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A Generalization of Schroter’s Formula

To George Andrews, on his 80th Birthday

James Mc Laughlin

Abstract. We prove a generalization of Schroter’s formula to a product
of an arbitrary number of Jacobi triple products. It is then shown that
many of the well-known identities involving Jacobi triple products (for
example the Quintuple Product Identity, the Septuple Product Identity,
and Winquist’s Identity) all then follow as special cases of this general
identity. Various other general identities, for example certain expansions
of (¢;q)ee and (g;q)%, k > 3, as combinations of Jacobi triple products,
are also proved.

Mathematics Subject Classification. Primary 33D15; Secondary 11F27,
11B65.

Keywords. Schroter’s formula, Jacobi triple product identity, Quintuple
product identity, Septuple product identity, Winquist’s identity.

1. Foreword

I was happy to receive the email sent by the organizers of the Combinatory
Analysis 2018 conference, reminding attendees that there would be a “Special
Issue of the Annals of Combinatorics to honor George Andrews at the occa-
sion of passing the milestone age of 80", and soliciting papers with “new or
unpublished work relating to the mathematical interests of George Andrews”.

I had previously done some work on extending Schroter’s identity for a
product of two Jacobi triple products to a product of arbitrarily many such
products. When this email sent to conference attendees arrived from the or-
ganizers, it spurred me to complete the proof of the identity that I had found.
The topic, Jacobi triple products, is certainly one that is frequently found in
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the papers of Professor Andrews, so I was happy to submit this paper to the
conference proceedings.

2. Introduction

The Jacobi triple product identity, first proved by Jacobi [8], is one of the
fundamental identities in g¢-series. It may be written (see, for example, [5,
Equation (II.28), p. 357]) as

= n?_n —q
Zq2=(qz —.¢% q) : (2.1)

n=—oo
For space saving reasons, we will occasionally use the notation
(a5 %)oo
to denote the triple product (a,¢% /a,¢*;¢* ).
This paper is concerned with identities in which products of Jacobi triple
products are expanded into sums and products of other triple products. A
well-known example of such an identity is the quintuple product identity (see

Cooper’s excellent paper [3] for the history of this identity and a survey of its
various proofs). This identity may be written as

(2,6%/2.0% 0*)oo(@®2%, /2% 4" o
=(=¢"2",—¢"/2%,¢°1¢®)oe — 2(—¢*2*, —*/2% . ¢°; ¢°) .- (2.2)

Remark 2.1. Strictly speaking, the factor (¢%22,¢%/2%;¢%)s is not a triple
product, but becomes so if we multiply on the left side by (¢*; ¢*)so, while
the right side remains a sum/product combination of triple products if we
multiply on the right side by the equivalent (¢*,¢®%, ¢'?;¢'?)o. A similar situ-
ation will hold for other identities in the paper.

A second example is given by the Septuple Product Identity, first found by
Hirschhorn [6] [in fact, Hirschhorn found a two-parameter extension from which
the Septuple Product Identity follows upon setting a = —z/q and b = —22/q
in Eq. (2.1) on page 32], and re-discovered by Farkas and Kra [4]:

2 2 4
q —q q
(z,,q2;q2> <Z,,q2;q2> (Z,,q4;q4)
o0 o0 Z oo

z
= ("% " 4" ) (@, 0% ¢*°; ¢*)

q
q*t q*

% { ((]4257 57(_]20;(]20) T 23 ( 16 5 57q 7qQO) }
z o0 o0

— (%, % q* 4" o (a*, %, %% %)

q12 20, 20 2 125 qs 20. 20
X{ 92,25761 4 ) +z (q 2757(] 4 ) }
oo o0

o0
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2 2 2
q q° a gq°b
7ba?7abv%757 a 7q27q21q23q2;q2> = (q2aq2;q2)oo

o0

q° q* 'S
<a3,37q6;q6) {(bgq2,w,q6;q6> —b<b3q4,b3,q6;q6> }
a o0 o0 o0
6 4 2
q 6. 6 32 ¢ 6. 6 34 49 6. 6
—— b377q;q) {(aq, ,q;q> —a<aq77q;q) }]
b( b3 - a’ - a3 -

In the present paper, we prove an expansion for a product of k (k > 3)
Jacobi triple products in terms of sums of products of other Jacobi triple
products (Theorem 2.2 below), and then show that all of the identities above,
and also various other identities, follow as special cases. The main theorem of
the paper is the following.

A third example is contained in Winquist’s Identity (Winquist [9]):
2
q

Theorem 2.2. Let k > 1 be a positive integer and let ny,na,...,ng, N be
positive integers, such that N = lem(ny,na,...,ng), or a multiple thereof. For
ease of notation, for 1 <i <k, set u; := N/n;, v; :==u1 +ug + -+ + u;, and
w; == v;+1. Let z, a, a1, asa, ..., a be non-zero complex numbers and suppose
lg| < 1. Then

k
(=qaz V) [[(—a"aza®)
i=1

v1 v2 Vg
_ E E . E ijqnljf‘i"'w(]é—jl)2+n3(j3—j2)2+"'+"k(jk—jk—l)z
J1=072=0 Jk=0
. ) . i - a1
X altgl2 I gl3 Iz L gl IR _qn1+N+2n1]17_ q2(n1+N)
1 %2 3 k a ’

oo
k wy U Wi—1
ni(wiw; —14+2w;ji—1—2wi—17:i) aay ay” Gy 2N, Wi Wi —1
X - q Wi —1 7q
i=2 a; 0o
_  Nwp+2Nj, ui  uz A UE wg . 2Nwg
x (—q ajtay aptaz*;q >Oo. (2.3)

Observe that the expansion (2.3) provides a wy-dissection of the left side
into powers of z that lie in arithmetic progressions modulo wy,.

The quintuple product identity, the septuple product identity and Win-
quist’s identity, and others all follow as special cases of the above identity.
Other applications include expansions of Ramanujan theta functions, or pow-
ers of these, as sums and products of Jacobi triple products. As an example of
one of these latter identities, we have that, for an arbitrary integer k£ > 3:
(7:9)%

1 k-1
= Z Z (—1)3n=1 gBUTHIE ik 2)Hin=1 Bk +1)/2-3(inda+ -+ +ik—2ik—1)

j1=0  Jjr—1=0
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% < q3+3J1’q > <(71)k+1q2k+3jk71;q3k>oo

% H< 3i(i41)/243(i+1)ji_1— 3iji. 3i(i+1)>

o0

Remark 2.3. Cao [2] proves a quite general theorem (Theorem 1.4) which also
exhibits a product of arbitrarily many Jacobi triple products as a sum contain-
ing other Jacobi triple products. Cao’s theorem is more general in the sense
that it allows for a greater variety of expansions, but, in full generality, appears
more restrictive in the sense that for such an identity, it must also be shown
that the entries of a certain associated matrix satisfy certain conditions. We
had initially thought that the result in the present paper was independent of
Cao’s result. However, it was pointed out by one of the referees that the key
induction step in the proof of our Theorem 2.2, namely, Corollary 3.10, is actu-
ally a special case of Corollary 2.2 in Cao’s paper [2], and thus, that our result
in Theorem 2.2 could have been derived from the results in Cao’s paper [2],
by following the appropriate path and making the appropriate specializations.

3. Extensions of Schroter’s Identity

Before coming to the main theorem and its consequences, we first consider
Schréter’s identity, and also state some elementary extensions. The methods
of proof will also preview the methods used to prove the main theorem in the
next section.

Schréter’s identity (see [1, p. 111])

(—q"a;¢*™)__(—q"b;¢*"2)_

ntnz—l ni+na+2n1j
= § qﬂ1j2aj < 4 a. q2(n1+n2)>
b Y
— )

% <7q(n1+n2+2j)’ﬂ1n2an2b’ﬂ1;q2(n1+n2)n1n2> , (31)
o0
first appeared in Schréter’s 1854 dissertation.

In Lemma 3.3, we introduce a variable z as a “book-keeping” device by
replacing a with az and b with bz, and also give a proof of a slight extension of
Schréter’s identity by introducing an integer variable m into the summation
range (Schroter’s original identity is the case m = 1 of the identity in Lemma
3.3), and then use this result in conjunction with Lemma 3.1 to derive a more
general extension.

We begin by recalling the following well-known elementary identity.

Lemma 3.1. Let p be a positive integer and let q and z be complex numbers
with z # 0 and |q| < 1. Then

(—azid?). zq o (g ) 52

o0
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Proof. The proof follows directly from (2.1), upon breaking the sum on the
left side into p sums, in each of which the exponents n all lie in the same
arithmetic progression modulo p, and then applying (2.1) to each sum. O

Before coming to the extension of Schroter’s identity, we also need a
preliminary lemma.

Lemma 3.2. If ¢ is a non-zero complex number, n is any positive integer, j is
any integer, and |q| < 1, then

j —2jn n non n -1 7 1
(eq" ™", " 2" 17" ) oo = (cq", 4" /¢ 4°" oo (C) PR (3.3)
Proof. The statement is clearly true if j = 0. If j > 0, then
(qn72jn/c; q2n)j
(cq™; ¢%");
and the result follows for j > 0 upon applying the identity (see [5, Identity
(1.8), p. 351]):

(cq" 27" " 2" e ") oo = (g™, q" /¢ ") oo

)

_— j . .
(aq™759); = (a/a;9); (qa) g IumhR

to (¢""%"/c;¢*™); (with @ = ¢"/c and ¢ replaced with ¢*"). The result
for j < 0 follows from the j > 0 case, after replacing j with —j and ¢
with 1/c. O

Lemma 3.3. (An extension of Schroter’s Identity) Let a, b, and z be non-zero
complex numbers, let g be a complex number with |q| < 1, and let m > 1 be an
integer. Then

(=q"az ™) (—q"bz ")
m(ni+n2)—1

+n2+2n1j
_ Z qij (az)j <_qn1 ng n1ja;q2(m+n2)>
J=0 b o0

> <_q(m(n1 +n2)+2j)ninam gmng pmay m(natnz)., o 2(m +n2)mnzm2>
(3.4)

Proof. After two applications of the Jacobi triple product identity
Fi(z) := <—q"1az; q2"1>oo <—q"2bz; q2"2>

2
na2m
q 2

> am e ™ G

m1,maEZ

2 2\ ¢
— 2 (az)tqnl(t +2tma+m3)
t,mo€Z

2nqt\ M2
= Y (a)gm gt (aqb’“ )

t,mo€EZL

o0

2
Mn2My amg

pms (t =my — mg)
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5 _qn1+n2+2n1ta
= (az)'q™ <b JqPt)

teZ &S]

Now, set t = m(n1 +no)r +j, 7 € Z, 0 < j < m(n; + ng) — 1, and
apply Lemma 3.2 (with ny + ng, nymr and —ab~1¢*>"/ instead of n, j and c,
respectively) to the triple products to get

m(nytna)—1 _qn1+n2+2n1ja

F(E= Y ¢ () <b ;QQ("1+"2)>

§=0 >
X Z qmz("1'”‘2)"1"’”2 (a"2p™r za Tz g2ranzgymr
rez
The result follows after one further application of the Jacobi triple product
identity. 0

Theorem 3.4. (A second extension of Schréter’s Identity) Let a, b and z be
non-zero complex numbers, let q be a complex number with |q| < 1, and let
m>1,n1>1,ny>1and p > 1 be integers. Then

(=q"az;¢®™)  (—q"bz¢7")

m(n1+p2n2)—1 p—1

.2 .2 . . . .
— § § qnul +j5n2 al1pi2 Z0t +7J2

j1=0 j2=0
2 . .
_ gn1tp n2+2n1j1—2pjan
q 1 2 1J1 2 2a. 2(n1+p2n2)
X bpzp—1 Hd
oo

b

x < _ amp2n2 bmnlpzmp(nl+pn2)qmn1pn2 (2,j1p+2,j2+mp(n1+p2nz)).

o)) .

[o )

Proof. Apply Lemma 3.1 to the product (—q"2 bz, —q" /bz, ¢*"2; q2”2)oo, and
then apply Lemma 3.3 to each pair of triple products in the resulting expres-
sion. O

Remark 3.5. In Lemma 3.3 and Theorem 3.4, the presence of the z variable
is not actually necessary, as it could be absorbed into the a and b variables,
without affecting the generality of the result. However, its usefulness derives
from the fact that the right side of (3.4) provides a m(n; + ns)-dissection of
the left side into m(n; + ms2) functions in each of which the powers of z all
lie in the same arithmetic progression modulo m(n; + ng). For this reason, we
retain the variable z in Theorem 3.4, and elsewhere throughout the paper (see,
for example, the proof of Corollary 4.9, where this dissection proves useful).

We note that in the case where nj|ns, there exists a second family of
expansions that do not come directly from Theorem 3.4.
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Corollary 3.6. Let a, b z, g, m, p, n1, and ny be as in Theorem 3.4, with the
additional requirement that nq|ng. Then

(—q"az¢*™) (—q"bzq°")

m(1+p®na/ni)—1 p—1

.2 .2 . . . .
— E : § :qn1]1+n2]2a]1b]2231+]2

j1=0 j2=0
< —q™ +p*na+2n1j1—2pjans a
X

. q2(n1+p2n2)
bpzp—1 ’
o0

% < _ ameng/nl bmpzmp(l+pn2/n1)qmpn2(2j1p+2j2+mp(1+p2n2/n1))

(3.6)

oo

)

q2m2p2n2(1+p2n2/n1)> . (3.7)

o0

Proof. Write
(=a"bzg*2) = (=) bzs ()P
(o)

and then apply Theorem 3.4, with n; replaced with 1, no replaced with ns/n;
and ¢ replaced with ¢™*. (]

Theorem 3.4 is more general in the sense that it holds also when n; | ns.
However, when nq|ny, Corollary 3.6 is actually the stronger result as it implies
Theorem 3.4 in this case (replace m with mn; in Corollary 3.6).

Remark 8.7. (1) Cao (|2, Theorem 2.3, Equation (2.50)]), using a different
approach, has given a generalized Schréter’s formula for a product of two
Jacobi triple products, a formula which implies our identity (3.4), but
not (3.5) (or at least not without additional transformations).

(2) Even though no applications of (3.4), (3.5) and (3.6) are given in the
present paper with m > 1 or p > 1, they are included for the sake of
completeness.

We note that the quintuple product identity also follows from Schréter’s

Theorem. The quintuple product identity is usually written in the form:
o0
(=2, =/% 6 Q) (02%, 0/ %5 0P)oe = Y (1) D257 (14 2g™).
n=-—oo

Upon replacing q with ¢?, z with —z, using the Jacobi triple product identity
to sum the resulting series on the right side, this identity may be restated in
the form given in (2.2), and we show that it follows from Corollary 3.6.

Corollary 3.8. Let z be a non-zero complex number, and suppose |q| < 1. Then,

(2.2) holds.

Proof. In (3.4), set m =1, ng =2, a = —1/¢3, b = —1/2%, and (2.2) follows
after some simple manipulations and using the fact that (¢%,¢%, ¢'%;¢'?)0e =
(@%4") oo O
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Schroter’s theorem and its various extensions for a product of two Jacobi
triple products naturally lead to the following question. Given a product of k
(k > 3, k an integer) Jacobi triple products:

k

F(z) =[] (~a"aiz:®™)

i=1
and we M-dissect F(z) by writing

M—1
F(z)=Y ZF(Y),

j=0
for some integer M; can an explicit representation of each Fj(zM ) be given?
We gave an affirmative answer to this question in Theorem 2.2, and prove
this theorem in the next section, in the case where each n;|N (with M =

N/ni+ -+ N/ni +1).

To this end, an identity which follows from a special case of the next
identity, due to Cao [2], is needed. We state this result of Cao in terms of
g-products, rather than using Ramanujan’s theta function f(a,b), as Cao did.

Proposition 3.9. (Cao, Corollary 2.2, [2]) If |ab] < 1 and (cd) = (ab)*1*2 |
where both ki1 and ko are positive integers, then

ki+ka—1 Y a\T/2
—a. — . 0 — . — r/2 (7
(—a,—=b,ab;ab) s (—c, —d, cd; cd) oo ; (ab) (b)

k2 /2+kyr (@ k1 /2 k2/2—k b2 k2 k2
x | (ab)Ri/2+hr (5) ¢, (ab)si/2=kr (2} g (ab)i ed; (ab)¥i ed
a

2 a k2/2 2 b k2/2 2 2
x| (ab)yra/2+her (5) d, (ab)*3/2= k2 <) ¢, (ab)*3 ed; (ab)*> ed

o0

(3.8)

The special case that is needed may be stated as follows.

Corollary 3.10. Let j’ be an integer, and let n, N, and w' be positive integers
such that n|N. Let a, e, z and q be non-zero complex numbers with |q| < 1.
Define

ui="—, wi=ut+w, vi=w-1
n
Then

n, 2n w' Nw'4+2j'N. 2Nw’
(—e2q";q >Oo<faz q g >
[eS)

v
i—i" n(i—i? _i—j' —a nw' w+2n(j'w—jw’). 2nw’w
:E:ej 3 qa=a)" =3 % 4 (rw=guw’). o
j=0 o0

% <_aeu2wq2jN+Nw;q2Nw> (39)

oo "
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Proof. In Proposition 3.9, set a = ezq", b = ¢"/(ez), ¢ = ¢N' =21 /(az""),
d = az""gN@+2") k= u, and ks = w’. Then, it can be seen that (ed) =
(ab)*1*2  and that the left side of (3.8) becomes the left side of (3.9). The right
side of (3.8) becomes

v
Z an2 (ez>r<_aeuzqu(w+2r+2j/); q2Nw>OO

r=0

< ew, I+2(/ ] )+2 oo 2 ’
% 77qnww n(w'r—j'w njw;qnww>
a o0

The result follows upon, in turn, replacing r with » — 5 (so that the interval
of summation is also changed to one of another w consecutive integers), using
the division algorithm (with r and w) to write each of the resulting new r
values in the form r = mw + j for some integers j and m with 0 < j <w —1,
and finally applying (3.3) to each of the terms in the resulting sum. O

4. Main Result and Its Implications

We now come to the proof of the main result of the paper. The proof is
essentially a simple induction argument using identities (3.6) and (3.9).

Remark 4.1. Tt should be pointed out that attempting to iterate Schréter’s
original identity (the case m = 1 of the identity in Lemma 3.3) does not
appear to easily lead to any result similar to that in Theorem 2.2.

Proof of Theorem 2.2. The proof is by induction on k. If k& = 1, then (2.3)
becomes

(—q¢Vaz?N) (=" ar1z¢7™)

vy
=Y rgmitad <_qm+N+2nljlﬂ.q2(n1+N)>

120 a [ee)

x (—q

However, this is simply identity (3.6), with no = N, b =a, m = p = 1, upon
recalling that v1 = u; = N/n; and wy = vy + 1.

Suppose (2.3) holds for k = 1,2,...,r. Now, consider the left side of (2.3)

with £ = r + 1. Employing the k = r case on the first r Jacobi triple products,

we have

Nwy+2Nj; a™ 2Nw1>

w1 .
az"t;q o

r+1
N __. 2N iy e 2T
(=qaz; ®N) [ (—a"™aiza®)
i=1
V1 V2 Uy
= E E E zjrqnljf"’_nQ(jQ_jl)2+n3(jS_j2)2+"'+n7‘(j7‘_jr—l)2
J1=0j2=0  j,=0
. ) . i N42n,i; @1 o N
% ajl1a%2 j1a§3 J2 _._air Jr—1 <_qn1+ + n1J17;q (n1+ )>

a [e%¢)
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Wi—1
a.

r w1, U2 Ui—1
. .yaa;a ey
I I ni(wiw; —1+2w;J; —1—2w; 175 172 =1 | 2nywiwiq
X < —q ( ) 5 q
i S

% <_qur+2NJTa7f1 Uz

2Nw
Ay~ - a raz" "iq 7>

- (—q" a1 g >Oo .
(1)

Identity (3.9) is now applied to the final two triple products on the right
side of (4.1) above. In this identity, n is replaced with n,,1, j° with j,., j

with jr41, e with a,41, @ with aaj*ay? - - - a¥" and w’ with w,. Hence, in the

&
notation of Theorem 2.2, u takes the value N/n,+1 = u,+1, w takes the value
u+w = upgp1 + w, = wpi1, and v takes the value w — 1 = w, 41 — 1 = v,41.

After these substitutions are made, then (3.9) gives that

Npaq L 2N, Nwy+2Nj, ui  u2 u wy, 2Nw
(="t appr 22" (=gN Tl ag? - agtraztn PN
Vr41
E : aff.:ll Jr nr+1(]r+1 —jr)? SIr+1—ir
Jr+1=0
. . Ut %2, qUr
% < _ an+1(wr+1wn+2wr+1]r*2wr]r+1)aal a2 Ay .q2n'r'+lw'r'+1w1'>
b
r+1 [e%s)
Nwr414+2Njrgp1 ,u1 U2 Up41 W1, 2Nw, g1
x (=g "Hattay® - -arma,az gt >OO. (4.2)

The substitution of the right side of (4.2) into (4.1) to replace the left side of
(4.2) gives that (2.3) holds for k = r + 1, and thus by induction that it is true
for all integers k > 1. This concludes the proof of Theorem 2.2. 0

Corollary 4.2. Let z, a1, ao, ..., and ar be non-zero compler numbers and
suppose |q| < 1. Then

1 2 -
_ E E E ij 1 jl +(j2—g1)%++Gr—1—dk—2)>

j1=0 j2=0

J1,J2—J1 Jk—1—Jk—2 2425, M 4
X ay ay ey —q —L.q

ag o
k42355 — k. 2k
X (—g" 1 agay - arzPig >Oo
X H< i(i4+1)+2(i+1)ji—1—2i5; M 21(z+1)> . (43)
ai o

Proof. Replace k with k — 1 in Theorem 2.2, and then set a = ay, n1 = ny =
-=np_1=N=1,so that each u; =1, v; =7 and w; =17+ 1. ]

Remark 4.3. (1) Note that the sum (4.3) contains k! terms, each with k Ja-
cobi triple products.
(2) Since the left side of (4.3) is invariant under any permutation of the
numbers aq, ..., ak, so is the right side.
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(3) The appearance of z in (4.3) is essentially a “book-keeping” device, as
without loss of generality, each a; could be replaced with a;/z (or, equiv-
alently, set z = 1).

(4) Upon setting each a; = 1, we get an expression for (—qz, —q/z,¢%; ¢*)%,

(k > 3):
k
(—aza*),
102 k-1
= Z Z - Z ij—lqj12+(j2_j1)2+"'+(jk71_jk72)2 <_q2+2j1;q4>oo
Jj1=072=0 Jk—1=0
k—1
% <_qk+2jk_1zk,q2k> H <_qi(i+1)+2(i+1)ji_172iji,q2i(i+1)>
? 0o ) 0o .
i=2

(4.4)

This identity provides expansions in terms of triple products for Ra-

manujan’s theta functions, f(—q) = (¢; ¢*) s = (¢; @)oo, #(q) = (—¢; ¢*) s and
V(q) = (—q; q4>oo. We give one example:

Corollary 4.4. If |¢| < 1, then

F=a)* = (g )k,

1 k—1
- Z v Z (=171 gBUTHIS+5E ) ks (B3km1 +1)/2=8(fadatdadatHix2ik-1)
Jj1=0  jr-1=0
X<_q3+3j1,q6> <(_1)k+1q2k+3jk,1.q3k>
y H<_q3z(z+1)/2+3(1+1)gl,17313,;;q31(1+1)> . (4.5)
i=2 o
Proof. In (4.4), replace q with ¢*/?, and let z = —¢*/2. O

Remark 4.5. The squares in the exponent of ¢ that precede the infinite prod-
ucts in (4.4) have been multiplied out and the terms rearranged, to make it
more explicit that, after the replacement of ¢ with ¢®/2, the new exponent is,
indeed, integral.

As a second illustration of (2.3), we exhibit the k = 3 case of the identity
explicitly, and show that it implies the quintuple product identity. This identity
was also stated [2, Equation (3.2)] by Cao.

Corollary 4.6. (Extended Quintuple Product Identity) If a,b,c,z # 0 and
lg| <1, then

e o ey
(—qaz;q >OO< gbz;q >Oo< qcz;q >OO— pail
o0

Sac 2ac
{<—q62;q12> <—q3ab023;q6>m+qbz<—qb2;q12> <—qsabcz3;qﬁ>00
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4,2 2 ac g 7 3. 6 qga a4
et () (Cdabe) p B ()

12 8
q “ac bz q°ac
{<— 2 ;q12> <—q3ab623;q6>,+*q <— 72 ;q12> (—=q°abcz’; %) __

4
q*ac
+ b%2? <—b2; q12> <—q7abcz3; q6>oo } (4.6)
Proof. This follows after some slight rearrangement of terms in (4.3), after
substituting k£ = 3 and letting a; = a, aa = b, and a3 = c. 0

Recall from (2.2) that the quintuple product identity may be written as:
(2,4*/2,02,04/2, =42, 4/ %, ¢ . ¢ ) oo
= (% )2A(=4%2°, =4"/2%,¢% ¢®)oo — 2(=4"2°, =6 /2%, 4% ¢°) o }-
However, this follows from (4.6) upon setting a = —1, b = —1/q and ¢ = 1,
after some elementary infinite product manipulations.
The septuple product identity also follows from Theorem 2.2, but the

proof is less direct, as it also needs Schroter’s identity. We will prove the
septuple product identity in the following form.

Corollary 4.7. (Septuple Product Identity) Let z and g be complex numbers,
with z # 0 and |q| < 1. Then

(z6°) (20" (zd")
— <q27q4>oo <q8;q20>oo { <q4z5;q20>oo 4 2’3 <q16z5;q20>oo }
_ <q2’q4>oo <q4;q20>00 {Z<q825;q20>oo + 22 <q12z5;q20>oo } (47)

Proof. In (2.3), set k = 2, ny = ng2 = 1, and N = 2 (so that uy = ug = 2,
uz=1,v1 =2,y =4, w; =3, and wes =5), 2 =1, a1 = —z/q, az = z/q, and
az = —z/q?. Then, the left side of (2.3) becomes the left side of (4.7), and the
right side of (2.3) becomes

4

Z i2—jo o/, A+4Ga 5. 20
q.72 J2Z]2<q sz iq ><>o

j2=0

2
% Z q2IT 22 ()T (g2 gB) (M4 6aa 100, 80)
j1=0

It is easy to show that the inner sum is zero in the case jo = 4 and that proving
(4.7) then comes down to proving the pair of identities:

(@ 0") 0o (0% )00 =(—0"; 0% 0 ("1 ¢**) o
= (10" o {®* )0 — (=% 0% o0 (0" ™)
(4.8)
(@560 (a0 o0 =(—150%) 0 ("% ¢*) o
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oo

28 30> )
(4.9)

(=% 6% o0 (0% 6*") o — P (—0%¢%) o (d*%5 g

Let g(m, n) 1= ¢27° T10m*+2m(_1)m+n_We use the Jacobi triple product iden-
tity to write the infinite product on the left side of identity (4.8) as an infinite
series. We next use a method similar to that of Hirschhorn [7] to first sum di-
agonally, and then divide the diagonal sums into six congruence classes. This
gives

o0 o0
(@000 (0% Voo = Y, > glm,n) (4.10)

m=—0o0 N=—00
o0

> > glmn)

k=—oco m+n=k

5 o) (oS

Z Z Z g(s—r,bs+r+7)

j=0r=—00 s=—o00

5

o0

[ee]
(_1)65+jq2j2 Z Z q12r2+(4j72)r+6052+(20j+2)s.

7=0 T=—00 §=—00

(4.11)
We similarly expand the right side of identity (4.8) to get

o oo

Z q3u2+u+15v2+v(_1)v _ q2 Z q3u2+3u+15v2+9v(_1)v

U,V=—00 U,V=—00

o0

- q2 Z q3u2+u+15v2+11v(71)v.

U,v=—00

We next expand each the three sums into four sums by setting u = 2r and
2r +1 and v = 2s and 2s + 1. By comparing the resulting 12 sums with the
expression (4.10) (after possibly replacing r with  + 1 and/or s with s +1 in
some cases), it can be seen that proving identity (4.8) now depends on proving
that

q6<_q10;q24>oo<_q22;q120>00 _ q4<_q2§q24>oo<_q38§q120>oo
+ q8<_q6;q24>00<_q18;q120>00 o q2<_q6;q24>oo<_q42§q120>oo
_ q14<_q10§q24>oo<_q2§q120>oo + q2<_q2§q24>oo<_q58;q120>oo =0.
However, this follows from Schréter’s identity (3.1), by setting ny = 1, ng = 5,
a=—1/q, and b = —¢*, and then replacing q with ¢°.

The proof of the second identity (4.9) proceeds similarly, except at the
end, it depends on proving the identity:

_ <_q10;q24>00<_q46;q120>00 _ q12<_q6§q24>oo<_q6§q120>oo
+ qu<7q2;q24>00<7q24;quO>OQ + q4<7qu;qZZ,L>OO<7q26;q120>OO
+(=¢% ") oo (=" 0" — €' (=% * o (=0*":¢"*) e = 0.
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This also follows from Schroter’s identity (3.1), the only difference being that
this time we set b = —g?, before replacing ¢ with ¢°. O

Winquist’s identity may also be derived from Theorem 2.2. As with the
proof of the septuple product identity, our proof needs several applications of
Schroter’s identity (3.1), rather than following directly from the theorem. We
prove Winquist’s identity in the following form.

Corollary 4.8. (Winquist’s Identity) Let a and b be non-zero complex numbers
and q a complex number with |q| < 1. Then

(a;¢%)__(b:q*) _ (ab;q®) <%;q2>oo

= (> % 0" {(a?’; ) AW %) -0t d%) )

a B - B 3 B -
=5 (%% {(d* ) - ala®q*;q%) _} ] (4.12)
Proof. In (2.3), set k =3, np =n2 =1 =mn3 = N =1 (so that u; = uy =
us=1v1=1Lve=2v3=3,w; =2, wy=3and wz =4),2=1,a1 = —a/q,

as = —ab/q, a3 = —b/q, and a = —a/(bq). Then, the left side of (2.3) becomes
the left side of (4.12), and the right side of (2.3) becomes, after some slight
manipulation:

1 2 Ji 6+651—4jo
.2 2 o - 1 . . 7q
z : § :q2J1+2]2 2j1J2 <b) al? <bq2+2j1;q4>oo< = ;q12>
oo

J1=072=0
. —b \" 5 12+63 b? 24 2js ,37. .8
x> <23+1> a" <—‘1 Ryl > (=7 a’biq”) -
“~ \q ¢¥2a o
J3=
Next, we apply Schréter’s identity (3.1), with ny = 1, no = 3, a replaced

with —b/¢*2t1 and b with —¢®>~%2 /a® to get that the inner sum over js is
<l)/c]232;q2>OO <q6_232 /a3; q6>oo. Thus, the sum above is equal to

—0+651—4j2

1 2 1
P 1\ )
Z Z qzyf+2y§—2mz (b) a2 <_bq2+2y1;q4>oo< q - ;q12>
oo

j1=072=0
x (q2a% q%)  (ba™*54%) . -
By comparison with the right side of (4.12), the result will follow if the fol-
lowing three identities hold:

(@, ¢% ) { (V%5 4%) _ — b (B°q*¢°) )
2
= (b:d").. {<—bq2% 0) o (D°a%0) G (bt (0 q12>oo} :
(0, 0%50%)s0 (b 0°)
—_ <b, q2>oo {b2 <_bq27q4>oo <_b3q10§q12>w + b<_bq47q4>oo <—bsq4§(112>w}

= (b;¢®) _{(~ba*q") _(~b°a*¢"?) _ +b* (~bg*;q") _ (~b3¢; q12>571}1é)
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We apply Schroter’s identity (3.1) again, with ny = 1, ny = 2, a replaced with
—b/q and, respectively, b kept as b and replaced with bg?, to get that

(b;q%)  (=ba%5q") . = (0% 0%)oe {(—0%a*: ") _ — b (—0°¢®:¢"*) _} .
(%) (=ba"iq") = (%107 ee {07 (—=0P¢%¢"?) _ — b(—b°¢"":¢")_}.
After inserting the expressions on the right above in Eq. (4.12), the proof

of Winquist’s identity will follow if it can be shown that the following three
identities hold:

(4% 400 (0%54°%)
= (—bg%q'2)_ (=% q'2)_ — b (—b3;q'2)_ (—bPq1%q')
(4.14)
(0% 0%)ee (0% ¢%)
= (—bg% g2 (—1¢%¢'2)_ — ¢* ( —b%';¢"2)
(0% 0%)se (°q*¢%)
= (—1¢% ¢'2)_ (—b35;q'2)_ - %z (—b%% q'2)_(~b%q'?)_ . (4.16)
Once again appealing to Schroter’s identity (3.1), with ny = 1, no = 1, and ¢
replaced with ¢%, we get that

(—aq”;q°)  (=ba*;d°)
_ <_%q6;q12>m <_abq6;q12>oo +ag® <_%q12;q12>OO <_abq12;q12>oo
(4.17)

Identities (4.14), (4.15), and (4.16) follow upon replacing (a,b) in identity
(417) bYa respectively, (_b3/q37 _q)a (_1/(]7 _bs/Q) and (_1/(b3q)v _Q) This
completes the proof of Winquist’s identity. O

<—b3;qlz>m7 (4.15)

o0

It is also possible to use identity (2.3) to derive an expression for (¢;q)%
that is different from that given in Corollary 4.4.

Corollary 4.9. Let k > 3 be an integer, let w = exp(2mi/k), and suppose |q| <
1. Then

k
(495
12 k—2
= (qk- qk) Z Z Z q(jf+jg+"'+j2—2)7(j1j2+j2j3+"‘+jk—3jk—2)
’ 0o
J1=07j2=0 Jk—2=0
X Wik (gl g?) <(_1)qu(k—1)/2+kjk72; qk(k—1)>

k—2
% <_qi(i+1)/2+(i+1)j¢71—ijiw—i(i+1)/2;qi(i+1)> _ (4.18)

o0

1=2

Proof. In (4.3), replace z with —z and set a; = w’, 1 < i < k, so that the left
side becomes (¢*z%,¢*/2%; ¢*%) (qQ;qQ)I:O. Since all the powers of z on the
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left side have exponent = 0 (mod k), each of the multiple sums on the right
side with jp_1 fixed, 1 < jr_1 < k — 1, is identically zero, so that the only
non-zero sum is the one with ji_; = 0. With the given values for the a;, it is
clear that a;/aj, = w, each a;/a;11 = 1/w, ajas---a; = (—1)¥~1 and

Ag0102 -~ Qi—1 _ _j(i4+1)/2

- w
a;

The result follows after canceling the (¢*z*, ¢*/2*; ¢**)+ factor on each side,
separating off the k — 1 term in the sum on the right side of the equation that
follows from (4.3), and finally replacing ¢* with q. O

It is also possible to derive expressions for (¢;¢)s as combinations of
Jacobi triple products from (2.3).

Corollary 4.10. Let k > 3 be an mteger' suppose |q| < 1. Then

(4 0)o = 2k+1; g2k+1) k-1 Z Z Z ye

(g Joo 5120220  jr1=0
% q(2k+1)(j1+(j2—]1) ot (Gro1—dk-2)%)/2=j1—ja——jk—2+(k—3/2)jr 1

% <,q(2k+1)(1+j1)7k+1; q2(2k+1)>

% <(_1)k+1qk(3k+1)/z+(2k+1)jk,l;q(2k+1)k>

o0

% H< E(i(i4+1)+1)+(2k+1)((i+1)ji—1— 1]7) (2k+1) (z+1)> ) (419)

(o]
Proof. Tn (4.3), replace ¢ with ¢®**1/2 and set z = —1, a1 = ¢'/?, ay =
3/2° ..., ap = ¢*"'/2. The left side of the identity then becomes (g;q)so
2k+1.

(¢ :q* k=1 and after some simple algebra on the resulting right side
of (4.3), the result follows after dividing both sides of this new expression by
the factor (g2k+1; g2k +1)k=1, O

In a similar vein, the following identity holds.

Corollary 4.11. Let k > 3 be an z'nteger and suppose |q| < 1. Then

(¢ 9)o = 2k, g2k) k=2 Z Z Z Jk '

(¢ 4%) o <q Joo 1=0j2=0  ju_1=0
q( +(2—d1) + -+ Gr—1—dr—2)?)—j1—da——drk—2+(k—1)jk_1
< 2k(1+51)+1. e >Oo <(_1)k+1qk(3k—1)/2+2kjk,1;q2k2>oo
k—1
% H <_ (zk—1)i(¢+1)/2+2k((i+1)ji,1—ij,;);qzki(i+1)> _ (4.20)
i=2 o
Proof. This time in (4.3), replace ¢ with ¢* and set z = —1, a; = ¢, az = ¢>,
ey Q1 = qk_l7 ak = 1. The left side of the identity then becomes (¢; q)oo

(@%;¢") oo (q ',q ¥)k=2" and the result follows after dividing both sides by
(¢"; 4" oo (4% )52 O
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5. Concluding Remarks

Theorem 2.2 has the restriction that each n; satisfies n;|N. Using Theorem 2.1
in Cao’s paper [2], it is possible to drop this restriction and derive an expansion
of a product of an arbitrary number of Jacobi triple products in terms of sums
of products of other Jacobi triple products. However, it would be hard to find
a general formula such as (2.3) above.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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