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Abstract

In this note, we present a new combinatorial proof of an identity originally stated
in Ramanujan’s lost notebook by keeping track of an extra statistic in Yee’s bijection
for a special case of this identity.
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1 Introduction

In his introduction to Ramanujan’s “lost” notebook, applying an identity of Rogers,
Andrews|1] proved the following wonderful identity:

= (aq; q)n bq;q)n n:o (bq;Q)n
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Throughout the article, we assume that ¢ is a complex number with |¢| < 1 and we
adopt the following customary g-series notation:

(CL; Q)O = 17

(a;q)n = H(l —ag’™'), for positive integer n
j=1

(@ 0)ee = [[(1 - ag™ ).

1

3
Il

In his survey of partition bijections, Pak [5] pointed out that finding a combinatorial
proof of (1) is an open problem. Recently, Kim [3] and Levande [4] independently solved
Pak’s problem. Kim [3] rewrote the identity only by multiplying both sides of (1) by
a factor a and gave a combinatorial proof to show how the cancellations work in his
rewritten identity. Levande [4] not only gave an involution proof of (1) but also presented
a combinatorial proof of its rewritten form with a little imperfect as having to deal with
zero parts in partitions.

For the case a = 1, identity (1) reduces to

- qn 1 S n, n(n+1)/2
_ _pyrgn /2
2 0d; Dn(@: ) (043 0)00 (a5 @)oo nzg( )

n—

which is an identity derived by Fine [2].
Yee [6] presented a combinatorial proof of the above identity by rewriting it in the

following form
i qn n+1 )oo _ 1 i bnqn(nqtl)/?. (2)
= (¢ @)oo =

In this note, we aim to give an alternative combinatorial interpretation of identity
(1), based on Yee’s combinatorial proof of identity (2), by keeping track of an extra
statistic. In Section 2, we will rewrite identity (1) in an appealing form whose both
sides are positive. The main goal of Section 3 is to present a combinatorial proof of our
Ramanujan’s rewritten identity.

2 Ramanujan’s Rewritten Identity

Multiplying identity (1) by (bg; ¢)~ and then replacing b by —b yields

i Qn )oo _ 1 —a an (n+1) /an n( b n+1, Q)oo

— (aq; q)n
- 1
+ afl qn(n+1)/2bna7n . 3
nZ:O (aq; @)oo )
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As the fact that (—=bg" ™ q)oe = (1 + bg" ) (—=b¢""%; ¢)s and

Z qn(n2+1) bnafn(_banrl; q)oo _ (—bq; q)oo + Z qn(n2+1) bna—(n+1)bqn+1(_bqn+2; q)007
_ n=0

we deduce

n(n+1) _ n(n+l) _
1 —a Zq ba n b n+1. Q)oo bq q Zq ba (n+1) ( b n+2;q)oo‘

Adding the term Z ¢"H2pn g~ (D (—hg™t2: ¢) o to both sides of identity (3), we
obtain that

Tl

) +an(n2ﬂ)b" ~OHD (b )

iq

—  (agiq
n(n+1) TL “n
q a
= (=b¢; ¢)o Z
0 aq q
which is equivalent to
n(n+1)

n+1

5 bTL —-n

* 4 Zq’“";” ba " (—bg™; Z a (4)
n=0

(ag; q

n=1 (aq’
REMARKS.

1. In fact, (1.2) as introduced by Levande in [4] is not an identity. To see this, we
compare the constant term on each side. The constant term on the left-hand side
is 7%, but it is ﬁ on the right-hand side.

2. The rewritten Ramanujan’s identity obtained by Levande is essentially

o o0

[1(1+acg*) o ag" [I (1+acq") 0

k:: k=n+1 n+1 o k
1
R s D D ¢ R v Zq [I -+ acg")
n=1 k=n+1
n=0 k=0 (1 - aqg®)

which we name Levande’s rewritten identity for concision.

3. The goal of Levande’s bijection ¢ in [4, Section 5] is to present a combinatorial proof
of Levande’s rewritten identity. Levande’s approach is basically correct, but when
processing with the empty partition, Levande’s bijection ¢ cannot work properly.

See p(AN=1,4=0), oY (X =1,Y =0) and ¢~ (X =0,Y = 1) for an illustration.
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4. Comparing with Levande’s rewritten identity, our rewritten identity (4) has a more
neat form and does not involve the factor ﬁ, so we do not need to introduce the
zero parts in a partition and can avoid the shortage of Levande’s bijection ¢ when
we present the combinatorial interpretation of identity (4) in Section 3.

Now let
P,(a) = Z Vg and Q,(a) = Z a'® gl

o(N)>n £(N)<n

where £(\) denotes the number of parts of a partition A, and |A| is the sum of parts of A
and the summation is taken over all partitions satisfying the desired condition.

It is easy to see that
1

(ag; @)

Hence, identity (4) can be rewritten as

= Pa(a) + @n(a).

- aqn(_bqn+1’q)00 = n(n+1)/23n, —n n+2
+ 4 b"a""(=bg"""; ¢)oo
; (ag; @) ; ( )
_ Z qn(n—l—l)/ana—nPn(a) + Z qn(n+1)/2bna—nQn(a)7 (5)
n=0 n=0

which we will christen “Ramanujan’s rewritten identity”.

3 Proof of Ramanujan’s Rewritten Identity

In this section, we aim to give a combinatorial interpretation of Ramanujan’s rewritten
identity (5) to present a combinatorial proof of identity (1).
First we recall Yee’s simple bijection in Lemma 1, which is useful to the proof of our
main result. We follow the notations in [6] and introduce the necessary notions now.
Given a partition A, we denote s(A) (resp. m(A)) the smallest (resp. largest) part of
A. For any two partitions A = (A1, Ag,...) and p = (1, f2, . . .), we define the sum A\ + p
to be the partition (A; + p1, A2 + pa, . ..) and their union A U u to be the partition with

parts Ay, Ao, ..., i1, flo, . .. arranged in weakly decreasing order.
The partition with no parts is denoted by € and we define 7, to be partition of n(n+1)/2
into (n,n — 1,...,1), which is called a triangular partition. The set of all triangular

partitions is denoted by A.

Define P to be the set of all partitions and D to be the set consisting of all partitions
with distinct parts.

Forn > 0, let

P,, = {partitions 7 with m(7) = n} and Ps,, = {partitions 7= with s(7) > n}

and denote D-,, the set P, ND, i.e., the set of all partitions with distinct parts and with
the smallest part being greater than or equal to n.
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Lemma 1 ([6, Thm 2.1]). We have

UD%HXPn:AxP

n=0

Proof. Suppose A is a partition in D, 1, since
AL > Ay > >)\Z()\) >n,

we can subtract £(\) — i+ 1 from each part \; of A to obtain a partition A* in Ps,,. Thus
we can write A as 7y(y) + A" where \* € Ps,,.

Now we establish a bijection ¢ between the sets (J 7 Dspt1 X Py, and A x P.

Given a pair of partitions (A, 1) € Dxpgq X Py, we first write A as 74y + A* and define
©((A, 1)) to be (Tyn), A* U ) where \* U p is the union of A* and p. It is easy to see that
¢ is a one-to-one correspondenee between (A, p) and (7y(x), A* U p). O

In the above proof, for n > 1, we have £(p) > 1 and £(A*) = £(\), thus (A\*Up) > £(N).
As £(Agny) = €(N), we have

Corollary 2.
U Donr % P = {0 1A 1) € A x P 6(p) > £(N)} = S. (6)
n=1

Now we state our main results: Theorem 3 and Theorem 4, which provide a combina-
torial proof of Ramanujan’s rewritten identity (5).

Theorem 3.

o Zq" LY P, a) @

(aq,

n=1

Proof. 1t is straightforward to see the followmg partition identity

Z ¢"(=bg""5 @)oo _ Z (1) ) Al (8)

a
n=1 ( Q7 q>n ()\,,u)GUfLozl D>n+1 XPn

From (6), we deduce that

3 WO Al ™ L=t g+l (9)

(MEURZ) Dpt1 XPr (Ap)es

It is easy to show that

$ QNG 3 gt 2y § 00 gl

(Au)es n=0 Lp)>n
= >RGP, (a). (10)
n=0
Combining (8), (9) and (10) together completes the proof. O
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Theorem 4.

an (n+1) /an n( b n+2 an (n+1) /2bn nQn( ) (11>

n=0

Proof. For a partition A = (A, Ag, ..., \,;,,) with distinct parts where Ay > Ay > -+ > A\,
let A (A) be the largest k such that A\, ;41 = ¢ holds for 1 < i < k. If s(\) > 1, we set
Ia(N) = 0.

Then we have

an(n—i—l /an —n( n+2 ZG—KA(/\)Z)E \) \)\| (12)

AeD

For a partition A with distinct parts, we can split it into a triangular partition 7,y and
an ordinary partition p whose length is not greater than ¢(\). For example, (7,5,4,1) =
(4,3,2,1) 4+ (3,2,2). Thus, ¢a(N) = €(\) — ¢(u), which yields

Z a~taWNpN) gAl = Z LX) HEN) ) EN)+1)/ 2+ ], (13)
AeD (M p)e(D,P)
L()<L(N)

It is not hard to see that

Z E(u bf AN +1)/24+p| Z a—nbnqn(n+1)/2Qn(a)' (14)
(A p)E(D,P) n=0
£(u)<e(n)
The proof is completed by combining (12), (13) and (14) together. O
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