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Abstract. We investigate congruences for ∆5(n) modulo 2 and characterize the parity of
∆5(4n + 1) and ∆5(4n + 2) according to the arithmetic property of n. As a consequence,
we obtain various Ramanujan type congruences for ∆5(n). We also extend these results to
several infinite families of congruences.
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1 Introduction

In 2007, Andrews and Paule [2] introduced a new class of combinatorial objects called broken
k-diamond partitions. Define ∆k(n) to be the number of broken k-diamond partitions of n.
Applying MacMahon’s partition analysis, they found that the generating function of ∆k(n)
satisfies

∞∑
n=0

∆k(n)qn =
(q2; q2)∞(q2k+1; q2k+1)∞
(q; q)3∞(q4k+2; q4k+2)∞

, (1.1)

where throughout this paper, we adopt the notation

(a; q)∞ =
∞∏
n=1

(1− aqn−1), |q| < 1.

Andrews and Paule [2] showed that, for all n ≥ 0,

∆1(2n+ 1) ≡ 0 (mod 3). (1.2)

They also posed three conjectures related to ∆2(n) and made the comment “The following
observations about congruences suggest strongly that there are undoubtedly a myriad of
partition congruences for ∆k(n)”. Since then, numerous mathematicians have investigated
congruences satisfied by ∆k(n) for small values of k. For example, Hirschhorn and Sellers [9]
found several parity results for ∆1(n) and ∆2(n). Radu and Sellers investigated congruences
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for ∆2(n) modulo 3 in [16]. Lin and Wang [12] presented an alternative proof of Radu and
Sellers’ congruence results for ∆2(n) by applying one of Ramanujan’s modular equations of
degree 5. A number of congruences for ∆2(n) modulo powers of 5 have been established
in [5, 9, 13].

In 2010, Paule and Radu [13] proposed conjectures related to broken 3-diamond partitions
modulo 7 and broken 5-diamond partitions modulo 11. These conjectures have been confirmed
by Jameson [10] and Xiong [18].

Recently, Radu and Sellers provided an extensive analysis of the parity of ∆3(n) in [15].
Later, Lin [11] gave an elementary proof of Radu and Sellers’ parity results for ∆3(n) by using
a theta function identity due to Ramanujan. For some recent results on broken 3-diamond
partitions, we refer the reader to [8, 17].

More recently, Yao [19] considered parity results for ∆11(n) by employing an identity
due to Chan and Toh [4], and the p-dissection formula of (q; q)∞ given by Cui and Gu [7].
Additionally, Ahmed and Baruah [1] found several new congruences modulo 2 for broken 5-,
7- and 11-diamond partitions by employing Ramanujan’s theta functions.

Our goal of this work is to focus on parity results satisfied by ∆5(n).

2 Preliminaries

For |ab| < 1, Ramanujan’s general theta function f(a, b) is defined by

f(a, b) :=

∞∑
n=−∞

an(n−1)/2bn(n+1)/2. (2.1)

In Ramanujan’s notation, the Jacobi triple product identity takes the shape

f(a, b) = (−a; ab)∞(−b; ab)∞(ab; ab)∞. (2.2)

The three most important special cases of f(a, b) are

ϕ(q) := f(q, q) =

∞∑
n=−∞

qn
2

=
(q2; q2)5∞

(q; q)2∞(q4; q4)2∞
, (2.3)

ψ(q) := f(q, q3) =

∞∑
n=0

qn(n+1)/2 =
(q2; q2)2∞
(q; q)∞

, (2.4)

f(−q) := f(−q,−q2) =

∞∑
n=−∞

(−1)nqn(3n−1)/2 = (q; q)∞, (2.5)

where the above three product representations follow from (2.2).

We now list the necessary preliminary results in the following lemmas, which will be used
in our later proofs. We start with the p-dissection of ψ(q) and f(−q).
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Lemma 2.1. [7, Theorem 2.1] For an odd prime p,

ψ(q) =

p−3
2∑

k=0

q
k2+k

2 f(q
p2+(2k+1)p

2 , q
p2−(2k+1)p

2 ) + q
p2−1

8 ψ(qp
2
), (2.6)

and furthermore, for 0 ≤ k ≤ p−3
2 , we have

k2 + k

2
6≡ p2 − 1

8
(mod p).

Lemma 2.2. [7, Theorem 2.2] For any prime p ≥ 5,

f(−q) =

p−1
2∑

k=− p−1
2

k 6=±p−1
6

(−1)kq
3k2+k

2 f(−q
3p2+p(6k+1)

2 ,−q
3p2−p(6k+1)

2 ) + (−1)
±p−1

6 q
p2−1
24 f(−qp2). (2.7)

Furthermore, for −(p− 1)/2 ≤ k ≤ (p− 1)/2 and k 6= (±p− 1)/6,

3k2 + k

2
6≡ p2 − 1

24
(mod p).

We also need the following theta function identity.

Lemma 2.3. [3, p. 69, Equation 36.8] For integers µ and ν with µ even and µ > ν,

ψ(qµ+ν)ψ(qµ−ν) = φ(qµ(µ
2−ν2))ψ(q2µ)

+

µ/2−1∑
m=1

qµm
2−νmf(q(µ+2m)(µ2−ν2), q(µ−2m)(µ2−ν2))f(q2νm, q2µ−2νm)

+ qµ
3/4−µν/2ψ(q2µ(µ

2−ν2))f(qµν , q2µ−µν).

For notational convenience, in the rest of the paper we assume that all congruences are
modulo 2, unless stated otherwise.

Lemma 2.4. Let a(n) be defined by

∞∑
n=0

a(n)qn =
(q3; q3)∞
(q; q)∞

.

Then,
∞∑
n=0

a(2n)qn ≡ (q4; q4)∞
(q3; q3)∞

.
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Proof. We have

(q3; q3)∞
(q; q)∞

≡ (q6; q6)∞
(q2; q2)∞

(q; q)∞
(q3; q3)∞

≡ (q6; q6)∞
(q2; q2)∞

(q; q6)∞(q5; q6)∞(q2; q6)∞(q4; q6)∞

≡ 1

(q6; q6)∞
(q; q6)∞(q5; q6)∞(q6; q6)∞

≡ 1

(q6; q6)∞

∞∑
n=−∞

(−1)nq3n
2−2n, (2.8)

where the last congruence follows from (2.1) and (2.2) with a = −q5, b = −q.

Selecting the terms whose powers of q are congruent to 0 modulo 2 in (2.8) and then
replacing q2 by q, we find that

∞∑
n=0

a(2n)qn ≡ 1

(q3; q3)∞

∞∑
n=−∞

q6n
2−2n. (2.9)

With a replaced by q8, and b by q4 in (2.2), we obtain from (2.9),

∞∑
n=0

a(2n)qn ≡ 1

(q3; q3)∞
(−q4; q12)∞(−q8; q12)∞(q12; q12)∞

≡ (q4; q4)∞
(q3; q3)∞

.

This completes the proof.

3 Congruences satisfied by ∆5(4n + 1) and ∆5(4n + 2)

In this section, we establish congruence results related to the generating functions of ∆5(4n+
1) and ∆5(4n+2). Note that, with k = 5 in (1.1), it follows from the fact (q; q)2∞ ≡ (q2; q2)∞
that

∞∑
n=0

∆5(n)qn =
(q2; q2)∞(q11; q11)∞
(q; q)3∞(q22; q22)∞

≡ 1

(q; q)∞(q11; q11)∞
. (3.1)

Theorem 3.1. If ψ(q) is defined by (2.4), then

∞∑
n=0

∆5(4n+ 1)qn ≡ ψ(q), (3.2)

∞∑
n=0

∆5(4n+ 2)qn ≡ qψ(q11). (3.3)
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Proof. Applying Lemma 2.3 with µ = 6, v = 5, we have

ψ(q)ψ(q11) = ϕ(q66)ψ(q12) + qf(q88, q44)f(q10, q2)

+ q14f(q110, q22)f(q20, q−8) + q39ψ(q132)f(q30, q−18). (3.4)

From (2.2),

f(q88, q44) = (−q44; q132)∞(−q88; q132)∞(q132; q132)∞

≡ (q44; q132)∞(q88; q132)∞(q132; q132)∞

≡ (q44; q44)∞.

Similarly, we have

f(q10, q2) ≡ (q6; q6)∞(q12; q12)∞
(q2; q2)∞

,

f(q20, q−8) ≡ q−8(q4; q4)∞,

f(q30, q−18) ≡ q−24.

Substituting the above four congruences into (3.4), and using the fact

ϕ(q) = 1 + 2

∞∑
n=0

qn
2 ≡ 1,

we find that

(q2; q2)2∞(q22; q22)2∞
(q; q)∞(q11; q11)∞

≡ ψ(q12) + q(q44; q44)∞
(q6; q6)∞(q12; q12)∞

(q2; q2)∞

+ q6
(q66; q66)∞(q132; q132)∞

(q22; q22)∞
(q4; q4)∞ + q15ψ(q132). (3.5)

Applying (3.1), and using (3.5), we have

∞∑
n=0

∆5(n)qn ≡ 1

(q4; q4)∞(q44; q44)∞

(
ψ(q12) + q15ψ(q132)

)
+ q

(q6; q6)∞(q12; q12)∞
(q2; q2)∞(q4; q4)∞

+ q6
(q66; q66)∞(q132; q132)∞
(q22; q22)∞(q44; q44)∞

. (3.6)

If we extract those terms whose powers of q are congruent to 1 modulo 4 from (3.6), divide
both sides by q, replace q4 by q, and use (2.4) along with Lemma 2.4, we obtain

∞∑
n=0

∆5(4n+ 1)qn ≡ (q3; q3)∞
(q; q)∞

∞∑
n=0

a(2n)qn

≡ (q3; q3)∞
(q; q)∞

· (q4; q4)∞
(q3; q3)∞

≡ ψ(q).
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Collecting the terms whose powers of q are congruent to 2 modulo 4 from (3.6), dividing both
sides by q and replacing q4 by q, and using Lemma 2.4, we find that

∞∑
n=0

∆5(4n+ 2)qn ≡ q
(q33; q33)∞
(q11; q11)∞

∞∑
n=0

a(2n)q11n

≡ q
(q33; q33)∞
(q11; q11)∞

· (q44; q44)∞
(q33; q33)∞

≡ qψ(q11).

The proof of Theorem 3.1 is completed.

As a consequence of this theorem, we have the following corollary.

Corollary 3.1. For n ≥ 0, we have

∆5(4n+ 1) ≡ ∆5(44n+ 6), (3.7)

and
∆5(44n+ r) ≡ 0, (3.8)

whenever r = 2, 10, 14, 18, 22, 26, 30, 34, 38, 42.

Proof. Each term on the right-hand side of (3.3) is of the form q11n+1. Equating the coef-
ficients of q11n+(r−2)/4 in (3.3), we obtain (3.8). Meanwhile, extracting those terms whose
powers of q are congruent to 1 modulo 11, we arrive at

∞∑
n=0

∆5(44n+ 6)q11n+1 ≡ qψ(q11). (3.9)

Dividing both sides of (3.9) by q and replacing q11 by q, we deduce that

∞∑
n=0

∆5(44n+ 6)qn ≡ ψ(q).

This combined with (3.2) yields (3.7).

We are now ready to characterize the parity of ∆5(4n+ 1) and ∆5(4n+ 2).

Theorem 3.2. For n ≥ 0,

(1) ∆5(4n+ 1) is odd if and only if n = m(m+ 1)/2 for some integer m ≥ 0;

(2) ∆5(4n+ 2) is odd if and only if n = 11m(m+ 1)/2 + 1 for some integer m ≥ 0.

Proof. From (2.4) and (3.2), we have

∞∑
n=0

∆5(4n+ 1)qn ≡
∞∑
m=0

qm(m+1)/2.
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Equating the coefficients of qn, we see that ∆5(4n+ 1) is odd if and only if n = m(m+ 1)/2
for some integer m ≥ 0. Similarly, from (3.3), we can conclude that ∆5(4n+ 2) is odd if and
only if n = 11m(m+ 1)/2 + 1 for some integer m ≥ 0. This completes the proof.

Based on Theorem 3.2, we can derive several Ramanujan type congruences, some of which
are listed in the following corollary.

Corollary 3.2. If n ≥ 0, we have

∆5(12n+ r1) ≡ 0,

∆5(20n+ r2) ≡ 0,

∆5(28n+ r3) ≡ 0,

where r1 = 9, 10, r2 = 2, 9, 14, 17 and r3 = 2, 9, 10, 14, 17, 21.

Proof. Since 3n+ 2 can not be written as m(m+ 1)/2 or 11m(m+ 1)/2 + 1, we have

∆5(12n+ 9) ≡ 0 and ∆5(12n+ 10) ≡ 0.

Since no triangular number is congruent to 2 or 4 modulo 5, ∆5(20n+ 9) and ∆5(20n+ 17)
are both even. A similar argument can be applied to the remaining cases, and we omit the
details here.

Corollary 3.3. We have
∞∑
n=0

∆5(12n+ 1)qn ≡ f(−q). (3.10)

Proof. Using the 3-dissection of ψ(q) in (2.6) for p = 3, we have

∞∑
n=0

∆5(4n+ 1)qn ≡ ψ(q) ≡ f(q3, q6) + qψ(q9)

≡ f(−q3,−q6) + qψ(q9)

≡ f(−q3) + qψ(q9).

Extracting the terms with powers of q which are multiples of 3, and then replacing q3 by q,
we see that

∞∑
n=0

∆5(12n+ 1)qn ≡ f(−q).

This completes the proof of the corollary.

4 Elementary proof of a parity result of Radu and Sellers

Relying heavily on modular forms, Radu and Sellers [14] established several congruences
satisfied by certain families of broken k-diamond partitions. In fact, what they obtained are
parity results on t-cores. The second author with her collaborators [6] extended these results
for larger values of k and also obtained lower bounds for the number of n’s up to a fixed large
N for which ∆k(n) is odd. In this section, we present an elementary proof of the following
parity result on broken 5-diamond partitions established by Radu and Sellers.

7



Theorem 4.1. For n ≥ 0,
∆5(22n+ s) ≡ 0, (4.1)

provided that s = 2, 8, 12, 14, 16.

Proof. For any s ∈ {2, 8, 12, 14, 16}, each 22n+ s is congruent to s or s+ 22 modulo 44. Thus
the desired result follows once we prove that

∆5(44n+ t) ≡ 0,

where t = 2, 8, 12, 14, 16, 24, 30, 34, 36, 38. Since we have seen that

∆5(44n+ t) ≡ 0,

for t = 2, 14, 30, 34, 38 in Corollary 3.1, we only need to show that

∆5(44n+m) ≡ 0,

for m = 8, 12, 16, 24, 36. Extracting those terms whose powers of q are even in (3.6) and
replacing q2 by q yields

∞∑
n=0

∆5(2n)qn ≡ ψ(q6)

(q2; q2)∞(q22; q22)∞
+ q3

(q33; q33)∞(q66; q66)∞
(q11; q11)∞(q22; q22)∞

≡ (q6; q6)3∞
(q2; q2)∞(q22; q22)∞

+ q3
(q33; q33)∞(q66; q66)∞
(q11; q11)∞(q22; q22)∞

. (4.2)

From (2.8), we see that

(q3; q3)3∞
(q; q)∞

≡
∞∑

n=−∞
q3n

2−2n ≡
∞∑

n=−∞
q3n

2+2n.

Thus we can rewrite (4.2) as

∞∑
n=0

∆5(2n)qn ≡ 1

(q22; q22)∞

∞∑
n=−∞

q6n
2+4n + q3

(q33; q33)∞(q66; q66)∞
(q11; q11)∞(q22; q22)∞

. (4.3)

Employing the fact that

6n2 + 4n ≡ 0, 2, 10, 14, 16, 20 (mod 22),

and observing that each term in the second infinite product of (4.3) has the form q22n+3 or
q22n+14, we conclude that there are no terms of the form q22n+r with r = 4, 6, 8, 12, 18 on the
right-hand side of (4.3). Equating the coefficients of q22n+r in (4.3), we find that

∆5(44n+ 2r) ≡ 0,

whenever r = 4, 6, 8, 12, 18. This completes the proof.
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5 Generalization to infinite families

In this section, we generalize the results in Section 3 to infinite families of congruences. We
start with recalling the congruence (3.2)

∞∑
n=0

∆5(4n+ 1)qn ≡ ψ(q),

and investigate a generalization of this congruence.

Theorem 5.1. For an odd prime p and integers α ≥ 0,

∞∑
n=0

∆5

(
4 · p2αn+

p2α + 1

2

)
qn ≡ ψ(q). (5.1)

Proof. We proceed by induction on α. The case α = 0 is the congruence (3.2). Assume that

∞∑
n=0

∆5

(
4 · p2αn+

p2α + 1

2

)
qn ≡ ψ(q)

is true for some fixed integer α ≥ 0. We show that the same congruence is true when α is
replaced by α + 1. Using the p-dissection of ψ(q) in (2.6), and then extracting the terms

corresponding to qp
2n+ p2−1

8 , we obtain

∞∑
n=0

∆5

(
4 · p2α+2n+

p2α+2 + 1

2

)
qp

2n+ p2−1
8

=
∞∑
n=0

∆5

(
4 · p2α

(
p2n+

p2 − 1

8

)
+
p2α + 1

2

)
qp

2n+ p2−1
8 ≡ q

p2−1
8 ψ(qp

2
).

Now we divide both sides by q
p2−1

8 and replace qp
2

by q to complete the proof.

Corollary 5.1. For an odd prime p and integers α, n ≥ 0, we have

∆5

(
4 · p2α+2n+

p2α+2 + 8j · p2α+1 + 1

2

)
≡ 0

for 1 ≤ j ≤ p− 1.

Proof. Using (2.6) in (5.1) and extracting the terms of the form qpn+
p2−1

8 , we obtain

∞∑
n=0

∆5

(
4 · p2α+1n+

p2α+2 + 1

2

)
qpn+

p2−1
8

=
∞∑
n=0

∆5

(
4 · p2α

(
pn+

p2 − 1

8

)
+
p2α + 1

2

)
qpn+

p2−1
8 ≡ q

p2−1
8 ψ(qp

2
).
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Canceling q
p2−1

8 from both sides and replacing qp by q, we have

∞∑
n=0

∆5

(
4 · p2α+1n+

p2α+2 + 1

2

)
qn ≡ ψ(qp).

The terms appearing on the right side are powers of qp, and thus for j = 1, 2, . . . , p− 1,

∞∑
n=0

∆5

(
4 · p2α+1(pn+ j) +

p2α+2 + 1

2

)
qn ≡ 0,

which completes the proof.

Corollary 5.2. Assume that p is an odd prime and α, n are non-negative integers. If 1 ≤
j ≤ p− 1 and

(
8j+1
p

)
= −1, then

∆5

(
4 · p2α+1n+

(8j + 1)p2α + 1

2

)
≡ 0.

Proof. For
(
8j+1
p

)
= −1, we have j 6≡ p2−1

8 (mod p) and j 6≡ k2+k
2 (mod p) where 0 ≤ k ≤

(p − 3)/2. Now, using (2.6) in (5.1) and extracting the terms of the form qpn+j for which(
8j+1
p

)
= −1, we obtain

∞∑
n=0

∆5

(
4 · p2α(pn+ j) +

p2α + 1

2

)
qn ≡ 0.

This finishes the proof.

One can generalize the above congruences to a product of finitely many odd primes as we
show below.

Theorem 5.2. Let p1, p2, . . . , pr be distinct odd primes and α1, α2, . . . , αr be non-negative
integers. Then

∞∑
n=0

∆5

(
4 ·

r∏
l=1

p2αl
l · n+

∏r
l=1 p

2αl
l + 1

2

)
qn ≡ ψ(q). (5.2)

Proof. The proof uses induction on r, the number of primes. For r = 1, the congruence holds
from (5.1). Assuming the result holds for r, we prove the same is true for r + 1. Using the

p-dissection of ψ(q) for p = pr+1 in (2.6), we extract the terms of the form qp
2
r+1n+

p2r+1−1

8 .

After canceling q
p2r+1−1

8 from both sides and replacing qp
2
r+1 by q, we obtain

∞∑
n=0

∆5

(
4 ·

r∏
l=1

p2αl
l · p2r+1n+

∏r
l=1 p

2αl
l · p2r+1 + 1

2

)
qn

=

∞∑
n=0

∆5

(
4 ·

r∏
l=1

p2αl
l ·

(
p2r+1n+

p2r+1 − 1

8

)
+

∏r
l=1 p

2αl
l + 1

2

)
qn ≡ ψ(q).

Now as in the proof of Theorem 5.1, for p = pr+1, we apply induction on the exponent of
pr+1 to obtain the desired result for the case r + 1, and this completes the induction on r.

Next, we note an analogue of Theorem 3.2 and Corollary 3.2 in this general setting.
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Corollary 5.3. For a positive integer r, let p1, p2, . . . , pr denote distinct odd primes and
α1, α2, . . . , αr be non-negative integers. Then, for any non-negative integer n,

∆5

(
4

r∏
l=1

p2αl
l · n+

∏r
l=1 p

2αl
l + 1

2

)
is odd if and only if n is a triangular number. Also, we have the following congruences:

∆5

(
12 ·

r∏
l=1

p2αl
l · n+

17 ·
∏r
l=1 p

2αl
l + 1

2

)
≡ 0,

∆5

(
20 ·

r∏
l=1

p2αl
l · n+

17 ·
∏r
l=1 p

2αl
l + 1

2

)
≡ 0,

∆5

(
20 ·

r∏
l=1

p2αl
l · n+

33 ·
∏r
l=1 p

2αl
l + 1

2

)
≡ 0,

∆5

(
28 ·

r∏
l=1

p2αl
l · n+

17 ·
∏r
l=1 p

2αl
l + 1

2

)
≡ 0,

∆5

(
28 ·

r∏
l=1

p2αl
l · n+

33 ·
∏r
l=1 p

2αl
l + 1

2

)
≡ 0,

∆5

(
28 ·

r∏
l=1

p2αl
l · n+

41 ·
∏r
l=1 p

2αl
l + 1

2

)
≡ 0.

Proof. The proof follows by applying Theorem 5.2 and (2.4) along with the fact that no
triangular number is of the form 3m+ 2, 5m+ 2, 5m+ 4, 7m+ 2, 7m+ 4 or 7m+ 5. We omit
the details here.

Corollary 5.4. Let p1, p2, . . . , pr be distinct odd primes and α1, α2, . . . , αr be non-negative
integers. Then for any integer n ≥ 0 and 1 ≤ j ≤ r,

∆5

(
4p2j ·

r∏
l=1

p2αl
l · n+

pj(8nj + pj)
∏r
l=1 p

2αl
l + 1

2

)
≡ 0,

where 1 ≤ nj ≤ pj − 1.

Proof. For a fixed j, 1 ≤ j ≤ r, using Theorem 5.2 and the pj-dissection of ψ(q) in (2.6), we
note that

∞∑
n=0

∆5

(
4

r∏
l=1

p2αl
l

(
pjn+

p2j − 1

8

)
+

∏r
l=1 p

2αl
l + 1

2

)
qn ≡ ψ(qpj ).

Therefore,

∆5

(
4

r∏
l=1

p2αl
l

(
pj(pjn+ nj) +

p2j − 1

8

)
+

∏r
l=1 p

2αl
l + 1

2

)
≡ 0,

which is what we wanted to prove.
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Corollary 5.5. Let p1, p2, . . . , pr be distinct odd primes and α1, α2, . . . , αr be non-negative
integers. For any integer n ≥ 0 and 1 ≤ j ≤ r, we have

∆5

(
4pj ·

r∏
l=1

p2αl
l · n+

(8nj + 1)
∏r
l=1 p

2αl
l + 1

2

)
≡ 0,

provided that 1 ≤ nj ≤ pj − 1 and
(
8nj+1
pj

)
= −1.

Proof. Once again, using (2.6) in Theorem 5.2 and extracting the terms of the form qpjn+nj ,
we obtain

∞∑
n=0

∆5

(
4 ·

r∏
l=1

p2αl
l · (pjn+ nj) +

∏r
l=1 p

2αl
l + 1

2

)
qn ≡ 0.

This finishes the proof.

Next, using the p-dissection of f(−q), we generalize the congruence in Corollary 3.3.

Theorem 5.3. For any prime p ≥ 5 and non-negative integer α,

∞∑
n=0

∆5

(
12p2αn+

p2α + 1

2

)
qn ≡ f(−q). (5.3)

Proof. We apply induction on α. Note that the case α = 0 is (3.10). Now assume the result
holds for any α. Using the p-dissection for f(−q) in (2.7) and extracting the terms of the

form qp
2n+ p2−1

24 , we have

∞∑
n=0

∆5

(
12p2α

(
p2n+

p2 − 1

24

)
+
p2α + 1

2

)
qn ≡ f(−q),

or
∞∑
n=0

∆5

(
12p2α+2n+

p2α+2 + 1

2

)
qn ≡ f(−q).

Therefore, the result is true for α+ 1 as well, which completes the proof.

Corollary 5.6. Given any prime p ≥ 5 and integers α ≥ 1, n ≥ 0, we have

∆5

(
12p2αn+

(24j + p)p2α−1 + 1

2

)
≡ 0,

for j = 1, 2, . . . , p− 1.

Proof. Using (2.7) in (5.3), we see that for α ≥ 0,

∞∑
n=0

∆5

(
12p2α

(
pn+

p2 − 1

24

)
+
p2α + 1

2

)
qn ≡ f(−qp),

or

∞∑
n=0

∆5

(
12p2α+1n+

p2α+2 + 1

2

)
qn ≡ f(−qp).

12



Thus, we conclude that for j = 1, 2, . . . , p− 1,

∞∑
n=0

∆5

(
12p2α+1(pn+ j) +

p2α+2 + 1

2

)
qn ≡ 0,

which proves the claim in the corollary.

Corollary 5.7. For any prime p ≥ 5 and integers α, n ≥ 0,

∆5

(
12p2α+1n+

(24j + 1)p2α + 1

2

)
≡ 0,

provided that 1 ≤ j ≤ p− 1 and
(
24j+1
p

)
= −1.

Proof. For
(
24j+1
p

)
= −1, we have j 6≡ p2−1

24 (mod p) and j 6≡ 3k2+k
2 (mod p). Now with the

use of (2.7) in Theorem 5.3, it is easy to see that

∞∑
n=0

∆5

(
12p2α(pn+ j) +

p2α + 1

2

)
qn ≡ 0.

This completes the proof.

Furthermore, we have the following generalizations.

Theorem 5.4. For a positive integer r, let p1, p2, . . . , pr ≥ 5 be distinct prime numbers and
α1, . . . , αr be non-negative integers. Then,

∞∑
n=0

∆5

12

r∏
j=1

p
2αj

j · n+

∏r
j=1 p

2αj

j + 1

2

 qn ≡ f(−q). (5.4)

Proof. The proof follows by induction on r. The case r = 1 is given in Theorem 5.3. Assuming
the result holds for any positive integer r, we show that the same is true for r + 1. For any
prime number pr+1 ≥ 5, using the pr+1-dissection of f(−q) in (2.7), we obtain

∞∑
n=0

∆5

12
r∏
j=1

p
2αj

j

(
p2r+1n+

p2r+1 − 1

24

)
+

∏r
j=1 p

2αj

j + 1

2

 qn ≡ f(−q).

This gives
∞∑
n=0

∆5

12p2r+1

r∏
j=1

p
2αj

j · n+
p2r+1

∏r
j=1 p

2αj

j + 1

2

 qn ≡ f(−q).

In order to complete the proof, we apply induction on αr+1 as in the proof of Theorem 5.3
and omit the details here.

Corollary 5.8. For a positive integer r ≥ 1, let p1, p2, . . . , pr ≥ 5 denote distinct prime
numbers and let α1, . . . , αr be non-negative integers. For l = 1, 2, . . . , r such that αl ≥ 1, we
have, for n ≥ 0 and nl = 1, 2, . . . , pl − 1,

∆5

12
r∏
j=1

p
2αj

j · n+

(24nl + pl)p
2αl−1
l

∏r
j=1
j 6=l

p
2αj

j + 1

2

 ≡ 0.
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Proof. By Theorem 5.4, we have for αl ≥ 0,

∞∑
n=0

∆5

12
r∏
j=1

p
2αj

j · n+

∏r
j=1 p

2αj

j + 1

2

 qn ≡ f(−q).

Therefore, employing the pl-dissection of f(−q) in (2.7) and extracting the terms correspond-

ing to qpln+
p2l −1

24 , we obtain

∞∑
n=0

∆5

12

r∏
j=1

p
2αj

j

(
pln+

p2l − 1

24

)
+

∏r
j=1 p

2αj

j + 1

2

 qn ≡ f(−qpl).

This implies

∆5

12

r∏
j=1

p
2αj

j

(
pl(pln+ nl) +

p2l − 1

24

)
+

∏r
j=1 p

2αj

j + 1

2

 ≡ 0,

or

∆5

12p2l

r∏
j=1

p
2αj

j · n+

(24nl + pl)p
2αl+1
l

∏r
j=1
j 6=l

p
2αj

j + 1

2

 ≡ 0.

This finishes the proof of the corollary.

Corollary 5.9. For a positive integer r ≥ 1, let p1, p2, . . . , pr ≥ 5 denote distinct prime
numbers and let α1, . . . , αr be non-negative integers. For l = 1, 2, . . . , r, if 1 ≤ nl ≤ pl − 1

and
(
24nl+1
pl

)
= −1, we have, for n ≥ 0,

∆5

12pl

r∏
j=1

p
2αj

j · n+
(24nl + 1)

∏r
j=1 p

2αj

j + 1

2

 ≡ 0.

Proof. As in the proof of Corollary 5.7, by Theorem 5.4 and the pl-dissection of f(−q) in
(2.7), we obtain

∞∑
n=0

∆5

12

r∏
j=1

p
2αj

j (pln+ nl) +

∏r
j=1 p

2αj

j + 1

2

 qn ≡ 0,

which upon simplification gives the desired congruence.

Remark. With the help of the fact that ∆5(4n + 1) ≡ ∆5(44n + 6), one can easily
obtain the parity results of ∆5(4n + 2) corresponding to all the results of this section. It is
interesting to point out that we can readily and extremely generalize the parity results for
broken 5-diamond partitions obtained by Ahmed and Baruah [1], which will be shown below.

According to Theorem 5.1, we have, if α ≥ 0,

∞∑
n=0

∆5

(
44 · p2α · n+

44 · p2α + 4

8

)
qn ≡ ψ(q). (5.5)
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Theorem 2.1 of Ahmed and Baruah [1] is the special case when p = 3 in (5.5).

Similarly, corresponding to Theorem 5.2, we have the following result: Let p1, p2, . . . , pr
be distinct odd primes and α1, α2, . . . , αr be non-negative integers, then

∞∑
n=0

∆5

(
44 ·

r∏
l=1

p2αl
l · n+

11 ·
∏r
l=1 p

2αl
l + 1

2

)
qn ≡ ψ(q). (5.6)

In particular, if we let r = 2, p1 = 3, p2 = p and α1 = 1, α2 = α in (5.6), then Theorem 2.4
of Ahmed and Baruah [1] follows immediately.

Acknowledgments. The first author was supported by the Training Program Founda-
tion for Distinguished Young Scholars and Research Talents of Fujian Higher Education (No.
JA14171), and the Natural Science Foundation of Fujian Province of China (No. 2013J05011).
The second author was supported by the University of Illinois Research Board, and is ex-
tremely grateful to Professor Bruce Berndt for his kind support and guidance. She is also
thankful to him for carefully reading a draft of this paper and making helpful suggestions.
The third author was supported by the National Natural Science Foundation of China (No.
11401080).

References

[1] Z. Ahmed and N.D. Baruah, Parity results for broken 5-diamond, 7-diamond and 11-
diamond partitions, Int. J. Number Theory, DOI 10.1142/S179304211550027X.

[2] G.E. Andrews and P. Paule, MacMahon’s partition analysis XI: broken diamonds and
modular forms, Acta Arith., 126 (2007), 281–294.

[3] B.C. Berndt, Ramanujan’s Notebooks, Part III, Springer, New York, 1991.

[4] H.H. Chan and P.C. Toh, New analogues of Ramanujan’s partition idenities, J. Number
Theory, 130 (2010), 1898–1913.

[5] S.H. Chan, Some congruences for Andrews-Paule’s broken 2-diamond partitions, Discrete
Math., 308 (2008), 5735–5741.

[6] S. Chaubey, W. Cheng, A. Malik, and A. Zaharescu, On the parity of broken k-diamond
partitions, Ann. Univ. Ferrara, DOI 10.1007/s11565-014-0211-6.

[7] S.P. Cui and N.S.S. Gu, Arithmetic properties of the `-regular partitions, Adv. in Appl.
Math., 51 (2013), 507–523.

[8] S.P. Cui and N.S.S. Gu, Congruences for broken 3-diamond and 7 dots bracelet partitions,
Ramanujan J., 35 (2014), 165–178.

[9] M.D. Hirschhorn and J.A. Sellers, On recent congruence results of Andrews and Paule
for broken k-diamonds, Bull. Aust. Math. Soc., 75 (2007), 121–126.

[10] M. Jameson, Congruences for broken k-diamond partitions, Ann. Comb., 17 (2013),
333–338.

15



[11] B.L.S. Lin, Elementary proofs of parity results for broken 3-diamond partitions, J. Num-
ber Theory, 135 (2014), 1–7.

[12] B.L.S. Lin and A.Y.Z. Wang, Elementary proofs of Radu and Sellers’ results for broken
2-diamond partitions, Ramanujan J., DOI 10.1007/s11139-013-9521-z.

[13] P. Paule and S. Radu, Infinite families of strange partition congruences for broken 2-
diamonds, Ramanujan J., 23 (2010), 409–416.

[14] S. Radu and J.A. Sellers, Parity results for broken k-diamond partitions and (2k + 1)-
cores, Acta Arith., 146 (2011), 43–52.

[15] S. Radu and J.A. Sellers, An extensive analysis of the parity of broken 3-diamond par-
titions, J. Number Theory, 133 (2013), 3703–3716.

[16] S. Radu and J.A. Sellers, Infinitely many congruences for broken 2-diamond partitions
modulo 3, J. Comb. Number Theory, 4 (2013), 195–200.

[17] E.X.W. Xia, New congruences modulo powers of 2 for broken 3-diamond partitions and
7-core partitions, J. Number Theory, 141 (2014), 119–135.

[18] X. Xiong, Two congruences involving Andrews-Paule’s broken 3-diamond partitions and
5-diamond partitions, Proc. Japan Acad. Ser. A Math. Sci., 87 (2011), 65–68.

[19] O.X.M. Yao, New parity results for broken 11-diamond partitions, J. Number Theory,
140 (2014), 267–276.

16


