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Abstract

We notice two symmetric g-identities, which are special cases of the transfor-
mations of 9¢ series in Gasper and Rahman’s book (Basic Hypergeometric Series,
Cambridge University Press, 1990, p. 241). In this paper, we give combinatorial
proofs of these two identities and the g-binomial theorem by using conjugation of
2-modular diagrams.

1 Introduction

We follow the notation and terminology in [7], and we always assume that 0 < |g| < 1.
The g-shifted factorial is defined by

@ao=1, (@ah=[[0—at), neN, (a0)0=][(1 - ad")

The following theorem is usually called the g-binomial theorem. It was found by Rothe,
and was rediscovered by Cauchy (see [1, p. 5]).

Theorem 1.1 If |z| < 1, then

i (a; qizzn _ (az19)w (1)

pr B R (25 @)oo

Various proofs (1.1) are known. For simple proofs of (1.1), see Andrews [3, Section
2.2] and Gasper [6], and for combinatorial proofs, see Alladi [2] and Pak [8].

The following two theorems are special cases of the transformations of 5¢; series in
Gasper and Rahman [7, p. 241].
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Theorem 1.2 For |a| <1 and |b] < 1, we have

i (QZ; D g _ i (§Z;q)n o (1.2)

"0 (@5 @)ns1 0 (05 @)n1

Theorem 1.3 We have

i (/% k(% D i Q/z q (25 @Dt ki (1.3)
= (G DG Dnr P k(@ Dm—r
Clearly, the left-hand side of (1.2) may be written as

Fla) 201(az, ¢; qa; ¢, ). (1.4)

By the Heine’s transformation (II1.1) in Gasper and Rahman [7, p. 241], (1.4) is equal to

1 (g,abz @)
(1—a) (qa,b;¢)
which is symmetric in a@ and b. Note that the special case z = 0 of (1.2) has also appeared

in the literature (see Stockhofe [9] and Pak [8, 2.2.4]).
Rewrite the left-hand side of (1.3) as

(2, q)n

(¢ @)n

201(a, b abz; ¢, q),

201(a7" 4/ 24" " 70,4,
Applying the transformation (II1.6) in [7, p. 241], we get

¢ sda(q" g™, 24,04, q),

which is symmetric in m and n.

The purpose of this paper is to give combinatorial proofs of (1.1), (1.2), and (1.3) by
using conjugation of 2-modular diagrams.

As usual, a partition A is defined as a finite sequence of nonnegative integers (Aj, Ao, . . .,
Am) in decreasing order A\; > Ay > --- > \,,. A nonzero \; is called a part of \. The
numbers of odd parts and even parts of A are denoted by odd()\) and even(\), respectively.
Define ¢(\) = odd(X) + even(\), called the length of X\. Write |A| = >, \;, called the
weight of \.

The set of all partitions into even parts is denoted by Peyen. The set of all partitions
into distinct odd parts is denoted by Dyqq. Let Py (respectively, Ps) denote the set of
partitions with no repeated odd (respectively, even) parts.

For partitions A and u, we define A U p to be the partition obtained by putting all
parts of A\ and u together in decreasing order.
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2 A Theorem on Partitions

The following theorem is crucial to prove Theorems 1.1-1.3 combinatorially.

Theorem 2.1 Given m > 1, the number of partitions of n into at most m parts with no
repeated odd parts is equal to the number of partitions of n with the largest part at most
2m and with no repeated odd parts.

Theorem 2.1 was established by Chapman [5] in his proof of the g-identity

n—1

0 2n—1 2n 27—1 O 2j—1 d
¢ty 1 —q” 1 —q7 a 4

which is due to Andrews, Jiménez-Urroz, and Ono [4]. Here we describe Chapman’s proof.

Proof of Theorem 2.1. We shall construct an involution o on P; such that o preserves ||
while interchanging ¢(\) and [A;/2].

We construct a diagram for each A € P;. Each part \; will yield a row of length
[Ai/2]. An even part 2k will give a row of k 2’s, while an odd part 2k + 1 will give a row
of k£ 2’s followed by a 1. Such a diagram is called a 2-modular diagram. As an example,
let A\ =(10,9,7,4,4,4,3,2,2,1). Then, A gives the 2-modular diagram

[\

2 2 2
2 21
21

=N NN NN N

—NNNNN DN NN

Since no odd part of A is repeated, the 1’s can only occur at the bottom of columns.
We identify elements of P; with their diagrams, and then define o to be conjugation of
diagrams. For the above A, o(\) gives the 2-modular diagram

2 2222 2 21

2
2 2 2 21
2
1

NN NN

2
2
2
1
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Namely, o(\) = (19,13,6,5,3). Clearly, the number of rows in the diagram of A is
¢(X), while the number of columns is [A;/2]. Thus, o has the required properties and
Theorem 2.1 is proved. [

Note that the above involution ¢ on P; also preserves odd(\).

3 Combinatorial Proofs of Theorems 1.1, 1.2, and 1.3

In this section, we give combinatorial proofs of the g-binomial theorem and Theorems 1.2
and 1.3. Our combinatorial proof of the ¢-binomial theorem is based on Theorem 2.1,
and is essentially the same as that of Alladi [2] or Pak [8].

Proof of Theorem 1.1. Replacing ¢ and a by ¢* and —agq, respectively, (1.3) becomes

i (=04 ¢")n_n _ (097 ¢°)c (3.1)

(%) T (5
It is easy to see that the coefficient of 2™ on the left-hand side of (3.1) is equal to

Z qlulaodd(u)’

HeEP1
H1<2n

while the coefficient of 2" on the right-hand side is equal to

Z q\u\aodd(u)_

HEP1
L(p)<n

The proof then follows from the involution ¢ in the proof of Theorem 2.1. |

Proof of Theorem 1.2. Replacing q and z by ¢* and —zq, respectively, (1.2) becomes

— (—a2¢;¢*)n — (=b2¢;¢°)n

— b = ———a". 3.2
2 (@5 ¢%)n41 2 (0; ¢*)nt1 (32)

It is easy to see that the coefficient of a™b™ on the left-hand side of (3.2) is equal to

Z qlulzodd(u)7

HEP1
Lp)<m
n1<2n

n=0 n=0

while the coefficient of a™b" on the right-hand side is equal to

Z q\u\zodd(u)'

HEP1
L(p)<n
pn1<2m
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By the involution ¢ in the proof of Theorem 2.1, we have

Z q\u\zodd(u) — Z qlulzodd(u)'

(3.3)
HEP1 HEP1
p)<n {p)sm
p1<2m n1<2n
This completes the proof. |
Replacing q and z by ¢? and —zq, respectively, (1.3) may be written as
. _ w(—a/% qQ)k(—zq; q2)n7k 2m+1)k k
Z( 1) 2. 2), (2 2 q z
pr (42 42)r(a% ¢*)n—r
m _ GO\ (2
= Z(—l)’“( Q/Qz’i)k(fq;q Jmk n1)e (3.4)
prt (4% 4*)k(a% 4*)m—r

We will prove (3.4) combinatorially by first establishing the following two lemmas.

Lemma 3.1 Form >0 andn > 1, we have

n

Z(_1>k (_Q/Z§ q2)kz(_ZQ§ q2)n—k q(2m+1)kzk

—~ (4% a*)r(a% @) n—k

— Z (_1)€(>\)q|>\‘+|u|ZOdd()\)-f-Odd(;L)' (35)
(A, p)EP2x Py
LN+ () <n
)\Z(A)22m+1

Proof. 1t is easy to see that

(—Q/ZQQQ)IC k Al k—e(A
WZ _ Z q\lz N Z q\u\

AEDyaa

HEPeven
A <2k-1 1 <2k
o 7| k—odd(7T
= Y glrlkeoadn),
TEP
71 <2k

where 7 = AU p.
By the involution ¢ in the proof of Theorem 2.1, we have

Z q‘T|Zk70dd(T) _ Z q‘T|Zk70dd(T)’

TEP: TEP,
T1<2k L)<k
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Hence,

(—Q/Z%QQ)k @m+1)k k _ Z |7+ (@2m+1)k , k—odd(r)
((12;(]2)19 B 1

TEP1L

L)<k

_ Z q|)\\ Zkfeven()\)

A=(A1,..,Ak)EP2
Ap>2m+1

_ Z g z0dd)

A=(A1,..,A)EP2
Ap>2m+1

where \; =7, +2m+1 (1 <i < k).
Similarly, we have

( 2q; q Z q|u| odd(u)

(4% ¢%) =,
o) <n—k

Therefore, the left-hand side of (3.5) is equal to

Z(_l)k Z qlf\\zodd(k) Z qlulzodd(u)

k=0 A=(A1,... A5 )EP2 pEPL
Ak>2m+1 U(p)<n—Fk

_ Z (_1)4()\)q\)\I-l—\u\Zodd()\)—l—odd(u)’
(A, n)EP2 X Py

L)+L(p)<n
)\[0\)22m+1

as desired.

Lemma 3.2 Form >0 andn > 1, we have

Z (_1) 140) )q|)\\+|u| odd(A)+odd(p Z q‘“‘ odd ()

()\, M)EPQ X P1 nePy
L)+ () <n L(u)<n
Ag(n)=>2mA+1 p<2m

Proof. Let

B:={(Ap) € Py x Pr: £(A) + £(p) <nand Ay > 2m + 1}

We will construct an involution ¢ on the subset

B, :={(\p)eB: AX#0or u; >2m—+1}
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of B, with the properties that ¢ preserves |A|+|u| and odd(\)+odd(y) while sign-reversing
(—1)',

For any (A, p) € B,,, note that no even part of A is repeated while no odd part of p
is repeated. Define

((/,Ll,)\l,)\g, .. .), (/,62,/,63, .. )), if \; < M1 OT A = p =2s+1,

A )= .
¢(( Iu)) {(()\2,)\3,...),()\1,/,61,/,62,...)), if A1 >y Or A1 = U1 = 2s.

It is straightforward to verify that is an involution on Bm with the required properties.
g
This proves that
E : ( 1)4()\)q\)\|+\u\zodd(>\)+odd(u) O7

(A 1)EBm

which implies (3.7). |

Proof of Theorem 1.3. Combining Lemmas 3.1 and 3.2, we obtain

n S o2\ (e 2
Z(_l)k( q/20°)k(—2¢; 4" )n—r 2m+1)k k _ Z q‘“‘ odd(p)

(@%¢®)k(4% @) n—k

k=0 HEP1

{p)<n
pn1<2m

By symmetry, we have

= Q/Z q2) (—2q;q ) 2n+1 Z |1l yodd (s
Z 4
=0

(4% ¢*)k(% ¢*)m—r et

Lp)<m
p1<2n

The proof then follows from (3.3). |
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