(hk+ d)] ag2(gk—g+e) (htd) pg(gk—gte)(hhtd) ;g p
= [(gk — g+ ¢)(hk + d)]
x [(gk +c)(hk — h + d)] aq2(ak+o)(hk+htd) pa(ghte)(hhthid).q
X W ag2tah—gte)(nita) pglak—g+e)(nktar.q p (2ghk + ch + dg).

a,biq,p

a,b;q,p

Now by (4.1) we have t;, = up — vg, and (1.8) gives the desired result. O

Some special cases of (1.4).
(1) An a;g-analogue: take p — 0 and b — 0.

" ( [2(gk + C)(hk + d)]a;q[Qghk +ch + dg]aqz(gk—g+c)(hk+d);q

1;0 [2cd]a;q[ch + dglagece-1aiq

]j g] +g9+ C)(hj + d)]an(QJ gt+e)(hj+d).q
iy [(97 + 9+ ) (hj + D]ageioitarernitantag

X H Waq2(5j+c)(h,_j+h,+d);q(2ghj + 2gh + ch + dg)1>

_ [(gn + C)(hn +h+ d)]a;lZ[(g + C)d}aqz@*g)d;q
[2¢d]a;qlch + dglgzee-aa.g

n
(97 + g + ) (hj + d)]agzi-a+omita 4 ‘ .
x W, . 2ghj + ch +d
H g] + C h.] —h + d)}aq2(91+0)(h1+h+d) iq aq(es ot (hIHD; q( g g)

j=1
[(C - g)d} [ (d - h)]aq2c(h+d) q

2(e—g)d; h dg). 4.2

[2¢d] a;q[ch + dglyg2c-ara.y Wagete-aag(ch +dg).  (4.2)

(2) A g-analogue: take a — 0 in (4.2).

~ [ [2(gk + o) (hk + d)]4[2ghk + ch+dgly _(ghi?+(ch+dg+g
Z < oot ], q (ghk?+(ch+dg+ h)k))

_ [(gn + C) (hn +h+ d)]q[(gn + g + C)(hn + d)]q qi (ghn2+(ch+dg+gh)n)
[2¢d]q[ch + dglq

k=0

[e(d = M)gl(c — 9)dlg chtag
[2¢d],[ch + dgl, ¢ (43)

(3) We can further specialize ¢,d, g and h in (4.3) to obtain more g-analogues,
highlighted in §1. In particular, we have the following:
(i) Take ¢,d,g — 1 and h — 0, shift the index to run from k =1 to n+ 1,
and replace n + 1 by n to obtain (1.5a).
(ii) Take ¢,d,g,h — 1 to get (1.5b).
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