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ON THE NON-NEGATIVITY OF THE SPT-CRANK FOR
PARTITIONS WITHOUT REPEATED ODD PARTS

RENRONG MAO

Abstract In this paper, we establish the non-negativity of the spt-crank for
partitions without repeated odd parts which was first conjectured by Garvan and
Jennings-Shaffer. As corollaries, we prove inequalities between the positive rank
and crank moments of such partitions.
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1. INTRODUCTION

A partition of a positive integer n is a non-increasing sequence of positive integers
that whose sum is n. In the study of integer partitions, people are often interested in
weighted counts of partitions (see [3, 4, 24, 22], for example). Recently, Andrews [6]
introduced the smallest parts function spt(n) as the weighted counting of partitions
of n with respect to the number of occurrences of the smallest part, i.e., spt(n) is the
total number of appearances of smallest parts in all the partitions of n. Andrews
proved

spt(bn+4) =0 (mod 5), (1.1)
spt(Tn+5) =0 (mod 7), (1.2)
spt(13n+6) =0 (mod 13).

To give combinatorial interpretations of the above congruences, Andrews, Garvan
and Liang introduce the spt-crank of an S-partition. Let P denote the set of
partitions and D denote the set of partitions into distinct parts. For m € P, we let
s(m) denote the smallest part of m with s(f)) = oo for the empty partition, and §(7)
be the number of parts in 7. Define

S :={(m,me,m3) ED xP XP:m # 0 and s(m) < min s(ma), s(ms3)} .

For @ = (my,m,m3) € S, we define the weight wy(7) := (—=1)#™)~1 the crank
(7) = #(ma) — f(m3), and | 7 |:=| m | + | m2 | 4+ | w3 | where | 7; | is the sum
of the parts of m;. We say 7 is a vector partition of n if | 7 |=n. For an integer
n > 1 and any integer m, let Ng(m,n) denote the number of vector partitions of n
in S with crank m counted according to the weight wq, that is,

Ng(m,n):= Z wi (7).
®eS|R|=n
crank(7@) = m

Then Andrews, Garvan and Liang [10] show that, for integers n > 0,

spt(5n + 4)

Ng(k,5,5n 4 4) = L for0< k<4, (1.3)
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and

spt(7Tn + 5)
7

where Ng(m,t,n) =3 _ (moda ) Ns(k,n). Clearly, equation (1.3) (resp. (1.4))

implies (1.1) (resp. (1.2)). In the same paper, Andrews, Garvan and Liang also
show that

Ng(k,7,Tn+5) = , for 0 < k <6, (1.4)

Ng(m,n) >0,

for all integers m and n > 1. We remark that Chen, Ji and Zang [21] found a
definition of spt-crank for the ordinary partitions. More studies on spt-function
and spt-crank of ordinary partitions can be found in [1, 11, 18, 26].

In this paper, we study the spt-crank for the partitions without repeated odd
parts. Recall that the spt-function for such partitions were first introduced by
Ahlgren, Bringmann and Lovejoy [2]. Let M2spt(n) denote the total number of
smallest parts in all partitions of n without repeated odd parts and the smallest

part is even. For an odd prime p, let (5> denote the Legendre symbol [28, p. 85].

Then the authors of [2] proved that for any prime [ > 3, any integer m > 1, and
n > 0 such that (_T") =1, we have

2m 1
M2spt (lnT—&—) =0 (mod ™).

In [27], Garvan and Jennings-Shaffer provided more congruences for M2spt(n). For
example, they proved that, for integers n > 0,

M2spt(3n+1) =0 (mod 3), (1.5)
M2spt(5n+ 1) =0 (mod 5), (1.6)
M2spt(5n+3) =0 (mod 5). (1.7)

To obtain the above congruences, they introduced the spt-crank for partitions
without repeated odd parts as follows. Following the notations used in the def-
inition of the spt-crank of the S-partition, we let V := D x P x P x D. For T =
(1,72, 73, m4) € V, we define the weight w(7) := (=1)¥™)=1 the crank(7) :=
#(my) — t(ms), and the norm | 7 |:=| my | 4+ | w2 | + | 73 | + | 74 |. Then S denotes
the subset of V defined by

S = {(m1,m2,m3,m4) €V : 1 < s(my) < 00,8(m1) < s(m2),s(m1) < s(ma)}

For m € P, we also define n,(m) and n.(m) to be the number of odd and even part
of 7, respectively. Let S2 denote the subset of S given by

52 := {(my, T, m3,m4) € 8 np(m1) = no(m2) = No(m3) = ne(ms) =0} .

Then, for an integer n > 1 and any integer m, we denote Nga(m,n) to be the
number of vector partitions of n in S2 with crank m counted according to the
weight w, that is

Nga(m,n) := Z w(7).

®eES2,| R |=n
crank(7) = m
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By [27, Eq. (2.3)], we have the following generating function for Ngo(m,n):

oo 2n+2 2n+1

S2(z,q)::2 Z Nga(m,n)z"q" Zq Py %qu’)i) . (18

n=1m=—oo

In equation (1.8) and for the rest of this article, we use the notations

m—1

(@1, 22, s 2k QO = [ (1= 21¢™) (1 = w2g™) - (1 — 2g™),
n=0

for m € NU {oo} and we require |g| < 1 for absolute convergence.
Recall the g-binomial coefficient
I 0, if K <0or K > L,
[K] . - &, otherwise.
(¢ )k (G a) -k
For L > K > 0, it is well known that [IL(]Q is a polynomial with non-negative

integral coefficients. See [5, p. 33].
For integersn > 1and 0 <m < t—1,let Ngo(m,t,n) := 31— (noa 1) Ns2(k, n).
Then Garvan and Jennings-Shaffer showed in [27] that

M2spt(3n + 1)

Ngo(k,3,3n+1) = 3 , for 0 <k <2,

Nso(k,5,5n +1) = w, for 0 < k < 4,
and

Nso(k,5,5m + 3) = w, for 0 < k < 4,

which imply the congruences (1.5), (1.6) and (1.7), respectively. At the end of [27],
Garvan and Jennings-Shaffer made the following conjecture:

Conjecture 1.1. Forn > 1 and m € Z, we have
NSQ (’ITL, n) Z 0.
The first result of this paper is the following theorem:

Theorem 1.2. Conjecture 1.1 is true. In particular, for m € Z and n =| 2m | +2
orn >|2m | +4, we have

Nga(m,n) > 0. (1.9)

Remark. Equation (1.8) implies Nga(m,n) = Nga(—m,n) for m € Z and n > 1.
Thus, we only consider Nga(m,n) with m > 0 in the proof of Theorem 1.2.

In [27], Garvan and Jennings-Shaffer also defined another three spt-cranks in
terms of S-partitions. These objects are proved to be closely related to the spt-
functions of overpartitions (see [27, Section 3]). In particular, Garvan and Jennings-
Shaffer established the non-negativity for such spt-cranks. Armed with this result,
the author [34] proved inequalities between some rank and crank moments for
overpartitions. In this paper, as an application of Theorem 1.2, we prove inequalities
between rank and crank moments of partitions without repeated odd parts with the
same method adopted in [34]. We recall that Berkovich and Garvan [12] introduced
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what they called the M,-rank of such partitions. The Ms-rank of a partition A
without repeated odd parts is defined by

sk = [2] o,

where [()\) is the largest part of A, v()\) is the number of parts of A and [.] is
the ceiling function. In [27], Garvan and Jennings-Shaffer defined a residual crank
for partitions without repeated odd parts. Recall that the crank of an ordinary
partition is the largest part if there are no ones and is the number of parts larger
than the number of ones minus the number of ones otherwise. Then, for a partition
m of n with distinct odd parts, we define the residual crank as the crank of the
partition % obtained by takeing the subpartition 7., of the even parts of 7, and
halving each part of m.. For an integer n > 1 and any integer m, let N2(m,n)
(resp. M2(m,n)) denote the number of partitions of n without repeated odd parts
whose Ms-rank (resp. residual crank) is m. Define the positive rank and crank
moments by

N2/ (n) = Z m*N2(m,n), M2} (n) = Z m*M2(m,n),
m=1 m=1

and their generating functions by

N2k(q) =Y N2 (n)q", C2(q) =Y _ M2 (n)q". (1.10)
n=1 n=1

Then Jennings-Shaffer constructed various quasimodular forms using N29;(q) and
M255(q) (see [30, Theorem 1.1]). In [29], Jennings-Shaffer used the theory of Bailey
pairs to prove that

M2}, (n) > N27 (n), (1.11)

for all £ > 1 and n > 4. For more inequalities between rank and crank moments of
partitions, see [8, 13, 17, 19, 25, 31, 32]. Studies on asymptotic formulas for these
combinatorial objects can be found [14, 15, 16, 33, 35].

The second result of this paper is a generalization of (1.11).

Theorem 1.3. For positive integers k,n, we have
M2 (n) > N2/ (n).
In particular, we have M2} (n) > N2, (n) when k > 1,n > 4.

The paper is organized as follows. In Section 2 and Section 3, we prove Theorem
1.2 and Theorem 1.3, respectively. At the end of this paper, we give a conjecture
on the monotonicity of Ngs(m,n) in a short concluding section.

2. PROOF OF THEOREM 1.2

The proof of Theorem 1.2 is motivated by the works in [10, Section 5].
For 1 > 0, let Bi(q) :=Y_,>; Ns2(l,n)¢g". Then we have

Bo(g) + Y _ Bi(a)(z' +=7") = S2(z,9).
=1
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Thus, to prove Ngao(l,n) > 0, it suffices to show that B;(g) has non-negative coef-
ficients for all { > 0.

First, we recall the ¢-binomial theorem [5, p. 17, (2.2.1)] and its finite form [5,
p. 36, (3.3.6)]:

= (a3 )k o (ar3q)so
kZ:O Gor @ae =y
and
n—1 n—1
Z<_1)k~qk(k—1)/2xk-|: . } = (@) n—1. (2.2)
k=0 1

Next, using (1.8), we rewrite S2(z, ¢) as follows:

8), w
q ( 2n+1 )

M8“

(262542 m (427 2)™
52(z,q) = S . by (2.1)
n=1 ( ) m=0 (q25q2)m
- 2n
= 2ng_ 2n+1, /z)™
= nz::lq ( q 34 ) Zq q n—1 Z Zq2m+2 q )oo
N D n—1
= Zq2n(_q2n+1;q2)w Z [ \ ] 2(_1)hqh(h+1)zh
n=1 h=0 q
2n m 2m—+2\i
) . 2/23 (zq2 z 5 (2.3)
m,i>0 (a% a*)m(a? 4°)i

where the last equality follows from (2.2) and (2.1). Rewriting the summations on
the right hand side of (2.3), we obtain

o0 —m

oo (2m+2)i i °
. z q z h
SQ(z,q)— 2. 2 Z 2. 42). Zz
Jm =5 (@362 =

- 2n(  on+1, 2 n—1 h, h(h+1)+2nm
X — 107 ) oo —1
DS astaN e IEI

_ (2m+2)(5—h)
2n/  2n+41, 2 n—1 h h(h+1)+2nm 4
x> > " (—q 7Q)oo[ ] (—1)"q
h=0 n=h+1 h g (@*¢%)j-n
Extracting the coefficient in 2! for [ = j —m > 0, this implies that we have

" (—g*n nfl] L (1)t D420 =D+ 2G-D+2)(-h)
q

$q%)oo [

—-q
- ;};}n;d (4%6%)j-n(a% %)

oo j+l o]

DIPTSR
=0 h=0n=h+1 h 7
(_1)hqh(h+1)+2n(j+1)+2(j+1)(jJrlfh)
x 2. 2 2. 2 . (2.4)
(9% 6%)j+1-r(9% 6%);
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Letting n — oo and replacing ¢,z by ¢, —¢®"*!, respectively, in (2.2), we obtain
© K +2kn
q
(=" 4% =
~ ,;) (a% 6%

Substituting the above equation into (2.4), we find that

o kz oo g+l ) gh(h+D+2(+1) (G+=h)
Bi(q) =
70 Zoz% j+l h(q Q>
o Z { } 2n(j+1+k)_ (2.5)
n=h+1 @

Replacing ¢ by ¢? and setting a = ¢ = 0,b = ¢*"D t = ¢2k+149) in [5, p.19,
Corollary 2.3] which can be obtained from the ¢- bmomlal theorem (see (2.1)), we
find that

i |:n + h:| an(k_+1+j) _ M |:n + j + k:| q2n(h+1)_
h qz (q q ) n=0 n q2

n=0

This gives that

- n—1 2n(k+1+47) _ q
E q =
h 2

n=h+1

20 DR+ (g2

i+ i [” +J+ k} PRUICE
(@5 a*)n =l on e

which together with (2.5) implies that

B =333

paar s o, (@ 4°)r (a5 4%);

c© oo o k2+2(j+1+k)+2n+2(j+1)(j+l)(qQ;q2)j+k nJerrk
",

JH ) g D+2h(n+k)

XZ

Next, we note that

) ivi—n(@® )

J+l (—1)hgh(htD)+2h(n+k)
= (@%0%)511-1(a% 6*)n
J+l (—1)hgh(h+D+2h(n+k) (20 +1+1=h), g2,

1
= 2 2). Z

(4% ¢%)j+1 h—0 (9% ¢%)n

j+1 ; (i
1 J q2h(l+j+1+n+k:)(q 2(j+l);q2)h

(@%a*)iv1 f= (4%6°)n

(2D g2) o

B (02 ) 11 (@R HRF1HT+D g2) (by (2.1))

2. 2 )
_ 2(612,(1 )n+2k+32+l _ (2.7)
(4% ¢%)j+1(0% @)tk
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Substituting (2.7) into (2.6), we obtain
00 00 o0 k2+2(j+1+k)+2n+2(j+1)(jJrl)(qQ;q2)j+k {n+j+k]
q2

Blo=2.2.2 : (a% a*)k(a? 4?);

k=0 j=0n=0

n

(q2; q2>n+k+j+l
(@254%)j+1(¢% 4% ) nvk

oo oo 0

= Z Z Z quH(HHkHz””(JH)(j+z)

k=0 j=0 n=0
X[j—i—k] [n—i—]—i—k] {n+;+k+l] . (2.8)
k q? n q? ] +1 q?

Since the polynomial [ IIQ . has non-negative coefficients, equation (2.8) implies that

By (g) has non-negative coefficients. This proves the first statement in Theorem 1.2.
To prove (1.9), it suffices to show that, for I > 0, the power series B;(q) has
positive coefficients for ¢" when n =2l 4+ 2 or n > 2] + 4.
We rewrite (2.8) as follows:

o0 (o]
+1 n+1 n+1+1
Bilag) — 2n+20+2 |1 2n+20+5 B!
i) =D q L D I a1t
n=0 q n=0 q q
(2.9)

where the first (resp. second) sum of the above equation is obtained by setting the
summation indexes k = 0,7 = 0 (resp. k = 1,7 = 0) in (2.8) and the power series
Bj(q) has non-negative coefficients. By the definition of the g-binomial coefficient,
it is easy to see that the constant term of the polynomial [IL(]q is 1. This together
with (2.9) implies that

oo %)
Bl(q) ® Z q2n+2l+2 + Z q2n+21+5 + B[H(q), (210)

n=0 n=0

where the power series B}’ (q) has non-negative coefficients. Clearly, equation (2.10)
implies that the power series B;(g) has positive coefficients for ¢" when n = 20 + 2
or n > 2] + 4. This completes the proof of Theorem 1.2.

3. INEQUALITIES BETWEEN RANK AND CRANK MOMENTS

In this section, we prove Theorem 1.3. To do this, we need to establish some lem-
mas. First, we prove the following result on the generating function for Ngo(m,n).
Lemma 3.1. For all non-negative integers m, we have

> (_q;q2)oo > (_1)n+1qn(n+1)+2mn(1 _ qnz)
Nga(m,n)q" = . (3.1)
; ) (4% 4%) oo ; 1—g*"
Proof. From the proof of [27, Theorem 2.2], we find that
e 2 & o _ —1\(_1\n,n(2n+1) 2n
1 1 1 1
P o U PU o [ i C
-0 )@ | 2 A=zl ")
(=4, 4% ¢°) oo

D R IET (3:2)
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In section 2 of [29], Jennings-Shaffer showed that

(—0.0% %) _ (=4 <1+Z (1-2)(1- 2" )(—1)"qn(”“)(1+q2n)>

(26, 4%/2¢*) (q 7) (1 —z¢>)(1—271¢*")
which together with (3.2) gives

¢ q n n(n+1) 1 2n)(gn” — 1
$2(2,q) = Z § —zqzn() (1+_qz )1(q2n) ), (3.3)

It is easy to verify that

1 1 20 (2™ 4 27 m) g2
_ + Z ( )q

(1 _ Zq2n)(1 _ Z—qun) 1— q4n — 1— q4n
Substituting the above equation into (3.3), we obtain
(_q; qZ)oo o (71)n+1qn(n+1)(1 o qn2)
S2 Z,4q) = -
(9) (% 4%) 0 ; 1—g¢*"
e o (=g @?)oo xR (_1)n+1qn(n+1+2m)(1 _ qn2)
+ 2"+ 27M) )
mZ:f (4% ¢%) o nz::l 1—g¢"
which implies (3.1) O

From the content of Section 5 of [7] (see also [31, Lemma 4.2]), we can deduce
the following lemma on the Euler polynomials.

Lemma 3.2. Let A (t) =1. Then, for k > 1, we have
L0 &, z 2 A (2¢*)
Oz (1 — z¢?n)2 - (1 — zg2n)k+1
where the Euler polynomial

Ak(t) = Ak,() + Ak,ﬂf + -+ Akktk*l

is a polynomial of degree k — 1 whose coefficients Ay, satisfy the recursive relation
Ak,m = (m + 1)Ak—1,m + (k - m)Ak—l,m—l (1 <m< k — 1)7
Ak,O =1 (k’ 2 1); Akﬂn =0 (m 2 k)
Remark: Using the recursion above, one can easily find that the coefficients of
Ay (t) are all positive. See [23] for more details on Euler polynomials.
Armed with Lemma 3.2, we find the following generating function for the positive
rank and crank moments.
Lemma 3.3. For all positive mtegers k, we have

q:q oo n+1 n(n+1)A
C2k(Q) Z 1 _ C] ) ( )’

and

n+1 n(2n+1)Ak( 2n)

R24(g) = ~—& q > Z — . (3.5)
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Proof. We prove (3.4) first. Jennings-Shaffer [29] proved that

oo oo

:Z Z M2(m,n)z"q

n=0m=—o0
1—2 1—2z71
n nn+1
1+Z )(1_zq2n+1—z—1q2n>1‘ (3.6)

o)
(qQ,q

Extracting the coefficients in z! for [ > 0 in (3.6) and recalling the definition of

C21(q) in (1.10), we find that

_ 5 n, n(n+1)
C2i(g) = lim (zi) ((qq(j)“’z (1=2)(=" . (3.7)

1—2 2n
n=1 q

2

Applying Lemma 3.2, we find that
( 0 )k 1—=z 2(¢* — 1) Ap(2¢®")
I .

s g (1 — 2g2n)kt1
Substituting the above equation into (3.7), we obtain
n+1 n(nJrl)Ak(an)

C2k(q) — ; OO Z 1 . qgn)

This completes the proof of (3.4).
Using the following analog of (3.6) (see [29, p. 296]):

oo o0

:Z Z N2(m,n)z

n=0m=—oo
_ (46~ @ 1—=z 1—z71
— q;9q 1 n n n+1
(q2’q2 Yo + Z 1— Zq2n + 1— z_1q2" ’

we can proceed as above to prove (3.5) with Lemma 3.2. O

Now we are in a position to prove Theorem 1.3.

Proof of Theorem 1.5. To prove M2 (n) > N2, (n), it suffices to show that C2;(q)—

R2j(gq) has non-negative coefficients. By Lemma 3.3, we find that

1)n+1qn(n+1)(1 o q7,2)Ak(q2n)
(=@

C2k(q) — R2(q) = ((;g;qu))oo S (- N

For k > 1, we write

(1Ak L= > g,

m=0

where the coefficients by (m) are all non-negative, in particular, we have b (0) =
1 since the constant term of the Euler polynomial is 1. Substituting the above
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equation into (3.8), we obtain

—q; 2 ~ o0 -1 n+1,n(n+1) 1— n? e
O2(g) — R2e(q) = o loe 57 CUT 0T U2 00) 5 e
m=0

(4% ¢%)o0 = 1—q¢™
o & n n(n mn n?
_ Z bk(m) (7q7 q2)oo (71) +1q (n+1)+2 (1 —q )
2. 42 _ q2n
m=0 (q q )oo n=1 1 q

[M]¢
%
3
S
=%

Z bi(m) (3.9)
m=0
where the last equality follows from Lemma 3.1. Thus, Theorem 1.2 implies that
C2;(q) — R2;(q) has non-negative coefficients. This proves the first statement of
Theorem 1.3.

By (3.9), we have

n=1

C2(q) — R2(q) = Y Ns2(0,n)g" + > br(m) > Nea(m,n)q". (3.10)

Theorem 1.2 implies that Ng2(0,1) > 0 when n > 4. Thus, equation (3.10) together
with the non-negativity of Ngo(m, n) and by (m) gives that the power series C2;(q)—
R2i(q) has positive coefficients for ¢" when k£ > 1,n > 4. This means that, for
k > 1,n > 4, we have M2 (n) > N2] (n). Hence the proof of Theorem 1.3 is
complete. (Il

4. CONCLUDING REMARK

Andrews, Dyson and Rhoades [9] conjectured that
NS(mvn)ZNS(m+1an)7 (41)

for all m > 0 and n > 0. Chen, Ji and Zang [20] found a combinatorial proof of
(4.1). Computer evidence suggests that an analog of (4.1) might hold. Namely, we
made the following conjecture:

Conjecture 4.1. We have
NSQ(man) Z NSQ(m + ].,TL),
for allm >0 and n > 0.
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ural Science Foundation of China (Grant No. 11501398) and the Natural Science
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