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Abstract

We investigate the sum of the parts in all the partitions of n into distinct parts and give two infinite families
of linear inequalities involving this sum. The results can be seen as new connections between partitions
and divisors.
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1. Introduction

A partition of a positive integer n is a sequence of positive integers whose sum is 7.
The order of the summands is unimportant when writing the partitions of n, but for
consistency the summands will be written in nonincreasing order (see [1]).

A famous theorem of Euler asserts that there are as many partitions of # into distinct
parts as there are partitions into odd parts. As usual, we denote by Q(n) the number
of integer partitions of n into distinct parts. For example, Q(7) = 5 because the five
partitions of 7 into distinct parts are 7, 6 +1, 5+2, 4+3, 4+ 2+ 1 and the five
partitions of 7 into odd parts are 7, S+ 1+ 1, 3+3+1, 3+1+1+1+1, 1+1+
1+1+1+1+ 1. The generating function of Q(n) is given by

> 0mq" = @ = (49w
n=0
and the expansion starts
(¢ Qo= 1+q+ @ +2¢° +2¢" +3¢° +4¢° +5¢" +64° +8¢° + - -- .
Here and throughout the paper, we use the customary g-series notation:

forn =0,
(I1-a)l—-ag)---(1—ag™™") forn>0;

(@ Qoo = }}Lrg (a; @

(a; q)n =
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Because the infinite product (a; ) diverges when a # 0 and |g| > 1, whenever (¢; ¢)«
appears in a formula, we shall assume |g| < 1.
We consider the following functions.

DEFINITION 1.1. Let n be a nonnegative integer. We define:

(1) s,(n) to be the sum of the odd parts in all the partitions of n into an odd number
of distinct parts;

(2) s.(n) to be the sum of the odd parts in all the partitions of n into an even number
of distinct parts;

(3) s(n) = 5,(n) = se(n).

The partitions of 9 into an odd number of distinct parts are 9, 6 +2+ 1,5+ 3 + 1
and 4 + 3 + 2, while the partitions of 9 into an even number of distinct parts are 8 + 1,
7+2,6+3 and 5+4. S0 5,(9)=9+1+G5+3+1)+3=22,5.9)=1+7+3+
5 =16 and s(9) = 6.

The following result shows that the function s(n) is closely related to nQ(n), the sum
of the parts in all the partitions of 7 into distinct parts.

THEOREM 1.2. Forn > 0,
nQ() +2 3 (~1Y(n =)0 — 1) = s(n).
j=1

For example, the case n = 9 of this theorem is
9-09)-2-8-08)+2-5-05)=72-96+30=6.

By Theorem 1.2, we can easily deduce that s(n) and nQ(n) have the same parity.
In addition, it is known (see [5, Corollary 4.7]) that Q(n) is odd if and only if n is a
generalised pentagonal number. Consequently, s(n) is odd if and only if » is an odd
generalised pentagonal number.

Upon reflection, one expects that there might be a more general result where
Theorem 1.2 is a limiting case. For what follows, we consider the notion of modular
partition which was introduced by MacMahon (see [, page 13]). For a positive integer
k, any positive integer n can be uniquely written as ka + s witha >0 and 1 < s < k.
The k-modular partitions are a modification of the Ferrers graph so that n is represented
by a row of a boxes with k in each of them and one box with s in it. For example,
Figure 1 displays the 2-modular Ferrers graph of the partition 9 + 7 + 3 + 3 with shape
S+4+2+2.

The m-rectangle of a partition is defined to be the largest (m + j) X j rectangle
contained in the Ferrers graphs of the partition (see [4]). An m-Durfee rectangle is
referred to as a Durfee square when m = 0. In Figure 1, the 2-Durfee rectangle of the
partition is the rectangle of size 2 X 4.

For a fixed k > 1 and any n > 0, Merca et al. [8] recently defined M, x(n) to be
the number of partitions of n into odd parts such that all odd numbers less than or
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FIGURE 1. The 2-modular Ferrers graph of 9 + 7 + 3 + 3.

equal to 2k + 1 occur as parts at least once and the parts below the (k + 2)-Durfee
rectangle in the 2-modular graph are strictly less than the width of the rectangle.
For example, take k = 2. Then the partition 11 + 11 +7+7+5+3 + 1 is counted
by M,.(45). However, the partition 11 + 11 +11 +5+3 +3 4+ 1 is not counted by
M, »(41) because its 4-Durfee rectangle is of size 2 X 6 and the third part of length
11 that goes below the Durfee rectangle forms a row of length 6.

We have the following truncated form of Theorem 1.2, where we denote by o ,(n)
the sum of the odd positive divisors of n.

THEOREM 1.3. For k,n > 0,
k n
(D4 {nw) +2 ) (=11 =000 = ) = 50) = Y oWt = .
=1 =1
An immediate consequence of this theorem is the following infinite family of linear

inequalities.

COROLLARY 1.4. For any positive integers k and n,
k .
(D4 {(nQ) +2 Y (1Y = )0 - ) - s(w) > 0,
=1

with strict inequality if n > (k + 1)%.
For example,

nQ(n) —2(n - DO — 1) < s(n),
nQn) —2n—1D0mn—-1)+2(n —4)Qn —4) > s(n).

When k — oo, Theorem 1.3 yields Theorem 1.2. Therefore, we will provide a proof
only for Theorem 1.3. Relevant to Theorem 1.3, it would be very appealing to have
combinatorial interpretations of

D To(DMoin = .
j=1

2. Proof of Theorem 1.3

Firstly, we provide the following generating function for nQ(n).
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LEMMA 2.1. Forlg| < 1,

)

.1 — (2k — 1)g*!
Zl’lQ(n)q - (q’ qz)oo - 1 - q2k—1

n=1

PROOF. We want the generating function for partitions into odd parts where z keeps
track of the number of parts equal to 2k — 1. This is

1 1 l-¢q
1— ZqZk—l g 1= qzn—l - (q;qZ)m 1 - Zqzk—l'
n#k

Let t(k, n) be the total number of (2k — 1)s in all the partitions of n into odd parts. Then

(1 _ 2k—1) ~ q2k—1 1
(@GPl =27) 1= (1))

(o)

d
Z ttk,n)q" = dz

n=1

Since

e8]

nQ(n) = » 2k = ick,m),

k=1
we can write

) . co o0 . 1 0 (2k _ l)qZk—l
Z nQ(n)q" = Z Z(Zk = Dk, n)q" = @ P ; =1

n=1 n=1 k=1

which completes the proof. m|

According to [6, Corollary 4.3],
k (e8]

T (@ D = Y (tohom) = k)"

! n=0
where t,(k, n) (respectively, 7.(k,n)) denotes the number of ks in all the partitions of n
into an odd (respectively, even) number of distinct parts. It is clear that

s,(n) = Z(Zk — Dt,(2k — 1,n)
k=1

and

5,(n) = Z(Zk — D)t,(2k — 1,n).
k=1

So we deduce that

(2k — 1)q2k IR SRS N
(¢ 9o Z A = 2 2 (k= Dok = L) = @k = Dre@k = Lm)g
k=1 n=0
= > (5o(m) = so(m)g" = ) s(m)q". 2.1
n=0 n=0
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The following theta identity is often attributed to Gauss [1, page 23, Equation
(2.2.13)]:

- » (@ Qe

1+2 ) (-1)'¢" = ———. (2.2)
; (=¢: oo

Recently, Merca et al. considered this identity and provided in [8, Theorem 1.1] the

following result: for k > 0,

(- qq)oo(HzZ( 1)/q/)

(C] qz)oo
© (2k+2j+3)j
P02 2 q
=1+2 ) -1Vg7 +2(-1)'¢""V (~¢: ") ,
;‘ ; (4% 44> i

where (a; q), = (a; 9)~/(aq"; ). By this identity, considering (2.2), we obtain

- 12)00(1 + 22( g )

(q 3 q oo k (k+1)? N
= +2(-Dq
(=4, 4o (=4% M) ZO: (@7 474> P erjn

gy

= (@ + (=D} Y Mos(n)g', (2.3)

n=0
where we have invoked [8, Theorem 3.1] for the generating function of M, (n).
Multiplying both sides of (2.3) by

i (21’[ _ 1)q2nf]
— g2n-1 7
n=1 1 q "

we obtain

(ZnQ(:a)g")(l 2 Z(—l)"q”z)

PPN %H—l)k( (2”_1232': l)(iMok(mq)

n=1 n=1

= Zs(n)q + (- l)k(zo,)(n)q )(ZM,,k(n)q )

n=1

where we have invoked the Lambert series expansion (see [7]),

(21’1 1) 2n—1 ©
Z 231 = > oo, gl <1.
n=1

The proof follows easily by considering Cauchy’s multiplication of two power series.
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3. Partitions into distinct parts and odd divisors

Taking into account Euler’s pentagonal number theorem

(4 Qoo = Z (=1)'g"en=iz (3.1)

n=—00

and relation (2.1), we deduce that the partition function s(n) is closely related to the
sum of odd positive divisors function o,(n), that is,

o)

s(m) = )" (~1Yery(n = j3j = 1)/2),

J=—

Thus, this relation and Theorem 1.2 can be seen as connections between partitions into
distinct parts and odd positive divisors, that is,

00

nQ(m) +2 ) (1Y =)0 =) = > (=1Yoro(n = j3j = 1)/2).

J=1 Jj=—00

DEFINITION 3.1. Let n be a positive integer. We define

S(n) = Y o= jj + 1)/2),

j=0
where o ,(k) = 0 when k is a nonpositive integer.
For example, for n = 6,
S6)=0,06)+0,85)+0,3)=1+3)+{1+5+(1+3)=14.

The following result provides another connection between partitions into distinct parts
and odd positive divisors.

THEOREM 3.2. Forn >0,

=D - jG3j - 1)Qn - j(3j = 1) = SO,

Jj=—
The case n = 6 of this theorem reads as follows
6-06)-4-04)-2-02)=24-8-2=14.

In [2], while investigating the truncated Euler’s pentagonal number theorem (3.1),
Andrews and Merca introduced the partition function My (n), which counts the number
of partitions of n where k is the least positive integer that is not a part and there are
more parts greater than k than there are parts less than k. For example, M3(18) =3
because the three partitions in questionare 5+5+5+2+ 1,6 +5+4+2+ 1,7+4 +
4+2+1.

There is a more general result where Theorem 3.2 is the limiting case k — oco.
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THEOREM 3.3. Fork,n > 0,

k [n/2]
(D V=G - )00 =G - 1) = S = Y M) - 29,
j==G=1) j=0
PROOF. In [2], Andrews and Merca proved a truncated form of (3.1): for any k > 1,
DM Gn-1)/2 1 61(2)+(k+1)" [ - 1}
(=D)"g"™" = (=1) , (3.2)
(¢; @)eo n__z(,; b Z (@@ k-1

where
il [—LD o <r<n
| = 1 @ DG D
0 otherwise.
The series on the right-hand side of (3.2) is the generating function for M (n), that is,

C)rkron 1, _ 1
ZMkm)q Sy o [k_ 1]. (3.3)

n=k

By (3.2), with g replaced by g2,

k [o¢]
(—1>’H( > (—D”q"“"*”—(q%qz)m):(qz;qz)ooZMkm)qz". (3.4)

n=—(k—1) n=0

Multiplying both sides of this identity by

gnQ(n)q" -G ;2)00 gcro(n)q",
we obtain
0 2 n0(q’ | n:_Zi]_l)(—1>"q"<3"“>) - % w 0%
= (% i 2o 2 Meng?®)
which yields
) k )
(o Zl n0ma" | nz%_l)(—wq"@"”) - Z; St

= 2 so0a” | 2 My,
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taking into account the following theta identity of Gauss [1, page 23, Equation
(2.2.13)],

(@) D pin
1.9 g2, (3.5)
(4:97)e 4

n=

The proof follows easily by considering Cauchy’s multiplication of two power
series. O
An immediate consequence of Theorem 3.3 is the following infinite family of linear

inequalities.

COROLLARY 3.4. Fork,n >0,

k
(D I - )0 =G - 1) - St) > 0,

J=—(k=1)
with strict inequality if n > k(3k + 1)/2.

For example,

nQ(n) — (n = 2)Q(n = 2) > S(n),
nQ(n) — (n—2)Q(n —2) — (n — 4)0(n — 4) + (n — 10)Q(n — 10) < S(n).

4. Concluding remarks and open problems

Considering an interplay between two classical theta identities of Gauss and a
special case of the generalised Lambert series, we obtain decompositions of s(n) and
S(n) in terms of the partition function nQ(n). Our proofs of Theorems 1.3 and 3.3
rely on generating functions. Combinatorial proofs of these theorems would be very
interesting.

Inspired by Theorem 3.2, we can consider another sum involving the odd positive
divisors function o ,(n), namely,

T(n):= )" (~1org(n - 2j(3j - 1).

Jj=—
The generating function of 7'(n) is given by

o (2n — D)g>!

> Tq" = (g% 4" =g
n=0

n=1

and the expansion starts

Z T(n)q" = q+ q2 + 4q3 + q4 + 5q5 + 3q6 + 4q7
n=0

+6q9+6]10+26]12—56113—26114+"'-

https://doi.org/10.1017/5S0004972720001422 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972720001422

236 M. Merca [9]

Taking into account Lemma 2.1 and the theta series (3.5), it is not difficult to obtain
the identity
(% D) N
S0 N Qg = ) T, gl < 1. 4.1)
(_q’q )oo n=1 n=0

In [3], Andrews and Merca introduced the partition function MP;(n), which counts the
number of partitions of #n in which the first part larger than 2k — 1 is odd and appears
exactly k times and all other odd parts appear at most once. For example, MP,(19) = 10
because the partitions in questionare 9 +9+ 1,9+ 5+ 5,8 +5+5+ 1,7+ 7+ 3+ 2,
T+7+2+2+1,7+5+5+2,6+5+5+3,6+5+5+2+1,5+5+3+2+2+
2,5+5+2+2+2+2+ 1. According to [3, Theorem 9], for k > 1,

(—1)k‘1((( ;],Cl *)eo Z( qyurhr2 _ ):iMPk(n)q”.
n=0

Multiplying both sides of this 1dent1ty by (4.1), we obtain

) 2k—1 0 ) o
0 Z] o | ;equz) - ZO Tg") = (ZO Tang Z; MPi)g' )

In this way, for k£ > 1, there is a substantial amount of numerical evidence to conjecture

that
( i@ o 2 Mg’

has nonnegative coefficients. We have the following equivalent form of this conjecture.

CONJECTURE 4.1. For k,n > 0,
2k—1

D ( YR G+ /200 =G+ 1D/2) = Tw) > 0
=0

For example,

nQ(n) = (n—-1Qmn - 1) > T(n),
nQ(n) —(n—-10m -1) = (n=3)Q(n = 3) + (n - 6)Q(n - 6) < T(n).
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