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Abstract. We evaluate the odd-partition function ps(n) modulo 4 by elementary
methods and analyze the asymptotic distribution of ps(n) modulo 4. We use the
theory of modular forms to obtain necessary and sufficient conditions for the order
at 2 of pa(n) to equal any given value between 0 and 4 inclusive.

1 Introduction

A partition of an integer n is a nonincreasing sequence of positive integers that
sum to n. The unrestricted partition function p(n) is the number of partitions
of n. The literature also defines a variety of restricted partition functions that
count only partitions satisfying additional constraints, such as the odd-partition
function py(n), the number of partitions of n into odd parts. Identities involving
partition functions have been studied systematically since Euler, who proved,
for instance, that the number of partitions of n into odd parts equals the number
of partitions into distinct parts. In 1919 Ramanujan initiated a new direction
of research in partition theory by proving [16] the congruences

p(dbn+4) = 0 (mod 5),
p(7n+5) = 0 (mod 7),
p(1ln+6) = 0 (mod 11)

valid for all natural numbers n, thus inaugurating the arithmetical study of
partition functions. For several decades progress in the field was slow, difficult,
and limited. Results similar to Ramanujan’s congruences were obtained by
Atkin and others (see citations in [14]) for a few more primes, and Rgdseth
proved [17] an analogue of Ramanujan’s modulo-5 congruence for py, namely

IThe author is supported by NSF grant DMS-0097804.



that
p2(125n 4+ 26) = 0 (mod 5);

but the field suffered from a lack of really powerful tools.

More recently, however, advances in the theory of modular forms have pro-
vided the ammunition for a more powerful attack on the arithmetic of partition
functions. For instance, Ono achieved in 2000 a magnificent generalization of
Ramanujan’s congruences by proving [14] that for every prime p > 5, there is
an arithmetic progression throughout which p(n) vanishes modulo p. Modern
methods are also making clear that restricted partition functions such as ps(n)
have arithmetic properties somewhat different from those of p(n). In particular,
a result of Gordon and Ono [5] shows that for each j > 1, the value of pa(n) is
usually divisible by 27 in the sense that

l#{O <n<L:2 |pn)} =0 <1a> for some positive constant o = «(j).
L log™ L

In view of this striking result, it is natural to ask for explicit conditions on n
ensuring that 27 | pa(n). Some theorems of this sort have been established al-
ready: in particular, Ono and Penniston [15] have evaluated exactly the residue

of pa(n) modulo 8, and Redseth’s paper cited above proves [17, Corollary 2], for
instance, that if p = 23 (mod 24) is a prime whose exponent in 24n + 1 is odd,
then 21 | pa(n).

The main result of the present work is the derivation in §4 of necessary and
sufficient conditions for the order of pa(n) at 2 to be exactly ¢, where ¢ is a
nonnegative integer not exceeding 4; these conditions are given in simple terms
of the prime-power decomposition of 24n+ 1. In §3 we give an exact calculation
of the least residue modulo 4 of ps(n); although the result of [15] is stronger,
our proof is interesting for its independence of the theory of modular forms. We
also derive in §3 the asymptotic distribution of the residue modulo 4, proving
(Theorem 6) that

1, if r=0;

71_2

1 T
Z#{O <n<L:py(n)=r(mod4)} ~ ¢ 3logL

1 /6
a2 ifr=1
3 L’ 1 /r )37

as L — oo. In particular, this refines the O(1/log® L) of Gordon and Ono’s
theorem to a precise quantitative result.

if r =2;

2 Preliminaries

In this section we develop or review notation and background material needed
in §3 and §4.

We shall perform a fair amount of arithmetic modulo 24, and one should
keep in mind that



e the quadratic residues modulo 24 are 1,4,9,12,16, and

e the multiplicative group (Z/24)* = {£1,45,47,+11} is isomorphic to
(Z/2)3, a triplet of generators being 5,7, —1.

We use the notation 7 for the least residue of n modulo 24.

If P is a logical proposition, we denote by [P} the value 1 if P is true and
0 if P is false.

For prime p and integer n, the order of n at p will be denoted by ord, n. We
shall also require the truncated order functions ordgk7 defined by the rule

ord]?C n= min{ordp n, k};
this function is constructed to have the property that
a=b (mod p¥) implies ordgk a= ordgk b.

We consider ordgk to take values in the additive semigroup with elements 0,
1, ..., k and addition operation a,b ~» min{a + b, k}. This is a precise way of
saying that the property

ordgk ab = ordgk a+ ordgk b (1)

is true even when, for instance, we take p = 2, k = 5, and a = b = 8. In
this case (1) states that 5 = 3 4+ 3, which is true in the semigroup we have
defined. We shall write the semigroup element k as k* to remind ourselves of
the imprecision inherent in the measurement we are taking.

We recall that the generating functions P(q) and Pz(q) of p(n) and pa(n),
respectively, admit the infinite-product representations

1

Pa) = J[—=
n>1 q

1_q2n

Pg) = ] T
n>1 q

2.1 Jacobi’s triple product and applications

Jacobi obtained the striking and famous identity

H(l _ q2n) (1 +Zq2n—1)(1 + Z—qun—l) _ Zznqnz (z#0,|gl < 1), (2)

n>1

commonly called his triple-product identity, in developing his theory of elliptic
functions [9]. We review here several special cases of the triple-product identity
that figure significantly in the later development. We use the notations

n =in(n+1), n = in(3n—1)

for the n*" triangular and pentagonal numbers respectively.



Lemma 1 Let |¢] < 1.
1. (Euler’s pentagonal-number series.) We have
1
- 1—g") = —1)"g" .
Z0 n];[l( q") Zn:( )"q

2. (Jacobi’s triangular-number series.) We have

P(q)® = ]___[ (1- qn)3 = Z(—l)"(?n +1)g" .

n>1 n>0

3. (A O-function series.) We have

T2 = [Ty =12 S e

n>1 n>1 n>1

Proof of Lemma 1. In (2) make the replacements g « ¢"/? and z — —¢~1/2.

Then we obtain
Z(il)nqn _ H (1 o q?m) (1 o q3n72) (1 o q3n71) _ H (1 - qn)’
n n>1 n>1

which is Euler’s theorem.

For Jacobi’s theorem we make the substitutions ¢ « ¢'/2 and z «— —q'/2¢,
where t # 0,1 will be allowed to approach 1 at the end of the argument. We
obtain the identity

H (1 _ qn) (1 _ qnt) (1 _ qn—lt—l) — Z(_l)ntnqn ,
n>1 n
or, on multiplying by 1 — ¢ and using the fact that (—(n + 1)) =n , that

tn _ t—(n-‘rl)
[[O-a) -y -gt") =D (-D)"—F——3a"-  ©)
n>1 n
As t — 1 the left side approaches anl (1 — q")g, while the fraction on the right

side approaches 2n + 1, yielding Jacobi’s theorem.
Finally, for the #-function series, we note first that

i i e

n>1 n>1

so that the two infinite products given in the statement of Lemma 1 are equal.
Applying Jacobi’s triple-product theorem with z = —1 yields

H (1 _ q2n) (1 _ q2n—1)2 — Z(_l)nqnz =142 Z(_l)nqnz’

as desired. [



2.2 Modular forms

We assume knowledge of the essentials of the theory of modular forms as in,
for instance, the texts of Apostol [2], Knopp [10], and Koblitz [11]. We shall
consistently use the letter 7 for the variable with values in the upper half-plane
and g = e2™ for the associated variable in the unit disc. We recall the definition
of Dedekind’s n-function

,]7(7_) _ eﬂ’ir/12 H (1 o qn),
n>1

in terms of which the generating functions P and P are given by the equations

2 _ q
P(q 4) - 77(247_)7
~ n(487)
Pa) = qn(247)’

We denote by M (I, x) the space of holomorphic modular forms on the
subgroup I with character x. The only nontrivial character we shall use is the
character y2 given by the rule

_ [ (=)™ =078 if s odd;
n) =
x2(n) {0 otherwise.

We recall the Hecke operators T'(p) on My(T, x) for prime p, defined on power
series by the rule

> a(n)g" | T(p) = _(a(pn) + x()p* "a(n/p))q"

n n
Here and later we use the standard convention that for any function f whose
domain is the integers (for example, the general coefficient in the power series
of a holomorphic form), an expression f(z) with 2 nonintegral denotes zero.

2.3 Representation by binary quadratic forms

In deriving our principal results, we shall have repeated occasion to count rep-
resentations of an integer n in the form z? + dy? for a fixed positive integer d
and variable integers x,y. We denote this count by

r1a(n) = #{(z,y) € Z* : n = 2% + dy*}.

For instance r11(5) = 8 because 5 = (+1)? + (£2)? = (£2)? + (£1)? for any
choices of the signs. For suitable d, including those which concern us here, the
evaluation of 71 4(n) is a matter of elementary algebraic number theory. The
reader unfamiliar with the rudiments of the arithmetic of imaginary quadratic
fields will find [8] a suitable introduction; alternatively, he may take on faith
the three theorems asserted below and proceed to §2.2.

The values of d of interest to us are 1, 3, and 6, for which r; 4 is evaluable
in the following terms.



Lemma 2 If ord,n is odd for any prime p = 3 (mod 4), then r11(n) = 0.

Otherwise
ria(n) = H (ord,n +1).
p=1(4)

Lemma 3 If ord,n is odd for any prime p = 2 (mod 3), then r13(n) = 0.

Otherwise
6, if 2| mn;
r1,3(n) = {2 if2}n } H (ordpn+1).
’ p=1(3)

Lemma 4 If ord,n is odd for any prime p = —1,—5,—7,—11 (mod 24), or

ordon + ordsn + Z ord, n is odd,
p=5,11(24)

then 1 6(n) = 0. Otherwise

ri6(n) =2 H (ord,n +1).
p=1,5,7,11(24)

We prove these in the given order. The result and proof for d = 1 are well
known, but we give the proof in some detail because the proofs for the two
lesser-known theorems follow its outline.

Proof of Lemma 2. We use freely the arithmetic of the Gaussian-rational field
Q(%), whose integer ring o = Z[i] has discriminant —4, class number 1, and four
roots of unity, namely +1, +.

The equation n = 22 + 32 is equivalent to the equation

(n) = (z +iy)(z +iy)

of ideals in 0. Conversely, any ideal a with (n) = a@ corresponds to four rep-
resentations n = 2% + y2 because a generator x + iy of a has four associates.
Thus

r11(n) =4#{a: (n) = aa},

and we are now counting ideals a instead of representations z2+y2. Our strategy
for counting these will be to decompose (n) into a product of prime ideals and
to count the number of ways to partition the prime-ideal factors into two sets
such that the products of the sets are conjugate ideals. The decomposition of
(n) in 0 may be obtained readily from the factorization of n in Z once we have
analyzed the splitting and ramification of rational primes in o, which we now
do.

In the first place (2) = t3 with vo = (1 + i), and no other rational prime
ramifies because the discriminant —4 of Z[i] has no prime factor but 2. Every
prime p > 2 splits as 5,5, or remains prime. Now (p) is prime if and only if
0/(p) is a field; because o = Z[x]/(z* + 1), this means exactly that 22 + 1 =0



(mod p) has a solution. But (—1/p) =1 if and only if p = 1 (mod 4). Therefore
any p = 1 (mod 4) splits as s,5,, while any p = 3 (mod 4) remains prime in o.

Now let
H pbp H qcp

p=3(4) q=1(4)

=i 1 o I s

p=3(4) q=1(4)

so that

Suppose that (n) = aa, where

s I » I s

p=3(4) q=1(4)

Clearly ord,, a = ord,, @ and ord, a = ord, @ for p = 3 (mod 4), whence we must
have

a=a and Bp =bp/2;
in particular, there is no such a if 2 | b, for any p = 3 (mod 4), and then
r1,1(n) = 0. In the remaining case, the number of a is the number of choices of
the v and 7. Now ords, a = ords, @ and ord,, a + ords, @ = ¢,; the complete
set of constraints, then, on the v and +' is that

0<v,<ordgn  and v, =cq— g

This gives [[(¢q + 1) choices of a. Thus

rii(n —4H cq—i—l —4 H ord, n—l—l
q=1(4)

as claimed. O

Proof of Lemma 3. Here we use the field Q(\/j?)) of discriminant —3, class
number 1, and integer ring o = Z[w|, where w = (1 + \/TS) /2. There are
six roots of unity, namely w* for 0 < ¢ < 6. The new complication is that
o # Z[/=3], which will shortly be seen to account for the equivocation between
6 and 2 in Lemma 3.

The equation n = 2% + 3y? asserts exactly that

(n) = (z +yvV=3) (z +yv=3),

but a decomposition (n) = aa does not necessarily induce six representations of
n because a might be generable by an integer not in Z[Jj3] Fortunately at
least one of the six generators of a is in Z[\/——?)] For any generator « of a not
in Z[v/=3] is of the form (z + yv/—3)/2 with z =y = 1 (mod 2), and we have

x+gJ2\/j31i;/j3: (x$3y)+iyi$)\/j35 ij(ﬂﬂ/—?) (mod Z[v/=3]);



for one choice of the sign we have 4 | y + z, whence one of aw and aw™! is in
Z[v-3].

Thus every representation n = x2+3y? is induced by a factorization (n) = aa
after all; the question is now how many representations proceed from each choice

of a. Let a = («) with o = x + y/—3 for z,y € Z, and note that

atl = @F3Y 4+ a)V3
2

is in Z[\/f?) if and only if = + y is even. Now because
r+y=x2+3y*=n (mod 2),

we see that all six associates of a induce representations of n if n is even, while
only the two associates +« are admissible when n is odd. This accounts for the
variable factor of 6 or 2 in the result.

The remainder of the proof proceeds by analogy with Lemma 2. The ideal
(3) = 3, where t3 = (v/—=3), is the only ramified prime. Because 0 = Z[z]/(2? +
x+1), a prime p # 3 splits if and only if z2+2+1 = 0(mod p), or (2z+1)? = —
(mod p), is soluble. But 1 = (—3/p) = (p/3) exactly when p =1 (mod 3).

Repeating arguments from Lemma 2, we find that 1 3(n) = 0 unless ord, n
is even for each p = 2 (mod 3), in which case

6, if 2|mn;
7'1,3(77,): {2: ifQZ’} H (ordanrl),

p=1(3)
as claimed. O

Proof of Lemma 4. The operative field is now Q(\/TG) The integer ring o
is once more Z[@, but now unique factorization fails, the class number of
Z[v/—6] being 2. The discriminant is —24 and there are no roots of unity but +1.
This time representations n = x? + 632 correspond to factorizations (n) = aa
with a principal, which has become a nontrivial condition. We first analyze the
behavior of rational primes in o, then count the number of admissible factoriza-
tions of (n).

The ramified primes are (2) = t3 and (3) = 3, where t2 = (2,1/—6) and
t3 = (3,/—6) are nonprincipal. The condition for p > 3 to remain prime is that

+=(5)-60C)

which means that p = 13,17,19,23 (mod 24). The other primes split, but we
now need to know whether they split into a product of principal ideals s or of
nonprincipal ideals ni. The answer is that p = 1,7 (mod 24) is necessary and
sufficient for the factors to be principal; we prove this now by induction on p.
During the proof we let x be the function

_J 1, ifl=1(mod 6);
X(l)_{o, if I =5 (mod 6)



on integers relatively prime to 6 with values in Z/2. We identify the ideal class
group with Z/2 and let a denote the class of the ideal a in Z/2.

Fix a prime p = 1,5,7,11 (mod 24) and assume the claim proven for all
smaller such p. The induction assumption easily implies the following statement,
which will be more useful:

Let m be a number such that (6, m) = 1, all prime factors of m are
strictly less than p, and ord, m is even for all primes ¢ = 13,17,19,23
(mod 24). If m = p@, then 1 = x(m).

A decomposition m = pf always exists because the prime factors of m all split.
Writing similarly p = 77, we are to prove that ™ = x(p).

Let |z| < p/2 and 22 + 6 = 0 (mod p); then z? + 6 = p2°3°m, where
0 < m < p. Moreover a and b can take no values other than 0 and 1. We can
write m = up in such a way that

(z +yv—6) = w5,
whence
O=7+a+b+p. (4)
We distinguish four cases.

1. Suppose a = b = 0. Then (6,z) = 1, whence 22 + 6 = 7 (mod 24) and

0 = x(7) = x(pm) = x(p) + x(m), or x(p) = x(m). By (4) we have
7 =n=x(m)=x(p), as desired.

2. Suppose a = 1 and b = 0. Then = = 2y with 3 | y, whence pm = 2y?>+3 =
5 (mod 6) and x(p) + x(m) = 1. By (4) we have 7 + 1 + 1 = 0, whence
7 =x(m) +1=x(p).

3. Suppose a = 0 and b = 1. Then x = 3y with 2 | y, whence pm = 3y?>+2 =
5 (mod 6), and the argument is completed as in case 2.

4. Suppose finally that @ = b = 1, so that z = 6y and pm =632 +1 = 1
(mod 6). Then x(m) + x(p) =0 and 7 + 2 + = 0, whence 7™ = x(p).

We have now completely analyzed the splitting of primes. Resuming the
approach of Lemma 2, we factor n as

n = 2a3b H pcp H qdq H rér
p=13,17,19,23(24)  ¢=1,7(24)  r=5,11(24)

and find that

m=dd T I st I

p=13,17,19,23(24) q=1,7(24) r=5,11(24)

where the s, are principal, while the v; and n, are not. We wish to count

principal ideals
a =1t v T s005,% [ nerm, <
— Y23 p q ~q r BT
P q T



such that (n) = aa. We find easily that

a=a, B=0b Pp=¢/2, & =d,—0, € =e —¢n.

In particular there is no such a unless ord,n is even for all p = 13,17,19,23
(mod 24). Moreover a is principal if and only if
a+ B+ Z e, = ordyn + ordsn + Z ord, n is even, (5)
T r=5,11(24)
whence r1 g(n) = 0 if the sum in (5) is odd. In the remaining case there are
[T+ ]Jer+1)=" ] (ordin+1)
q T t=1,5,7,11(24)

choices of a. Because there are only the two roots of unity 41, the claim of
Lemma 4 follows at once. [

3 Elementary determination of p, modulo 4

The residue of pa(n) modulo 8 has been evaluated by Ono and Penniston [15]
by methods of the theory of modular forms. In this section we give a more
elementary evaluation of pa(n) modulo 4 and use this to obtain a quantitative
refinement of the abstract result that pa(n) is usually divisible by 4, as well as
an equidistribution result for the odd values of pa(n).

3.1 Formula for the residue

We begin with a recurrence for py obtained by Ewell [4]. Namely, equating
coefficients on the extremes of the identity

_ m)2 _ on
<1+2 Z(—l)%”) Py(q) =[] (1 _qu 11 11 _q =[[0-¢") =>_(-1"¢"

n
n>1 n>1 q n>1 q n>1 n

yields the recurrence

pa(n) = {(=1)"},_, +2> (1) "pa(n—k?), (6)

k>1
where {(,1)11}1 e = (—1)! and {(fl)a}n_a = 0 if n is not pentagonal. It is

evident from Ewell’s recurrence that pa(n) is odd if and only if n is pentagonal.
Applying this observation to the terms ps(n — k?) in (6), we find that

pa(n) = {(-1)} _ +2#{k>1:n—-k>= } (mod 4). (7)

Thus we need only count representations n = k? +1 with k > 1.

10



Now n = k?+1 means precisely that 24n+1 = (6] —1)?+6(2k)?, suggesting
a connection between ry g(24n + 1) and the cardinality in (7). In fact we prove
that
1r1,6(24n + 1), ifn# ;

i(rl,6(24n +1)— 2)’ ifn = (8)

#{k>1:n—k*= }:{
Assume first that n is not pentagonal (equivalently, that 24n + 1 is not square),
and consider an arbitrary representation

24n + 1 = A\? + 6K°>.

By considering this equation modulo 24 and performing a finite verification, we
see that necessarily 2 | k and A = £1 (mod 6); moreover, we have x # 0 because
24n + 1 is not square. Thus exactly one of +x is of the form 2k for k£ > 1, and
exactly one of £ is congruent to —1 modulo 6. We have shown that the set
appearing in (8) contains exactly one out of every four representations (+x, +\),
and (8) follows when n is not pentagonal. When n =1 is pentagonal the only
difference is that the two trivial representations 24n + 1 = (£(61 — 1))2 +0?
must be counted out, as is done in (8).

We can now apply Lemma 4 to evaluate the residue of ps(n) modulo 4. We
put N := 24n+1 for brevity and assume first that n is not pentagonal (N is not
square); then 4 | p2(n) unless 171 (V) is odd, in which case ps(n) = 2 (mod 4).
From Lemma 4 we know that ri ¢(N) = 0 unless ord, N is even for all primes
p=—1,-5,=7,—11 (mod 24). If N does have even order at all such p, then

also
2 | Z ord, N,
p=5,11(24)

for N represents the identity class 1 of (Z/24)*, and its powers of 5 and 11 must

be canceled in (Z/24)* by a power of 7 =5-11. Thus the formula
re(N)=2 J[ (ord,N+1)
p=1,5,7,11(24)
of Lemma 4 is applicable, and we see from (7) and (8) that
pa(n) = H (ord, N +1) (mod 4).
p=1,5,7,11(24)

Now ord, N is odd for at least one p = 1,5,7,11 (mod 24), for N has even
order at all other primes but is not square. If ord, N is odd for at least two
p, or ord, N = 3 (mod 4) for some p, then 4 | p2(n). In the remaining case we
have N = p*™*1¢2 for some m > 0, some prime p = 1 (mod 24), and some a
indivisible by p. Thus we have proven the second and third clauses of

Theorem 5 Given n, let N =24n + 1. Then

11



o if N=(6l—1)2 (ie,,if n=1), then

pa(n) = (=D (mod 4), where r = Z ord, (6! — 1);
p=1,5,7,11(24)
e if N = pi™ a2 with py | a, then py(n) = 2 (mod 4);
o otherwise p2(n) = 0 (mod 4).

For the remaining clause, let n =1 , and compute from (7) and (8) that

p(n) = (-D'—1+ H (ord, N +1)
p=1,5,7,11(24)
(-)'=1+ J]  (20rdy(61—1)+1)
p=1,5,7,11(24)
(—1)l —14(=1)", wherer= Z ord, (6! — 1)
p=1,5,7,11(24)

= (=) (mod 4).

3.2 Asymptotic distribution of the residue
From the results of [5] mentioned above, we know that
00 < Lm0} =0 ()
L log™ L
for some a > 0. We can now use Theorem 5 to refine this qualitative result.

Theorem 6 As L — oo we have

1, if r =0;

ﬂ2

%#{O <n<L:py(n)=r(mod4)} ~{ 3logL’

1 /6 .
g Z, lf?"—l,?).

if r = 2;

Proof. The statement about » = 0 is a trivial consequence of the statements
for r = 1,2,3. We consider first r = 2, for which, by Theorem 5, we are to prove

that 27
> oo o) =1 L
n<L 08
First we prove that the simpler sum
> [24n 41 = pa?] (10)

n<L

12



differs negligibly from the sum in (9).
sums (10) and (9) is precisely

Z [2471 +1=p*+3a2, (a,p) = 1]
n<L

IN

Indeed, the difference between the

Z [2471 +1= p3a2]

n<L
> >
CILT1)/p°

p=1(24) 1<a<
WL Y g

p=1(24)

o(VL).

[a = +1 (mod 6)]

We now recall Dirichlet’s theorem on primes in arithmetic progressions, namely,

that
#{p<z:p=r(modm)} ~

where ¢ denotes Euler’s totient function.

#{pgx:pzr(modm)}wé

1 x
¢(m) log &

In particular, for (24,7) = 1 we have

if (r,m) =1,

T

logz’

Using Dirichlet’s theorem we now deduce that

Z [24n + 1 = pa?] Z #{p <

(24L +1)/a? : p=1 (mod 24)}

n<L a>1
- a=+1(6)
1 (24L+1)/a? L
= 2 5 (24L+ )1/a 2 +°(1 L)JFO(‘/E)
1<a<5VI Og(( +1)/a ) og
a=+1(6)
3L 1 loga
log L Z: a2< + (logL)>+O(logL>
a=+£1(6)
3L 1 1 1
log L 22) ( 32)(1;“2
_ L
~ 3loglL’

the result desired.
Now it is trivial that

#{n < L:ps(n)=1(mod 2)} = #{l:1 SL}N%\/GT,

so the assertion of Theorem 6 about r = 1, 3 is equivalent to the statement that

#{n < L:py(n)=1(mod 4)}—#{n < L:ps(n) =3 (mod 4)} = o(ﬁ). (11)

13



If we introduce the temporary notation
1, ifp(l)=1
=4 )
—1, if po(l ) =3 (mod 4),
then (11) can be stated in the form
> x(h) =o(VL). (12)
1 <L

We shall prove (12) in §3.3. O

3.3 Proof of the equidistribution of odd values

In this section we require several of the special functions of elementary number
theory: the von Mangoldt function

_ Jlogp, ifn=7p%
A(n) = {0 otherwise;

the w-function
w(n) = Z ord, n
p
that counts the prime factors of n with multiplicities, and the Mobius function

j(n) = { (—1)“(™_if n is squarefree;
0 otherwise.

We define a variant wg of w, where S is a collection of residue classes modulo 24,
by the rule

wg(n) = Z ord, n.

p=S(24)

In terms of this function, we can write x as
x(D) = (~1)FFersran e, (13)

We recall the important properties [7]

Youd) = [n=1],
d|n
Su(E)A@ = —un)logn,
d|n

both valid for positive integers n.
We show first that (12) follows from the result that

D (1B = o(N) i (r,24) =1, (14)
0<k<N
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whose proof we defer. We note that

w(n) = w1 5,7,11(n) + wizi7,19,23(n) for (24,n) =1

and that

w13,17,19,23(n) = [n =13,17,19,23 (mod 24)] (mod 2) for n > 0,

for {13,17,19, 23} is the nontrivial coset in (Z/24)* of the subgroup {1,5,7,11}.
Consequently (13) may be put in the form

- 1\ +1, if |6l - 1| = 13, 17, 19, 23 (mod 24); _ \w(l6l—1])
x) = (=1 { —1, if |6l — 1| =1,5,7,11 (mod 24) (=1)
. +1, if 2] +1, ifl=1,2 (mod 4); +1, ifl > 0; (_1)w(\6l71|)
-1, if2]1 -1, if1=0,3(mod 4) -1, ifl<0
_ +1, if 1 =2,3(mod 4); +1, ifl>0; (_1)w(|6l—1|) (15)
o —1, if1=0,1(mod 4) -1, ifl<0 ‘
Therefore the sum (12) can be evaluated as
Sox) = D x+ D> X0
1 <L 1<ISO(VI) O(VIL)<I<0
B +1, ifj=2,3; 1 \w(24k+65-1)
- DAL X e
0<j<4 0<k<O(VL)
+1, ifj=0,1; w(24k+65+1)
2 {—1, ifj:2,3} 2. (1 ’
0<j<4 0<k<O(VL)
_ +1, if r= 1,7,11,17; _ 1\w(24k+T)
= 2 {—17 ifr:5,13719723} 2 (D !
a2 0<k<O(VI)

a linear combination of eight sums as in (14) with N = +/L. Thus we need only

prove (14).

Proof of (14). We define the auxiliary function

For r > 0 with (24,r) = 1 we have

Z (71)w(24l+1)

0<I<N

Z Z (k) [ka® = r (mod 24)]

a>1k<N/a?

S> 0 uk)

a>1l  g<N/a2
a=+1(6) k=r(24)

N
> ().
a>1
a=+1(6)
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Because Y., 1/a® converges, it is easily seen to be sufficient to show that
M, (N) = o(N) for each admissible r, which we do now by arguments patterned
after those in [7, ch. XXII].

By Stirling’s approximation we have ), ... log(z/n) = O(x), whence a

fortiori
S ) log(a/n) = O(x).
1<n<z
n=r(24)
Consequently we have
M(r)ogr = — 3 pln)logn +O)
nErGh)
n
= l;mzu(g)A(dHom
n=r(24) din
= ) uk)Ad) +O(x)
dkd£§;4)
= > uk) D Ad)+O(), (16)
1<k<z 1<d<z/k

dk=r(24)

which suggests that we analyze the function

Lo(x) == Y A(k).

1<k<z
k=s(24)

Now we have

Li(z) = Z log p

pd <z
pa=s(24)
= Z logp + Z logp
p<= pa<zx
p=s(24) a>2
p=s(24)
= Z 10gp+0(331/210g2$);
p<=z
p=s(24)

moreover, for each ¢ > 0 we have

Z Z logp + O(mlfelogx)

p<az zl=e<p<a
p=3(24) p=s(24)
= (1+L(e)) Y loga+O(z'“logz),
p<z
p=s(24)
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whence by Dirichlet’s theorem we have

E ~ #{p<z:p=s(mod24)}logz
p<z
p=s(24)

= %[(24, s) = 1] |z] + o(x).

Substitution into (16) now yields

M, (@)logz = Y p(k) Lo ()

k<zx

= é Z w(k) {%J—i—o(wlogm)

kE<z
k=£1(6)

= éz Z wu(d) + o(xlog z).

n<zx dln
=7 (6,d)=1

But the sum on d vanishes except when n has no prime factors but 2 and 3,
when it equals unity. Thus

1
M, (z)logzr = 3 ;[n = 2a3b] + o(zlog x)
= O(log®z) + o(zlog x)
= o(zlogx).

In other terms M, (z) = o(z), as was desired. This completes the proof of
Theorem 6. [

4 The order of p, at 2

After the results of §3, it is natural to ask for a description of the behavior
of po modulo higher powers of 2. The exact formula for the residue of po
modulo 8 given in [15] being fairly cumbersome and much harder to obtain
than Theorem 5, it seems unlikely that the residue of p, modulo higher powers
of 2 can be evaluated in a reasonably clean and compact form. In this section we
study instead the order at 2 of pa(n), whose analysis can be pushed somewhat
further without excessive complications of detail. We shall find that if 0 < ¢ < 4,
there is an exact characterization of the n such that

ordg pa(n) = £

in terms of the prime-power decomposition of 24n + 1.
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We shall have use of a modification of the generating function P5(q), namely

R

by the usual results on n-products (see, for instance, [15, p. 144]), this is a form
on T'g(1152) of weight 0 and character x3. The appearance of 24n + 1 as the
exponent of ¢ in the series in (17) is why our result depends on the factorization
of 24n + 1.

4.1 A useful Hecke eigenform

Lovejoy’s investigation [12] of the order at 5 of ps turns heavily on the properties
of a particular Hecke eigenform in M4(I'g(1152), x2) constructed from eight
pieces, each resembling the function (17). The same form is also essential to our
investigation, and we recall its definition here. Define the function

8

o0 = (T2 (12 e (19)

n>1

and for 0 <14 < 24 with (24,7) =1 let

) = Y astnia = ala) (250 (19)

Of course a;(n) = 0 unless n = i (mod 24). Because
g(g) =1 (mod 16) (20)

we have
a1(24n 4+ 1) = pa(n) (mod 16). (21)

For this reason, the form f; will be of especial interest.
Now each f; is a form in My(Ty(1152), x2), as is any C-linear combination

h = Z aifi-
i
If, as in? [12], we choose

ap =1, a3 = —8iVT7,
as = —2iv/35, a7 = 16v/55,
a7 = 2/110, a1g = 16iV/70,
a1 = 4iv/154, o3 = 32V/2,

2That this choice yields an eigenform was proven in [6], but the a; were unfortunately
misprinted there. The corrected values given here appear in [12].
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then work of Gordon and Sinor [6] shows that A is a simultaneous eigenform of
the Hecke operators on My(T'g(1152), x2). From this property we can deduce
the action of each T'(p) (where p > 5) on the individual f;. Indeed, because
p? = 1 (mod 24) for such p, we have pn = n/p (mod 24) for all n divisible by p,
and the coefficients of

fi 1 T(p) = (ai(pn) + x2(p)p*ai(n/p)) ¢

n

are supported on the indices n with pn = i (mod 24). Thus the f; | T(p)
have coefficients supported on distinct arithmetic progressions, and equating
coefficients in the eigenform property

h|T(p) = Zaifi | T(p) = )‘pzaifi

shows that

fi | T(p) = pipfm (22)
for suitable constants p,;,. By comparing leading terms in (22), we find more
precisely that

fi | T(p) = 2@ @) (23)

7

Equating coefficients in (23) yields the equations

apapag(p)

%

a;(pn) + x2(p)p’ai(n/p) = amp(n), n integral. (24)

These are essentially linear recurrences for a;(n) with ord, n as the recursion
variables. After we have solved them, we shall be able to determine ords a;(n)
by induction over the prime-power decomposition of n.

4.2 Analysis of the recurrences

We begin by solving a general system of recurrences including those in the a;
as special cases.

Lemma 7 Given a positive integer n and two sequences u; and v; such that

Uy = OVj41 +’yui+2,
v = Buipr +Yvig2 (25)

for certain constants «, 8,7 and all 0 < i < n, we have
_ Up, if 2|n; Upt1, if 2| n;
UO—Tn{Um if2|n}+’yT”1{un+1, if2|n [’

k—i —i —ii
Tk:z( i >a[k/21 glk/2)=ini,

i<k

where
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Proof. Induction on n. O

For each prime p # 2,3 and all positive integers n,m with (p,m) = 1, the
eigenform recurrences

ai(pn) = ozaz(p)ap(n) — x2(p)p’ai(n/p),

ap(pn) = ap(p)ar(n) — x2(p)p’ap(n/p)
give rise to sequences

n—i n—i

u; = a1 (p"'m), v; = ag(p"'m)

satisfying the premise (25) of Lemma 7 with

a=ozaz(p), B=ap(p), v=—x20p)p".

Because ;41 = v,41 = 0 for these sequences, the result of Lemma 7 is that

wtrm) = 3 (") @) oo sl < {0 ap

i<n

interchanging u;, « with v;, 8 respectively and applying Lemma 7 again, we have analogously that

ap(p'm) = (n . Z) () ap(p)"* (2 (p)p”)" {Z;% it 204127

i<n ’

We aim ultimately to evaluate ords® py(n) and consequently will now evalu-

ate not ordy a; (N) but ords® a;(N), which contains all the information we can

utilize. In the first place, we note that a; (p%“m) is divisible by a% because

each term of the sum in (26) is so divisible. For p = 11,13,17,19, 23 (mod 24)
the quantity a% is a multiple of 32. Therefore

ords?ay(N) =5+ if ord, N is odd for any p = 11,13,17,19, 23 (mod 24).
(28)
We now need analyze the effects on 01rd2SS a1(N) only of even powers of primes
and odd powers of primes congruent to 1, 5, or 7 modulo 24. We assume
henceforth, as we may by (28), that ord, N is even for all p = 11,13,17,19,23
(mod 24).
Making progress at this point is synonymous with evaluating ord2§5 of the
binomial sum in (26) and (27). We begin with a more general evaluation of this
sort.

Lemma 8 Let n be rational with ordsn = d > 2. Let n be a nonnegative
integer, and let £ = |n/2|. Then

dz n—1t\ _, [ —dt, if n is even;
o2 i )T T —dbtorda(f+1), ifnis odd.

i<n
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Proof. The last nonvanishing term in the sum is

n—L0\ _, [n7t if n is even;

¢ )" (¢ + 1)yt if nis odd.
The order asserted in Lemma 8 is precisely the order of this final term, so
it is sufficient to prove that the other nonvanishing terms in the sum have
order strictly greater than the final term. Because the binomial coefficients are

integers, this is a triviality if n is even or if n is odd and £ is even. In the
remaining case, when £ + 1 is even, we consider for k > 1 the term ratio

(n—é—i—kj

>—€+k

(—k )T 1R (2 (L1 k), %
(n—z) o 2k + 1)! ne (29)
i n

Of course ords n* = kd. To handle the fraction, note that at least |k/27 | of the
numbers £ + 2, ..., £ + 1+ k are divisible by 27 for each j > 1, and the same
is true of the numbers £ + 1 — k, ..., £. Of the numbers 1,...,2k + 1 exactly
|(2k 4 1) /27| are divisible by 27. Consequently the order at 2 of the ratio (29)
is at least

8] g o - L]l s

i>1 j>1 j>1 j=0
k
= > BJJ — k4 kd
j>1
> k(d_ 1)a

which is positive, as desired. [

The binomial sum in (26) and (27) can be rewritten as

(02) as(p)" Y (” : ) (O‘(m> (30)

— 3
= x2(p)p

which makes Lemma 8 applicable provided that the order at 2 of a%a;,(pf can

be calculated exactly and is at least 2. We accomplish this in

Lemma 9 If p = 1 (mod 24) then ordsai(p) = 1. If p = 5,7 (mmod 24) then
ag(p) is odd.

Proof. Because a;(24n+1) = pa(n)(mod 16), the statement for p = 1(mod 24)
follows from Theorem 5.
Let p = 5 (mod 24). Working modulo 2, we recall that




and deduce that

_ 775(487) _ 774(487) n(487) 3 _ 5 481 +24k
= = — (487)n°(247) = )
P(247) 1P (24r) 3 (2dr) e 1 El:kzzoq

fs

where we have used Euler and Jacobi’s polygonal-number series. Extracting
coefficients, we find that

as(p) = #{(k,1) : k> 0,p=5+48] +24k } (mod 2).
Now p =5+ 48] + 24k means exactly that
2p = 6(2k + 1)% + (2(61 — 1))°. (31)
By Lemma 4 the equation
2p = A% 4 6k° (32)

has exactly four solutions, which differ from each other only in the signs of &
and \. Considering (32) modulo 24, we find that x is odd and A = 4 (mod 24),
whence %/\ = +1 (mod 6). For exactly one choice of the signs, the solution is of
the stricter form in (31). Therefore we have proven that as(p) = 1 (mod 2), as
desired.

Finally, let p = 7 (mod 24), and note that

n7(487)  1*(487) 1>(487) -
fr n7(247) — nd(247) 1 (247) n*(487)n(247) = ¢ kzzogl:q@k +240

whence
ar(p) = #{(k,1) : k> 0,p=T+48k 424l } (mod 2).
The equation on p, k, [ is that
p=6(2k+1)%+ (61 — 1)2. (33)

By Lemma 4 the equation p = A\? 4+ 6x2 has four solutions, and by considering
residues modulo 24 again, we find that exactly one has the strict form of (33).
Thus a7(p) =1 (mod 2). O

By virtue of Lemma 9 we have
<5/ 2 9 2, if p=1,5(mod 24);
ord3” (aga5(p)°) = {3, if p=7 (mod 24).

We can therefore apply Lemma 8 to find ords® of (30) when p = 1,5,7(mod 24),
obtaining, after a little manipulation, the result

, n_i 2az(p)? —i 0, B if n is even;
ord;’(az) ap(p)" ) ( . ) <”’E)3> {1 +<()5rd§5(€ +1), ifn=20+1andp=1(mod 24);
i<n X2\P)p ord5’(£+ 1), ifn=20+1and p=5,7(mod 24).
(34)
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Using (34) in (26) and (27), we find that

01"d2 ay(m), if n is even;

ord5s? ay (p"m) =

01rd2 ap(m , if n is even;

)

)

)
ord5? az(m) + 3 +ord5° (€ +1), if n=20+1and p =7 (mod 24);

<5 )

ords” az(p"m) = 01rd2 ay(m)

)

01fd2 ar(m)+1+ord5°(£4+1), ifn=20+1and p=1(mod 24 35
01rd2 as(m) +2+ords°(£4+1), ifn=20+1and p=5 (mod 24);

m)+1+ords?(¢+1), ifn=20+1andp=1(mod 24(36)

(
ords® ay(m) + ord5® (£ 4 1), ifn=2¢0+1and p=5,7(mod 24).

It is now easy to deduce

Theorem 10 Let M = 1 (mod 24) be a positive integer. If ord, M is odd for
any p = 11,13,17,19,23 (mod 24), then ords” a;(M) = 5t. Otherwise let r1,
2hs, 2hy be the numbers of primes congruent to 1, 5, 7 respectively at which M
has odd order. Then

1+ ord, M
ord5® ay(M) =711 +2hs +3hr + > ords® % (37)
ord, M=1(2)

Proof. If M has odd order only at p = 1,5,7 (mnod 24), the number of primes
congruent modulo 24 to 5 at which M has odd order is necessarily even be-
cause M = 1 (mod 24), and similarly for primes congruent to 7. Thus we can
verify (37) by induction by evaluating

<5 2041 <5 2041 2k+1 <5 2041 2k+1
ordy” a1 (py' ™ m), ordz”ai(ps T gz T m), ordy’ai(py T ¢r" T m),

where p,,q. = r (mod 24) do not divide m, in terms of ords® a;(m). These
evaluations are trivial applications of (35) and (36). O

4.3 From a; to p

If we could prove that a;(24m + 1) = pa(m) (mod 32) for all m > 0, we could
immediately deduce

Theorem 11 Given m > 0, let M = 24m + 1. If ord, M is odd for some
p =11,13,17,19,23 (mod 24), then ordQSSpg(m) = 5%, Otherwise let r1, 2hs,

2h7 be the numbers of primes congruent to 1, 5, 7 respectively at which M has
odd order. Then

1 d, M
ord2§5p2(m) =71y + 2hs + 3hy + Z ord2S5 4—0%.

ord, M=1(2)

(38)

Because f1(q) = g(q)n(487)/n(247) with g = 1(mod 16), we do have a; (24m—+
1) = pa(m)(mod 16). The truth modulo 32 is not as clean, but it is good enough
for our purposes:
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Lemma 12 Given m > 0, let M = 24m + 1. Then

_ [ai(M)+16, if M = u? for some u =5,11,13,19 (mod 24);
p2(m) =

ay (M) otherwise. (39)

Proving Lemma 12 will establish Theorem 11, for in the exceptional case of (39),
the number py(m), whence also a1 (M), is odd by Theorem 5, whence ords” (a1 (M)+
16) = ords” a; (M) trivially.

Proof of Lemma 12. We recall the generating function

bs(q) = <1+2Zq"2)8

n>1

of the number rg(n) of representations of an integer n as the sum of eight
squares. In terms of this function, we have g(gq) = 0g (fq24). Because 0g(q) = 1
(mod 16) we have 0s5(—¢q) = 03(q) (mod 32), whence

9(a) = 0s(¢**) (mod 32).
Multiplying by 7(487)/n(247) and equating coefficients yields the congruence
a1(24m+1)= Y rg(f)pa(m - j). (40)
0<j<m
A result of [13] implies that for j > 1 we have modulo 32 that
N . _ J 16, if jis square or twice a square;
= 16#{d | j: d oda} = { |* ;
rs(J) #id]j:d odd} 0  otherwise.
Moreover pa(m — j) is even unless 24(m — j) + 1 is square; consequently, (40)
involves
ai(M) —pa(m) = 16#{(j,k):j > 1,k >0, j or j/2 square, M = 245 + k*}
16 (#{(k,0) : 1> 1,k >0,M =241 + K} + #{(k,1) : | > 1,k > 0, M = 481> + k*}) .
(41)
Now 2 4+ 6A%2 = 1 (mod 24) implies 2 | k, and k? + 3A? = 1 (mod 24) implies
4 | k, as a finite verification will show. Thus we have

a1 (M) — p2(m) = 4(r1,3(M) 4+ r1,6(M)) (mod 32) for nonsquare M, (42)

for if M is not square, there is no representation with [ = 0, and exactly one-
fourth of the representations of M appear in the sets in (41).

We assume first that M is in fact nonsquare. Recalling the results of
Lemma 3 and Lemma 4, we rewrite (42) as the modulo-4 congruence

1(al(M) —pg(m)) = [ordpM even at all p =5,11,17,23 (mod 24)} H (ordp M + 1)

8
p=1,7,13,19(24)
+ [ord, M even at all p = 13,17,19,23 (mod 24)] H (ord, M +1).
p=1,5,7,11(24)
(43)
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We shall show that the right-hand side of (43) is divisible by 4. For brevity we
let #3 and #¢ denote the first and second indexed products in (43) respectively,
and we refer to the right-hand side of (43) as R. We distinguish several cases.

o If ord, M is odd for some p = 17,23 (mod 24), then both terms in R
vanish, and the claim is trivially true.

e Suppose ord, M is odd for some p = 13,19. If ordy M is odd for any
g = 5,11,17,23, then R = 0. Otherwise R = #3, and ord,y M must be
odd for some p’ # p with p’ = 7,13,19, or M would not have residue 1
modulo 24. Thus #3 contains at least two even factors.

e Suppose ord, M is odd for some p = 5,11. Then R = 0 if ord; M is odd
for any ¢ = 13,17,19,23. Otherwise R = #¢, and M has odd order at
some p' = 5,7,11 other than p, whence 4 | #¢.

e We henceforth assume ord, M even except possibly at p = 1,7, the other
cases having been settled. We have R = #3 + #¢. If ord, M is odd at
some p = 7, it is odd at another such prime, and both #3 and #g are
divisible by 4. We have 4 | #s3,#¢ also if ord, M is odd for two primes
congruent to 1 or if ord, M = 3 (mod 4) for some p = 1.

e In the remaining case M = p*™*+1k? for p = 1 not dividing k. In this case

#3 = #6 = 2 (mod 4), whence #35 + #6 = 0 (mod 4), as desired.

In the remaining case M is a square p2. In this case we have
a1 (M) — pa(m) = 4((r1,3(M) — 2) + (r1,6(M) — 2))

(the subtraction of 2 eliminates the representations M = x? + {3 or 6}A? with
A =0). In other terms, if we let n; denote the sum of the orders of p at primes
p =i (mod 24), we have modulo 4 that

W) —plm) _ 1

2 2ordyp+1)+ [ (2ordppu+1) -2

p=1,7,13,19(24) p=1,5,7,11(24)
(_1)n1+n7+n13+n19 + (_1)n1+n5+n7+n11 -2

2+ (_1)n1+n7+n13+n19 (1 + (_1)n5+’ﬂ11+n13+n19)

B {0’ if (,1)n5+n11+n13+n19 — 1;
a 2  otherwise.

Now {5,11, 13,19} is the nontrivial coset of the subgroup {£1,+7} C (Z/24)*;

therefore
(_1)n5+n11+n13+n19 — (_1)[p55,11,13,19(24)]

)

which completes the proof. [
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4.4 Explicit criteria

In view of Theorem 11, we can easily obtain necessary and sufficient conditions
that ords pa(n) = ¢, where 0 < ¢ < 4, in terms of the factorization of N :=
24n + 1. To keep the answer concise and clear, we introduce the notation

2T L gre(ma) (44)

for the class of numbers of the form

S |

1<i<s

where the p; are distinct primes not dividing k such that p; = z; (mod 24) for
each 4, and e; = 7; (mod m;) for each 4. For instance, the prime 13 is a 13'(*)
but not a 133® | and the product 5-29 - 732 is a 51(16)51®) In the special case
when s = 0 (the class of square numbers), we write O instead of the empty
string.

If ordepa(n) < 5 then N has even order at all primes congruent to 11,
13, 17, 19, or 23 modulo 24. In this circumstance ords p2(n) is given by the
expression in (38), all of whose terms take nonnegative values determined solely
by the orders of N at the remaining primes. Consequently, the set of N for
which ords pa(n) = ¢, for given 0 < ¢ < 4, is the union of finitely many of the
classes (44), and these classes can be enumerated by finite trial. For instance,
the sum in (38) vanishes only for r; = hs = hy =0, i.e., when N has even order
at every prime, and we recover the result that

ordg pe(n) =0 if and only if N e[

Similarly we have ords pa(n) = 1 only when r; = 1, hs = hy = 0, and the sum
in (38) is empty. That means that N has even order at all primes except for
one prime p = 1 (mod 24) at which (ordp N + 1)/2 is odd. We thus recover the
result of Theorem 5 that

ordapa(n) =1 if and only if N e 114,

Like methods work as well for ¢ = 2,3,4, when Theorem 5 is inapplicable; and
one easily verifies

Theorem 13 Given n > 0, let N = 24n + 1.
e We have ords pa(n) = 2 if and only if
N € 1M®114 op 136) o 51 51E),
e We have ords pa(n) = 3 if and only if
N e 11@ 1@ 1) o 1363)11(4) 51 17(6) o1 11@ 1A 5LME) o1 53(8)51(4) ) 714 71(4)
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e We have ordy pa(n) = 4 if and only if

N e 11#$11#11# 113 op 13()11(4)11(4)
or 13®)136) o 17(6)11(4) . 115(32)
or 11#® 11451 51(4) o 13(8)51(H51(4)
or 11 53®)51(4) o 51(H)51(4)51(4H)51(4)
or 53(®)53(8) o 57(16)51(4)
or 17T o 736)71(4),

4.5 Beyond the fifth power

Theorem 13 leaves open the question of when ords pa(n) takes a specified value

> 5. A result in this direction may be found in [17], where Rgdseth proves that
whenever N = 24n + 1 has odd order at a prime p, we must have ords pa(n) >
(r—1)/2, where r denotes the least residue of p modulo 24. For p = 1 (mod 24)
this is vacuous, and for p = 5,7,11 (mod 24) we have proven the assertion.
Our methods, however, do not appear to extend readily to handle the cases
in which 7 > 5. In light of Rgdseth’s theorem, it is natural to suspect that
the circumstances under which ords pa(n) = ¢ may be completely analyzable
for some ¢ > 5. But the answer, if there is one, cannot depend only on the
orders and residue classes modulo 24 of the primes dividing N, for there are
small (n < 2000000) examples of N € 111211 for which ordy pa(n) is any
number between 5 and 18 inclusive. What form a correct necessary and sufficient
condition like those in Theorem 13 might assume is not evident.
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