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UNTRODDEN PATHWAYS IN THE THEORY OF THE RESTRICTED
PARTITION FUNCTION p(n,N)

ATUL DIXIT, PRAMOD EYYUNNI, BIBEKANANDA MAJI AND GARIMA SOOD

ABSTRACT. We obtain a finite analogue of a recent generalization of an identity in Ramanu-
jan’s Notebooks. Differentiating it with respect to one of the parameters leads to a result
whose limiting case gives a finite analogue of Andrews’ famous identity for spt(n). The
latter motivates us to extend the theory of the restricted partition function p(n, N), namely,
the number of partitions of n with largest parts less than or equal to N, by obtaining the
finite analogues of rank and crank for vector partitions as well as of the rank and crank mo-
ments. As an application of the identity for our finite analogue of the spt-function, namely
spt(n, N), we prove an inequality between the finite second rank and crank moments. The
other results obtained include finite analogues of a recent identity of Garvan, an identity
relating d(n, N) and lpt(n, N), namely the finite analogues of the divisor and largest parts
functions respectively, and a finite analogue of the Beck-Chern theorem. We also conjecture

an inequality between the finite analogues of k' rank and crank moments.
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1. INTRODUCTION

The connection between basic hypergeometric series and generating functions of the divisor
functions has been well explored. The earliest reference to it is probably of Kluyver [40] who
proved that for ¢ € C, |q| < 1,

n(n+1) [o%)

o (—-D)nlgTe q"
) D R D (L)

n=1 n=1

where, the notation followed here and throughout the sequel, is
(Ao = (A;9)0=1; (A=A =1 -A)(1-Ag)---(1-A¢""), n>1,
(Aoo 7= (A5 q)oo = lim (A;9)n (lg| < 1)

The (A;q)y, is called the g-shifted factorial and g its base. When we simultaneously work with
g-shifted factorials having different bases, we generally suppress the base ¢ in those g-shifted
factorials having base ¢, but explicitly denote the bases other than ¢ in the other g-shifted
factorials.

Equation (1) was rediscovered by Fine [27, p. 14, Equations (12.4), (12.42)], and by
Uchimura [51], Theorem 2] who also found an additional representation, namely,

n(n+1) 00

o0 ) (-1 lg 2 B q"
2" e = 2 g T T (12

Identities such as these have been shown to have beautiful combinatorial interpretations
arising from the theory of partitions. Before commencing on these, following are the notations
used throughout the paper:

e T: an integer partition,

e |7|: sum of the parts of ,

e p(n): the number of integer partitions of n,
e s(m) := the smallest part of m,

[(m) := the largest part of 7,

#(m) := the number of parts of ,
rank(m) = I() — #(m),

vg(m) := the number of parts of m not counting multiplicity,

P(n) := collection of all integer partitions of n,

D(n) := collection of partitions of n into distinct parts,

p(n, N) := the number of integer partitions of n such that I(7) < N,
e P(n,N) := collection of all integer partitions of n whose largest parts are < N.

Bressoud and Subbarao [I8] showed that the equality of the first and the last expressions of
([C2) implies
S (1)) = d(w), (1.3)
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where d(n) denotes the number of divisors of n. Fokkink, Fokkink and Wang [28] also
rediscovered this result by applying a beautiful combinatorial argument on a sequence of
polynomials. Bressoud and Subbarao [I8] also generalized (L3) for o,,(n), the sum of m'™®
powers of the divisors of n.

The finite analogues of identities such as (I.2]) have also been well-studied. For example,
van Hamme found that [38]

N N
q B N (_1)n—1qn(n+1)/2
b ffene

n=1 =1 L™
where
N _[N] _ et ifosn <N,
" n q' 0, otherwise,

is the g-binomial coefficient. Letting N — oo in (4] easily gives the second equality in
(L2). Guo and Zeng [36, Equation (3.8)] obtained a finite analogue of the first and the last
expressions in (2], namely,

f: Qn inqn n+1 _ inqn+N (qn—l—l) (1 5)
n=1 1- n=1 N N ‘

n=1

and gave a refinement of (3] as follows. Let d(n,N) denote the number of divisors of n
which are less than or equal to N. Then

d(n,N)=t(n,N)—t(n— N,N), (1.6)

where

tn,N)i= > (—1)FM (), (1.7)

7€D(n,N)
and D(n, N) is the collection of partitions of n into distinct parts such that I(7)—s(7) < N—1.
It is surprising that along with (IL6l), Guo and Zeng do not give a combinatorial interpretation
of the right-hand side of (I.4]). However, as one might guess, (L)) itself is the combinatorial
interpretation of (L4). Indeed, the right-hand side of (I.4]) can be written in the form

N N (_1)n—1qn(n+1)/2
(1—g")
N oo [N _1

n

n—1

n=1k=1 n=1k=1

N oo
]k‘( 1)n lan—i-n(n 1)/ qNZZ [n_1] )n lan—i-n(n 1)/

N -1
Now from the fact [2, p. 33] that 1] is the generating function of the number of
n—

partitions of an integer into at most n — 1 parts each less than or equal to N — n, one can

see that
N -1
[ ] an . qn(n—l)/2
n—1
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is the generating function for partitions into n distinct parts with smallest part k£ such that
(r)—s(r) < (N—n)+n—-1=N—1.

Thus the right-hand side of (I]EI) is the generating function of ¢(n, N) — t(n — N, N). This

establishes (I.0) since Zn 1 Tom .
It must be mentioned here that along with the finite analogues (I4]) and (L), there also

exists a one-variable generalization of ([Z) in the literature. In fact, it is an identity in

Ramanujan’s Notebook [16l, p. 264, Entry 4], [45, p. 354], [47, p. 302-303], namely,

— generates d(n, N).

n(n+1) 00

et . (18)
— , 1.8
o 1 —q" ZQ) i Sl

where z # ¢~",n > 1. It was rediscovered by Uchimura [51, Equation (3)] and Garvan [33].

Identity (I.8) was recently generalized further by the first and the third authors in [24],
Theorem 2.2] by obtaining for |z¢| < 1 and |¢| < 1,

0 n 1.n n(njl)
3o 1_6”2) —zzqgc cq)". 1.9)
— q q n — q

The case z = 1 of this identity, with the right-hand side expressed as a ¢-product by g-
binomial theorem, was previously obtained by Yan and Fu [52] and was rediscovered by
Andrews, Garvan and Liang [13, Theorem 3.5] by generalizing the left-hand side of (L3) to

FFW(c,n) := Z (—1)#m-1 <1 Yedo 4+ CS(W)—I) )
meD(n)

For an up-to-date history of these and other such identities, we refer the reader to [24].

Ismail and Stanton [39] observed that the genesis of such identities is in the theory of basic

hypergeometric functions. Indeed, as an application of a g¢o-transformation [35, p. 359,
(IT1.9)], the result

 (b/a)pa" S (0))mc™ [ ag bg™
> 0= ) B > ) (1 e 1o qu> (1.10)

was obtained in [24, Theorem 2.1] for |a| < 1, |b] < 1 and |¢| < 1. Then (L9) was derived
from it as a special case by letting a — 0 and replacing b by zg. The richness of partition-
theoretic information embedded in (L) and other related identities are demonstrated in the
same paper.

One of the goals of this paper is to obtain a finite analogue of (LI0). As we shall see,
this finite analogue gives many important corollaries, one of which is a source for most of the
content in the sequel. We begin with the finite analogue of (L.I0).
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Theorem 1.1. Let N € N. Fora,b,c# ¢ ", 1<n<N -1, and c # ¢V,

YN @n@nl@n-na” K N] Qucr@alea)y-nc [ agnt b
,; H (1— cq)(D)n(a)n ‘; n (O)n1(ca) (1—aqn—1 B 1—bqn—1>'
(1.11)

Letting a — 0, replacing b by zq in Theorem [[.T] we obtain a finite analogue of (L9). We
record it separately as a theorem as it will be frequently used in the sequel.

Theorem 1.2. Let N € N. For z,c £Aq¢ ™", 1<n<N,

g: [N] (_1)n_12nqn(nT+1)(q)n _ %i\f: [N] (ZQ/C)n—l(Q)n(CQ)N—n(CQ)n. (112)

n (1 —cq™)(2q)n n (2q)n(cq) N

Another corollary of Theorem [[I], which generalizes an identity of Ramanujan [45], p. 355],
[16, p. 265, Entry 5], [47, p. 302-303] is discussed in Section [4]

The interesting special cases of Theorem [I.2], which include finite analogues of Ramanujan’s
identity (L), Yan and Fu’s identity [52, p. 116, Equation (4)] as well as that involving a
generalization of the finite analogue of Ramanujan’s celebrated function

0 n(n+1)/2
LA (1.13)

are discussed in Section [l
In a recent paper, Garvan [34, Equation (1.3)] derived an interesting identity and gave
combinatorial implications of its corollaries. For |z| <1 and |q| < 1, this identity is

n 1.n,n2 n(ntl)

M 2" 2 (G q)n
Z (2¢;?)n(1 — 2¢*") =2 (2¢;@)n ' (1.14)

n=1 n=1

A natural proof of Garvan was obtained in [24, Equations (6.1), (6.4), (6.6)] using (L.9]).
Theorem can be used to obtain a finite analogue of Garvan’s identity, namely,

Theorem 1.3. Let N € N. For z #q¢ ", 1<n<4N —1,

A et Rl
— , (2¢:¢*)n(1 — 2¢?")

N
N . e 2n—1_n(2n—1) . . 2n n(2n+1) 2. 2 "
:Z[ ] <(q7q)2 22" g L (@912 (@50 (1.15)
n
n=1 q2

M-

(2¢; @) 2n—1 (2¢; Q) 2m (z¢®Nt1¢%),

(@) _
, (2Nt %),

1 and then the two expressions inside the parenthesis on the right-hand side of (LI3]) beau-

N
Remark 1. Letting N — oo in the above theorem gives (L14), for, A}im [ ]
—co | n

00 on n(n2+1)( ) )
tifully combine resulting in Z 4 ( q), 9)n—1
2q54)n

n=1
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We now state an important result which, as alluded to above, is the genesis of the most of
the content of this paper. This result is obtained by taking the first derivative of (LI2) with
respect to z and then letting z — 1. It is a finite analogue of Theorem 2.8 from [24].

Theorem 1.4. Let Fine’s function F(a,b;t) be defined by [27, p. 1]

F(a,b;t) (1.16)
n=0
Let N € N. Then for |q| < 1,|c| <1/|ql,c# ¢ ™, 0<n <N,
N - nn N nn
1 N (_1)n 1nq (n+1)/2 + N q (n+1) F(qN qn‘cqn)
(N = |n 1—cqn —n| (@nl—q") o
N
¢ (¢)n ) 1 Cq q"

_ N 1.17
(1—¢)*(g)n <(CQ)N C)N+1 Z nl—q" (117)

n=1

2. NEW RESULTS IN THE THEORY OF THE RESTRICTED PARTITION FUNCTION p(n, N)

Let p(n,N) denote the number of partitions of n whose largest parts are less than or
equal to N. Although not as popular as the partition function p(n) itself, the restricted
partition function p(n,N) has been studied by many mathematicians. Szekeres [49], [50]
proved an asymptotic formula for p(n, N) whereas Almkvist and Andrews [I] obtained a
Hardy-Ramanujan-Rademacher-type formula for it. Kronholm and Rehmert [41], Theorem 1]
obtained a general congruence for p(n, N), namely, if N is an odd prime, k > 1,1 < j < %,
a > 1, and if lem(a) denotes the least common multiple of the natural numbers from 1 to a,
then

p(lem(N)N°" 1k — jN,N) =0 (mod N?). (2.1)

However, to the best of our knowledge, there isn’t any literature on the partition statistics
for p(n, N) similar to that for p(n).

The second goal of this paper is to extend the theory of p(n, N) to include not only the
corresponding rank and crank in terms of the vector partitions associated with p(n, N), and
the rank and crank moments, but also the associated smallest parts function which we denote
by spt(n, N).

Definition 1 spt(n, N) := the number of smallest parts in all partitions of n whose corre-
sponding largest parts are less than or equal to N.

Clearly, spt(n,1) = n, and for n < N, spt(n, N) = spt(n).
The motivation for this extension of the theory of p(n, N) lies in the fact that the following

special case when ¢ — 1 of Theorem [I.4] is actually, as we shall see, the generating function
version of the finite analogue of Andrews’ identity for spt-function (see Theorem 2.4] below).
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Theorem 2.1. Let N € N. Then for |q| < 1,

1 N nqn(n+1)/2 N N an n qk B 1 0 Nn)
<—§H z *ZH@n (- 42 >§ 1—q |

1—g¢ —|n

However, before we proceed with the finite analogue of Andrews’ identity, it makes sense
to first introduce the finite analogues of rank, crank and their moments. The introduction
of these new concepts when compared with the ones for p(n), viewed historically, is like
moving in the reverse direction, for, the rank and crank were introduced only after partition
congruences modulo 5,7 and 11 were found by Ramanujan with a need to explain as to why
they exist. Nevertheless, as we shall see, the introduction of the finite analogues of rank and
crank will be very fruitful in the development of the theory of p(n, N).

Let V3 = D x P denote the set of vector partitions, where D is the set of partitions of a
number into distinct parts and P is the set of unrestricted partitions. Denote an element 7
of Vi by (my,m3), where |7| = |m1| + |m2|. For any positive integer N and j with 1 < j < N,
define S to be

S = {7? € Vi : 7 is either an empty partition or such that its parts lie in [N — j 4+ 1, N]
and 79 is an unrestricted partition with its Durfee square of size j } (2.2)

Let w, (%) = (—1)#(™) be the weight of the vector partition # and its rank(7) = rank(ms).
Now define

Ng, (m,n) ZNSl (m n; ) (2.3)
where

Ng, (m,n;) = Z wy(7),

TeS,|7|=n
rank(7®)=m

that is, Ng, (m, n; ) is the number of vector partitions of n with rank m and counted with

weight w,(7), and with the size of the Durfee squares of 7 equal to j.

One can easily verify that for any fixed j, Ng, (m n; > Ng, (—m,n;) and hence

N 2 (g
Ng,(m,n) = Ng,(—m,n). For a fixed j, 1 < j < N, consider [ Wi@f@j. Since
J

N .
j] (q); = (¢N7711);, it is easy to see that it generates partitions m; described in (2.2).
Also, W generates partitions my with power of z keeping track of its rank. Hence we

have the following generating function for Ng, (m,n).
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Theorem 2.2. Let N € N. Then

Z ] z Z Z N, (m,n)z™ (2.4)

=1 n=1m=—o0

We call the left-hand side of (2.4)) the finite analogue of the rank generating function, for
letting N — oo on both sides of (24]), gives the well-known result for the rank generating
function, namely, if N(m,n) denote the number of partitions of n with rank m, then [30,
p. 66]

[e.e]

o o0 q‘y2
N (m,n)z"q" = > ——+
2, 2 N = 2 e
We also observe that when n < N, Ng, (m,n) = N(m,n). Indeed, 0 < || < n — j2 since my
contains at least a Durfee square of size j. However, n —j2 < N —j < N — j + 1 implies that
71 must be an empty partition and hence if Q(m,n,j) denote the number of partitions of n
with rank m and size of their Durfee squares j, then

Lv7]

Ng, (m,n) = ZNsl(mn) ZanJ N(m,n).

Moreover, note that using [17, Equation (16)] (see also [42, Section 265, p. 26]), when z = 1,
the left-hand side of (2.4)) reduces to 1/(q)n, the generating function of p(n,N), which is
analogous to the rank-generating function reducing to 1/(¢)co, the generating function of
p(n).

While the rank of a partition could explain two of Ramanujan’s three partition congruences,
namely, p(5n +4) = 0 (mod 5) and p(7n + 5) = 0 (mod 7), it could not explain his third
congruence p(11n+6) = 0 (mod 11). Hence Dyson [25] hypothesized the existence of another
partition statistic that he called ‘crank’ that would do the job. Garvan [30] found the crank
for vector partitions, and finally it was Andrews and Garvan [12] together who found the
crank for an ordinary partition. They proved that

(zq)—zz (m,n)z"q",

n=0m=—oo

where M (m,n) is the number of partitions of n with crank m. In what follows, we obtain a
finite analogue of the crank for vector partitions.

Let Vo = D x P x P denote the set of vector partitions, where D denotes the set of
partitions into distinct parts and P denotes the set of partitions. Denote an element 7 of Vs
by (71,72, m3) such that || = |m1| + |m2| + |73]. For any positive integer N, define Sy by

Sy = {7 € Vo : l(m),l(m2),l(m3) < N}.
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Define w,(7) = (—1)#(™) to be the weight of the vector partition 7 and crank(7) = #(m) —
#(m3). Define
Mg, (m,n) == > we(#), (2.5)

TESy,|7|[=n
crank(7)=m

that is, Mg, (m,n) denotes the number of vector partitions of n with crank m counted with
weight w, (7). This implies Mg,(m,n) = Mg,(—m,n). In view of the above, we have the
following generating function for Mg, (m,n).

Theorem 2.3. Let N € N. Then

(On Z Z Mg, (m,n)z"q". (2.6)

GonG"loN

n=0m=—o0

The expressions on the left-hand sides of ([2.4]) and (2.6) have appeared in the literature,
however, as far as we know, they have not been studied from a combinatorial standpoint.
Indeed, from [4, p. 252, Theorem 2.1], [9, p. 263],

YN (@ee” 1 YN (—1)m(g) gt/ 1 1
nz:% n] CanG0n  @n (- 2); n (@n+N <1 — 2" z— q"> ’

(2.7)

and Andrews [4, p. 258, Theorem 4.1] showed that

N

(@Ox 1 +(1—Z)Z[N] (—1)"(Q)nQ”(”+1)/2< ! ! > (2.8)

(ze)n(z7'gn  (On n (@Q)n+N 1—zq" z—q"

n=1
Note that the right-hand sides of (2Z.7)) and (Z8]) are respectively the finite analogues of the
bilateral series representations for the rank and crank generating functions [9, Equations
(12.2.3), (12.2.9)].

For any positive integer k, we define the finite analogues of k™ rank and crank moments
respectively by

Nin(n):= > m"Ns,(m,n), (2.9)
Myn(n):= > mFMg,(m,n), (2.10)

where Ng, (m,n) and Mg,(m,n) are defined in ([23)) and (2.35]) respectively. It is easy to see
that the odd finite rank and crank moments are equal to zero.

In 2008, Andrews [5] introduced smallest part partition function spt(n) to be the total
number of appearances of the smallest parts in all partitions of n and proved that

1

spt(n) = np(n) — §N2(n). (2.11)
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In view of Dyson’s identity [26, Theorem 5]
1
np(n) = §M2(n), (2.12)

this implies that
1
spt(n) = 3 (M3(n) — Na(n)) . (2.13)

We note in passing that Dyson’s identity ([2.12) was implicitly derived by Andrews [5], p. 136]

in its analytical form.

We are now ready to state the finite analogue of ([2Z.13]).

Theorem 2.4. For any natural number N, we have

1
spt(n, N) = 3 (M3 n(n) — Non(n)) . (2.14)
In other words,
n—1
. . 1
spt(n, N) = > p(j, N)o(n — j,N) — 5 NVan(n), (2.15)
j=0
where
ok, Ny= > d. (2.16)
ahIN

Letting N — oo in either (214) or (2.I5]), we obtain Andrew’s spt-identity (2.I3). To
obtain (2.13)) from (2.13]), one additionally needs to use Euler’s recurrence relation np(n) =

Z?:_& p(j)o(n — 7). We now illustrate (Z.I5]).

Example 1. Let N = 3 and n = 6. One can check that spt(6,3) = 21 and Z?:Op(j, 3)o(6—
5,3) = 1(11) + 1(5) + 2(6) + 3(4) + 4(3) + 5(1) + 7(0) = 57. Neat,

5 3
Ny 3(n) = Z m2§:Ns1 (m, 6;)
j=1

m=-—5
3 3 3
=50 Ns, (5,6 5]) + 32> No, (4,6;[5]) + 18> N, (3.6:[4))
j=1 j=1 Jj=1
3 3
+83 Ns, (2.6:[5]) +2 Ns, (1.6
i=1 i=1
= 50(1) + 32(0) 4 18(1) + 8(0) + 2(2)
=72.

Thus,
5

1
> p(j,3)0(6 = j,3) — 5 Nag(n) = 57— 36 = 21 = spt(6, 3),
=0

]:
as stated by (2.15).
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An immediate application of Theorem [2.4] is an inequality between the finite analogues of
rank and crank moments.

Corollary 2.5. Let N € N be fized. Then for alln > 1,
M27N(’I’L) > N27N(’I’L).

The asymptotic estimate of spt(n, N) is now given.

Theorem 2.6. For any positive integer N, as n — oo,

nv

spt(n, N) = N2 +0(nN ).

As will be shown in this paper, one could also follow Andrews’ approach in [5] to derive
Theorem 2.4] however, deriving it from Theorem [[.4] gives a uniform approach in obtaining
such identities. Indeed, Theorem [2.1] is but one special case, namely when ¢ — 1, of The-
orem [[L4l TIts other special case ¢ = —1 is discussed in Section [6l It is concerned with a
finite analogue of Ngc(n), the number of self-conjugate S-partitions counted with a certain
specific weight [13, Equation (1.10)]. Similarly the case ¢ = 0, discussed in Section [7, gives
a relation between d(n, N) and Ipt(n, V), the number of occurrences of the largest parts in
those partitions 7 of n in which the largest parts are < N.

In order to derive our results involving the finite analogue of Ngc(n), it became imperative
to generalize a result of George Beck [15], A034296] recently proved by Chern [23, Theorem
1.2]. Let ssptd,(n) denote the sum of the smallest parts in all partitions of n into distinct
parts which are odd in number and let a(n) denote the number of compact partitions of n [7],
that is, the partitions in which every number between their largest and smallest parts also
appears as a part, or by conjugation, the number of partitions of n in which only the largest
part can repeat. Then the Beck-Chern result is that a(n) = ssptd,(n). Our finite analogue
of this theorem is now given.

Theorem 2.7. Let N € N. Let a(n, N) denote the number of partitions of n with l(7) < N
in which only the largest part may repeat. Let ssptd,(n, N) denote the sum of smallest parts
in all partitions m of n into odd number of distinct parts, and satisfying l(7) — s(w) < N —1.
Then

a(n, N) = ssptd,(n, N) — ssptd,(n — N, N). (2.17)

The form of the above finite analogue is reminiscent of (6. Of course, the Beck-Chern
result is immediately recovered upon letting N — oo in (ZI7), or when n < N.

Example 2. Here is an example illustrating Theorem[2.7. Let N = 3 andn = 8. The relevant
partitions enumerated by a(8,3) are24+2+2+2, 3+3+2, 1+1+1+14+14+1+1+1.
Thus a(8,3) = 3. Now the only partition of 8 which qualifies while calculating ssptd,(8,3) is
8. Hence ssptd,(8,3) = 8. Similarly, there is only one partition of n — N =5 which is to be
considered while calculating ssptd,(5,3), and that is 5 itself. Hence ssptd,(5,3) = 5. Thus,
ssptd, (8,3) — ssptd,(5,3) =8 — 5 =3 =a(8,3), as guaranteed by Theorem 21
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We also obtain other new results in addition to the ones stated above. These are given
in the lemmas before proving some of the stated results. These include the partial fraction
expansion of a finite analogue of Fine’s function defined in (LIf]), a finite analogue of the
Rogers-Fine identity.

This paper is organized as follows. The preliminary results are collected in Section [3 The
proofs of Theorem [I1] its corollaries as well as a proof of Theorem [[4] is given in Section
[ The theory of spt(n,N) is developed in Section Bl In Section [6 we give two proofs of
our finite analogue of the Beck-Chern theorem and also develop the theory of Ngc(n, N).
One of the proofs also gives an interesting result along the way (see (G.I1I]) below). A further
corollary of Theorem [[L4] which gives a nice relation between d(n, N) and Ipt(n, N), is stated
and proved in Section [1l Section [ is devoted to proving Theorem [[.3] and its corollaries.
In the same section, we also initiate the theory of Fn(a,(;7), a finite analogue of Fine’s
function, by obtaining its partial fraction decomposition and a finite analogue of Rogers-Fine
identity. We end the paper with some concluding remarks in Section [I0}

3. PRELIMINARIES

The g-binomial theorem is given by [2, p. 17, Equation (2.2.1)]

2 (a)p 2™ ~ (02)e
nZ:: o o (2] < 1). (3.1)

From [2], p. 36, Equations (3.3.6), (3.3.7)], we have

il

nznqn(n 1)/2 (32)

3_1] o

The ¢-Chu-Vandermonde identity is given by [35, p. 354, 11(6)]

a,q_M. B (d/a)pra™
201 [ d ,q,QI = W, (3.3)

e}

> "

7=0

where the basic hypergeometric series ,11¢, is defined as

o0
a1, 02,0y Gr1 z] :_ Z (a1;q@)n(a2;q@)n - - (ar—i-l;Q)nzn.

r1Pr [ b1,b2,...,b, _n:O (q; Q)n(b1§Q)n“' (bTSQ)n

We also need [22], Corollary 1.2]

N (<1a)u(ae)ng? D2 (—acq)y
Z[ ] ) G (34)
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The partial fraction decomposition of F'(a,b;t), defined in (LI6), is given by [27, p. 18,
Equation (16.3)]

)oo (b/a)n )"
F(a,b;t) = Z o 1_tq (3.5)
We also note [27,, p. 5, Equation (6.3)]
1-b at
F(a,bjt) = —F | —,t;b ] . .
(a,b5) = T— <b> (3.6)
The Heine transformation [2, p. 19, Corollary 2.3| is given by
a7 b b? a‘z; [ele] 27 z
2(251 yq, 2| = %Qle b 7Q7b ) (37)
c (¢,2:9) 00 az
whereas the finite Heine transformation, due to Andrews [6, Theorem 2], is
-N 1 [ —N ol
q ’ «, 5 , T3 q ’ B T
302 =N 4,4 = uscﬁz qﬂN 34,9 - (3-8)
s pn ] (V759N | AT, B
We also need a corollary of ([B.8)) given below [6, Corollary 3, Equation 2.7].
—N T s . r _N afT
q s a, B (g ’ ﬁ7—7 Q)N q s — B
- G| = 1 14, 3.9
32 [ S ! q_ (v, TN 32 | BT, H— yoooad (3.9)
A special case of ([3.8), given by Rowell and Yee [48, Lemma 3], is
N
N| (=a)n(rq)" _ (—arg)n
> = (3.10)
—ln| " (Tg)N

Watson’s g-analogue of Whipple’s theorem [35], p. 360, II1.18] is given by

¢ [a’ e v b do e a” alqNt?
o —~ aq aq ag ag N3G o
\/aa \/av b’ c’ d’ e’ aq cde
(CZQ)N (%) %7(1, e,q
_ e/ N '
_W 193 aq aq deqg N 09| - (3.11)
d N e /N b ? c 9 a

It is to be understood that the derivation of infinite series identities obtained by letting

-N

N — oo in their respective finite analogues employs Tannery’s theorem [21), p. 136].

4. PROOFS OF THEOREM [T}, ITS COROLLARIES AND OF THEOREM [1.4]
The two general identities, namely, Theorems [[.1] and Theorem [[.4], will be proved in this
Section.
Proof of Theorem [Tl From [35], p. 70, Equation (3.2.1)], we have
q_Nv A7 B, C (%) (D_g)N q )

4P3 - v 4, =
%|'p E apcg N 4= gy

|
=

s

o
-}

“q,q

btu
=
=2
W~
-
w3
T
U:J‘U
Qlm
b
<
& T
2
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Let A=¢q, B = %q, C =cq, D = bq and E = ¢¢? in the above identity so that

N - b N — b
(@M@l —cq) (1= cq)(1 —ag") (@) (Pn n
> : > e

= = q
720 (b0)a(1 = g 1) (15 )n (1= g™ ) =5 (bg)n(1 — ag) (5 )n
Employing
n(n—1)
q—N _ (_1)n(ch—n+1)nq72 (4 1)
c " quNn ? :
(a=), _ (@), " _ (@n(eg)n—nc" (4.2)
(Q) (cq"=th), (@ N-nlca)n
in the above equation, we see that
N N n
Z (Q)N(Q)N—n(%q)n Z - (b) (cq)
= (bq)n(1 = cg" ) (@) N—n ANt = (1= aq")(@)N-n(cq)N+1(bq)n
N : : (a—b)(1—¢N 1) : :
ow multiply both sides by “—-—~——, and replace n by n — 1 in both the resulting sums
to deduce
z§:1 (@) N+1(a) Nont1(2)na” _ ™ (@) N+1(cq) N=ns1(B)n-1(cq)"(a — b)
= 01 = cq")(@N-n+1(@)vs1 = (@N-ns1(c@))N41(0)n-1(1 — ag"~ ") (L = bg"~ 1)
On the right-hand side of the above equation write
(a _ b)qn—l _ aqn—l B bqn—l
(1 _ aqn—l)(l _ bqn—l) T 1= aqn—l 1— bqn—l’
and replace N by N — 1 on both sides to finally obtain (L.IT]). O

The special cases of Theorem are now given. First given below is an identity of Yan and
Fu [52, Equation (4)] whose limiting case N — oo is the aforementioned identity of Yan and
Fu [52, p. 117] rediscovered by Andrews, Garvan and Liang [13, Theorem 3.5].

Corollary 4.1. Let N € N. Forc#q¢ ", 1<n <N,
N
n=1

Proof. Let z = 1in Theorem[L2and use the elementary identity (cq)n_n/(cq)n = 1/(cg¥ 1),
to obtain

<—1(>"—1qw_ ! <1_<q>N>.

1—cqn) C1-—c (cq)n

N
n

N] e i(l/cmcq)" (g1,

(I-cqm) — c=12=  (@n (cg"T1"),

N
n=1

(4.3)
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where in the last step, we used (£.2). Now use the ¢-Chu-Vandermonde identity (3.3]) with
a=1/c,M = N, and d = ¢~V /c to deduce

1/ng" (@M @My (o)
nZ:% (@n <q;N)n = (q;N)NCN B (4.4)
Substituting (£4) in (A3)) completes the proof. O

Following is a finite analogue of Ramanujan’s identity (L.8)).

Corollary 4.2. Let N € N. For any z # q~" for 1 <n < N, we have

5" [N (—1)" q> i
n=1 n (1 B q n=1
Proof. Let ¢ =1 in Theorem O

Corollary 4.3. Let N € N. Forc#q "1

<n<N
> [N] <1q_n(:2:)( li [ ] S us)

(=@)n(cq)n

n=1
Proof. Let z = —1 in Theorem O
One may also specialize z and ¢ in terms of ¢, m € NU {0}, to obtain other corollaries.

Note that when ¢ = 0, either side of (£.5]) gives a finite analogue of o(q) defined in (L.I3]).
We define this finite analogue by o(q, N) so that

N n(n+1)
olg.N) ==Y [‘Z Dot *_ (4.6)
n=0 n

The partition-theoretic interpretation of (4.6) is now given. Let S} be defined as in (2.2]).
Let 7 € S1. Define wy(7) := (—1)#(m)+rank(r2)  Then

o(a ZZZW 0"

= n=1 7€S5
|7|=m

We now state and prove another corollary of Theorem [Tl

Corollary 4.4. For N € N,

o [V @@y ot/ i g
;H () (z0) (1= cq) 2_: (vl —2q)

Proof. Divide both sides of Theorem [Tl by 1 — b/a, let b — a, then replace a by zq and
simplify. O

This result, in turn, has two nice corollaries, the first of which is a generalization of an identity
of Corteel and Lovejoy [22), p. 1631].
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Corollary 4.5. Let N € N. Then,

Proof. Let z = —c =1 in Corollary 4.4 O

Corollary 4.6. Let N € N and |q| < 1. Then,

5 [ ] (@)el—a)nn 0" _ gm0 —g™)

— 10N 1-¢> = 1—q

n

Proof. Let ¢ = —z = 1 in Corollary 4.4 and note that E 1+Z = > %{i;qw).
O

Before embarking upon the proof of Theorem [[.4, which is responsible for much of the
content in the sequel, we begin with a lemma.

Lemma 4.7. Let N € N,|g| <1 and |cq| < 1. Forc# ¢ ", 1<n<N,

N n(n41) n N
e ¢\ 5t [V e

where F(a,b;t) is the Fine’s function defined in (L16]).

Proof. Using van Hamme’s identity (L)), we have
i\f: )= 1 "<n2+1) <§n: qk >
— ok
(—1)"_1qn(nT+1) n (_1)k—1qk(k+1)/2
(1= cq")(@)N-n kzz:l (@k(@n—k(1 — q*)
(—1)F~1gkkH1)/2 N (_1)n—1q%

@kl =q*) = (1= cq")(@)N-n(Dnk

Mz

n

_ m(m+1)
¢+ N—Fk (_1)qu+mk
(Q)k(l - qk) m=0 (1 - cqm+k)(Q)N—m—k(Q)m
qk(k+1) N—k (q_(N_k))m q(N+1)m

1
M= TM= TM-

(Q)k(Q)N_k(l — qk) — (Q)m(l _ Cqm+k) (47)

where in the last step, we used ([@I]) with N and n replaced by N — k and m respectively.
Now use ([B5) with a = ¢V,b = ¢* and t = ¢¢* for the inner sum so that

e
I
—_

N gFE+) Nk (g (N=R))  q(N+Dm
Zl (@r(@n-r(1 = ") = (Dm(1 = cg™F)
k(k—l—l (qk+1)

HME

F(gV,q" cq®
(1 —¢%) (@) N—r(dV ) ( )
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g+
= Z [ ] WF(QNqu;qu)- (4.8)

Substituting (4.8) in (£7)) completes the proof. O

Proof of Theorem [[4. Differentiate both sides of Theorem with respect to z and then
let z =1 so as to obtain

n 1 n(n+1) n qk
nty ——

n:l k=1

1 Q/C n—1(c@)N-n(cq)"
Z In(cq)n (@) N—n

4= Z q/cn 1(CQ)N n(CQ) ( not qk/c N n qk k>

_ gk _
(@n(cq)N(@)N-n —l—q"/c =1-gq
=: Sl + Ss. (4.9)
From Theorem [[.2 with z = 1 and Corollary [4.1],
1 (@)n >
S = 11— . 4.10
= o (L (410

A result of Guo and Zhang [37, Corollary 3.1] states that if n > 0 and 0 < m < n,

3 H CEACE

k=0
k#m
n—1 k—m n k—m
. m m(m+1) n —m xrq q
=(=1)"¢ [m]@q Jn ZW—ZW
h=0 hm

Letting m = 0 in the above identity and simplifying leads to

Lo e et w1 G| @@kt
Zl—qk_;1—qu_1—x_(:¢) ZH 1—gF (411)

Employing (A1) with x = 1/c to simplify the expression in parenthesis in Sy and using
(#I0) in the last step below, it is seen that

L @ (vl (1 1 0] (a0s(1/)u s
%= 2 @l <c—1 (l/c)nkzzl[k] ; )

n—1 —-n 1- q

! (1 _ (v > + 53, (4.12)

T 1-o2(g)n (ca)n

where

o 1 g:(CQ)N—n(CQ)n - H (g9)k(1/Inrc™" (4.13)
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Next we simplify S5. Note that
N—k

Cq kq Z 1/03 CQ)N —j—k

k(1 —q¥) (q); Q)N]k

_ 1 (cq)r(cq)nrg" = (/)i ("),
(1= o)(cq)n 2 (@r(1 = ") (@) N—k Z (@) (WK /e),

k=1 Jj=0

S*
27 1—c

HMZ

Jj=0

where in the last step, we used (£.2)) with N replaced by N — k and n replaced by j. Now
apply ¢-Chu-Vandermonde identity B3) with « = 1/¢, M = N —k, and d = ¢~ V=5 /¢ to
see that

=/l () (g (4.14)

j; (0); (NP /e),  (co)vs’
where we again employed ([£2) with N and n both replaced by N — k. Substituting (414

in (AI3) we derive

N
* Cqu
S.
2= 1—c )(cq)n 221 k(1 —q%)

so that from (E12),
-1 (9)n (g
So = 1- 4.15
: <1—c>2<q>N< (ca)n > o 2 el — ) (4.15)
and hence from ([£9), (EI0) and EI5),
f: (—1)1g" - z": 7"
— (1 = ¢q")(@)n(@)N—n —1-¢
n=1 k=1
N
e (1 O > N 1 3 (cq)rq"
(1—=c)*(g)w (cOn /)  (L=c)cq)n &= (r(l—q¥)
Finally, invoke Lemma [.7] in the above equation to arrive at (LI7]). O

5. A FINITE ANALOGUE OF ANDREWS’ IDENTITY FOR spt(n)

Proof of Theorem 21l Let ¢ — 1 on both sides of (ILI7) to get

L N N (_1)n—1 n(n+1)/ ﬂ ——
(@N = [n] 1—q" +Z ] 1_q)F(q ,q":q") = L(g,N), (5.1)
where
L(g,N) := lim {(Q)N }+ 1 i\f: cq "
v =1 | (1 =c)*(a)v (ca)n (ca)n(l—c) = 1—gq
Let
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From [27, p. 13, Equation (12.2)], we know that

at)nqn(n+1)/2

N 1 > (b/a)n(_
F(a,b;t) = 1—¢ 7; (bq)n(tq)n

Using the above representation with a = ¢ and b =t = ¢" in (5.2) and then employing (Z.))

with n replaced by j and N replaced by N — n in the second step below, we have

o NIN] gD 00 (q—(N—n))j (—1)7 qN+mi giG+1)/2
- _ n)2 n+1)2
=n] @a(l—¢")? = (@13
iv: _N- n(n—l—l Nz:” q_] +2nj .
_n:1 n (@n(1 = g")2 ON-n_j n+1)§
N N—n
n(n+1 32+2nj
q
= (9~
;() 1_q 2]23 Nn] n—l—l)?
N n N—n itn
SYUITD R e Ll
o =a")? = (@N-n—j(Dny
N 4 N @
= (g~
nZ::l (1—qm)? ]Z:;L (@)n—j(0);
N S
=g 5.3
@ ; (@)n—i(a)F nz::l (1—qm)? (53)
To evaluate L(q, N), first let 7 = 1 and @ = —c in (310) to obtain
N
S~ ©Ond" _ (caly
— (@n (DN
Using this in the second step below, we see that
N
o1 ¢ (cq)n ) (ca)n q"
L =lim 1-
c—1 (cq)N [(1—6)2< ()N 1—C; 1—q
i - q" > (cq)n "
_ 1 n 1 n
(@) eot c—1nZ::1 )n 1_C;(Q)n1 ]
i al q" —Ccq
= lim I 1 <—C+ >
(@) c—1 1 —¢) nZ::l —q"
N
1 n
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(Q)N m=1 n=1 m=1 n=N+1
1 0 mqm(l _ qu)
(o) 2 L—qm (55)
m=1
Now substitute (53] and (&.3]) in (B]) to complete the proof. O

As remarked in Section 2, we now show that Theorem 2]is nothing but the analytical version
of Theorem 2.4l We first need a lemma.

Lemma 5.1. We have

N+1
N+1 L e
— —_1)" n(n 1)/2.
=3 |V

Proof. Replace N by N +1 in (32) and then differentiate both sides with respect to z so as

to obtain
N+1

-3

n=0

N+1
n

Now let z — 1 and observe that the left hand side becomes —(1 —¢)(1 —¢?)--- (1 —¢"V), and
thus we have the result. 0

First proof of Theorem [2.4. We begin by proving

o N n 1,, n(n+1)/2
S spt(n, N)g" = —— [ ] - , (5.6)
n=1

(9N 1—qn

n=1

where spt(n, N) is given in Definition 1. By a simple combinatorial argument, one can see
that

n

N
ZsptnN Z: D) 1_qqn+1) = (5.7)

Let A(q, N) and B(q, N) denote the right-hand sides of (5.7) and (5.0]) respectively. It suffices
to show that A(q, N) = B(q, N). We apply induction on N to prove this. Note that

A(q,1) = B(q,1) =

(1-q)*

By induction hypothesis, assume that A(q, N) = B(q, N). We then show that A(¢, N +1) =
B(gq, N + 1). This is done by showing that both A(¢g, N) and B(q, N) satisfy the recurrence
relation

f(q,N) N gVt

flg, N +1) = 1— N+ T (1= gVt )2
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Clearly A(q, N) satisfies the above recurrence relation. To prove that B(q, N) does so too,
we first separate the (N 4 1)-th term in B(g, N + 1) so that

(_1)n—1nqn(n+1)/2 1 (—1)N(N+ 1)q(N+1)(N+2)/2
+
(@n(1 = ¢")(@)N—n (1 —¢¥F7) (@na (1 =gV

N
B(g,N+1)=>)_

n=1

Thus,

B(gN +1) - 2N _ i ()" Ingn D2 Nl ()N A 1)gNHDH2)2
| (@n(@n+1-n (1 =g¥) (@)v+1(1—¢N*T)

1— qN—i-l
N+1 N+1 (_1)n—lnqn(n—1)/2

g
S (1N ; (@n(@)Nt1-n

n=1

N+1 NA1
_ q Z N+1 (= 1) Lng(n=1)/2
1= (@Dn+1 = | n
gV
T (1- gV
by an application of Lemma [5.Il This proves (5.0).
Next, we have
f: N| ¢ EJ: ¢ 14 i Nl ¢ (q) (5.5)
| @ (A =d)? 2d22 \ = |5 (20)i(=""a); z:l,
1 inqng_qzvn): 1 ENI 4" :ld_2< Q)N > (5.9)
(@v = 1-q" (@ = =q")?  2d2 \(zq)n(z7'O)N /) .=

both of which are easily proved by routine differentiation techniques, with the first equality

in (59) resulting from (5.4) and (55). Thus from (5.6), (5.8)), (59) and Theorem 211 we

deduce that

I Sy R, R o T
;spt(n,N)q ©2dz2 ((zq)N(z—lq)N>Z:1 2 d22 ]Z: []] (20); (=~ 1q); :1. (5.10)

Now from Theorem and ([2.9) and the fact that any odd finite rank moment is equal to
zero, we see that

= 7] Ga)i="1a);

& (KN &) . "
=AY [ ] —— | =) Nan(n)g" (5.11)
! z=1 n=1
Similarly from Theorem 23] and (210),

¥<—ﬁﬂ—» => My n(n)q". (5.12)
z=1 n=1

dz2 \ (zq)n(z 1)

Thus from (EI0), (5.I1) and (EI2), we arrive at (Z.14).
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To prove (2.15)), first note that
o 1 . o o
Zl_—q Zanm"—Z > ng™
n=1 q n=1m=1 n=1m=N+1
Clearly,

o o o

> 2 nd™ =2 (2 n|d"

n=1m=1 k=1 \ nl|k

As for the second sum, let mn = k. Then k = mn > Nn. Hence

o0

o o
> 2 mdm=) | X on]|d,
n=1m=N+1 k=1 nlk

n<k/N

and so

PIREAC AN ST

= l-a k=1
where o(k, N) is defined in (2.16]). Hence
1 0 qu 1 . an) 0 n—1
Q)N n=1 1=q" n=1 \ j=0
Therefore from Theorem 211 (5.6), (5.11) and (B.13]), we arrive at (2.15]). O

As mentioned in Section 2] we now offer another proof of Theorem 24 closely following
Andrews’ proof of (ZI1)) in [5].

Second proof of Theorem 2.4l Let a — 1,d = e~! = z followed by b,c — oo in
Watson’s g-analogue of Whipple’s theorem (B.I1]) so as to obtain after simplification

N n(3n+1)
S U
1+ (1—2)(1 )Z (1 —2¢")(1 — 272"V (@) N—n(@)Ntn

Applying the operator

d &z| _, on both sides while using [5, Equation (2.1)], we deduce after

simplification

n(3n+1)

N n N n N n n 5
1 Z(Q)n—lq _ 1 Z( q +Z(_1) (1+4")q (@~

1—q")? = (1=¢")()N-n(@)N+n
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Now (1), (5:9) and (12) imply

(O = (1—¢q") &=
1 N q" B 1 . ( ) )
()N nz::l 1—q)2 57; 2,N(1)q

Hence it suffices to show that

n(3n+1)

Z 1+q ) > (@n _ _EZNz,N(n)qn'

n=1 1 o q (Q)N—l—n 2 n=0
From ,

%Z Nan(n)g"

n=0
@ [0=a [N @

dz? [ 2 nZ:;) [n] (Z)n+1(2_1Q)n]Z 1
_d (0= d 5[N] @ag” IS~ [N] (@)
B dz [ 2 dz nZ:;) [n] (Z)n+1(2_1Q)n 2 nZ:;) [n] ( )n+1(2 1q)n]z 1
_d4f_ LN V] ()™M (@ng™ 5 (- 2) 12
B dz[z(l—z)(Q)N +2; [n] (@n+n ((1—2q 2 (z—q") )

1 > (@)ng"

2 ) o

I[N (1) (@)ag" 5 (20" —1—2¢")q"  z—2+q"
B {2 nz::l [n] (@)n+n < (1—zg")? (z—q") )

1NNt (@eg ™ q" 1

2 nz::l [n] (@)n+N <(1 - an)2 (z —q") > }z:l
N n(3n+1)
G A+ 2 (9w
N ,; (1= ¢")*(@N-n(@)N+n
where we used (2.7)) in the third step. This completes the proof. O

Proof of Theorem 2.6l Let F(q,N) denote the right-hand side of (5.7). It is clear that
F(q,N) has a pole of order N + 1 at ¢ = 1. Moreover, if (; is a primitive ith root of
unity then F'(q, N) has a pole of order [g] + 1 at ;. Thus F(q, N) has the partial fraction
decomposition

A B
TV T

F(g,N) = + (5.14)
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where A and B are some constants. As we shall see, the main contribution will come from
the first term. By binomial theorem,

1 _Z(N+1)nqn

(1 —q)N+1 o v n! ’
—v =D r 4
1= = n

where (N), := N(N +1)--- (N + n — 1) denotes the rising factorial. Using these series
expansions in (B.I4]) and then comparing the coefficient of ¢", we have
A-(N+1), | B-(N)

spt(n, N) = o o

e (5.15)

Note that as n — oo,
(N+1), N+n)! nm+1)n+2)---(n+N)

n! ~ Nlnl N!
v
Similarly,
(N)n n! N-2
= . 1
] ] +O0(n"" %) (5.17)
Use (5.16) and (5.I7) in (5.13) to obtain
nN
spt(n, N) = AW +0(nN ™).
Now multiply F(g, N) by (1 —¢)*! and then take limit ¢ — 1 to deduce A = % This
completes the proof of the theorem. O

6. A FINITE ANALOGUE OF THE BECK-CHERN THEOREM AND PROPERTIES OF Ngc(n, N)

We start this section with a corollary of Theorem [[.4] which motivates us to study finite

analogues of an important class of partitions.

Corollary 6.1. Let N € N. We have
N _1yn—1 n(n+l)/2 N D2 7
1 3 N| (=1)"""ng 1 Z <( Q)k_1>
(@ = |n L+q" T (1—=d") \ (Dk

k=1
_ L . (Q)N N
= «@N{l <—@N} E:

Proof. By putting ¢ = —1 in Theorem [[.4], we clearly get the right hand side and the first
term on the left hand side of equation (G.I) above. Thus we need only show that

al N qn(n+1) N n, n\ _ 1 Y N qk(k+l)/2 (_q)k
2 [n] (Q)n(l—q")F(q 05 d) = 2(=q)v 2 [k] (1-¢") ( @r 1>'

n=1 k=1

(6.1)
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Letting a = ¢V, b =

F(g™,q";

—q")

—t =¢q" in (3.0) gives

,—q"q").

Thus, employing the above equation in the first step below and then (3.5) in the second step,

we see that

é m <q>i<(1n +—1)qn> (a%,a" ")
:g:l m < >q<(1 - LA

YN gD (V) & (N (—gN Ty
:; [n] (@1 +q") (=a" oo = (a); J 1—gnti
) ém o n(:iq i . ]"q;;(f)—t;j)
Sl e L e
2| 5
) g:l it mifim [Z e s
s [ s o[ G
- i e (e -).

where the evaluation of the inner sum in the last step follows from ([3.4]) with a = ¢ = 1. This

completes the proof.

O

As we shall see, (6.1]) leads us to study the finite analogues of what are called S - partitions
and self-conjugate S - partitions defined by Andrews, Garvan and Liang in [I3], pp. 199-200].

Let V denote the set of vector partitions, that is, V' = D x P x P, where P denotes the
set of partitions and D denotes the set of partitions into distinct parts. For a positive integer

N, let S denote the following set of vector partitions:

Sy = {7 = (m1,m,m3) € V: 1 < s(m) < 00, s(m1) < min(s(ma),

S(ﬂ'g)) and l(ﬂ'l),l(ﬂ'g),l(ﬂ'g) < N}
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Let the vector partition 7 belonging to the set Sy be called an Sy-partition. Let wsc(7) =
(=1)#(™)=1 and define the involution map +: Sy — Sy by

W(7) = 1(m1, 72, 73) = 1(m1, w3, 72).

Define an Sy-partition @ = (mq, w2, m3) to be a self-conjugate Sy-partition if it is a fixed
point of ¢, that is, if and only if 79 = 73. Let Ngc(n, N) denote the number of self-conjugate
Sn-partitions counted according to the weight wsg, that is,

Nsc(n,N)= Y wsc(d). (6.2)

We first find the generating function for Ngc(n, N).

Theorem 6.2. Let N € N. We have

n+1

N 77/
Z L —ZNSCnN) (6.3)

N n+1

n:l n=1

Proof. For a fixed n,1 < n < N, the numerator generates partitions m; into distinct parts
with smallest part s(m) = n, largest part I(m1) < N and counted with weight (—1)#(T1)-1,
The denominator generates partitions into parts lying in {2n,2n+2,...,2N}, or equivalently,
two identical partitions 7o and w3 with parts in {n,n 4+ 1,..., N}. In other words, me and
w3 satisfy s(m) = n < s(mq) = s(m3) and [(m),I(w3) < N. So, (6.3]) generates precisely
those partitions of Sy with 7o = 73 and counted with weight (—1)#(”1)_1 = wgc(7), where
7 = (my,m2,73). This completes the proof. O

In the theorem below, we obtain another representation for the generating function of Ngc(n, N).

Theorem 6.3.

N n+1

N ’I’L ’I’L N n— nn
Z +1 N n — 1 Z N (_1) lnq ( +1)/2 . (64)
oo 2” (@On = | n 1+qn

Proof. Let C(q,N) and D(q, N) respectively denote the left- and right-hand sides of the
above equation. Observe that C(q,1) = D(q,1) = 1_qq2. We show both C(¢, N) and D(gq, N)
satisfy the same recurrence relation

flg, N) gV !
fla,N+1) = 14 gVt +1_q2N+2’

(6.5)

whence we will be done. To that end, note that
N n(n+l1 1 gN+1 N+1
C(g,N +1) = Z q" (" )N-n ) q n q
(" @) N-ns1 1 — @NT2 1 — 2N +2

C(q,N) g+t
1+qN+1 1_q2N+2’

n=1
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Next, separating the (N + 1)-th term of D(q, N + 1) in the first step below, we see that

D(g,N+1)— %
_ N (—1)n Ipgnnt D)/ . (_1)N(N+1)q(N+1)(N+2)/2 Z —1)nlpgn(n+1)/2
= (@n(1 4+ ") (@) N-nt1 (14" ) (@)n+ 1+ QNH n(L+a")(@)N-n
—1)nlp g1/ (—D)N(N + 1)q(N+1)(N+2)/
T + qN+1 Z (@Dn(@)N=—n+1 " I+ ) (@)n+
11 N+1
T+ qNJrl qQ)N+1 z:1 e P ing R
g
= v
by Lemma 5.1l Thus, C(g, N) = D(q, N) for all positive integers N. O

We now state Corollary [6.] in the form that will be used in the sequel. This is a finite
analogue of Corollary 2.12 of [24].

Corollary 6.4. Let N € N. Then

= W (DO N[N gEED2 (g,
(Q)N;NSC(H,N)Q +2(—Q)N;[k] =7 ( D 1>
1 (9w (DN = (—@)n "

B 4{ (_Q)N}+2(_Q)NZ (@) 1—q"

Proof. Multiply both sides of Corollary by (¢)n and employ Theorems [6.2] and 631 O

We next prove Theorem 2.7l To do this, however, we first require two lemmas. The first one
below gives the closed-form evaluation of a special case of Fine’s function.

Lemma 6.5. Let N € N. Let F(a,b;t) be defined in (LIG). Then
~1 1+ ¢V
F (S aia) = Ty - 1

1—gq

Proof. Using (3.0) in the first step below, and (@1l with n and N respectively replaced by
m and N — 1 in the second step and simplifying, we see that

~1 14+¢V & (D), m
F<7,—qN;q> -1 @ ) (—¢™)

144N i () qmmtD/2
N (Q)N—l—m (Q)m—l—l
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144N
= To,F

(1) — 1],

where we used (B2 with z = —1 in the last step. (]

Next we state another lemma of which two proofs are given. The first proof led us to the
right-hand side starting from the left. Once the identity was known, we obtained a shorter
proof by induction. We give both since the first one also gives a new identity along the way

(see (6.1 below).

Lemma 6.6. Let m, N € N. Then
m—1 n
3 (=Dng" 1 {(—1)m _1}'
(="t 1= L (=V)m

Remark 2. The limiting case N — oo of the above result is well-known. To see this, first

equate the two expressions for the generating function of the number of partitions of a number
into distinct parts with largest part < m — 1, that s,

(~Dm-1=1+ > (~@)n-14", (6.6)
where the expression on the right-hand side is easily obtained by fixing n to be the largest part

in a partition in the aforementioned collection. Then multiplying both sides of (6.6]) by 2 and
subtracting 1 from both sides leads to

m—1 m—1
(=Dm —1=143 (~Dag" =D _(~Dna". (6.7)
n=1

First proof of Lemma Use (34) with a = ¢V, ¢ = —¢" in the second step below to
see that

m—1 n m—1 n
Y g 5~ CUad” (0
n=0 (_qN)"‘H n=0 (Q)n (_qN)n+l
m—1 n
n=0 (q)n k=0 kf 1 + qN+k
m—1 (—1)kghE+1)/2 m—1 —1), .
a — (9)i(1 + gN+Fk) = (@)n—t
R C R0 S
= (Qe(l+gV) = (@
m—1

(=DFFEE2(—1) (—¢")me
(De(T+¢VF) (Qm-1-1(1+ )’

e
Il
o
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where in the last step we applied an identity due to Fu and Lascoux [29, Equation (1.2)],

namely,
2);j _ Gt N~ ||z (< 1/a);
9); () Z[] (1-2z¢%)

mj:O Vi

—~

Z

with z = —¢* and = —1 and m replaced by m — 1 — k. Thus from (6.8) and using the

—~

elementary identity ZJ 1 11 Z: 2l = (1_2;)0(1_96), |z| < 1, in the third step below, we have
-1
X (=Dng"
=0 (= )nt1
-1
_ (EDm ~— |m-1 (=1)kgkk+1)/2 q*
(@Dm-1 = | K (1+¢" ) (1 +q")

(-1 kk(k+1/2zl_q kj

P k 1—qgV
__ Dma (=Dm - 111 _ Ni = [m—1 ERRLICERIERL =
S @1 @ & ’);[ ; ]< e
= ) ) S 1@ e 1] (69)

—_

.

where we used ([B.2)) in the last step. By an application of (3] in the second step below,

m—1 (_1)nqn
=0 (—=qN)nt1
_ (_Q)m—l B (_1)m = _ (Q)m-i-j—l - (Q)]
T @0+ @i >{§ Ry
_ Oo(qm)]_Nj OO_N]
(cz)m_ljg1 @, ) +]§::1( q )}
o (_Q)m—l _ (_1)m - B (Q)m-i-j—l — (Q)]
Do) @oa(L— " >{§ T
_gN+tm N
— (O (W — 1) -1 in}. (6.10)
Letting N — oo, employing (6.7)) and simplifying results in
i @1 = (@) 1 (@1
;( 1’ @); =357t —m (@m—1, (6.11)

which is an interesting result that we get along the way. Now substitute (6.11]) in (6I0) and
simplify to finally obtain (6.0]). O
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Second proof of Lemma Let P(q,m) and Q(q,m) respectively denote the left- and
right-hand sides of (6.6). Note that P(q,1) = Q(¢,1) = 1/(1 + ¢"). It is readily seen that

(=Dmg™
P(g,m+1)— P(g,m) = ——~——.
(g, m+1) = P(g,m) -
Now
1 (_1)m+1 (_1)m }
) + 1) — ) = -
Qam+ 1) - Qlam) = = { e - B
1 (_1)m m N+m
= 14+¢™) —(1+
(=) gy () =)
(=Dmg™
=——~———=P(gom+1)— P(qg,m).
T ( ) — P(g,m)
By induction on m, the proof of the lemma is complete. O

Armed with the above two lemmas, we now give two proofs of our finite analogue of the
Beck-Chern theorem.

First proof of Theorem 2.7l Let a(n, N) and ssptd,(n, N) be as defined in the hypotheses
of the theorem. Then by the definition of a(n, N),

3 a(n, N)g" _qu_q . (6.12)
n=1

Also, if ®(n, N) denotes the set of partitions 7 of n into distinct parts with I(7)—s(7) < N—1,
then

> ssptd,(n, N)g"

n=1

S Y e ijg(j 1#0 ()"

n=1re®(n,N)
1 o
5 <Z nq n+1 N 1+ an n+1)N_1> (6.13)
n=1
1 nq — 1q"(¢V)n
— q _ —_—
2( ]“Z = ”Nl; @

n

1 0 Zn(_qN)n
~ 9 ()N {Z&ZW}

z=q z=q
1
=3 [(_Q)N—l. G(z,q,N)|,—, + (@) n-1. H(Z,q,N)]Z:q] ) (6.14)
By the g-binomial theorem (B.1]),
0 (qu)oo 0 1 z fle q"

HEaN) =25 0 "0y G
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so that

(1= @) Bz Ny =3 T (6.15)

Il
—

T

Next, invoking ([B.7]), we observe that
o |4, «q
G(Z7q7N) :Z_22¢1 [ q;q7z

N 30,4

0 (@oo(=a"2)os [—1, 2 ]
A N

(Do 0 = (—Dnl—2¢"+")e
2 @

_ (Q)oo i _1)nqn (_ZqN+n)oo 00 { ZqN—i—n—l—k an—l—k
k=0

. 6.16
(_Q)oo n=0 (q)" (an)oo 1+ qu+"+k T 1— an—i-k} ( )

Letting n + k = m in the last expression in (6.I6) and employing Lemma in the second
step, we have

— [ gNtm " V= (D,
(1 - qN)(_Q)N—l : G(Z7q7N)’z:q = (1 - qN)mE_:l { 1+ qN+m + 1 — qm} nzz:o (_qN)n—i-lq
- - q" (=Dm _
_Z::{lJqu*m 1—qm}<(—qN)m 1>

(6.17)

Recalling the Fine’s function defined in (LI6]), the first sum in the above equation can be
evaluated as follows:

S G () )
PR S M R N R

_ (=Dng™ 2¢" (6.18)
1= qN 1— q2N’ :

where in the second step, we invoked Lemma Moreover, the second and the fourth sums
in (6.I7) combine together to give

o0 N+m o0 m N m o0 m
q q q 2q
D e D D s e B sl DR w3 (6.19)
m=1 1 + q " m=1 1 qm m=1 1 qm m=N+1 1 q "
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Thus from (6.17), (6.I8) and (6.19)),
(1 - qN)(_Q)N—l ) G(Z7Q7N)’z=q

il (~1) —i 2" +§: ¢"__(Um —i " (6.20)
T1-gv Y 1—g%m 1—q" (=q")m 1—gm ’

m=N m=1 m=1

Hence from (6.14)), (6.15]) and (€.20),
1—qV td,(n, N)g" = = — —)n ¢ -
) S S e T M et

n=1 m=1 m=N

Note that (—1)x¢"V /(1 — ¢V) is the Nth term in

m

N 00
> 1 - (D =2 > a(n, N)g".

m=1 n=1

Thus we will be done provided we show

Sy 621
1= g™ (=¢N)m L—g?m = 1—gm® ™ ’
m=1 m=N m=1
for, then
(1—g™) Y ssptdy(n, N)g" =Y a(n, N)q",
n=1 n=1

which implies (2.I7). We now prove (€.2I]) by induction on N.

Let R(q, N) and S(g, N) respectively denote the left- and right-hand sides of (6.21]). Note
that R(q,1) = S(q,1) = 0. Suppose R(q, N) = S(q, N) for some positive integer N. Now

oo m oo m
q (—Dm 2¢q
R(q,N +1) = § - _ E _
’ _ _ —+1 52
e B G e R/l

o0

—q™ (_qN)m1+qN+m 1_q2m 1_q2N

M

m=1 m=N
:i ¢"  (Dm 1+ +¢"A g > 24" 24"
— 1—qm (_qN)m 1+qN+m — 1 _q2m 1 _q2N
:i qm (_1)m . i 2q™ —|—qu qm (_1)m + 2qN
=g (—qN)m o 1P At L+ gVt (=N ) 1= 2N
N-1 m N N
q q -1y 2q
— 1 T (= —dNg) 21 i S
=g )m+1+qN< <Q’ ’q> >+1—q2N
m=1
N-1
B RTINS TSR G A
m:11_qm 1_|_qN 1—(]N 1_q2N
N-1 m N
q q
— 1 _
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m

- ( N+1)

where in the fifth and sixth steps, we respectively used the induction hypothesis and Lemma
This proves (6.2I]) and hence completes the proof. O

Second proof of Theorem 2.7l From (6.12)) and (6.13), it suffices to show that U(g, N) =
V(gq,N), where

N
Z q q :

n=1 1- (]
1
V(g,N): <Z ng"(—q" " )n_1 + an "+1)N—1> :
n=1
Note that U(q,1) = V(g,1). Assume that U(q, N) = V (g, N). Observe that
N+1
q (-9~

We will be done if we can show that U(q,N +1) —U(q,N) =V (q,N +1) —V (¢, N). Now
V(g,N+1)—-V(q,N) = AR {an e N+an ntly }
1—q {an "N 1+an n+1)N—1}
n=1
— %qN+1 Z_: g™ (=" x — 1 N+ Z ng™(—g")y

1 - n—1/.n 1 ng.n
+§qN+1an 1(q )N_ §QN+1Z71Q (q +1)N~ (623)

n=1

Consider the first two sums on the right hand side of ([6.23]), that is,
1 o
§qN+1 {ann—l(_ an g+ }
n=1
1 o [o¢]
_ §qN+1 {ann—l(_qn)N_Z(n+l) n n+1 +Zq n+1 }
= n=1
1 N+1 Z n+1
q"
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Similarly, the last two sums on the right hand side of (6.23]) combine to give qui > 0 d™ ("N
so that
gV &

V(g,N+1)—-V(q,N Z " {(=¢""n + (¢ T)n}- (6.24)

From (6.22) and (624), it suffices to show
1 _ qN—l—l 0 1 1
(—a)n Zq "N+ ("N} (6.25)
To that end, the right-hand side of (6.28) can be simplified in the following way:
(1 _ qN—I—l) 0

2 "y + (@}
n=0

— Zq n+1 _|_ n+1 an—l—N—l—l { n+1 qn+1)N}

= —Z 1—|-q n+1) %Z(_qn-i-l)N_%Z(l_qn)(qn-i-l)N_’_%Z(qn—i—l)N

n=0 n=0 n=0
1 — 1 — 1 —
n+N-+1 n+1 n+1 n+N-+1 n+1 n+1
—52(1+q J=a" v+ 5 D (v 5 ) (1-a g™ N =5 ("N
n=0 n=0 n=0 n=0
1 & 1 — 1 & 1 —
=3 > (=N - 3 > (@ )Nt - 3 > (=" N+ 3 > (@
n=0 n=0 n=0 n=0
1 — 1 & 1 — 1 &
_ n n+1 n n+1
-3 -1}~ S e - 15w v |
n=0 n=0 n=0 n=0
(—

qg)N,
since the sums in each of the two parentheses in the second to last expression telescope
resulting in 3(—1)n4+1 — 0 = (—¢)n. Thus (6.25) is proved, which, in turn, gives

N+1(

q —q
V(g,N+1)=V(g,N) = ﬁN&N,

so that by the principle of mathematical induction, we finally deduce that U(q, N) = V (¢, N).
O

Theorem 2.7 now yields a nice relation between the generating functions of Ngc(n, N) and
d(n,N).

Lemma 6.7. Let N € N. Then
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Proof. By Theorem [6.2],

oo N n
N Y Nsc(n,N)g" = NZ 2n
n=1

=2 Z (ssptd,(n, N) — ssptd,(n — N, N))q", (6.26)

where in the penultimate and ultimate steps we used ([6.12)) and Theorem [2.7 respectively.

We now define two functions analogous to ssptd,(n, N). Let ssptd(n, N) denote the sum
of smallest parts in all partitions 7 of n into distinct parts and satisfying I(7) — s(7) < N —1
and ssptd, (n, N), the same with the added restriction that there be an even number of parts.

As proved in the beginning of Section [ the right-hand side of van Hamme’s identity (.4
generates that of (I.6]). Similar to this, it is easy to see that

g2 2
Z [n] 1 —+q =Y (ssptd(n, N) —ssptd(n — N, N)) g". (6.27)
n=1 n=1

Hence from ([6.26]) and ([6.27) and recalling the definition of ¢(n, N) from (L),

00 N
N| gn(nt1)/2
NZNSC(MN)QTL—Z[ ]qin

n=1 n=1 n 1- q

M

{(ssptd,(n, N) — ssptd,(n, N)) — (ssptd,(n — N, N) —ssptd.(n — N, N))} q"

S
I
—_

M

(t(n,N) —t(n — N,N))q"

3
Il
—

M

d(n,N)q"

S
I
—_

where the last step follows from (6. This proves the result. O

We now give an application of Corollary which gives a new representation for the gener-
ating function of d(n, N).
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Corollary 6.8. Let n € N.

1—q

n=1

nn N n
[ ] (- Z (6.28)

Proof. Multiply both sides of Corollary [6.4 by 2(—¢)n/(¢) v and then simplify the resultant
using Lemma [6.7] to obtain

= n o Sn [N] 2 (), 1 [ (—g)n Y (—q)n g
nZ::ld(n,N)q +n§ n] _5{ —1}+ Dn T (6.29)

L—q" (q)n (@)n
Next, (34) with a = ¢ =1 gives

(—q N 1)nq n(n+1)/2
( Z[ ] @n

Q
3

Employing the above equation in ([6.29) yields (6.28)) upon simplification. O

7. A RELATION BETWEEN d(n, N) AND A FINITE ANALOGUE OF THE LARGEST PARTS
FUNCTION

Let Ipt(n, N) denote the number of occurrences of the largest parts in those partitions 7
of n whose corresponding largest parts are less than or equal to N. In what follows, we give
a relation between d(n, N) and Ipt(n, N).

Theorem 7.1. Let N € N. Then

Sl

Hence if v(i) denotes the number of occurrences of the integer i in a partition 7 of some

n

(7.1)

] n(n+1) N q"

W(I—qm) §<l—qn><q>n"

number m and

N
=> > {v(n) +1}, (7.2)

n=1 7eP(m,N+1)
exactly n parts>n

then
d(m,N) +w(m,N) = Ipt(m, N). (7.3)

Proof. Letting ¢ = 0 in Theorem [[L4] and then employing a recent result of Merca [43,
Section 2, Equation (8)], namely,

L g: [N] (_1)n—1nqn(n+1)/2 _ f: q"
(Q)N n=1 n n=1 1- qn
we obtain ([.I]). Clearly, the right-hand side of (7)) is the generating function of lpt(m, N).
So we need only interpret i\f: [N] Lﬂ)n Now is the generating function of the
= n| @l —gq")

number of partitions into at most n parts each < N —n. A typical partition from this set
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would look like a1 +ag + -+ +a, with N —n > a1 > ay > --- > a, > 0. Add n copies of

(n+1) term in the

n+ 1 to this partition, one copy to each of the a;’s (corresponding to the ¢"
numerator of the sum). The partition now becomes (a1 +n+1)+(ag+n+1)+---+(ap,+n+1),
where each a; +n+ 1 satisfiesn+1<a; +n+1 < N+ 1. So we get a partition, say A, into

n parts each part being greater than n. The term W remains to be dealt with. Since

1—q™)

! ! 1 1 S v(n)n
@Wn(l—q) (U-q (0-¢@) (—¢ 0 > W)+ 1)gn,

the left-hand side represents partitions into parts < n with weight v(n) 4+ 1. Putting this

together with X\, we obtain a partition with each part < N + 1, exactly n parts greater

qn(n—l—l) )
— is
(@)n(1 —q")

N
N
than n, and with weight v(n) + 1. Thus the coefficient of ¢ in Z [
n

n=1

N
Z Z {v(n) + 1} = w(m, N), by (Z.2)). Thus we obtain (7.3]). O

n=1 7weP(m,N+1)
exactly n parts>n

8. AN EXAMPLE OF A GENERALIZED SUM-OF-TAILS IDENTITY AND ITS COMBINATORIAL
IMPLICATION

The identity in (6.I1]) was instrumental in the first proof of Lemma [6.6] of Section [6l This
identity appears to be new and is an example of a generalization of ‘sum-of-tails identity’, a
topic first initiated by Ramanujan [46, p. 14] and later developed by Andrews [3], Andrews
and Freitas [I1], Andrews, Jiménez-Urroz and Ono [14], Patkowski [44], and Zagier [53], to

name a few.
Add the j = 0 term of the sum on the left-hand side of (G.I1]), that is, (¢)eo — 1, to both
sides of (6.11]), then replace j by j — 1 and m by m + 1 to obtain

oo

S (@ -1 = 5 (- 1). (8.1)

j=1 (_Q)m

The partition-theoretic interpretation of the above identity is

PRNEILLD DI S I (82)

7€D(n,m) Jj=£ 7€P(n)
I(m)<m
where ¢ := max{1,l(7) — (m — 1)}, P(n) is the collection of overpartitions of n, and, as

mentioned in the introduction, D(n,m) is the collection of partitions of n into distinct parts
such that [(7) — s(m) < m — 1. Clearly, the right-hand side of (8J]) is the generating function
of that of (82]). Now consider the summand on the left-hand side of (81]). Any partition 7
that is counted by (¢7),, — 1 is a partition into distinct parts counted with weight (—1)#(™)
and satisfying s(7) < j and [(7) < m + j — 1. This necessitates [(7) — s(7) < m — 1. Thus
Jj, the index of summation on the left-hand side of ([82) runs from I(7) — m + 1 to s(m).
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However, [(m) — m + 1 might be negative, which is why we have to take the lower limit of
summation to be £ = max{1,l(w) — (m — 1)}. This completes the proof of (82l).

The limiting case m — oo of (8] is well-known, and is the first equality below:

o0

N I ) ) B 83)

j=1 (_Q)oo =1

;2

where the second equality follows from Gauss’ identity (¢)oo/(—¢)oo = 1 + 22;‘;1(—1)j .
The above identity is precisely Equation (3.22) in [13].

Another proof of ([83) can be obtained by letting ¢t = ¢,a = 0, and g, = (—1)"/(¢)n (so
that g(z) := > 07y gnz™ = 1/(—;¢)s) in Theorem 4.1 of Andrews and Freitas [I1].

Note also that an analogous identity

Sl e -1 ==Y
7=0 n=1 q

is well-known [27, p. 14, Equations (12.41), (12.45)].

9. A FINITE ANALOGUE OF GARVAN’S IDENTITY AND ITS SPECIAL CASES

We prove Theorem [[.3] in this section. Its corollaries are then discussed. We begin with
some definitions and lemmas. Let N € N. We define the finite analogue of Fine’s function

(L.IG) by .
N (QQ)n(T)N—n(Q)nTn
Fy(a,B8;7) = Fn(a, 8571 q) = . 9.1
vl fim) = Pl Bim 1 0):= 2 H (Ban () (6)
We need the partial fraction decomposition of Fy (v, 8;t) which generalizes (3.0).
Lemma 9.1. For N € N, we have
1—tg" Y [N (b/a)n(ag) n—n(ag)
Fa(a,bi ) = (1 —tq™)(ag)n 3 (b/a)n(aq)n—n(ag)"
(bg)v = |n| (ag)n(1—tg")
Proof. Let a =b/a,B =t,v =tq and 7 = aq in (3.8)) and simplify using (4.2). O

Lemma 9.2 (Finite analogue of the Rogers-Fine identity). Let N € N. For 3 # 0,

N [N] (aq)n(9)n <%)n (a7g?) N1 (78)"q" (1 — arg® 1)

Fn(a, B57) = (1—7¢™) )

o L™ (BOn(T)n+1(aT¢*) N4n
Proof. Let a =T1aq, b= %, d = aq, e = g and ¢ — oo in Watson’s g-analogue of Whipple’s
theorem, that is, (811]), and simplify. O

Remark 3. Letting N — oo in the above lemma gives the well-known Rogers-Fine identity
[27, p. 15, Equation (14.1)]:

= (aq), (%52) (78)"q" (1 - arg®+)
Flagin) =2, (B (P '

n=0
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Let

(2.q.N) = Z (4% 4°)n (6% 4*)n—1(2¢; ¢*) N—n(20)" 9.2)
’ — (2¢% ¢*)n(2q; )N
Using ([@.)), it can be easily expressed in terms of the finite analogue of Fine’s function:
2N)

2q(1 —q
2N_1)FN—1(17zq27zq : q2) (93)

(1—2¢*)(1—2q
In the following two lemmas, we derive two representations for Si(z,q,N), which will be

S1(z,q,N) =

crucial in proving Theorem
Lemma 9.3. Let N € N. Then

(.q.N Z (@ 0*)n-1(0%¢*)n(2¢* ) N—n2" ¢! (9.4)
’ — (2¢; 4*)n(24% ¢*) N
Proof. Note that
N-—1
Sy(2.q. ) = > N (0% 05 n+1(0% @) n(2¢; ¢*) N—n—1 (zq)" 1
1 (1—zq2N D~ |n+1 - (2% @®)ns1(2¢; 4*) N1
N—-1
zq(1 — ¢*N) (% ) N-1(2¢; ) N-n—-1(a* ¢*)n (zq)"

(=21 - 2¢) (6% P N-n—1(205 62 v-1(20"5 4P

—1
_ 2q(1 — Z >N ¢ )n (@5 4%)n 2n
(1 —2¢*N= 1 1 —2¢%) = 3 2N /2;6%)n(20% 4%)n
zq(1 — ¢*N) NP ¢,
= 302 - 34754 9.5
(1 _ Zq2N—1)(1 _ Zqz) [ Zq4, @3 ZzN ( )

where in the penultimate step we used [35, p. 351, Appendix (I.11)]

(b;¢*)N (a5¢*)N—n (a)" (@b ),

(@:¢%)v (:%)n—n \b/ (>N /a;¢?)

; (9.6)

with a = 2q,b = ¢*> and N replaced by N — 1. Now use ([3.) with NV and g respectively
replaced by N — 1 and ¢?, and then let o = 8 = ¢?, 7 = 2q, and v = z¢* to transform the
3¢9 in (@) so as to obtain

2q(1 — ¢*") N a, @y
S1(z,q,N) = 302 2on 3G, 4
(1 —2q)(1 — 2¢?N) 2q3, T
N—
_ 21— Z (6% *)N-1(26*; @) N-n—1(a: ¢*)n2" "
(1= =zq)( 1—zq2N = (2¢*¢*)n-1(0% @) N-n-1(2¢% ¢*)n

9

(2¢;4*)n(2¢% ¢*)N

I
iM-

[N] (@ 0*)n-1(0% ¢*)n(26% ) N—n2"¢*"

where in the second step we again used (3.6) with N replaced by N — 1, a = z¢? and b = ¢°.
This proves (@.4). O
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On page 5 of Ramanujan’s Lost Notebook [46] (see also [10, p. 29, Entry 1.7.2] we find the
following identity valid for [b| < 1 and a € C:
7L(7L+1)

i(—l)”(—q;Q)n(—“—f;q)nb” i(—l)"(— b Un b2

(9.7)

= (a¢; ¢*)n+1 = (=3 @Int1

In the following lemma, we derive a finite analogue of the special case of (9.7) when a =
—b = zq, which is needed in proving Theorem [[.3

Lemma 9.4. Let N € N. Let S1(2,q,N) be defined in (Q.2). Then

N _ _
B N (5 @)2n—22"" 1" (g;9)20-122"¢" 2D\ (%2
Sl(z’q’N)_Z + INTL. 2)
=l (2¢; @)2n—1 (2¢; q)2n (2N ¢%)n

(9.8)

Proof. Replace ¢ by ¢ in Lemma 0.2 let o = —4¢:8 = —band 7 = —bq, and then multiply

both sides of the resulting identity by (lﬁ);(+% to deduce that
(1 _anNJ,_Q) 1)n (_?7q ) bqqz)N n(q2’q2)anqn
= (0% N-n(=0;¢*)nt1(=bg; ¢*)N+1
_ f: (0% @) N (7245 g)an(ag; g ) b2 g2 (1 — ag'nt?)
= (% P)N-n(=b;Q)2nt1(aqh; ¢*) N4n (1 + bg* )

B i (¢% a*) v (543 @)an(ag’; ¢ wb"g*n Hn < bg*" ! +aq4"+2>
N : J2n1( -

= (@) N-n(=b D2nr1(aqh; ¢*) Nt 1+ bg?+!
N — _
_ Z (%; q)2nb2nqn(2n+1) B (%; q)2n+lb2n+1q(2n+1)(n+1) (qz; q2)N(aq4; q2)N
= (=b;q)2n+1 (=05 @)2n+2 (6% ¢*)n-n(aq*; ¢*)N+n
Now let a = zqg = —b to get

N
(1- Zq2N+3)Z (0:6*)n(a% )N (24% ) N—n2"g*"
— (24 *)nt1(0% ¢*)N—n(26% ¢*) N 41
2n 2n°43n 2n+1q(2n+1)(n+2)

q)2n22"q (¢ 9)2n+12 (@% *)n(2¢° )N
—Z + ; 2. 2 5. 2

(245 @) 2n+1 (245 @) 2n+2 (% ®)N=n(2¢°¢*) N+

Now replace n by n — 1 on both sides, then multiply both sides of the resulting equation by

_ _2N+2
Z(ql(_lz+w:3)), and then replace NV by N —1 in the resulting identity to obtain after simplification

N (:6*)n-1(a% a*n(2¢* ¢*)N—n2"*" !
(2¢: *)n(2¢% ¢*)N

:i N (@@on2z 1" (g @)on1z "D (0% (9.9)
. q? . (Zq2N+1;Q2)n

M-

(2¢; @) 2n—1 (24:9)2n

Now ([@.8) follows from (@.4) and (@9). O
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We have now collected all tools necessary to prove Theorem [L.3
Proof of Theorem [L3. Replace q by ¢2, z by z/q, then ¢ by z in Theorem to get

f: [N] | (=)™ '2"g" (% ¢%)n _ EN: [N] | (0201 (0% ¢*)n(20% ) v n2"g*" "

nl, (245 ¢%)n(1 — 2¢*") n], (2¢;4®)n(2¢% ®)N

n=1 n=1

(9.10)
Now Theorem [[.3] follows from ([@.10), (@.2]) and Lemmas [0.3] and

Remark 4. From ([@.3), and Lemma with ¢ and N replaced by ¢*> and N — 1 respectively
and then with a = 1,b = 2¢* and t = zq, we see that

5 2;2 N-1 22;2n2n
S1(2.q.N) = 29U Q)Nz( (247 4" )ng

(2¢*: )N = (1¢%)n(l — 2g** 1)’

which is a simple representation for Si(z,q,N).

O

Letting z = 1 in Theorem [[.3] Lemmas and 0.4 simplifying, and then combining the
resulting identities together, we get

Corollary 9.5. Let N € N. We have

o R O i U Y gt YN (@301 (05 6P) N-nd”
nZ::l [”]qz (a9 ) Z 1— g2t nZ::l n] . (¢;4%) N

N N 2. 02),_1 (1 — ¢*n—1)g2n—1)
- 2:: [n]q2 e (321)\74-11;((]2)”?1 _ q);i—l) , (9.11)

The limiting case N — oo of the above identity is well-known (see [24, Remark 3]).

We now give partition-theoretic interpretation of the first equality in the above corollary.
This generalizes Corollary 1.3 (i) of Garvan [34].

Consider S3 = {7 = (m1,m2) € V3 : || = |71| + |72|} and Vs = D, NxPp y where D, N
denotes the set of partitions of a number into distinct even parts lying between [2N — 2n +
2,2N] and Pa n 1s the set of partitions of a number in which all parts except possibly the
largest part are odd and all odd positive integers less than or equal to the largest part occur
as parts.

Corollary 9.6. Let v4(\) be as defined in the introduction, and let S3 and V3 be defined as

above. Let Lo () denote the largest odd part of the partition \. Define w(7) := (—1)"‘1(”1”%“o (m2)=

Let dy(m, N) denote the number of odd divisors of m which are less than or equal to 2N — 1.

Then
N
Z

dy(m, N).

M

E=n >~\1

1)_
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Proof. We first show

(BN (1)
nz::l (% P)N-n (1 — ) (q; ¢?) z_: ; 72;3 912
|7|=m
To that end, note that % = (q2N 2142, 42),, implies that it generates partitions 7
coming from the set Dg , v with weight (—=1)¥(™) " Also,
(—)" g™ ¢ & ! 1

= (-1t

(1 —¢*)(g:¢*)n l—q 1—¢3 1-¢ 1 1—¢>
implies that it generates the partitions w5 coming from P4 n with weight equal to (—1)%(50(”2)_1).

Combining the two establishes (9.12). Finally,

N om—1 N oo %)
R R vl (DI
n=1 1- n=1m=1 k=1 \ d|k,d odd

d<2N-1
implies that it generates di(m, N). Thus, the above interpretations of the expressions in the
first equality of (O.I1]) establish the corollary. O

Another corollary of Theorem [I.3] is now presented.

Corollary 9.7. Let N € N. Then

N N
L (@) 3 N VR > NI (@¢*)n-1(a% ) N-ng®""
(1-q) (% ¢*)n n 1— gt n (% ¢*)n
n=1 q2 n=1 q2
N (2.2 N 2. 2 any 2n%+n—1
n— N 3 n— 1-
=Y GE =00 | R ey O
= (2% 4%)n ol @V - ¢ Th(1 - gt

Proof. Let z = ¢ in Theorem Also, replace ¢ by ¢? in Corollary B.1 and then let ¢ = gq.
Combining the two resulting identities lead to (Q.13). O

10. CONCLUDING REMARKS

In this paper, we have obtained, among other things, the finite analogues of rank and
crank for vector partitions. It would be worthwhile seeing if rank and crank exist for ordinary
partitions enumerated by p(n, N).

We give below another representation for the finite analogue of the crank generating func-
tion % which portrays the possibility of mimicking the approach that Andrews and
Garvan [12, Equation (2.3)] used to obtain crank of an ordinary partition enumerated by

p(n). Note that letting o = —zq and 7 = 2~ ! in (BI0) gives

n_ 1 N N| (z 2" 1q)k
(Q)lNl_ Z[]((Q)k( q)

oy~ T=a" ) & k] 7R,

k=0
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Hence,

(zq)n (271N
_ l—¢ (1-9 « ¢"zF (10.1)
T 10— " () (1 — Nt 2 (" )y (2~ 1gN k1), :
1-— (1 f: N qrzk
(zq q) — | k (" Dy (2 1gN kD),
N+1 N k.—k
q 1- 9 q"z
. 10.2
+ 1— ¢ <(zq Z; [ ] (2" ) k(z—qu—k—l—l)k) (10.2)

Note that letting N — oo in either (I0.I) and (I0.2) gives
L

1 — q >
+ )

which was combinatorially interpreted by Andrews and Garvan [12, Equation (2.3)] thereby
obtaining the crank for an ordinary partition. Unfortunately, we are unable to proceed beyond

(@0.0) or (I0.2).

Do there exist congruences for p(n, N) which could be combinatorially explained by our
finite analogues of rank and crank for vector partitions? It would also be worthwhile to see
if there exists a refinement for spt(n, N) of Andrews’ famous congruences for spt(n), namely

[5],
spt(bn +4) =0 (mod 5),
spt(7n +5) =0 (mod 7),
spt(13n +6) =0 (mod 13).

Moreover, it would be interesting to see if a congruence of the form (2.1I) holds for spt(n, N).

In [31], Garvan conjectured that for any even k > 2, the inequality
Mp(n) > Ni(n)

must be true for all n > 1. For a sufficiently large n and fixed k, this was proved by
Bringmann and Mahlburg [19], and by Bringmann, Mahlburg and Rhoades [20] by analyzing
the asymptotic behavior of the difference My (n) — Ni(n). Later Garvan [32] himself proved
his conjecture for all n and k£ by finding a combinatorial interpretation for the difference
between symmetrized crank and rank moments. In what follows, we give a similar conjecture
for the difference of finite crank and rank moments.

Conjecture 10.1. For any fired natural number N and even k > 2,

My n(n) > Ni n(n) foralln > 1.
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For k = 2, the result is already shown to be true in Corollary We have numerically
verified, with the help of Mathematica, that the above conjecture holds at least for 4 < k < 12
and 1 <n < 20.

Finally, considering the enormous impact and applications of the theory of Fine’s function

F(a, B;t) developed in [27], it would be worthwhile to do the same for its finite analogue
Fn(a, B;t) defined in ([@1). In this paper, we have only obtained two results for Fy(«, 3;t),
namely, its partial fraction decomposition and the finite version of the Rogers-Fine identity,

because obtaining those was essential to proving Theorem [[.3I We also note that another

finite analogue of Fine’s function was studied in [§].
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