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Abstract: Though congruences have their limitations, they have significant impor-
tance in the field of number theory and helps in proving many interesting results.
Thus, this article has adopted the technique and properties of congruences to iden-
tify and prove a set of congruent properties for integer partition. The partition
of a positive integer is a way of expressing the number as a sum of positive in-
tegers. One such partitions known as regular bipartition triple are discussed in
this article. New congruences modulo even integers and modulo prime (p > 5)
powers are derived for (2, 8)—regular bipartition triples. Also infinite families of
congruences modulo 2 for some (2, §)—regular bipartition triples are derived. The
theorems stated in this article are proved using the g—series notation and some
of the prominent results such as Euler’s pentagonal number theorem and Jacobi’s
triple product identities. There are certain lemmas which are derived using these
results that help in proving the major results of this article.
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1. Introduction
A partition « of an integer n > 0 is a non - increasing sequence of positive
integers aq, as, as,...,q such that, n = a3 + ag + ag + - - - + ax. p(n) represents
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the number of partitions of n > 0 and its generating function is given by

> p(n)g

where for any positive integer a, f, is defined by

m:l

For an integer ¢ > 1, a partition is said to be f-regular if none of its parts is divisible
by (. Let by(n) denote the number of ¢-regular partitions of n, then the generating
function for the number of /-regular partitions of n is given by

oo n_ﬁ
nZ:ObZ(”)q =5

A k-tuple of partitions of n is (11,72, 73, ..., M) such that

no= ||+ [na2| + [ms + - 4 [l

where |7;| is the sum of all parts in partition 7;. A 2-tuple partition is called a
bipartition and a 3-tuple partition is called partition triple. An /-regular bipartition
of n is an ordered pair (1, 12) of f-regular partition if the sum of all the parts of
m and 7, is equal to n. Let, By(n) denote the number of ¢-regular bipartitions of
n, then its generating function is given by

ZBg q" fl'

For integers a, 8 > 0, an (a, B)-regular bipartition of n is a bipartition (7, 72) of
n such that n; is an a-regular partition and 7, is a f-regular partition. If B, z(n)
denotes the number of («, 5)-regular bipartition of n, then the corresponding gen-
erating function is given by

iBa,B(n>qn _ fa{ﬂ.
— fi

A partition triple (11,12, 73) of a positive integer n is called an f-regular partition
triple if each of 7y, 19,713 is an ¢-regular partition. If B7T;(n) denotes the number



Family of Congruences for (2, 5)—regular Bipartition Triples 3

of f-regular partition triple of positive integer n, then the generating function is
given by

i By(n)q" = f—éi
n=0 fl

If BT, 3(n) denotes the number of («a, §)-regular bipartition triples of the positive
integer n, then the corresponding generating function is given by

') 3 r3
S BT s(n)g = 1207 (1)
n=0

f?

Congruences for partitions have been studied well for a long time. The simplest
and the most beautiful congruence properties of p(n),n > 0 are the Ramanujan’s
congruences

p(bn+4) =0 (mod 5),
p(Tn+5)=0 (mod 7), and
p(1ln+6) =0 (mod 11).

These congruences and the subsequent study of partition congruences for p(n) have
motivated mathematicians to study congruences for special classes of partitions,
such as for (-regular partitions, bipartitions, and so on.

Lin [5, 6] proved several infinite families of congruences modulo 3 for By4(n)
and By 7(n) and gave characterisations of By 4(n) modulo 2 and 4. Dai [3] examined
the behaviour of B, 4(n) modulo 8 and found several infinite families of congruences
modulo 8 for By 4(n). Dou [4] established infinite family of congruences modulo 11
for Bs11(n). For a > 2 and n > 0, Lin [7] proved an infinite family of congruences
modulo 3 for 13-regular bipartition of n. The aim of this paper is to study families
of congruences modulo even integers and modulo powers of prime p > 5 for (2, 5)-
regular bipartition triples.

The following notations are used in this paper. Ramanujan’s general theta function,
f(a,b) is given by

f(a,b): Z an(n+1)/2bn(n—1)/2’ |ab| < 1.

n=—oo

Jacobi’s triple product identity is given by

f(a,b) = (—a; ab)(—b; ab)o (ab; ab) o,
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from which we get

) = Zq . (q,q ) ’
fl=q) = f(=a,=¢") = > (=1)"¢"*" V" = (g:9)w

In this paper, we prove the following results.

Theorem 1. For all integers n > 0,

BT,5(3n+1) =0 (mod 2), (1.2)
BT, 3(3n+2) = (mod 2), (1.3)
BT53(9n+4) =0 (mod 2), (1.4)
BT53(9n+7) =0 (mod 2), (1.5)
BTy3(3n+2)=0 (mod 2*), and (1.6)
BTy3(9n+6) =0 (mod 2°). (1.7)
Theorem 2. For all integers n > 0,
BT»3(3n+1)=0 (mod 6) and (1.8)
BT,3(3n+2)=0 (mod 24). (1.9)
Theorem 3. For all integers n >0 and B > 0,
26+1 97 —1 — 2
BTy5 | 3777 n+ BT = BT, 3(3n) (mod 27). (1.10)
Theorem 4. For any prime p > 5,
3 Z 5k(k-+1) 5p2+(10k+1)p 5p2 —(10k+1)p +p—1 p2-1 3p2
F = > ¢ 2 fl—a =, —¢ 2 )+ ¢ (=g,
byl
k:;ﬁ ip6—1
(1.11)

. 28 _
ZBTQ;J,( n—l—p 51 1>q”£f3(—q3) (mod 2).
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Theorem 6. For any primep >5, [ >1, andn >0,

(24i + p)p*P~t —
24

1
BT, (p%n + ) =0 (mod 2), 1<i<p-1

Theorem 7. For any prime p > 5, B > 0, n > 0 and j € Z such that
1<j<p-1and (24%1> = —1 such thatjgéf’kQTJrk (mod p)

(245 + 1)p* — 1
24

BT 5 (pw“n + > =0 (mod 2).

We can generalise the above results as well, to the following.

Theorem 8. For primes p;, wheret=1,2,...,r withp; > 5, r >0, andn > 0,

ZBng(Hpm St 1)q”5f3(—q3) (mod 2).

Here, [[°_, p? = 1.
Theorem 9. For primes px, k=1,2,...,r withp; > 5, r>1, andn > 0,

d 24 lp?p, — 1
BTy (Hp§n+ ( Hpr)gi 1 PP ) =0 (mod 2), (1.12)
where 1 < i <p, — 1. Also,
(24 + DT v - 1
BT (Hpipm + 248 1o ) =0 (mod 2), (1.13)
s=1

where 0 < j < p,. — 1 such that (24[])'_T+1> =—1.

Theorem 10. For 3 > 3 and § € N such that (126+1)c? is a quadratic non-residue
modulo p,¥c € N. If there exists some prime p(> 5)|8 then

BT, 3(pn+9) =0 (mod p), Vn>0.
Theorem 11. If § >3, p"|5 for p>5 andr > 2 then ¥n € N,

BTy s(pn+9) =0 (mod p?),
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where 6 € N such that (126 + 1)c? is a quadratic non-residue modulo p* V ¢ € N.
Theorem 12. If § > 3, p"|5 for p>5 and r > 3 then Vn € N,

BTy 3(pn+0) =0 (mod pg),

where ¥ 8. ¢ € N such that (126 + 1)c? is a quadratic non-residue modulo p*.

The rest of the paper is as follows: in Section 2 we state some preliminary
results that we will use to prove the above theorems in Section 3. Finally, we close
the paper with some concluding remarks in Section 4.

2. Preliminaries
Euler’s pentagonal number theorem gives us

(¢ @)oo = i(—l)mq<gm2ém>, (2.14)

from which we get

(¢"1¢")o0 = i(l)mq<gm2ém>p. (2.15)

m=1

Lemma 1. [1, Lemma 2.2] The following 3-dissections hold true

BB RR LR -
£oEm Ty T s (2.16)
ft_f ., fsfis

bR Uhg, (2.17)
2R

fT Fafw Ty (2.18)
7 = faalg®) — 3052, (2.19)

e ) — K5 16 (2 — i)
Lemma 2. [1] We have the following from the binomial theorem.
Jf = fa  (mod 2), (2.20)

fi = f3,  (mod 4), (2.21)
JE=Fh (mod 8), (2.22)
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Lemma 3. [8, Lemma 4.2] For any non negative integer b and any prime p,
(@)% = (d";4")os  (mod p) (2.23)

Lemma 4. |2, Equation (1.17)] For any prime p > 3 and integer r > 2,

()™ = (¢":¢")™ " (mod p?), where n € N. (2.24)
Lemma 5. (2, Equation (1.19)] For any prime p > 3 and integer r > 3,

()™ = (¢":¢")™ " (mod p?), where n € N (2.25)
Remark 1. Forn >0, >>° BTy 3(n)¢" = f*(—¢*) (mod 2).
Theorem 13. [9, Theorem 2.1] For any prime p # 2,

2
( D +(2k+l)p p (22k+l)p) p2871q1( 1)2).
k=0

Furthermore, for 0 < k < 32, L;k = ’% (mod p).

M

Remark 2. For any prime p > 5,

tp—1 ’%1, p=1 (mod 6),
6 |2t p=-1 (mod6).

Theorem 14. [9, Theorem 2.2] For any prime p > 5,

R k(3k+1) 3p2+(6k+1)p 3p2 —(6k+1)p +p-1 p2-1 >
Z )'q f( ¢ .-q )+(—1> “q = f(=q").

Furthermore, for =21 < | < -1, w Z ’% (mod p).
3. Proof of Theorems

Proof of Theorem 1. Substituting o = 2 and 5 = 3 in equation (1.1) we get,

0 3 £3
> (e = 5 - jﬁ) i, (3.26)
n=0 1

Y BTys(n)g" = f; (mod 2). (3.27)
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By extracting the terms containing ¢*"*!, dividing throughout by ¢ and later re-
1
placing ¢ by ¢3 in (3.27) we get,

Y BT3(3n+1)¢" =0 (mod 2).
n=0

3n+2

Similarly, dividing throughout by ¢? for those extracted terms containing ¢ and

then replacing ¢ by g3 in (3.27) we get,
Y BTr3(3n+2)¢" =0 (mod 2)
n=0
This gives us the congruence (1.2) and (1.3).
By writing (1.1) modulo 2%, we get

> BTys(n)q" = f3 ;f (mod 22), (3.28)

fis

By extracting the terms involving the (3n-+2)"" powers of ¢ and dividing throughout
by ¢ and later replacing ¢ by ¢3 in (3.29) we get

ZBTZg(n = {f?’fﬁﬂ’ +2qfsf2| (mod 2%). (3.29)
n=0

ZBT233n+ 1)g" = 2fof3  (mod 22). (3.30)

n=0

By extracting the terms involving the (3n + 1) and (3n + 2)"* powers of ¢ and
dividing throughout by ¢ and ¢* respectively and later replacing ¢ by ¢3 in (3.30)
we arrive at the congruences (1.4) and (1.5).

Furthermore, by writing (1.1) modulo 23, we get

0o 3 4 £2 3 £2
;BTQQ)(TL)Q” = f3 (J]:—?) (mod 2%) = gﬁs + 6q];%]}98 (mod 2%).  (3.31)

By extracting the terms involving the (3n+2)%" powers of ¢ and dividing throughout
by ¢* and later replacing ¢ by ¢3 in (3.29) we get the congruence (1.6). Further it
follows from (3.31) that

o 4 r3
> BT2,3(3n)q”z§25§z (mod 2%) = J}” (fs a(q®) —3q¢f;) (mod 2%). (3.32)
= 1
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By extracting the terms involving the (3n+2)%" powers of ¢ and dividing throughout
by ¢ and later replacing q by g5 in (3.32) we arrive at the congruence (1.7).

Remark 3. From the above proof, we get more generally,

ZBTQSk n)q" —f3k (mod 2).

So, congruences (1.2) and (1.3) are true for BTy 3,(3n + 1) and BT, 3,(3n + 2)
respectively.

The proof of Theorem 2 is exactly similar to the above proof, so for the sake of
brevity we omit the details here.

Proof of Theorem 3. Extracting 3n from (3.28) and applying (2.20) we get,

e 2 12
> BTy3(3n)q" = ‘;?1 }’:Z (mod 4), (3.33)
= fj;f + Cﬁ;}f (mod 4). (3.34)

By extracting the terms involving (3n + 1) powers of ¢ in (3.34) we have,

e 2 12

7; BTy 5(9n + 3)¢" = ?; 2 (mod 4), (3.35)
_Jif3 f3f18
= s +2 f6f9 (mod 4). (3.36)

By extracting the terms involving (3n)™ powers of ¢ in (3.36) we have,

f313
flfﬁ

> BTy3(2Tn +3)¢" =

n=0

(mod 4) Z BT,3(3n)¢" (mod 4)  (3.37)

Now by iterating n in (3.34) by 9n + 1 we arrive at the congruence (1.10).
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Proof of Theorem 4.

Fg) = 30 (T

n=—oo

Z Z pn+k 5p n +1Opnk+5k2+pn+k
= q

- p =1 n=—o00

Z k(5k+1) i( 1)TL 5p2n2+(;0k+1)pn
= —1)q

n=—oo
p—1
2 i EGhtD) > 5pZn2+(10k+1)pn
= > (=D 7 D> (-1)"q 2
k:—p2;1 n=-—00
k7£ip671
+p—1 p2—1 > 3,2 n(5n+1)
+(=1D)TT g > (=g
n=-—oo
p—1
2 i EGRtD) > n 5p2n2+(10k+1)pn +p—1 p2-1 3p?
= > (=g 2 > (-1rg > + (=175 ¢"F f(—¢")
]g:_PQ;l n=-—o0
k;ﬁip(;l
p—1
2 5k(k+1) 5p2+(10k+1)p 5p2—(10k+1)p tp—1 p2-1 3p?2
= > q¢ > fl-a¢ =2 , —¢ > +(=1)75 ¢ f(=¢")
=73
k;ﬁip(;l

Proof of Theorem 5. We prove the theorem by induction on 8. When 5 = 0
we arrive at Remark 1. Suppose the above theorem holds true for . Then using
Theorem 4, we have

0 2_1 p2,8_1 0 p2,8+2_1
E BT 28 p n _ § BT 268+1 n
n=0 a (p <pn " 24 ) * 24 ) ! n=0 o (p n 24 I

= 3(—¢*) (mod 2). (3.38)

p2o+2

- 2 261 -1
28 [ .2 p 1 p 26-+2 n
E BT2,3(Z7 (pn+—24 )+ )q = E BT23( n+—24 )q

= f3(—q3) (mod 2). (3.39)
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Therefore, the theorem holds true for g + 1.

Proof of Theorem 6. By using (3.38) for the values of i = 1,2,3,...,p — 1 we

get,
280+2 1

BT273 (p2ﬁ+1 (pn + 'L) -+ pT

Proof of Theorem 7. Since we have j # WTH‘ (mod p) for |k| < 51, with the
help of Theorems 4 and 5 it can be shown that

25_1
24

> =0 (mod 2). (3.40)

BTy 3 (p25(pn +7)+ u ) =0 (mod 2).

Proof of Theorem 8. We prove the theorem by induction on r. From theorem
5, for r = 0 we have

- : 2 HO—1p2_1 3 3
;BTM Sl:[lpsn‘i‘_T ¢" = f*(—¢°) (mod 2).

Now, from Theorem 4, for a prime p,,; > 5 we have

o'} r 2 r 2

Pra — 1\ | Ilypi—1
BT. 2 2 + s=14ts n
; o (gps (p’”“n Y ) AT 1
00 r+1 r+1 9

_ 2 HS:l pS B 1 n
— Z BT2’3 (Hpsn -+ T) q

n= s=1

= f3(—¢*) (mod 2).

This completes the proof.

Proof of Theorem 9. From application of Theorems 4 and 8 we get equation
(1.12). The proof of equation (1.13) is similar to the proof of Theorem 7, so we
omit it here.

Proof of Theorem 10. From (1.1), we have
3
(@* %)’ (¢°; ¢°)
(:9)°

Since p|f5 implies § = mqp for some m; € N. Hence by incorporating Lemma 3 we
get,

i BT, 5(n)q" = (3.41)

Y Bhs(n)g" = (¢ qz)(qFZ];;qp) = (mod p). (3.42)
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With the help of Euler’s pentagonal number theorem (2.14) and (2.15), the above
equation can be reduced to

o) %) 3 00 3mi o 3
ZBTQﬁ(n)qn — Z(_l)thQ(gt?—étl)] [Z(_l)tqur(gtg—étz)] [Zp(l)ql‘| (HlOd p)
n=0 t1=1 to=1 =1

(3.43)
Suppose there exists t1, t5 and [ such that the powers of ¢ add up to pn + ¢ then

§=3t] -t ( )

126 +1=36t2 —12¢t; +1 (mod p),

(120 + 1)c® = (3615 — 12t; +1)c* )
( )

(125 + 1)c® = [(6t1 + 1)c]? (3.44)

The congruence (3.44) contradicts the fact that (12§ 4+ 1)c? is a quadratic non
residue modulo p. This proves the theorem.
The proofs of Theorems 11 and 12 are exactly similar to the proof of Theorem

10, but with an application of Lemmas 4 and 5 respectively, so we omit the details
here.

4. Concluding Remarks

We have only done a basic study of the possible congruences for BT5 3(n). It is
hoped that more general results can be found. For instance, experiments suggest
that congruences similar to the ones stated in Theorem 1 are true for BT, and
BT, 9. This suggests the following open questions.

Question 1. Can the congruences in Theorems 1 and 2 be generalized for BTs 3;(n),
form>0and k > 17

Question 2. Can the results of the type of Theorems 5-9 be extended for other
cases of BT, g(n), forn > 07
We close the paper with the following conjecture.

Conjecture 1. For alln > 0 and k > 1, we have BT} 31,(kn) = BT, 3(n) (mod 2).
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