CRANKS AND T7-CORES

FRANK GARVAN,* DONGSU KIM,** AND DENNIS STANTON***

ABSTRACT. New statistics on partitions (called cranks) are defined which combina-
torially prove Ramanujan’s congruences for the partition function modulo 5, 7, 11,
and 25. Explicit bijections are given for the equinumerous crank classes. The cranks
are closely related to the t-core of a partition. Using g-series, some explicit formulas
are given for the number of partitions which are t-cores. Some related questions for
self-conjugate and distinct partitions are discussed.

1. Introduction.
Let p(n) be the number of partitions of n [1]. Dyson [7] proposed a combinatorial
proof of Ramanujan’s congruence

p(bn+4) =0 mod 5.

He defined an integral statistic on partitions, called the rank, whose value mod 5
split the set of partitions of 5n + 4 into 5 equal classes. He further conjectured that
the rank also proved

p(Tn+5)=0 mod 7,

and hypothesized a statistic, called the crank, which would similarly prove
p(lln+6) =0 mod 11.

Atkin and Swinnerton-Dyer [5] proved Dyson’s conjecture for 5 and 7. In [9], a crank
for 11 as well as new cranks for 5 and 7 were found relative to vector partitions.
Later, Andrews and Garvan [3] were able to define a crank, in terms of ordinary
partitions, for 5, 7 and 11, thus completing the solution of Dyson’s crank conjecture.
New relations for the crank of partitions mod 8, 9 and 10 have been found in [10].

Explicit bijections between these equinumerous classes have not been found in
any of these three cases. This should be related to another possible approach to
these problems: split the set of partitions of 5n + 4 into p(5n + 4)/5 classes, each
of size 5. Hopefully, the bijections among the five classes should be realized by a
5-cycle which acts on all partitions of 5n + 4 with no fixed points. The orbits of
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the 5 cycle are the p(5n+4)/5 classes. A crank statistic should be defined which is
{0,1,2,3,4} on an orbit. A 5-cycle, but no crank, was found by computer in [11].
In this paper, we complete this program by finding dihedral groups of size 10, 14,
and 22 which act on the partitions of 5n+4, 7n+5, and 11n+6, respectively. The 5
(7 or 11) cycles in these groups have no fixed points, thus proving the congruences.
We also define new statistics on partitions, i.e. new cranks, which split the set of
partitions into equinumerous classes. A cycle in the dihedral groups increases the
crank by 1, thus supplying an explicit bijection between the crank classes. Our
definitions of the cycles and the cranks are completely combinatorial.

The key ingredients to our proof are two bijections for partitions and t-cores,
which are given in §2. They allow us to find dihedral groups as symmetry groups of
quadratic forms. There are interesting g-series attached to these forms, and these
g-series imply some remarkable explicit formulas (Theorems 4 and 5 in §5) for the
number of partitions which are t-cores, ¢ = 5 or 7. The explicit cranks are given in
Theorems 2 and 3, and in Proposition 1 of §3 and §4. A crank for 25n + 24 is given
in §6. Similar bijections and generating functions for self-conjugate partitions and
partitions with distinct parts are given in §7 and §8.

We shall use the notation for generating function from g¢-series, e.g.

k—1

(a;)e = [ (1 - ag"),

=0

SO

> p(n)g" = !
n=0

(4500

2. Two bijections.

In this section we give two bijections relating partitions and t-cores.

First we set the notation. Let P be the set of all partitions. For any A € P, let
|A| denote the number that A partitions. Fix a positive integer t. Let Pi_.ore be the
set of partitions which are t-cores. Recall that there are two equivalent definitions
of a t-core: a partition A is a t-core if, and only if, A has no hook numbers that are
multiples of ¢ [13, 2.7.40]; or if, and only if, A has no rim hooks that are multiples
of t [13, p. 75]. We let a;(n) be the number of partitions of n which are ¢-cores.

The first bijection is well-known [13, 2.7.17].

Bijection 1. There is a bijection ¢1 : P — Py_core X P X P X -+ X P,
d1(N) = (M Aoy Aty A1),

such that || = [\ 4+t 3220 |\l

The generating function identity equivalent to Bijection 1 is

3 o 1 3 ar(n)q™
(2.1) Z%p(n)q = (qt;qt)éonz:% 1(n)g".

The second bijection is on t-cores only.
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Bijection 2. There is a bijection ¢ : Pi_core — {7t = (ng,n1,...,n4—1) : n; €
Zynog+ -+ +ng—1 = 0}, where

The generating function identity equivalent to Bijection 2 is

o0

(22) at(n)qn _ Z q%”ﬁ”?—&—g.ﬁ‘

n=0 7i-1=0
neLt

Clearly (2.1) and (2.2) imply
(4% 4"

7-1=0
nezt

oo
(23 S bt = e 3 gt
n=0

We now give Bijection 2, and sketch Bijection 1.

Let A be a t-core. Define the vector 7@ = ¢o()) in the following way. Label a cell
in the ¢ th row and j th column of A by j —i mod t. (This is called the t-residue
diagram in [13, p. 84].) We also label the cells in column 0 in the same way, and
call the resulting diagram the extended t-residue diagram. A cell is called exposed
if it is at the end of a row. Region r of the extended t-residue diagram of X is
the set of cells (i,7) satisfying ¢(r — 1) < j —i < tr. We now define n; to be the
maximum region of A which contains an exposed cell labeled 7. Since column 0
contains infinitely many exposed cells, n; is well-defined.

If an exposed cell labeled i lies in region r, then there is an exposed cell labeled
1 in each region < r. For example, in region r — 1, if 4 is not exposed, then the rim
hook whose northeast head is 7 in region r, and whose tail is ¢ + 1 in region r — 1
has length ¢. (Note: If i = ¢ — 1, the rim hook will lie entirely in region r.) This
contradicts the assumption that ) is a t-core.

Note that the size of the Durfee square of \ is the sum of the positive n;’s, since
this is the number of exposed cells in positive regions.

We next verify that ng+ni+---+n;_1 = 0. Let ) be the conjugate of \. First we
show that if ¢2(A) = (ng,n1,--+ ,ne—1), then ¢a(N) = (—ng—1, —ng_9, -+, —ng).
Let a cell labeled i be exposed in region r of 5\, so that i + 1 lies above 7. In 5\’, the
cell corresponding to i+ 1 will be labeled ¢t —i — 1, lie in region 1 — 7, and not be the
last cell in its row. Thus ¢ — 7 — 1 is not exposed in region 1 — r of ). This shows
that if 4 is exposed in region r of 5\, r < n;; then t — 1 — ¢ is not exposed in region r
of N , 7 >1—n;. A similar argument shows that if a boundary cell labeled ¢t —¢ — 1
is not exposed in region 1 — 7, then 7 is exposed in region r. This verifies the claim
about ¢2(5\’ ). Since the size of the Durfee square is unchanged by conjugation, the
sum of the positive n;’s must be equal to minus the sum of the negative n;’s; that
iS, nog+mny+---+ng1 =0.

The inverse map to ¢, is easy to find: if (ng,ny,---,n—1) is given, then the
exposed cells in each region are known. This in turn gives the lengths of each row
of the Ferrers diagram of A, and thus .
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Finally we show that if ¢2(5\) — 7, then ) is a partition of the exponent in
Bijection 2. The number of cells to the right of the main diagonal of the Ferrers

diagram of A is
S ing -t
(2 2 .

n; >0

For the cells below the main diagonal, we take N , to find

- Z(t—l—j)nj+t(_;j>.

n; <0

There are

S

cells on the main diagonal. The sum of these three terms is the exponent of ¢ in
(2.3).

We quickly sketch ¢; using the notation in Bijection 2. Given A, we construct
t biinfinite words in the letters N and E, wq,...,ws_1. The j th letter of w; is F
if 7 is exposed in region j of )\, otherwise the j th letter is N (not exposed). If A
is a t-core, then each word w; is an infinite sequence of E’s followed by an infinite
sequence of N’s. In this case, A = )\, and \; = @ for all . Otherwise there is
an E to the right of some N. Find the rightmost F, say in position j. Find the
rightmost N to the left of this E, say in position & < j. Delete a rim hook in
A whose northeast head is the cell corresponding to E, and whose southwest tail
is adjacent to the cell corresponding to N. Place a part of size j — k in A;. The
new partition has N’s in w; from position j on, thus the E’s have been pushed to
the left. This operation can be done in any order whatsoever, to finally obtain the
t-core of A, A. The parts of each \; appear in increasing order.

3. Cranks.

In this section we give the cranks (Theorem 2) and the cycles which give bijec-
tions for these crank classes.

Let r be a residue class of ¢, and consider p(tn+7). On the right side of (2
exponents of ¢ which are equivalent to r mod ¢ lie in the multisum. Since 77 -
we have £[|7||*> =0 mod ¢. Thus we have

), all

3
=0,

> 1 ts b
(3.1) Zp(tn + )" = Z g 17l 4o,
o U I
ii-b=r_mod t
- 1=0
nert
The symmetry groups of the quadratic forms in (3.1) have been computed by
computer for ¢ < 8 in [11]. Until now, we have assumed that the class ¢ and residue
r are arbitrary. We shall see that the choices of 5n+4, Tn+ 5, and 11n + 6 simplify
(3.1).
For 5n + 4 we now change variables so that the symmetry group is obviously the
dihedral group Djs of order 10. The five vectors 7i for ¢2(p(4)) are
(1) 170 = (17 _17 07 07 O);
(2) U = (07 1,-1,0, O)a
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(3) ¥, =(0,0,1,-1,0),
(4) 3 =1(0,0,0,1,—1), and
(5) ¥y =(1,1,0,—1,-1).
They form a non-planar pentagon whose center ¢ = (2/5,1/5,0,—1/5,—-2/5).

We now change variables: write @i = ag@y + - - - + a4¥s. A vector @i € Z° satisfies
ii-I=0andb-i=4 mod 5 if, and only if, @ = agvg + - - - + auvy4 for some @ € Z°
such that & -1 = 1.

It is easy to see that the quadratic form in (3.1) in terms of the vector & is

5”(52”2 - 5(&0&1 +ojag + -+ 044050) — 1.

Thus we obtain

Za5 (5n +4)q ntl — Z qQ(a)
n=0

=1
aGZt

where Q(a) = [|d]]* — (a1 + arag + - - + auag). Clearly the dihedral group Ds
is the automorphism group.

It is also clear that the 5-cycle which cyclically permutes the «;’s has no fixed
points. Any fixed point & must have all entries equal. Since @ -1 = 1, this would
imply that the entries are not integral.

The construction of the quadratic form and the group are completely analogous
for 7n+ 5 and 11n + 6. We collect these results in a theorem.

Theorem 1. For (t,r) = (5,4),(7,5) or (11,6),

(3.2) Z p(tn +r)g" Tt = Z q? @,

n=0 &-T=1
aczt

where Q(d) = ||@]|* — iy cictiga -

It should be noted that other identities for the generating functions of p(tn +r),
which yield Ramanujan’s congruences, have been found by others. The most famous
of these is Ramanujan’s [19, (17) p.213] identity for p(5n+4), which was considered
by Hardy in agreement with MacMahon as Ramanujan’s most beautiful identity
[19, p.xxxv]. Ramanujan [19, (18) p.213] also found an analog for p(7n+5). In fact
for t = 5%, 7% similar identities have been found by Watson [20]. Using the theory
of modular functions an analog for p(11n + 6) was found by Fine [8, (3.25)] and
extended to higher powers of 11 by Atkin [4]. However, these other identities are
of a different nature than (3.2) and do not yield obvious cranks. Further, Fine’s
identity for t = 11 and Ramanujan’s identity for ¢t = 5 or t = 7 are dissimilar so it
is surprising that an identity like (3.2) holds for all three values t = 5, 7 and 11.

Finally we come to the cranks. An obvious statistic, which is increased by 1
mod 5 each time the a’s are cyclically permuted is Z?:o ia;. So in terms of the @
basis the crank is clear, but in terms of the 7 basis (given combinatorially in §2)
the crank is not clear.
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Theorem 2. A crank statistic for partitions A of bn+ 4, Tn 4+ 5, or 11n + 6 is
given by the following algorithm.

(1) Find the t-core X of A, (t=5,7, or 11) by Bijection 1.
(2) Find ¢2(\) =7 by Bijection 2.
(3) Let crank(X) be the following mod t linear combination:
(t =5) 4ng + nq1 + ng + 4ny for 5n + 4,
(t ="1T) 4ng + 2nq + n2 + ng + 2n5 + 4ng for T+ 5,
(t = 11) 4ng+9nq + 5ng +3ns +ng +ne + 3ny + 5dng +9Ing +4n1g for 11n+6.

The new crank is not equal to the rank or the old crank. One can verify this on
the 5 partitions of 9 which are 5-cores: 621, 522, 51111, 33111, and 321111.

4. More cranks.

The cranks in §3 depend only upon the t-core X of A, and thus use Bijections 1
and 2. In this section we give two simpler ways (Proposition 1 and Theorem 3) of
computing crank(\), (one which is as a polynomial in the parts of A), thus avoiding
Bijections 1 and 2.

First, let ri(A) be the number of cells in the t-residue diagram of A\ which are
labeled k£ mod t. Suppose that A is a t-core. A relation between the 7;’s and the
n;’s can be found by counting the cells in a row ending with ¢ in region n;. It is

t—1

(4.1) e = (n7/2+nix(i > k))
i=0

where
1/2 if S is true,
x(8) = s
-1/2 if S is false.

It is easy to see that (4.1) implies

(4.2) Nk =Tk — Tk+1,
so that the relation in (4.1) for ¢ for t-cores becomes

t—1

ro = Z(T% — Tiri—s—l)-

=0

The cranks in Theorem 2 are defined by a linear combination of the n;’s. Using
(4.2), we can find mod t equivalent linear combinations of the ry’s.

Proposition 1. The following mod t linear combinations of the t-residue numbers
ri are crank statistics:

(1) 71 4 2ry — 213 — rq for 5n + 4,

(2) 2r1 + 1o+ 13 —14 — 715 — 216 for Tn+5,

(3) =611 —4rg — 2rg — 2ry — 15 + 16 + 217 + 215 + 4rg + 6119 for 11n + 6.

Proof. We already know from Theorem 2 that certain linear combinations give
the crank for t-cores, e.g. (2,—1,1,—2) for ¢ = 5. If we multiply this linear
combination by 3, we obtain (1) for ¢-cores. We reverse the sign to obtain (2), and
(3) is immediate from Theorem 2. Now consider (1)-(3) as definitions of a crank for
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any partition A, not just t-cores. Removing a rim hook of length ¢ from A reduces
each r; by one. The above linear combinations do not change, since the sum of all
of the coefficients is zero. Thus the crank can be defined by Proposition 1 for all
partitions A\. [

Next, we give a definition of a crank based upon the partsof A: A\; > Xy > --- >
Am.

Theorem 3. Fort =5, 7 or 11, let py(z) = (x — (t — 1)/2)*"2 mod t. A crank
statistic for partitions A : Ay > Aoy > -+ > A\, of tn+ 1 (where r = 4, 5, and 6,
respectively) is given by

m

crank(\) = Z(pt()‘i — i) —pe(i—1)) mod ¢

i=1

Proof. Let a; be the coefficient of r; in Proposition 1. Recall that a; + ag 4+ --- +
a1 — 0.

First we evaluate the contribution to the crank in Proposition 1 from the first
row of A. The t-residue diagram of A has an x = A\; — 1 mod ¢ at the end of the
first row. Then the contribution of this row to the crank is

(4.3) a +ag+ -+ ay.

It remains to find a polynomial whose values at =0, 1,...,¢t — 1 agree with (4.3)
mod t. Here are such polynomials:
(1) g5(z) = 3(ps(z) —4) for t =5,
(2) g7(x) = —(p7(z) — 4) for t =7, and
(3) qi1(z) = pui(z) —4for t =11.
Thus we have shown that the first row contributes ¢;(z) = ¢:(A1 —1) —¢:(0) mod .
Consider row ¢ of the t-residue diagram of A: the first entry is 1 —¢ mod ¢, and
the final entry is A; — ¢ mod t. The contribution of this row to the crank is

ar+az+---+ay—i+ (@1t Fa1) =
ar+as+---+ax—;i — (a1 + -+ a—;) =@\ — 1) —q(t —i) mod t.

Thus

crank(\) = Z(qt()\i — 1) —q(t—1)) mod t.
i=1
Since q;(t — 1 —14) = q:(i) mod t, and ¢;(7) is a linear function of p.(7), the result
follows. O

5. Associated ¢-series.

From (2.1) there is an explicit generating function for the partitions of n which
are t-cores. We investigate these functions for t = 5,7, and 11, and give explicit
formulas for as(n) and a7(n) in Theorems 4 and 5.

The five cycle in §3 implies that a5(5n+4) =0 mod 5. However, much more is
true,

(5.1) as(bn +4) = bas(n).

we give two proofs of (5.1): one which is analytic, and proves more (Theorem 4),
and another which is a bijection.
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Theorem 4. Letn+1=5p]* - -pgsqlfl ‘e qft be the prime factorization of n+1
into primes p; = 1,4 mod 5, and ¢; = 2,3 mod 5. Then

S a;+1 o 1 t ql?j—i_l _|_ (_1)1)]

c b; J
as(n) =5
() zl_[l p; — 1 i1 q]‘-i-l

Proof. Clearly (2.1) implies

S n_ (@°50°)%
;_:O%(n)q (5D

However an identity of Ramanujan (]2, (3.46)] or [6]) is

(@:0)ee =

where (%) is the Legendre symbol. Clearly the right side of (5.2) is

>3 (4)5a

n=1 d|n

SO

(5.3) as(n—1)=Y (g) g.

d|n

Since (£)/d is multiplicative, (5.3) and [12, Theorem 265] implies that as(n — 1) is
multiplicative. It remains to evaluate as(p® — 1) for primes p, which can be done
by (5.3). O

The combinatorial proof of (5.1) is explicit: given a partition X of n which is a
5-core, find five partitions 0y, 01, 02, 03, 04, of 5bn + 4 which are also 5-cores. Let
QZSQ(S\) = m. We now give the image under ¢5 of the five partitions of 5n + 4.

(1) (252(90) = (m1 + 2777,2 + 2m4 + 1,—m1 — Mo + M3 + My + 1,2m1 + mo +
2m3, —2m2 - 27’)’13 — My — 1, —2m1 —m3 — 2’[7’L4 — 1),

(2) ¢2(91) = (2m1 +2m4+1+m3, —1—m2 —277’L3 —2m4, —27TL1 —2m2 — My, M1+
2mo + 2m3, —mi + mg + my —m3),

(3) ¢2(02) = (ml — Mo — My + m3,2mso +my + 1+ 2mg,—mq — 2my — 1 —
2ms, —2mq — 2mgo — mg, 2mqy + mo + 2m4),

(4) qbg(eg) = (—2m1 — Mg — 2my, —mq — 2mo — 2mg3, 2meo +2my + 14+ ms, m1 +
mo —my — 1 —mg, 2mq + 2mg —|—m4),

(5) ¢2(04) = (—2mq — my — 2m3,2my + 2mg + m3z, M1 — Mg + Mg — M3, M2 +
2my + 1+ 2m3, —mq — 2mg — 2my — 1)

We delete the verification of this claim. In fact, these five partitions #; form an
orbit under the five cycle, and

crank(6;) = 3i mod 5.
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We denote by ~,, the 5 — to — 1 map from the set of 5-cores of 5n + 4 to the set of
5-cores of n, v,(0;) = A for 0 < i < 4.

For t = 7, we have a7(7n +5) = 0 mod 7. It is not true that az(7n + 5) =
Taz(n). There are however two multiplicative functions here. The identity which is
analogous to (5.2) is due to Ramanujan [8, p. 159]

2(q":d), (L+q¢")
(54 % (490 tald'id) Z() (1—qm)3

Let a’(n), b(n), c(n) denote the coefficient of ¢™ in the expansion of each of the
three functions in (5.4) so that

8az(n) = d'(n+ 2),
& (1) + b(n) = c(n).

We will give in Lemmas 1 and 2 explicit formulas for b(n) and ¢(n), resulting in an
explicit formula for az(n) in Theorem 5.

The proof of Theorem 4 analogously establishes the multiplicativity of ¢(n). We
delete the details. The resulting explicit formula is given in Lemma 1.

Lemma 1. Ifn = 7" -- -;og‘sqll’1 - 'qf‘ is the prime factorization of n into primes
pi =1,2,4 mod 7, and q; = 3,5,6 mod 7, then

S 2a1+2 t 2b +2 + (_1)1)]

2 b 9
DI

To establish the multiplicativity of the sequence b(n), we apply the theory of
modular forms.

Proposition 2. The sequence b(n) is multiplicative, moreover

b6) = o) - (2) 0

for any prime p and integer m > 2.

Proof. If ¢ = €2™*, the generating function B(z) for b(n) (see (5.4)) can be con-
sidered a function of z in the upper half plane. In terms of the classical n-function
it is B(z) = (n(2)n(72)), which is a cusp form of level 7, weight 3, and character
x(n) = (%) [14, Prob. 12, 13, p.145]. Since this space of cusp forms is one-
dimensional, B(z) must be an eigenform for the Hecke operators T,,. This proves
the multiplicativity of b(n), and the three term recurrence follows from the Euler

product for the associated Dirichlet series [14, p. 160 (5.11)]. O

To find an explicit formula for b(n), we need only find b(p) for all primes p. The
three term recurrence in Proposition 2 gives b(p""), and multiplicativity gives b(n)
for all n. The next proposition gives the values of b(p).
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Proposition 3. Suppose p is an odd prime. If p= 3,5 or 6 mod 7, then b(p) = 0.
Ifp=1,2 or4 mod 7, let p = x> 4+ Ty?, where x and y are positive integers. Then

b(p) = 2(z? — Ty?).

Remark. The result also holds for p = 2 except in this case x =y =

=3

5.
Proof. From Jacobi’s identity for (¢q;¢)2, [12, Thm 357] we find that

b(p) = > (=)™ (2m +1)(2n +1).

(2m+41)24+7(2n+1)2=8p

We need to determine all of the solutions (m,n) to
(p1) 8p = (2m+1)> +7(2n +1)?,
where m,n > 0. Clearly the right side is a quadratic residue mod 7, so if p = 3,5
or 6 mod 7, there are no solutions (m,n) to (pl) and b(p) = 0.

Thus we can assume that p = 1,2 or 4 mod 7. We first show in this case that
p has a unique representation p = z? + 7y? for positive integers =, y. We work
in K = Q(v/—7), whose ring of algebraic integers, O = Z[Hgﬂ], is a unique
factorization domain [12, Th. 246]. Since

1= (179> = <_p7> (by quadratic reciprocity),
p divides a? + 7 for some integer a. Since p does not divide a4 +/—7, p is not prime.
Thus p splits
p = PP,

where f = = + y/—7 is prime in Og and z, y > 0. Now, z,y € Z, otherwise
x:m—i—%, y:n—i—% (for some m,n € Z), p = m(m + 1) + Tn(n + 1) + 2 which
is even and contradicts the assumption that p was odd. Hence p = 5 = 2 + Ty?
for some positive integers x,y. The uniqueness of the representation follows from
unique factorization, and the only units being +1.

We next show that (pl) always has two solutions (m,n), whose contribution to
b(p) is 2(z? — Ty?). (pl) is equivalent to 2p = ¥, where
_ (2m+1)+(22n+1)ﬁ _ a:1+y21ﬁ

Y ,$1a3/1>0-

Let

2= (17) (4T) =
It follows that 2p factors as
2p = (nB)(7B) = (nB)(7B) = 77.
By unique factorization we must have v = +x3, +73, +73, or v = +x3. This
allows eight possible solutions (z1,¥1), six of which violate z1,y1 > 0. The two
solutions can be explicitly given, depending upon which of the three inequalities

O<y<Ty<z, 0<zx<y<Ty or0<y<x<Tyoccur. In each of these three
cases we find b(p) = 2(z? — Ty?) as required. [

For p = 1,2 or 4 mod 7 note that Proposition 3 implies that b(p) # 0, since
b(p) = 0 would imply that 22 = 7y?, and thus p = 14y?> =0 mod 7. We also note
that b(p) = 2(22 —Ty?) = %+ B2 where p = 33, 8 = x+y/—7 and x,y > 0. Using
the three term recurrence in Proposition 2 and the value of b(p) in Proposition 3,
the value of b(p™) is easily found. It is given in the next lemma.
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Lemma 2. Let n = 77" '--pg-*qll’l--'qf‘ be the prime factorization of n into
primes p; = 1,2,4 mod 7, and q; = 3,5,6 mod 7. Let p; = x7 + Ty? for some
positive integers x;,y; in the case when p; is odd and r1 = y; = % for the case
p1 = 2. Then

b(n) = 0 if some b; is odd,
s 2a;+2 22a;+2 t
b = 0 [T = — 114

i=1 i i j

Jj=1

otherwise,

where B; = x; + yiv/ —7.

Note that Lemma 2 implies that b(p™) = 0 if, and only if, p = 3,5 or 6 mod 7
and m is odd. We can now state the explicit formula for az(n).

Theorem 5. Let n+2 = 7°p]" -- -pg‘Sqll’1 e qft be the prime factorization of n+ 2
into primes p; = 1,2,4 mod 7, and q; = 3,5,6 mod 7, then
1
ar(n) = g(c(n +2) —b(n +2)).
where ¢(n) and b(n) are given in Lemmas 1 and 2 respectively.
We state relations which are corollaries of Theorems 4 and 5.

Corollary 1. The following relations hold:
(1) a5(50‘ —1)=5%5(m —1) =0 mod 5%,
(2) ar(7 2) =0 mod 7%,

(3) a7(49n + 19) =49a7(Tn + 1),

(4) a7(49n + 33) = 49a7(7n + 3),

(5) a7(49n + 40) = 49a7(Tn + 4).

Proof. (1)—-(5) are immediate from Theorems 4 and 5. [

For a11(n) there are identities for cusp forms which prove

(5.5) a11(11m —5) =0 mod 11¢
and
(5.6) a11(43n —5) =0 mod 44 for (n,43) =

We delete the proofs of (5.5) and (5.6).

6. A crank for p(25n + 24).

We can define a group G which acts on the set of partitions of tn+r: G = G1 xS,
where (G; is the automorphism group of the quadratic form in Bijection 2, and S;
is the symmetric group on t letters. For example, for 5n + 4, G = D5 X S;, where
Dy is the dihedral group of order 10. We have concentrated on the action of G for
congruences. We can also use S; for congruences, and do so in this section to find
a crank for

(6.1) p(25n +24) =0 mod 25.

The group G = D5 x S5 for bn + 4 contains two commuting five cycles which
generate a subgroup of order 25. If each five cycle has no fixed points, then G will
have no fixed points, and the orbits of G will have size 25. We have seen that the
five cycle inside Ds has no fixed points. Since the five cycle in S5 could have fixed
points, we consider two cases to define the crank, which will be an ordered pair of
integers, each between 0 and 4. This ordered pair could be considered as the base
5 expansion for a number between 0 and 24.
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Theorem 6. A crank statistic for partitions X of 25n+ 24 is given by the following
algorithm.
(1) Find ¢1(X) = (X, Ao, A1, Ao, A, Aa) given by Bijection 1.
(2) Let crank(\) be the following ordered pair of integers:
Suppose that Ao = A\1 = Ay = A3 = A4, so that Nisa partition of 25s+24 for
some s. Let 1 = v5544(N) and pa = vs(p1) be partitions of 5s+4 and s respectively
(see §5). Put

(i) crank(X) = (crank(uy), crank(ps)).

Suppose that some \; # A;, so that the five cyclic permutations of (Ao, A1, A2, A3, A1)}
are distinct. Order these five tuples in lex order, and define the crank of the i th
tuple to be i — 1. Put

(ii) crank(N) = (crank(X), erank((Xo, A1, Az, Az, As))).

Proof. The vectors v,(0;) = A in 85 form an orbit under Cs < (7, so that the
cranks of these five partitions are {0,1,2,3,4}.

The second part of the definition similarly interprets Cs x Cs, as a subgroup of
G. O

In Theorem 6(2)(ii) the lex order crank can be replaced by using following statis-
tic. Find ¢1()\), and if

|>\0|+‘)\1|+|)\2|+|)\3‘+’)\4|EO mod 5,
define the crank as in Theorem 6(2)(i). Otherwise define
crank(N) = (crank(N), | M| + 2|A2| 4+ 3|As| +4|\s] mod 5).

It is clear that the five cyclic permutations of the A\; will give five distinct cranks
for the second component.

7. Self-conjugate partitions.

In this section we consider the restriction of Bijections 1 and 2 to self-conjugate
partitions. Let asci(n) be the number of t-cores which are self-conjugate.

In Bijection 1, suppose that A is self-conjugate. Then A must be self-conjugate,
and N, = \;_;_1, 0 < i <t —1. Since (—q;¢*) is the generating function for
self-conjugate partitions, the self-conjugate version of (2.1) is

(7.1a) (—¢;¢%) 0 = ) 7 Zasct for ¢ even,
00 n=0

and

(7.1b) (—¢;0%) 00 = ( 20 (t 1)/2 Z ascy(n)q" for t odd.

(¢*

While there are congruences for ¢o(n), the number of self-conjugate partitions of
n, e.g. qo(125n4+99) =0 mod 5, it is not obvious how to prove these congruences
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from this approach. Nevertheless, for ¢t = 5 there is a nice Lambert series, and a
theorem analogous to Theorems 4 and 5.
The Lambert series is

10 .

(7.2) 9(—4;6*)o0 ((qq O Z X20(n

where

vao(n) = { 0 1 if (n,10) > 1

(—1)2("=1 otherwise.

Thus only odd n occur in (7.2), and the appropriate signs for odd n mod 20 are
+—0—+4+—4+0+ —. (7.2) follows from the g1)¢ summation formula [2, (3.1)]. The
identity (7.2) also follows from an identity of Ramanujan [21, (1) p.60] and Jacobi’s
formula for r3(n), the number of representations of n as a sum of two squares [12,
Thm 278]. The functions r2(n) and ascs(n) are related by

(7.3) ra(n) — rz(g) — dascs(n — 1).

As before we obtain from (7.2) the following theorem.

Theorem 7. Let n + 1 = 2¢59p{ -~-p§8q11’1 ---qft be the prime factorization of
n+ 1 into primes p; =1 mod 4, and ¢; =3 mod 4. Then

s

ascs(n) = H a; +1) H )/2.

=1 =1

A surprising corollary results.

Corollary 2. The following relations hold:
(1) ascs(2n+ 1) = ascs(n),
(2) ascs(bn+4) = ascs(n),
(3) ascs(n) = 0 if and only if there exists a prime ¢ = 3 mod 4 and an odd
integer b such that ¢ exactly divides n + 1.

There is a nice combinatorial proof of Corollary 2(2). Suppose A is a self-
conjugate partition of 5n + 4 which is a 5-core. It is easy to see that only 6y of §4
is self-conjugate. Thus, the restriction of the map ~, to self-conjugate partitions is
a bijection.

A similar bijection exists for Corollary 2(1). Just replace (ny,ns) in (7.4) by
(—n1 +ng, —ny —ng — 1). We do not have a combinatorial proof of Corollary 2(3).

In Bijection 2, clearly we have n; = —n;_1_;, so the generating function becomes
o 2
(7.4) Zasct(n)q” = Z i
n=0 fezlt/2)
where

. (2,4,---,t—1) for ¢ odd,
CcC =
(1,3,---,t—1) for ¢t even,

and [t/2] is the integral part of ¢/2. Using (7.4) dissections of (—q;¢?)s due to
Kolberg [16] can be easily derived.
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8. Partitions with distinct parts.

A bijection analogous to Bijection 1 for partitions with distinct parts has been
given by Morris and Yaseen [17]. In this section we give the appropriate version of
Bijections 1 and 2 for these partitions.

We begin with notation. Let pd(n) be the number of partitions A of n with
distinct parts. Given such a A, the shifted Ferrers diagram of A, S()\), is the Ferrers
diagram of A with the ¢ th row shifted to the right by ¢ — 1 cells. The doubled
partition of A, denoted A\, is defined by adding A; cells to the i — 1 st column
of S(A). For example, if A = 31, then AX = 431. We let DD denote the set of
doubled distinct partitions AX. We define the t-core of A\ as the usual t-core of
M. Let DD;_.ore be the set of partitions which are t-cores of doubled distinct
partitions, and let add;(n) be the number of these which are partitions of n. We
state without proof that DD;_ o C DD, thus add:(n) = 0 if n is odd.

By restricting Bijection 1, we find a bijection for doubled distinct partitions. We
must take the conjugate of the Ag in ¢ to find A\g for ¢s.

Bijection 3. There is a bijection ¢3 : DD — DDy core X DD X P X -+ X P,
H1(ON) = (AN Aoy ALy ooy Aec1),

such that 2]\ = M| = M|+ ¢ 10 [\l, and Me—i = X, for 1 <i<t—1.

The generating function identities equivalent to Bijection 3 is

0 2. 2t oo
n _q 7 o n

(8.1a) Zpal(n)q2 = m Z add(n)q for t odd.

n=0 (q g )00 n=0
and

o0 gt ot o0
(8.1b) Zpd(n)q2” = m add;(n)q"™ for ¢ even.

n=0 q=";47" ) oo n=0

Bijection 4. There is a bijection ¢4 : DDi_core — {7 = (noyM1,...,n—1) i 0y €
Zyng =0,n; = —ny_;, 1 <i <t—1}, where

DA =] /2+b- 7,  b=(0,1,-- ,t—1),

The generating function identity equivalent to Bijection 4 is

o0

(8.2) Zaddt(n)q” = Z qt”ﬁHQJ”f'ﬁ.

n=0 AezL(t—1)/2]

where
(1,3,--- ,t —2) for ¢t odd,

J:{
(2,4, ,t—2) for t even.
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9. Remarks.

Naturally it is desirable to prove the general congruence for powers of 5, 7, and
11 found in [4, 20]. It would be natural to assume that the symmetry group of the
quadratic form for ¢ = 527°11¢ contains a cycle of the appropriate length. We have
not been able to find this cycle. Our crank for p(25n + 24) was inspired by Bailey’s
([6], [2, p- 465]) proof of Ramanujan’s congruence for p(5n + 4). In fact Bailey’s
method also yields the congruence for p(25n + 24). It may be possible to extend
our methods to obtain a crank for p(49n + 47) and p(121n + 116). First we need
to find a crank for a7(49n + 47) and a;1(121n + 116). Our present method does
not succeed in these cases since there is no analog of (5.1). It may be easier to
find a mod 49 crank for p(49n + 19), p(49n + 33), p(49n + 40) in view of Corollary
1(3),(4),(5).

In [11] the symmetry groups of the forms associated with p(tn+r) for ¢ < 8 and
all r were computed. The symmetry groups for p(11n + r) for r # 6 need to be
found. There is reason to believe these groups are larger than Cs. It seems that an
unusually high proportion of the coefficients of aq1(n) are divisible by 11 so there
may be more 11-cycles. A higher proportion of the coefficients are divisible by 5.
In fact, using modular forms which appear in an analog of (5.4) for ¢t = 11, we can
prove the following theorem.

Theorem 8. If (&) =1 and n not divisble by 5, then ay1(n —5) =0 mod 5.
We can prove by a bijection from (7.4) that

(9.1) ascr(4n + 6) = ascr(n).

Further, by utilizing Gauss’ result for sums of three squares [12, p.311] it can be
shown that

(9.2) ascr(n) =0 if and only if n +2 =4%(8m + 1).

(This observation was made by Doug McDoniel.)

Kolberg [15, 16] has given several infinite products for dissections of p(n), ¢(n)
and go(n). Many of these results (for g(n) and go(n)) follow easily from (7.4), (8.2)
and the Jacobi triple product formula.

John Stembridge informed the authors of the existence of [17, 18] for distinct
partitions. It should be noted that the definition of ¢-core given in §8 for t-even
does not agree with [17, 18].
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