PARITY RESULTS FOR CERTAIN PARTITION FUNCTIONS

MIicHAEL D. HIRSCHHORN

ABSTRACT. Blecksmith, Brillhart and Gerst proved four congruences modulo 2 involving
partition generating functions of the following sort.

1/]:[(lfq")ElJqu"QJqu?’712 (mod 2)

nes n>1 n>1

where S={n>0:n=+(1,2,3,4) or 6 (mod 12)}.
We give simple and uniform proofs of their congruences and of several others of the same
sort.
Each of these congruences yields a theorem on partitions. Thus the above congruence
says that
The number of partitions of n into parts not congruent to 0 or 5 (mod 12)
is odd if and only if n is a square or three times a square.

1. Introduction

In an investigation of the parity of p(n), Blecksmith et al.[1] were led to discover con-
gruences modulo 2 involving certain partition generating functions. They found that
[1, Theorem 2a]

1/H(1—q")51+2q”2+2q2n2 (mod 2) (1)

nesSy n>1 n>1

where S1 ={n>0:n=+(1,3,4,5,6,7,8,9,10,11,13 or 15) (mod 32)},
[1, Theorem 2b)]

L/ TTa-a)=> "+ 3¢ (mod2) (2)

neSs n>1 n>1

where So = {n>0:n=+(1,2,3,5,7,8,9,11,12,13,14 or 15) (mod 32)},
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[1, Theorem 4a]

1/ 1_[(1—(]")514—2:(]”2—|—z:q?’”2 (mod 2)

nesSs n>1 n>1

where Sz ={n>0:n=+(1,2,3,4) or 6 (mod 12)}
and
[1, Theorem 4b)]

1/ [Ta-a=>¢""+> ¢ (mod?2)

neSy n>1 n>1

where Sy = {n>0:n=+(2,3,4,5) or 6 (mod 12)}.

We give simple and uniform proofs of these and of another six results of the same sort,

namely

1/ 1_[(1—(]")514—2:(]”2—|—z:q5”2 (mod 2)

nesSs n>1 n>1

where S5 = {n>0:n=+(1,2,8,9) or 10 (mod 20)},

1/ [Ta-a=>a¢"+> ¢ (mod2)

neESe n>1 n>1

where Sg = {n >0:n=+(3,4,6,7) or 10 (mod 20)},

1/ [Ta-a=1+>¢"+> ¢ +3 ¢+ ¢®  (mod 2)

nesSy n>1 n>1 n>1 n>1

where S7 = {n > 0:n=+(1,5,6,7,8,11,12,13,17,18,19,23) (mod 48)},

1/ H (1 . qn) = quﬂfl + Zq2n271 + Zq?mel + Zq6n271 (mod 2)

neSs n>1 n>1 n>1 n>1

where Ss = {n>0:n=+(1,4,5,6,7,8,11) or 12 (mod 24)},

1/H(1_qn)51+an2+Zq2n2+zq5n2+zq10n2 (mod2)

neESy n>1 n>1 n>1 n>1

where Sg = {n>0:n=+(1,3,4,7,9,11,12,13,17,19) or 20 (mod 40)},

()
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and

1/ H 1-q") Z n?—1 Z 2n%—1 Zq5n2—1+zq10n2—1 (mod 2)  (10)
neSio n>1 n>1 n>1 n>1

where Sy9 = {n > 0:n=+(1,2,3,4,6,7,8,9,11,12,13,14, 16, 17, 18,19) or 20 (mod 40)}.

We also give a further three results of the same sort which follow from those already stated,

namely

1/ [T a-am=>¢""""? (mod2) (11)

neSi n>1

where S1;1 ={n >0:n==+1or 2 (mod 4)} (this is also easily proved directly),

1/ T a=a) =3¢+ 3¢ =+ (mod 2) (12)

n€ESia n>1 n>1

where S1o ={n>0:n=+(1,2,5,6,7,10,11) or 12 (mod 24)}

and
I IT =) =324 3 (mod 2) (13)

n€S13 n>1 n>1
where S13 ={n>0:n==(1,3,7,9) or 10 (mod 20)}.

Each of (1)—(13) has a corresponding interpretation in terms of partitions. Thus, for
example, (3) says that
The number of partitions of n into parts £(1,2,3,4) or 6 (mod 12)

is odd unless n is a square or three times a square.

Our main tool in proving the results (1)—(10) is a pair of identities given in Lemma 1,
which we prove in Section 3.
Lemma 1
1{(—aq;q2) o074 ¢%) 0 L= bg; ¢*)oo (=0 q; ¢%) }
2 | (ag;0%)oc(a7'¢: ¢%) oo (bq; 7*)oo (b*q; 7*)os
_ (abg®s¢")sc(a”? q")sc(ab™ 6% ¢ (a” g% ¢%) o (a1 473
(ag; ¢*)oo (a 4 ¢%)oo (ba; g ) (b '030%) 00 (675 0%)%

and

1{(—aq;q2)oo(—a‘1q;q2)oo B (_b(ﬂqQ)oo(_b_lCI;qQ)oo}
2 | (ag;¢*)o(a71¢;:¢%) 0 (04 ¢%)os (07145 %)
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1 (ab5 )0 (e b Y ¢ ) oo (ab™ 5 ¢1) oo (@™ 0a% 4o (a5 )5
(a5 4?) 00 (67145 4?) 00 (043 4%) 00 (071G %) 0 (423 4%)2

We also require the fact that, modulo 2,

S =Y dw" =3

n>1 n>1 n>1

where d(n) is the number of divisors of n,

and we use without comment the fact that, modulo 2,

(% D)oo (08200 = (=4 020 (@ 0% o0 = L2 (g ) = 1.

2. Proofs of the congruences

We shall prove only a few of our results. Proofs of the remaining results differ only
slightly.
Proof of (1) Modulo 2,
S
n>1 n>1

2n

n>1

n>1

=1+ Y

n>1
n odd

8n+1 8n+3 8n+5 8n+7
14 Z ( A + 2 )

1—q

8n+1 1—g8nt3 T 1 —g8nts " ] — gBntT

1 q8n+1 q8n+7 8n+3 q8n+5
~ 3 1+QZ<1_q8n+1+1 T +1+QZ q8n+3+1_q8n+5

n>0 n>0

_ 2q8n+1 2q8n+7 2q8n+3 2q8n+5

9 H(1+1_q8n+1 1+1_q8n+7 +H 1+1_q8n+3 1+1_q8nb+5
n>0 n>0

1 {(—q;qg)oo(—q7;q8)oo (—q3;q8)oo(—q5;q8)oo}
2 1 (46%)(q7¢%)0 (4% ¢%)o0 (%5 ¢%) o
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_ (@%4")50(6% 0" (474" o (0" 4" 0 (4% ¢"%) 2
(4:4%) 00 (035 4%) 50 (6°54%) 50 (475 ¢%) 50 (¢35 ¢3) %,

by Lemma 1 with ¢* for ¢, a = ¢3, b=q.

_ (% ¢%) oo ( 10"%) oo
(454%) o0 (4% 4% 0 (6% 0%) 0 (4145 410 oo (033 ¢®)Z
= 1/{(0:¢*) 0 (0% ") (% 6" e (0" 0% 0 (% ¢*) o }
= 1/{(g: ¢*) oo (a* ¢*%) % (¢° 7q16)oo(q 1000 (0% 0")00 (073 0"%) s (¢ ¢"0) 2}
= 1/{(4; ") o0 (d"; 6**) o0 (4% ") o0 (6% ¢") o0 (0" ¢"%) 50 (¢7%; °%) o }
=1/ TTa-¢
nesh

where S1 = {n>0:n=+(1,3,4,5,6,7,8,9,10,11,13 or 15) (mod 32)}, as claimed.
Proof of (8) Modulo 2,

Z qn2 + Z q2n2 + Z q3n2 + Z q6n2

n>1 n>1 n>1 n>1
3n 6n
q q q
:Zl qn Zl 2n+21_q3n+21_q6n
n>1 n>1 n>1
_ q" q" q"
n=0,£1,4+2,3 (mod 6) n=0,4£2 (mod 6) n=0,4£3 (mod 6)

qn
D DR

n>0
n=0 (mod 6)

q

n>0
n=%41 (mod 6)

12n+1 12n+5 12n+7 12n+11
_ Z q + q + q + q
= 1— q12n+1 1— q12n+5 1— q12n+7 1— q12n+11
12n+1 q12n+11 12n+5 q12n+7
=591+2 Z ( g2+l + 1— q12n+11> —1-2 Z < q12n+5 + 1 — q12n+7>
n>0 n>0
1 12n+1 2 12n+11 2 12n+5 2 12n+7
= — e 1+ qi — H 1+ qi 1+ qi
2 ]_ _ q12n+1 1— q12n+11 1— q12n+5 1— q12n+7
n>0 n>0
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_ 1 {(—q;q”)oo(—q“;q”)oo B (—q5;q12)oo(—q7;q12)oo}
2 Joo
6

(' 4'%) o (4°50") e (475 ¢"?) oo

_ q(q4;q24)oo(q 1700 (0" 6°%) 00 (675 *H) oo (7% ¢*4)2
(45 0") 00 (4°5 600 (475 M%) 00 (4115 41 00 (4125 ¢12) 2,

:q(q4;q24) oo (% Y oo (@ *Y)
T (54%)%0(6%56%) 00 (45 45) o
(% 4"
= G 69) o0 (@55 0°) (6% €°) o0 (6% 1) oo (6% 1) o (413 2F) e

—y (q 14*)oo

o (454%)00(6%56%) 00 (4%5 0% 00 (035 621) 00 (4165 4% oo

= q/{(4;0%)o0 (0% %) 0 (0% 0"%) 0 (6% **) 0 (%5 4**) oo (05 ¢%) 0 }
= q/ [Ta-a9

neSs
where Sg = {n >0:n=+(1,4,5,6,7,8,11),12 (mod 24)}.

Results (2)—(7),(9),(10) can similarly be proved using Lemma 1 and manipulating the

infinite products which arise.

If we write (2)
2 2
q/H(l—q”)EZq” +Y ¢ (2)
neES, n>1 n>1
and multiply (1) and (2’), we obtain

Z an = an2+zq4n2

n>1 n>1 n>1
n odd

_ (0% ¢*) ("% ¢%) 0 (¢°% ¢ oo
(45 0)2% (0% ¢3%) 00 (6% ¢3%) oo

(0% 4%)o0(9"%: ¢"%)
(50)2% (0% ¢'%) 0

= q/{(¢%q"%)oc(¢"% ¢**) o }

Eq/ 11 (1—q").

n>0
n=%8,16 (mod 32)

If we now divide by ¢q and replace ¢® by ¢, we obtain (11).
Similarly, (7) and (8) yield (12), (9) and (10) yield (13). For sake of completeness, we note
that (3) and (4) yield (8), (5) and (6) yield (10).



PARITY RESULTS FOR CERTAIN PARTITION FUNCTIONS 7

3. Proof of Lemma 1

We shall first prove

Lemma 2

(—aq; ¢*)oo(—a 43 ¢%) oo (=065 6% oo (=045 ¢%) o (6°5 67 o
= (—abg®; ") oo (—a 707 ¢ ¢ oo (—abT %5 4 oo (—aT b6 4 ) oo (05 4*) 2
+ a7 q(—ab; Moo (a0 g ¢ oo (—ab T ¢ so (—a T 0g ;¢ oo (0t 02

If we put —b for b, then —a for ¢ in Lemma 2 and add the two results, then divide by

2(aq; 4*) oo (@4 0% oo (03 4*) o (07143 6*) 0 (475 4°) % s

we obtain the first identity of Lemma 1. If instead we subtract, we obtain the second

identity of Lemma 1.

Proof of Lemma 2: We have

(—a*¢*; 0" oo (=202 M) oo (0702 ¢ ) oo (0207 0o (0*5 4*)2
o0
_ Z a2rb25q2r2+252
r,s=—00
o0

Z a27"b23q(r+s)2+(r—s)2

r,§=—00

oo

— Z au+vbu—vqu2+vz

u,v=—00
u=v (mod 2)

= Z (ab)““(ab ””—i— Z ab““ab g

u,v even u,v odd

o0
Z (ab)zmq‘lmz(ab 2nq4n + Z ab 2m— 14m —4m+1(ab )2n—1q4n2—4n+1

m,n=—o0 m,n=—o00
= (—a?*q" %) oo (—a 207 2¢"; %) oo (002041 ) oo (—a 20" %) o (0% ¢°) %
+ a2 (—a®b?;¢%) oo (—a 7?07 2¢%; ¢%) oo (=72 ¢%) o (—a26%¢% %) 0 (6% ¢°)2

Now put a for a2, b for b2 and ¢ for ¢>. R
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