M>-RANK DIFFERENCES FOR PARTITIONS WITHOUT REPEATED ODD
PARTS

JEREMY LOVEJOY AND ROBERT OSBURN

ABSTRACT. We prove formulas for the generating functions for My-rank differences for parti-
tions without repeated odd parts. These formulas are in terms of modular forms and generalized
Lambert series.

1. INTRODUCTION

A partition of a non-negative integer n is a non-increasing sequence whose sum is n. One
of the most useful ways to represent a partition is with the Ferrers diagram. For example, the
partition (10,6,6,3, 1) is represented by the diagram

MacMahon [18] generalized the Ferrers diagram to an M-modular diagram of a partition. A
special case of his construction, the 2-modular diagram is a Ferrers diagram where all of the
boxes are filled with 2’s except possibly the last box of a row, which may be filled with a
1, with the condition that no 2 occurs directly below a 1. As an illustration, the partition
(10,10,8,7,7,4,2,2,1) has 2-modular diagram
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If we add the condition that a 1 may only occur in the last entry of a column, then these
2-modular diagrams correspond to partitions whose odd parts may not be repeated. Partitions
without repeated odd parts and their 2-modular diagrams have long played a role in combi-
natorial studies of g-series identities (see [1, 2, 8, 11], for example). Most recently, Berkovich
and Garvan [8] introduced what they called the Ms-rank of such partitions. The My-rank of
a partition A\ without repeated odd parts is defined to be the number of columns minus the
number of rows of its 2-modular diagram, or equivalently,

Ms-rank (\) = {%—‘ —v(N),

where [(\) is the largest part of A and v(\) is the number of parts of A.

The two-variable generating function for the Ms-rank has a particularly nice form. Namely,
using the fact that partitions with distinct odd parts correspond to overpartitions in which the
odd parts are all overlined, it may be deduced from [16, Theorem 1.2] that if No(m,n) denotes
the number of partitions of n without repeated odd parts whose Ms-rank is m, then

2
(1.1) ZNgmnz q" Zq —)n

2
n>0 n=0 Zq q/zq)

meZ
Here we have introduced the standard g-series notation [13],

n—1
(alua’Qu v 7a’]’q)n = H(l - alqk)(]‘ - aqu) e (]‘ - a’jqk)a
k=0

following the custom of dropping the “;¢” unless the base is something other than q.

The generating function for the Ms-rank in (1.1) appears numerous times in Ramanujan’s
“lost” notebook [3], [5, Ch. 12]. When z = —1, we have the mock theta function p(—q) of
MclIntosh [19] and when z = i, this is the mock theta function Uy(¢q) of Gordon and McIntosh
[14, 19]. More generally, Bringmann, Ono, and Rhoades [9] have shown that one obtains the
holomorphic part of a weak Maass form when z is replaced by certain roots of unity. There are
many nice consequences of this number-theoretic structure, including the fact that the generating
function for Na(s, £, n) — Na(t, ¢, n) will often be a classical modular form when n is restricted to
arithmetic progressions. Here Ny(s, ¢, n) denotes the number of partitions of n without repeated
odd parts whose Ms-rank is congruent to s modulo ¢. In this paper we obtain formulas for all of
the generating functions Na(s, ¢, ¢n + d) — Na(t, ¢, ¢n + d), when £ = 3 or 5, in terms of modular
forms and generalized Lambert series. We shall indeed see that many of these functions are
simply modular forms.

Using the notation

(1.2) Ry(d) = (Na(s, £, fn+d) — No(t, £, fn + d)) ¢"
n>0

where the prime ¢ will always be clear, the main results are summarized in Theorems 1.1 and
1.2 below.
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Theorem 1.1. For £ = 3, we have

oo 1n6n2+9n 6; 6 :
18 Ro(0) =120 57 CVUETE | QO i)

o 1-¢rH (0% 4% oo (4%, 10, 125 ¢12)2,
(—¢%,4% 4%
1.4 Ry (1) = ~ 45959 Jeo
o o) (4%, 4% ¢%)
(1.5) Ro1(2) = (4% ¢%)oo(—4% ¢%) oo '

(4,9%0%) 00 (q*, 4% 4o
Theorem 1.2. For { =5, we have

(— ) g0 +15n
R12(0) = -1 —¢* Z 1 — q10”+2
(1.6)
| @d® )oo(qaq "%, 4" 0% (0" 47)3 (6% 470)%
(q; Q)oo ’
(1.7) Ryl =0,
(1.8) Ri2(2) = 2(¢% 0" ¢*) 00 (4°; ¢°) oo (—¢"%5 4" 0
(49" ¢°)oo ’

(—¢°, 4% ¢")
1.9 Ris(3) —
" ®) (g%, 4% %)

2
(110) Ryt = 2p SO0 gn CMC T (@ i)
(@540 £ 1 gttt (4:4%)00 (45, 4%, 42, 4", ¢%; %)
(1.11)
Fo2(0) = 1+2¢ 2 Z )" (q,0%¢™)2 (6" 0 (0 05 0%, 0™ 6o
el 1 — q10n+2 @ Q)oo(q20; I

(—¢°, q* ,q“’)oo
1.12 oy
e )= (4%, 6% ¢")

(0% 0°) oo (=™ )00 (d°, 4™ ¢*°)
(113) R02(2) — [ele] S %o oo’
(@ ¢%¢°) 0

(1.14) Rp2(3) =0,
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2
)anOn —+15n (qS’ q7’ qlo; qIO)gO
— qlon+d (4:0%) 0 (d%, 4%, 4%, 4", ¢%°; ¢*°) o

To prove Theorems 1.1 and 1.2, we shall roughly follow the method developed by Atkin and
Swinnerton-Dyer [6] in their study of Dyson’s rank for partitions. This method may be generally
described as regarding groups of identities as equalities between polynomials of degree ¢ — 1 in
q whose coefficients are power series in ¢°. Specifically, we first consider the expression

_ 3(=0%4" ) o (2L
(1.15)  Roa(4) = ¢° (410 ¢10) Zg; 1

S n (q2§ q2)00
(1.16) ;{Ng(s,ﬁ,n) — Ng(t,ﬁ,n)}q m

By (2.4), (2.5), and (5.3), we write (1.16) as a polynomial in ¢ whose coefficients are power
series in ¢’. We then alternatively express (1.16) in the same manner using Theorems 1.1 and
1.2 and Lemma 3.1. Finally, we use various g¢-series identities to show that these two resulting
polynomials are the same for each pair of values of s and t.

The paper is organized as follows. In Section 2 we collect some basic definitions, notations
and generating functions. In Section 3 we record a number of equalities between an infinite
product and a sum of infinite products. These are ultimately required for the simplification of
identities that end up being more complex than we would like, principally because there are
only two 0’s in Theorems 1.1 and 1.2. In Section 4 we prove two key g¢-series identities relating
generalized Lambert series to infinite products, and in Section 5 we give the proofs of Theorems
1.1 and 1.2.

2. PRELIMINARIES

We begin by introducing some notation and definitions, essentially following [6]. With y = ¢°,
let

rs(d) == Z Ny(s, 0, fn + d)y"
n=0

and

Tst(d) = Ts(d) - Tt(d)'

Thus we have

00 /-1
Z N2(87 ¢, n)qn = Z rs(d)qd'
n=0 d=0

To abbreviate the sums appearing in Theorems 1.1 and 1.2, we define

2(2,¢,9) =)

ne”L

(_1)nc4nq2n2+3n

1— Z2q2n
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Henceforth we assume that a is not a multiple of £. We write

(_ 1)ny4bn+€n(2n+3)

¢
¥(a,b) =Xy, 9’ y") = Z 1 — y2int2a
=

and

’ (_1)ny4bn+5n(2n+3)
E(O’ b) = Z 1— y%n ’
nez
where the prime means that the term corresponding to n = 0 is omitted.
To abbreviate the products occurring in Theorems 1.1 and 1.2, we define

o0

P(z,q) =[]0 =2 (1 - 27"¢")
r=1
and
P(0) =[] - v*").
r=1
We have the relations
(2.1) P(z7'q,q) = P(z,q)
and
(2.2) P(zq,9) = =z P(2,9).
Now, for any integer m we have (see Section 5 of [8] or [16])
(2'3) ZNQ(m’n)qn 49 ) Z n+1 2n —n+2|m|n ( q2n).
n>0 n>1

It is then a simple matter to deduce that

(2.4) ZNQ s,m,n)q Ak Z

* nez

n 2n +n( 25n_|_q (m— s)n)

1— q2mn

Unfortunately, it does not appear that one can go directly from differences of (2.4) to the
formulas in Theorems 1.1 and 1.2. Hence it will be beneficial to consider sums of the form

1 (—1 nq2n2+bn
nez
We will require the relation
(2.6) Sa(b) = —S2(20 = b),

which follows from the substitution n — —n in (2.5). We shall also require the fact that
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(2'7) Sg(b) o 52(2€ + b) _ Z(_l)nq2n2+bn 1= (q2+b’ q2—b’ q4; q4)oo 1
neZ

if b is odd. This follows by applying the case z = —¢® and replacing ¢ with ¢? in Jacobi’s triple
product identity

2
(2.8) D" = (24, -4/%.6% %)
neZ

3. INFINITE PRODUCT IDENTITIES

In this section we record some identities involving infinite products. These will be needed
later on for simplification and verification of certain identities. First, we have a result which is
the analogue of Lemma 6 in [6] and Lemma 3.1 in [17]. The proof, which just amounts to an
application of (2.8), is similar to that of Lemma 3.1 in [17] and thus is omitted.

Lemma 3.1. We have

(3.1) % = (¢*, =%, =", =4"*,4"°,¢"%; 0" oo — a(¢”, "7, 0% ¢*) s
and
652) ((33;(;22))0; — (=¢", 4", —¢®, 6%, — ¢, ¢ oo

— (P =2, =, =%, 4%, % ) — (¢, 4, ' 410) .

Next, we quote a result of Hickerson [15, Theorem 1.1] along with some of its corollaries.
Lemma 3.2.
P(z,q)P(2,4)(0)5% = P(=22,¢°)P(=qz/z,¢*)(¢* ¢*)5% — xP(—22q,¢°)P(=2/2,¢*)(¢*; ¢*) %

The first corollary was recorded by Hickerson [15, Theorem 1.2]. It follows by applying Lemma
3.2 twice, once with = replaced by —z and once with z replaced by —z, and then subtracting.

Lemma 3.3.
P(—z,q9)P(z,q)(q)% — P(z,q)P(—=2,9)(9)% = 22P(z/x,¢*)P(z2q,¢°)(¢*; °)% -

The second corollary follows just as the first, except we add instead of subtract in the final
step.

Lemma 3.4.

P(=z,9)P(2,9)(q)% + P(z,q9)P(=2,9)(9)% = 2P(z2,¢°)P(qz/2,q°) (¢ ¢*) %
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4. Two LEMMAS

Theorems 1.1 and 1.2 will follow from identities which relate the sums X(a,b) to products
P(z,q). The key steps are the two Lemmas below. These results are similar in nature to Lemmas
7 and 8 in [6] and Lemmas 4.1 and 4.2 in [17].

Lemma 4.1. We have

00 —4n An+6
Z (_1)nq2n2+3n|: C + C ]
1— 220220 " 1 — 220220

n=-—00
(41) — CQ(_Q7 —q, <47q2<74;q2)oo i (_1)nq2"27+3n
(C27 q2C727 —QCQa —QC*Q; q2)oo 1— 22q2n

(—2%¢,—qz 7% L P P E oo (B D)X
Z2C727 q2<:22’72, Z2C27 q2Z72C727 227 q22727 —QCQa _q<72; q2)oo .
Proof. This is just the case r = 1, s = 3, ¢ = ¢°, a1 = —22q, by = 2%2/(?, by = 22¢%, and b3 = 2
of [10, Theorem 2.1],
P(ah q) e P(am q)(q)go
P(b17Q) ne P(b87Q)
(4.2) _ Plar/ha) - Plar/bnq) g (1)l (a1 b ) "
P(b2/b1,q) - P(bs/b1,q) = 1 —big™ by - - by
+ idem(bl; ba, ... ,bs).
Here we use the usual notation
F(bl, ba, ... ,bm) + idem(bl; ba, ... ,bm)
= F(bl,bg,...,bm) +F(b2,b1,b3,...,bm) + . +F(bm,b2,...,bm_1,b1).

1

2

O
We now specialize Lemma 4.1 to the case ¢ = y?, z = ¢°, and ¢ = y":
(4.3)
P(—y', y*)P(y',y*)
6 2 ) )
y 380+ a,a) +E(0b—a,—a)—y aP(yQ“, 20 P(—y 2, g2 %(b,0)
Py ) P(y", y* ) Ply*, y* )P0

N P(y2b=2a 4)20) P(32b+2a_4,20) P(3y2b 420) P(—y2a+E 4)20)
We now define

5 P(—q,¢®)P(z%, ¢%)

= Y(z,1,q) — 252(22
9(z,q) =z PG )P~ ) (2,1,q9) — 2"5(2", 2,q)
B i, (_1)nzf4nqn(2n+3)
_ 42
n=—0o 1 qn

and
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P(—y*,y*)Py**,y*)
4.4 = gy, yt) = y* ’ :
(44)  g(a) =9y y) =y P52, ) Py, g2

¥(a,0) — 4% (2a, a) — (0, —a).

The second key lemma is the following.

Lemma 4.2. We have

29(2,q) — g(z%,q) + 1

(4.5) _ P(qz%, ¢*)P(=22,¢*)P(0)2P(-1,9)%* 2" P(¢*2'%,¢")P(—1,¢*)(9)%
P2, @)P, AP(1,@)? | 2 P(5,q)

and

(4.6) 9(z,9) + 9(z7"q,q) = 0.

Proof. We first require a short computation involving ¥(z,(, q). Note that

o0 4 ~4n n(2n+3) o dn+4 n(2n+3)+1
¢ S
Z4E(Za Caq) + QC4E(ZC]7 C7Q) - Z (_1)n 1— Z2q2n + Z (_1)n 1— Z2q2n+2
n=-—o00 n=—o00
o0 4 4n
—1
— _1\ncAn n(2n—1) (L)

(4.7) HZZOO( )"¢*"q o

_ _ Z (_1)n<4nqn(2n—1)(1+z2q2n)

n=—oo

upon writing n — 1 for n in the second sum of the first equation. Taking ¢ = 1 yields

(e 9]

(4.8) A8(2,1,9) + q8(2q,1,q) = — Y (—1)"¢"* (1 + 227,

n=—oo

Now write g(z,¢) in the form

9(2,9) = f1(2) = fa(2) = f3(2)

where

P(—¢,¢*)P(z*, ¢*)
2
filz) == P(ZQ,QQ)P(—ZQ(J,QQ)E(Z’ Lo,
fQ(Z) = Z6E(z2727Q)7
and
>, 1 nz—4nqn(2n+3)

f3(2) = Z S 1— g2

n=—oo

By (2.1) and (2.2) (replacing the base ¢ with ¢?), and (4.8),
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49 A0 -AE=E ) T U e Ay

A similar argument as in (4.7) yields

(4.10) fa(2q) — fa(2) = Z (—1)pAn—2gnn=1) 4 Z ) pAn+2 gn(2n+1)
and )

(4.11) f3(zq) — f3(2) = =2+ Z (-1)"z —4n n2n D4 Z )" ,—dn n(2n+1)

Adding (4.10) and (4.11), then subtracting from (4.9) gives

(4.12) 9(z,9) —9(2q,q) = —2.
Here we have used the identity

-2 = _1\n,2n%+n ( Q)P( 2)
EE B s B

n=—oo

(e 9]

(4.13) = > (—1)mpin—2gn(2n=1) 4 S (—1)naint2gniznt)

n=—oo n=—oo

+ Z (_1)nz—4nqn(2n—1) + Z (_1)nz—4nqn(2n+1)
which follows from [13, Ex. 5.5, p.134], the triple product identity (2.8), and a little simplifica-
tion. If we now define

P(q2%,¢*>)P(—22,¢*)P(0)2P(—1,q)?
1) = 2a(e0) — (2, q) + 1 - DD PC2 DR P L)

2 P20, ¢ P(-1,¢%) ()%

2 P(z%,q) ’
then from (2.1), (2.2), and (4.12), one can verify that

(4.14) f(za) — f(2) =0,
Now, it follows from a routine complex analytic argument similar to the proof of Lemma 4.2 in

[17] (see also Lemma 2 in [6]) that f(z) = 0. This proves (4.5).
To prove (4.6), it suffices to show, after (4.12),

(415) g(z_l,q) +g(27Q) = —2.



10 JEREMY LOVEJOY AND ROBERT OSBURN

Note that
00 n(2n+3) g"2n—1)
Y(z,1,q) +275%(z71 1,¢) = Z (_1)711(]2,722”_ z* Z W
(4.16) A S
_ 4 Z (—1)"q"@n=1 (1 4 22427
n=—o0

where we have written —n for n in the second sum in the first equation. Thus, by (2.1), (2.2),
and (4.16), we have

- TL n n— n P
W R RED = Qn_zoo R
Again, a similar argument as in (4.16) gives
(418) fQ(Z) +f2(25_1) = 2 Z (_1)nz4nqn(2n—1)(1+z4 Qn)
and
(4.19) fE)+ T =2= ) (~1)" g1+ ).

Adding (4.18) and (4.19), then subtracting from (4.17) yields (4.15). Here we have used the
identity

2
52 Z n n (2n— 1)(1+22 2n)P]z( );fg(z2q,q))

(4.20) e .
_2 Z n 4n n (2n— 1)(1 + 24 2n) + Z ( 1)nz4nqn(2n 1)(1 + q2n)
n=-—00 n=-—00
which is easily seen to be equivalent to (4.13).
O
Letting z = y® and ¢ = ¢’ in Lemma 4.2, we get
2¢g(a) — g(2a) + 1
(421) - Py, ) P(—y* y*)P0)*P(=1,9°)* | y* Py* %y ) P(-1,5*) (v )%
P(—yt2a,y2) Py, y) P(—1,y*)> 2 P(y8a,y")

and

(4.22) g(a) +g(f —a)=0.
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These two identities will be of key importance in the proofs of Theorems 1.1 and 1.2.

5. PROOFS OF THEOREMS 1.1 AND 1.2

We now compute the sums S2(3¢ — 4m). The reason for this choice is two-fold. First, we
would like to obtain as simple an expression as possible in the final formulation (5.3). Secondly,
to prove Theorem 1.1, we only need to compute S2(1) whereas to prove Theorem 1.2, we need
S5(11) and S3(7). The latter in turn yields Sa(1) and S3(3) via (2.6) and (2.7). For ¢ = 3, we
can choose m = 2 and for £ = 5, m = 1 and m = 2 respectively. As this point, we follow the
idea of Section 6 in [6]. Namely, we write

(5.1) n ={r+m+b,
where —oo < 7 < 00. The idea is to simplify the exponent of ¢ in S2(3¢ — 4m). Thus

(3¢ — 4m)n + 2n% = 2r(2r + 3) + 2(b +m)(b — m + £) + £(m + b) + 4blr.
We now substitute (5.1) into (2.5) and let b take the values 0, £a, and £m. Here a runs through
"
1,2,..., Z_Tl where the value a = +m mod ¢ is omitted. As in [6], we use the notation Z to

a
denote the sum over these values of a. We thus obtain

>, q(3574m)n+2n2
So(3¢ —dm) = > A T
n=-—o00
V4
_ Z Z r+m+b m+b 2(b+m)(b—m~+£) Y r(2r+8)+br
- q 1— y2(ZT+m+b) )
b r=—oo
where b takes values 0, +a, and £m and the term corresponding to »r = 0 and b = —m is

omitted. Thus

S9(30 — 4m) = (=1)™ym ™= (m, 0) + (0, —m) + y5 S (2m, m)
(52) n Z” m+a m+a 2(a+m)(a m-i—f){ (m +a, G,) + y—ﬁaz(m —a, _a)}'
Here the first three terms arise from taking b = 0, —m, and m respectively. We now can use

(4.3) to simplify this expression. By taking b = m and dividing by %°* in (4.3), the sum of the
two terms inside the curly brackets becomes

—4da P(_y£7y2é)P(y4a7y2£) 3
P(y?, y* ) P(—y?*+, y*)
P(=y*™ g ) Py", y* ) P(y*, y*) P(0)
P(y2mf2a’ y%)P(meJrQa’ yQZ)P(me’ yQZ)P(_yQaJrf’ y%) ’
Similarly, upon taking a = m in (4.4), then the sum of the second and third terms in (5.2) is

om  P(=y5 ) P(y*™, y?)
P(y?m, y20) P(—y2m+e, y2)

(m, 0)

+ y—Ga

Y(m,0) — g(m).
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In total, we have

(5.3)
S2(3¢ — 4m) =
—g(m)
+ Z”(_1)m+aym—5aq2(a+m)(a—m+€) P(_y2m+£7 yQZ)P(y4av yQZ)P(yQ(l’ yQZ)P(O)Q
- P(y2m—2a’ y%)P(me—f—Qa’ y%)P(me’ y2€)P(_y2a+€’ y%)

P(—y*, 42 ) P(y"™, y*)
(me’ yQZ)P(_me-i-f’ y2€)

+ B(m, 0){(—1)mqu2m“‘m) +y?"

+ Z”(_1)m+aym—3aq2(a+m)(a—m+é) P(_yzvaZ)P(y4avy2£) )
- P(y?,y?") P(—y?ett, y)

We can simplify some of the terms appearing in (5.3) as we are interested in certain values of /,
m, and a. To this end, we prove the following result. Let { } denote the coefficient of ¥(m,0)
in (5.3).

Proposition 5.1. If ¢ =3 and m = 2, then

18)

PR et 0 S G T IS
(=4 4*)o0(q"%; ¢'%) o
If{ =5 m=2, and a =1, then

{ 1= —g" (0 oo (=% ) oo
(—4:0®)oe (67 ) o0

Ift=5 m=1, a=2, then

{ }: 10((]2;(]2)00(—(]25;(]50)00
(=4 4*)0(¢°°; ¢°%) o

Proof. These are easily deduced from Lemma 3.1. O

We are now in a position to prove Theorems 1.1 and 1.2. We begin with Theorem 1.1.

Proof. By (2.4), (2.5), and (2.6), we have

= n (6% 6o
(5.4) T;]{NQ(O,S,n) - N2(1,3,n)}q Caal =25+ 50,

By (2.1), (2.2), (5.3), and Proposition 5.1 we have

18)

23(2,0).

2. .2 9.
(5.5) Sa(1) = ~g(2) - o (LA

(=4 ¢?) oo (¢'8;
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Taking b =1 in (2.7) yields

(5.6) Sa(1) — So(7) = % _1

By (5.4), (5.5), and (5.6), we have that

B o 2(0%6%) (=% ¢") s (%)
30 = @ ™0 T g P
2.2
= {ron(0)¢® + 101 (1)g + r01(2)q2}%.

We now multiply the right hand side of the above expression using Lemma 3.1 and the 71 (d)
from Theorem 1.1 (recall that 7o;(d) is just Roi(d) with g replaced by ¢®). We then equate
coefficients of powers of ¢ and verify the resulting identities. The only power of ¢ for which
the resulting equation does not follow easily upon cancelling factors in infinite products is the
constant term. We obtain

(0" 4")5 (=0 675 (6% ¢®) oo (6*, —0°, —¢°, —4"%, 4", 4" ¢"¥)
(a"%"%)os(a, 4%, 4% ¢%)3,
(@°36”) oo (=0"% "o (¢”, &7, 4°% ¢*%)
(€%, 4" ¢"%)o0(a"?, ¢**: ¢%) o '
The first term (resp. second term) above is easily seen to be identical to the first term (resp.

second term) in (4.21) with a = 1. Applying (4.22), this then establishes the above identity and
completes the proof of Theorem 1.1. O

—39(2)+1=

We now turn to Theorem 1.2.

Proof. We begin with the rank differences R12(d). By (2.4), (2.5), and (2.6), we have

(5.7) Z{Nz(l,f),n) - NQ(Q,E),H)}Q"% = 285(3) — S(1).
n=0 ’ [e’¢)
By (2.1), (2.2), (2.7), (5.3), and Proposition 5.1,
(58) 5(1) = (1) + g5 PPV sy D)o | (@50

Py? y")P(=y?, y') (=46*)oc (@600 (=4:¢%)0

and

(7% 0% oo (—0%; 6" o
(—¢:4%)00 (47 ¢°°) oo

P(0)*P(~y°,y")
Pyt y') P(=yT,y'°)
By (5.7), (5.8), and (5.9), we have

(5.9) 92(3) = g(2) + yq* +14%¢'S(2,0)



14 JEREMY LOVEJOY AND ROBERT OSBURN

P(0)%P , 2 4%) 00 (0% ¢ o
2¢9(2) + qu4p(yz(1 ;10)(]3( yg )10) +2y°¢'%(2,0) ((q_q?q)g)oi(;s)o;;m))oo

P(0)2P 7 2;200_25;5000 2;200
oD~ oty 0 R e - (L 1
_ 3 N (7600
= {?”12(0) +712(1)g + 112(2)¢* + 712(3)¢> + r12(4)g }(_q,qg)

We now multiply the right hand side of the above expression using Lemma 3.1 and the Ry3(d)
from Theorem 1.2, equating coefficients of powers of g. The coefficients of ¢°, ¢', ¢°, ¢3, ¢* give
us, respectively,

(5.10)
2g(2) +9(1) +1
(0°, 0" ¢™)2 (0®, 4", 4%, 4% ") 0o (6™ ¢"7)2 (6" ¢') 2 (=0, ¢"°, =%, %, —¢"°, ¢™°; ")
(@5 ¢°)oo
(@, 4%, ¢ )% (¢°, —a*, 4%, —¢*°, 4", % ¢°°) o
(4°5 ') o0 (%0, ¢*0, g5, ¢70, ¢100; ¢100)

2 (¢'%,¢%; ¢*%%) o (

—y
oo (%5 %) 0o (—0°% 4™) oo (0,07, " ") o
(4°,4%°;¢%) o

(511)

(¢°° ) (—¢" 615;6150)oo

(qloq ;q° ) (=4 =% ¢%%)
45.

_(@.¢" )go(q3°,q40,q60,q7°;qloo)oo(q5°;qloo)io(qloo;qloo)io(q5,—q20,—q25,—q3°,q45,q50;q50)oo
(4% ¢°) o
Ly (=%, 4% ¢°) oo (6%, 47, %% ¢'90)
(0%, ¢%%;¢7%) ’
(@, 4% 4") 00 (6% ) 0o (—0°% °V) 0o (—0'%, ¢*°, —¢%°, ¢*°, —¢*°, ¢°°; ) oo
(512) 15 .35 ,.50. ,.50\2 25 (%OOq 10(? )
_ (@”,6%,6%0)%(6®, 47, ¢ ¢
(4°:41°) 50 (%0, ¢4, ¢50, ¢70, ¢100; ¢100)
(=%, 0% 7)o (— qlo,q1 —¢%,¢%,-¢", ¢"% ¢°)
(4%°,¢%%;¢°) o
(513) =y 100700 (@ oo (-0 4047, 4%, 4%, 47,47 475 4™)oc

(@°,4%%5¢%)
(@, 4" )% (6,4, ¢%, 7 ¢' 7)o (q ;122 (%% "2 (6%, 47, 1% ¢' )

" (@5 07) !
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(5'14)((150; PO (=%~ ¢ (6,65, ¢% )2 (4%, 4%, — %, 6%, — %, ¢ ¢
(@D, 430 ¢50) o (—q15, —¢%; ¢P) oo (4% ¢9) o0 (¢30, ¢10, 460, 470, 4100, 100 __
(=%, 6% 7)o (%, — 2, — g%, —¢%, 4%, ¢%; ") oo
o (¢, ¢30; ¢9) :
Equation (5.12) is immediate after some simplification. The other identities follow from

routine (though tedious) reduction and application of one of Lemmas 3.2 - 3.4. Specifically,
upon clearing denominators in (5.11) and simplifying, we have

2y

56,6, —%¢")0 = (®, 4", =", —¢*, =, —¢*, —¢*, —¢*, "%, ¢";

+y(—¢*, 4", ¢*, —¢*; ¢")

50)Oo

(—q q

(5.15)

[ ol

Now replacing ¢ by —g¢, this may be verified using the case (z,2,q) = (—¢°,¢'°, ¢**) of Lemma
3.2. After clearing denominators and simplifying, (5.13) may be reduced to

(5.16)
(=2 )2 (62, 6% )0 (0%, 6% ¢)o0 = 1@, ¢°%; 1) 0 (60, —¢2, —¢%, ¢*; ¢°)
+ (6%, 4% 1) (6%, —¢"%, —¢%, 415 70 oo,
Factoring out (¢°, —¢?°, —¢%°, ¢*°; ¢°*) s from the right hand side, replacing q by —q and applying
the case (z,z,q) = (¢°, —¢'°, ¢**) of Lemma 3.2 verifies (5.16). For (5.14), we clear denominators
and simplify to get

2y(¢"°, ¢*, 0% ¢**) oo (0" ¢' ")
(5.17) = (¢",—¢"% —¢",¢",¢"°, 4", —¢%,¢*,¢*, — 4%, ¢"°, —¢"°, 4", ¢®°; ¢"°) o

- (q57 q57 _q157 q207 _q207 _q207 _q257 q307 _q307 _q307 _q357 q457 q457 q50; q50)

(e ohs

Factoring out (—¢'°, —¢*°, —¢*°,¢°%; ¢°")s from both terms on the right hand side, replacing
g by —q and writing the right hand side in base ¢?® yields an expression to which the case

(7,2,q9) = (—¢°,—q'°, ¢*°) of Lemma 3.3 may applied, confirming (5.17).

As for (5.10), taking a = 2 in (4.21) and applying (4.22) gives
(@, 0% 7)o (=02, %% )0 (—¢2%; °O)4 (7 ¢7°)2
(=, —4; ¢ (¢, ¢30; ¢50) o
200 (675 (a5
(4°, 4% ¢%)oc
The final term above is identical to the final term in (5.10). After some simplification, the fact
the the first term above is equal to the first two terms in (5.10) is equivalent to the identity

29(2) +9(1) +1=
(5.18)

(5.19)

30 70. 100 10 15 35 40. .50
(¢, q )

)0 (=", =", =%, 0" 600 — y(—¢°, =" ") o
= (¢°,—q", =%, —¢*, —¢*°, —¢%,¢"; ")

oo
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Equation (5.19) is seen to be true after multiplying both sides by (¢'°, ¢*°; ¢°*) w0, replacing ¢ by
—q, and applying the case (z,2,q) = (—¢°, ¢'°, ¢*°) of Lemma 3.2.

We now turn to the rank differences Rpa(d), proceeding as above. Again by (2.4), (2.5), and
(2.6), we have

.- n (%56 (4% ¢%)oo
(5.20) ;O{NQ(O,M) - N2(2,5,n)}q o~ 255(1) + 52(3) — o 1
y (5.20), (5.8), and (5.9), we have
B P(0)*P(—y", ym) > (=450
29(1) +2qP(y2,y1 0 P(—y0, y10) +2y 2(170)( 7 %)oo (q50 FEON
s P0)?P(—y ’ylo) 3.4 (—¢® 50) (4% 4%)oo _
CARS v e R e T e e e
- {7"02(0)(10 +102(1)q + 702(2)¢” + 102(3)” + T02(4)q4}%

Again, substituting for rg2(d) from Theorem 1.2 and equating coefficients of powers of ¢ yields
the following identities to be verified.

(5.21)
29(1) — g(2) +1
_ (@,0"50)5(6™: 6736, 4%, 6%, 47 4" ) oo (—4", 4", =%, 4%, —4%°, 67 ™)

(2% 4°) 50 (q19; qloo)

(", 6%, 4% ¢°)2 (¢°, —¢*°, =%, —¢*°, 4%, ¢°°; ¢°°)

(q5. q10)oo(q30’ q40’ q60’ q70’ q100; ql()O)oo
(@, 47 ¢ (6%°: ¢%) o0 (— 7% ¢°°) o0 (6%, ¢7°, 1?03 ¢ 20)
(@9, ¢ ¢*) oo ’

(e 9]

+y

+y

(5.22)
5 (0% 0)5(=4", q5;q50)
(q q qo)oo( ¢, —q* q5°)
_ (=0®10)x(@ 6o (=0", 4", =%, ¢, —¢", 471 ¢7)
(qlo, 4% ¢%0) oo

(@, %5 ") % (0% )3, (¢, 4%, 4%, ¢7%; ¢'9) oo (¢°, —¢%°, —¢%°, —¢°, ¢*, ¢°%; ¢°°) o

+
(q5§q5)oo(q100§q100)oo )
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(q30’ q70; q100)oo(q25; q25)oo(_q50; q50)oo(_q10’ q15’ _q25’ q35’ _q40’ q50; q50)oo
(@9, ¢"%;¢%°)
(=% 000 (0°%; ¢°) o (¢°, —4%°, =%, —¢*°, 4%, ¢°°; ¢°°) o
(@9, ¢%% ¢7)
(q15 q35 q50. q50)2 (q25 q75 q100. qIOO)OO
) ) ) 00 ) ) )
(q5’ qlo)oo(q307 q40’ q60’ q70’ q100; qIOO)OO )

(@, 476" (6% %) o0 (— 7% ¢°°) oo (@®, —¢*°, —¢%°, —¢*°, ¢, ¢°%; ¢*") o
10 415. 425
(¢'%,¢1°;¢*)

SO)gO(qE)O; q50)20(q30’ q40’ q60’ q70; qIOO)OO(q%’ q75’ q100; QIOO)OO

(4% 4°) o0 (q100; q100) o ’

(@67)2 (=%, —4"¢) s
(0%, 6% 6°0)oo (0", =471 ¢*)
(4",4%, ¢ ¢”)3%(=4", 4", =%, ¢*°, —4", 4™ ¢")

(4°:')o0 (6%, 4, 4%, ¢, ¢'%; ¢
(=% )00 (@ 7)o (62, 475, ¢100; 100 o
) ? 9 ) ?
- (", q"0; 7°)oo

These follow in the same way as equations (5.10) - (5.14). The arduous details are left to the

interested reader. The point is to simplify and reduce in order to arrive at an expression that
can be verified using an appropriate instance of one of the Lemmas 3.2 - 3.4.

(5.23) =

+y

(5.24)
(¢°,4%;q

(5.25) -

g

6. CONCLUDING REMARKS

With the present paper and previous work on rank differences for overpartitions [17], we
have seen the effectiveness of the approach developed by Atkin and Swinnerton-Dyer [6] for
proving formulas for rank differences in arithmetic progressions in terms of modular forms and
generalized Lambert series. We should stress that two major difficulties in this method are the
requirement that all of the formulas be ascertained beforehand and the apparent need for a new
set of key ¢-series identities for each application. Nevertheless, the ideas should in principle
be reliable in other instances where there is a two-variable generating function like (2.3). For
example, one might consider the M2-rank for overpartitions [16], ranks arising in Andrews’
study of Durfee symbols [4], or the generalized ranks of Garvan [12]. Finally, as evidenced by
work of Atkin and Hussain [7] on the partition rank, the formulas for rank differences quickly
become more complicated as £ grows. It would be interesting to try to extend the method used
for £ =3 and 5 here and in [17] to the case £ =T.
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