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On relationships between ¢-product identities and
combinatorial partition identities

M.P. CHAUDHARY, SANGEETA CHAUDHARY, SONAJHARIA MINZ

ABSTRACT. Andrews et al. [2]| discussed about the combinatorial parti-
tion identities. We aim to present some relationships between g-product
identities and combinatorial partition identities, by using and combining
known formulas.

1. INTRODUCTION AND PRELIMINARIES

Throughout this paper, N, Z, and C denote the sets of positive integers,
integers, and complex numbers, respectively, and Ny := N U {0}. The fol-
lowing g-notations are recalled (see, e.g., [15, Chapter 6]): The g-shifted
factorial (a;q), is defined by

1, n =0,
. . n—1
(0= T ag), nen
k=0

where a,q € C and it is assumed that a # ¢~"™(m € Ny). We also write

(1) (@)= [[(1—ad") = [[(1—ag"™), (a,9€C; |g| <1).
k=0 k=1

It is noted that, when a # 0 and |g| >, the infinite product in (1) diverges.
So, whenever (a;q)c is involved in a given formula, the constraint |¢| < 1
will be tacitly assumed.

The following notations are also frequently used:

(a1,a2, ... am; Qn = (a1;0)n(a2; On -+ (@m; On
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and

(a1,a2,...,0m; @)oo = (a1;¢)00(a2; @)oo * (Am3 @) oo-
Ramanujan defined the general theta function f(a,b) as follows (see, for
details, [3, p. 31, Eq. (18.1)] and [4], see also [13]):

flab) =1+> (
n=1

S WM = f(ba),  (Jabl < 1)

n=—oo

We find from (2) that

n(n+1) n(n—1)
fla,b) = a™>

b= 2 f(a(ab)™, blab)™") = f(b,a), (n€Z).

Ramanujan also rediscovered the Jacobi’s famous triple-product identity (see
[3, p. 35, Entry 19]):

(3) f(av b) = (_a; ab)oo(_b; ab)oo(abQ ab)oo;

which was first proved by Gauss.
Several g-series identities emerging from Jacobi’s triple-product identity
(3) are worthy of note here (see [3, pp. 36-37, Entry 22|):

o(q) := Zq —1+2Zq =

@) e

oy 2022 (667)x(d%d7)
TR O = () i)

fa" + b

(2)

(5) ¢< ) _f q,9 an(nzﬂ) q;))’
f=a) = f—a =) = 3 (—1)g" 5 =
Q ) e

n(3n 1) n(3n+1)
=Y (-1)"q + Z = (¢ 0)oo
n=0

Equation (6) is known as Euler’s Pentagonal Number Theorem. The follow-
ing g-series identity:
1 1

(8 0)e0 = @) x(—9)

provides the analytic equivalence of Euler’s famous theorem: The number of
partitions of a positive integer n into distinct parts is equal to the number
of partitions of n into odd parts.
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We also recall the Rogers-Ramanujan continued fraction of R(q):

1H(g) 1 f(=q,—¢") 1 (4:0°)eo(q* @)
R(q) :=q5 = ¢5 = g5 —
(@):=4 Gl VIR ) U () )
_ g5
(7) = 7 , (gl < 1).
I+ —a
1+ 7 -
141
14 ---

Here G(q) and H(q) are widely investigated Roger-Ramanujan identities
defined by

G(q)::z q" _ f(=¢°) _

= (n  fl-q,—q")

(8)
_ 1 _ (0%0°)(@%6°)0(@°1 %)
(¢54°)o0 (43 4°) oo (4 0)oo "
- 0 qn(n-i-l) B f(—q5) B
©) Hlg) = nz:% (@00 f(=a* %)
_ 1 _ (#60°)s0(0%07)s(6% 4
(0% 0°)o0 (0% 4°) o (@)oo ’

and the functions f(a, b) and f(—q) are given in (2) and (6), respectively. For
a detailed historical account of (and for various investigated developments
stemming from) the Rogers-Ramanujan continued fraction (7) and identities
(8) and (9), the interested reader may refer to the monumental work |3, p.
77 et seq.| (see also [13, 15]).

The following continued fraction was recalled in [14, p. 5, Eq. (2.8)] from
an earlier work cited therein: For |¢| < 1,

(4% 4%
() oo(—4: Qoo = 57— =
> (4%
1
q b
1 _
q(1—q)
1+ :
L q
2 2
(1 —4q°)
1+ p
1 _



86 ON RELATIONSHIPS BETWEEN q-PRODUCT IDENTITIES AND COMBINATORIAL. . .

(4:0°)0 (0% 6% ) o0 1
2. 45 3. .5 - )
(0% 6°) 00 (¢®: ¢°) o - q :
1+ .
q
1+ .
1+7q6
1
Tir-
Clg) = L )ool@5 0o _ | q
(45 4°)00 (0% ¢°) o ¢
1+ p
1+ o
b
1
+ 1+---

Andrews et al. [2]| investigated new double summation hypergeometric g¢-
series representations for several families of partitions and further explored
the role of double series in combinatorial partition identities by introducing
the following general family:

(10) R(s,t,lu,v,w) =Y @0l u,v,win),
n=0

where
n

%] wv(3)+(w—ul)j
r(l,u,v,w:n) = Z(—l)j q >

Jj=0

(03 @)n—uj(@“0; ¢"7);

The following interesting special cases of (10) are recalled (see [2, p. 106,
Theorem 3], see also [13]):

(11) R(27171a1a272) = (_Q7 qz)ooa
(12) R(2,2,1,1,2,2) = (—¢%* ¢*) o,

(@™ ¢*™)oo
(@™ %) oo
Here, we aim to present certain interrelations between ¢-product identities

and combinatorial partition identities associated with the identities (4)-(6)

and (11)-(13).

(13) R(m,m,1,1,1,2) =
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2. SETS OF PRELIMINARY RESULTS

Here we recall the following results for the verification of the main results
in section 3 (see |1, Theorem 5.1; 3, Entry 51, p. 204; 12, Theorem 3.1]).

(14) gl | RN A L ) R VP R

?*(—¢®) Vi(q®)
T i e | N R e G 0
(15) quQ(_q3> q§f2(_q6)
9 N\? [/M\?

019) oy @S¢ _UWU-9)

f 2
fU = —
16) U= Cagy Mo ) i) ~ 1-0

U+#1.

3. THE MAIN RESULTS

Here we state and prove certain interesting interrelations among g-product
identities and combinatorial partition identities.

Theorem 3.1. Fach of the following relations holds true:
o 1 R(1,1,1,1,1,2)1 " ! R(1,1,1,1,1,2)\* y
g\ R(3,3,1,1,1,2) [ ) q | R(3,3,1,1,1,2)
(17) 2 3 3 3 6 6 6 6. .6
(4,9,9,90, 4% 6%, %, 4% ¢*)oo(—q —q,—q,—q,—q,—q,—q,—q 7°)oo
{R(2,1,1,1,2,2)R(2,2,1,1,2,2)}*(¢3, ¢3, 43, 43,45, 4%, 4%, 4% ¢®)

1
(0.4, 4% ¢*, %, 4% ¢*) o +9q2(q3,q3,q6,q6,q6,q6;qﬁ)oo
q%(q3,q3,q6,qﬁ,qﬁ,q6;q6)oo (0:4:4%,¢%,¢%, 4% ¢®) o
a8) :{3(171,1,171,2)13(12, 12,1,1,1,2)(¢% ¢%)00 (4% 7)o (4" 4*) o }6+
g (4% 4%)o0 (4% 4"%) o0 (4*% 7)o
{R(M,Ll ,L2)R(3, 3,1,1,1,2)(q 7)o (@% 6" }6
(g% ¢%) oo (4% ¢5) ’

(IR

+q

oo

(-4-90 -0 -4 —9x(® ¢ ¢ & q)
q-(=¢% =4, =43, =% —43)oo(45, 45, 4%, % ¢%) o
_{R(2,1,1,1,2,2).R(1,1,1,1,1,2)(¢*, —¢% ¢} }* y
(19) {(_q3aq6§q6)oo}4
" {R(1,1,1,1,1,2) R(2,1,1,1,2,2)(¢%, —¢% ¢%)oc }* — 9{R(2,2,1,1,1,2)(—¢>, ¢% ¢®) }*
{R(2,2, 171727 2)(—¢ % ¢®)oc }

" {( q iq ) }4

X
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Proof. First of all we have to prove our first identity (17). Applying (4)-(5),
and further using (11)-(13), we get

po9d (9994666 0% )
(20) ¢'(—=¢®)  {R(2,1,1,1,2,2)R(2,2,1,1,2,2)}*
= =0 =0’ =%, —¢°, =¢", 4" =)
(>, ¢*.¢*,¢*, 4% 4% 4% 4% ¢®) o
and
(21) vy Yo _1[RO1L1L112)\"
q w4(q3) q R(3737 ]-7 ]-7 ]-72) ’
oy - (49.9:4.¢% ¢ ¢% 0% ¢°)o{R(1,1,1,1,1,2)}*
22) (R(2,1,1,1,2,2)R(2,2,1,1,2,2)}*

(- - - -3, —4% —¢® —¢° — % —¢%) o
0.(3, ¢ ¢3,¢%,45, 4%, 45, 4% ¢%) o { R(3,3,1,1,1,2) }*’

1(R(1,1,1,1,1,2)*
U-UV=[1-- X
< Q{R(3,37171,172)}
(23) N X Y S Y ) R
{R(2,1,1,1,2,2)R(2,2,1,1,2,2) }*
(—¢* —¢* —a* —¢*, —4°, —4°, —¢°, 4% —¢°)
(¢ a* 4% ¢°, 4% q% 4% ¢°) s
using (20)-(23) into (14), we obtain required identity (17).
Further, we have to attempt to estabilish our second identity (18). Ap-
plying (6), we obtain:

X

X

il

(24) Y i o S (U1
5 f2(=¢%)  ¢5{(¢% ¢%)o}?

and

(25) v L) @)}

- 1 - 1
(=% a3{(d% ¢%)oc}?
with (24)-(25), and using (11)-(13), we have following identities

(26) VN — (4,4: 6% % % 4% ¢*) o
=1
q2(¢3,43,4% 4% 4% 4% ¢%)
and
1
(27) 9 _9¢2(¢’,¢° 4%, ¢" %, ¢% ")

MN (0:4,6% 6%, %, % ¢*)
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Combining (26) and (27) we get
9 2 2 22 9133’6666.6
(28) MN + _ 1(q,q,q 4,447 4 )oo qi(q,q °.¢°.4" 4" ¢")o
72 (¢®, 43,45, 4% 45, 4% ¢%) o q2(q,9,9% 6%, 4%, 4% ¢*)o

MN
Also, we have
M { (63 4o (4% 4°) oo (4% 42 }2 _
(4% 6%)o0 (@35 45) 00 (4% %) o
R(2,2,1,1,1,2)R(3,3,1,1,1,2)(¢: ¢?) oo (¢% ¢*)o | 2
{ (4% q*)o0 (4% ¢%) 0 }

N

(29)

o=

=4q
Similarly,

(30) = =

L{R(17171517172)R(12 12715171’2)( % q6)oc(q q )oo(qu;q%)oo}z
gt (4% 4%) 0 (4% 1) oo (425 4*) o '
(

Combining (29) and (30), we get

1 fR(1,1,1,1,1,2)R(12,12,1 1,1, 2)(¢%; ) (6% 4120 (1% %) | ©

(31) _qé{ (q q ) ( 1 )oo( 24)00 } +
LfR(2,2,1,1,1,2)R(3,3,1,1,1,2)(¢; %) oo (4% 4*)oo 6

i { (7% ") 0 (4% %) o }

equating (28) and (31), as precondition given in (15), we obtain the required
identity (18).

Finally, we have to prove our third identity (19). In order to establish
this identity, using(4) and (6), and further applying (11)-(13), we get

U _ R(27 1) 1) 1) 27 Q)R(]-a ]-7 17 17 ]-7 2)(q37 _q67 q6)00 4
N R(2)271717272)(_(]3)(]6;(]6)00 ’

from which it follows

U?2-9U
1-U
{R(2,1,1,1,2,2)R(1,1,1,1,1,2)(q3,—q6;q6)m}4x
_ 3 46. 46 4
(32) {(=4%,¢% ¢%) 0 }

y {R(l,l,l,1,1,2)R(2,1,1,1,2,2)(q3,—q6;q6)00}4—9{R(2,2,1,1,1,2)( @, ¢ qﬁ)}
{R(2,2,1,1,2,2)(—¢% ¢% ¢5)oo }*
y {(—¢% ¢% ¢%) oo }*
{R(2,2,1,1,1,2)(=¢% ¢% ¢®)o }* — {R(1,1,1,1,1,2) R(2,1,1,1,2,2)(¢3, —¢5; ¢°) }*

Similarly, holds

P@f =) _  (-¢-4-4-4-0=" ¢ ¢ ¢ )
af @*) (=%  a.(=* —a% —a* —a* —4*)so (a%, 4%, 4%, 4% 40) o
equating (32) and (33), using in (16), we obtain (19). Hence, we complete
proof of our theorem. O

(33)
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4. CONCLUDING REMARKS AND OBSERVATIONS

The present investigation was motivated by several recent developments
dealing essentially with g¢-product identities and combinatorial partition
identities. Here, in this article, we have established three presumably new
inter-relationships that exist among g-product identities and combinatorial
partition identities. We have also considered several closely-related identi-
ties such as (for example) g-product identities and Jacobi’s triple-product
identities. We have chosen to indicate rather briefly a number of recent
developments on the subject-matter of this article.

The list of citations, which we have included in this article, is believed
to be potentially useful for indicating some of the directions for further
researches and related developments on the subject-matter which we have
dealt with here, and in particular, the recent works by Chaudhary et al. (see
[11, 5, 8,9, 7, 6, 10]).
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