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EXACT FORMULAS FOR THE GENERALIZED SUM-OF-DIVISORS FUNCTIONS
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ABsTRACT. We prove new exact formulas for the generalized sum-of-divisors functions. The formulas for
0a(z) when a € Cis fixed and = > 1 involves a finite sum over all of the prime factors n < z and terms involv-
ing the r-order harmonic number sequences. The generalized harmonic number sequences correspond to the
partial sums of the Riemann zeta function when r > 1 and are related to the generalized Bernoulli numbers
when r < 0 is integer-valued. A key part of our expansions of the Lambert series generating functions for
the generalized divisor functions is formed by taking logarithmic derivatives of the cyclotomic polynomials,
®,(q), which completely factorize the Lambert series terms (1 — ¢™)~" into irreducible polynomials in g.
We also consider applications of our new results to asymptotic approximations for sums over these divisor
functions and to the forms of perfect numbers defined by the special case of the divisor function, o(n), when
a = 1. We use our new results to prove two new necessary and sufficient conditions on the perfectness of
the positive even integers n := 2P "' R where ged(R, 2) = 1.

1. INTRODUCTION

1.1. Lambert series generating functions. We begin our search for interesting formulas for the gener-
alized sum-of-divisors functions, o, (n) = > din d® for a € C, by expanding the partial sums of the Lambert

series generating these functions defined by [4, §17.10] [8, §27.7]

Fal)) =3 220 3 o, (m)g™, Jal < 1. &

n>1 (1—q") m>1

In this article, we arrive at new expansions of the partial sums of Lambert series generating functions in
(1) which generate our special arithmetic sequences as

n
7a@) =101 | Y7 | a2
n=1
In the references [10] we used analogous, and not unrelated, expansions of the terms in the Lambert series
(1) and their corresponding higher-order derivatives to obtain new identities and formulas relating the
generalized sum-of-divisors functions, o4(n), to divisor functions, og(n), for differing orders 5 and a class
of bounded-divisor divisor functions defined naturally from the derivatives of the series we considered.

1.2. Factoring partial sums into irreducibles. The main difference in our technique in this article is
that instead of differentiating these series to find new identities, we expand by repeated and heavy use of
the properties of the cyclotomic polynomials, ®,(q), defined by [3, §3| [6, §13.2]

o(g) = ] (q—em%)- (2)

1<k<n
ged(k,n)=1
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In particular, we see that for each integer n > 1 we have the factorizations

¢" —1=]] ®al0),

din

(3)

where if n = p"r with p prime and ged(p,r) = 1, we have an identity that ®,(q) = <I>m(qph171). We will
require the next definitions to expand our Lambert series generating functions further by factoring its terms
by the cyclotomic polynomials.

Definition 1.1 (Notation and Logatithmic Derivatives). For n > 1 and any fixed indeterminate ¢, we
define the following rational functions related to the logarithmic derivatives of the cyclotomic polynomials:

n=1-7)¢d1-q (-1 +ng—q"

n—2
M,(q) == 2 =D
Bua) = logaw)]

(1-9q)

Q=

(4)

For any natural number n > 2 and prime p, we use £,(n) to denote the largest power of p dividing n. That

is, if p fn, then e,(n) = 0 and if n = p{'p,

V1,72

--p* is the prime factorization of n then ¢,,(n) = +; where

the function is bounded by &,(n) < log(n)/log(p). In the notation that follows, we consider sums indexed
by p to be summed over only the primes p by convention unless specified otherwise.

Reduced-Index

. . n Formula
n || Lambert Series Expansions (-2L. +n — L ) Formula
1—q 1—q Expansions
2 | 1 B2 (q) B2 (q)
T+q 2(q 2(q
2+ = ~
3| Tere 3(q) 3(q)
1 2 ~ ~ ~ ~
4 i P2 (q)+Pa(q) Do(q)+2P2(q?)
443q+2¢%+¢3 = ~
5 1+qfq2fq3fq4 5(q) 5(q)
1 2— 24 - - . . . .
6 | g T Tt + Trgir 2(q)+®3(q)+%s (q) 2(q)+®3(q)+Ps (q)
6+5q9+4q%43¢°+2q" +¢° 3 3
7 T+ PP+ 540 7(q) ©7(q)
1 2 4 = ~ ~ ~ ~ ~
8 | g T g T o ©2(q)+®a(q)+Ps(a) D2(q)+2P2(¢?) +492(q*)
3
94q 3(2+4%) . - . .
I | TorZ T Topree ®3(q)+Po(q) ®3(q)+3®3(q?)
1 4-3g+2¢%—¢ 4+3g+2¢%+¢° ~ ~ ~ ~ ~ ~
10| 55 + T i T TrarZ i i 2(g)+P5(0)+P10(q) 2(q)+®5(9)+®10(q)
11 || 104+9¢+8¢°+7¢° +6q* +5¢°+49°+3¢"+2¢°+¢° 3 3
1+q+q2+q3+q4+q5+q6+q7+q8+q9+q10 <I>11(q) <I>11(q)
1 2 2 2+ 2 —2+q2 ~ ~ ~ ~ ~ -
12 T+q + 442 + l—q-:-qu + 1+q—gq2 - 1(—q2+q4) P2 (q)+P3(q)+P4(q) P3(q)+2P2(q?)+P3(q)
+®6(q)+P12(q) +®6(g)+2%6(q)
13 || 12411g410¢%+9¢°+8¢* +7¢7+64%+57 +4¢° +3¢°+2¢'0+¢'! | @ B15()
1+q+q2+q3+q4+q5+q6+q7+q8+q9+q10+q11+q12 13 13
1 6—5¢+4¢°>—3¢3+2¢*—¢° | 6+5q+4¢>+3¢3+2¢*+¢° | = ~ ~ ~ ~ ~
14 e T ot -0 |~ THer @11+ | L2(@+27(0)+P1a(g) P2(q)+P7(q)+P14(q)
24+ 443¢+2¢%+4° 8—T7q+5¢° —4¢*+3¢° —q7 ~ ~ ~ ~ ~ ~
B\ izt rerriois T T ddis —orres ®3(0)+®5(q)+15(q) 3(q)+®5()+P15(q)
1 2 4 8 = ~ ~ ~ ~ ~ ~ ~
16 Tiq + 442 + 147 + T+¢° Do(q)+P4a(q)+Ps(q)+P16(q) | P2(q)+2P2 (q2)+4<132(q4)+8<1>2(q8)

TABLE 1.1. Expansions of Lambert Series Terms by Cyclotomic Polynomial Primitives
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1.3. Factored Lambert series expansions. To provide some intuition to the factorizations of the terms
in our Lambert series generating functions defined above, the listings in Table 1.1 provide the first several
expansions of the right-hand-sides of the next equations which form the key component terms of our new
exact formula expansions. In particular, we see that we may write the expansions of the individual Lambert
series terms as!

1—q" 1—q
d>1

nq" 1 ~
+n———— = D4(g),
din

where we can reduce the index orders of the cyclotomic polynomials, ®,(q), and their logarithmic deriva-
tives, ®4(q), in lower-indexed cyclotomic polynomials with ¢ transformed into powers of g to powers of
primes according to the following rules [3, cf. §3] [6, ¢f. §13.2]:

p—2 N
~ 1= Ddi (1 —
D,(q) = Z P 1 j)qp( q), p prime (Cyclotomic Polynomial Reduction Formulas)
; )
7=0
D9p(q) = 2p(q), p an odd prime
D,k (q) = @, <qpk71> , p prime, k > 1
Dk, (q) = Py (qpkﬂ) ’ p prime, k > 1,p fr
Por(q) = ¢*  +1, k> 1.

The third and fourth columns of Table 1.1 suggests the exact forms of the (logarithmic derivative) poly-
nomial expansions we are looking for to expand our Lambert series terms. By appealing to logarithmic
derivatives of a product of differentiable rational functions and the definition given in (4) of the last defi-
nition, we readily prove that for each natural number n > 1 we have that?
q" 1 =
= 14— W) 5
-ty + dz|: a(a) (5)

(1-1q)
d>1

1 _
= -1+ ni—g " > (@) + D T om(@)+ Y T (g) x [n even]s.
din pln pl[n/2]

d>1
d#p* 2pF =511 (q) =55.(q)
—_———

=S0,n(q)
Thus to formulate our new exact formulas for the sums-of-divisors functions, we must evaluate the series
coefficients of the following component sums for any integers = > 1:

oalz) = H™ + [¢7] (Z Son(@)n® 4+ S1 . (q)n® + Sa.n(q)n® x [n even]é) .
n=1
1.3.1. Statements of the new results.

Definition 1.2 (Sums Over Non-Prime-Power Divisors). Let the set S, ; be defined for each integer i > 1
to be the integers s in the range n € [12, n| satisfying the following conditions:

L Since " —1=1]] din D,(q), we also have the identities resulting from an appeal to logarithmic derivatives given by

n )

SR CT T PR LS S IS | Gk A U VR SHE L RS
ol -1 q-—1 e e R

d>1

which is also expressed in terms of the function IT,,(1/¢) from Definition 1.1.

2 Special Notation: Iverson’s convention compactly specifies boolean-valued conditions and is equivalent to the Kronecker
delta function, d; ;, as [n = k|5 = 0p k. Similarly, [cond = True|; = dcona,rree € {0, 1}, which is 1 if and only if cond is true, in
the remainder of the article.
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(1) The set index i divides s: i|s;

(2) Either e2(s) > 2 or there are at least two odd primes dividing s;

(8) The quotient s/i is squarefree: p(s/i) # 0; and

(4) If i = 2% is a power of two, then s/i > 2.
For any fixed o € C and integers x,7 > 1, let the following function be defined implicitly by the semi-
squarefree sets specified above? (c¢f. Table 2.1 on page 8 and Table 2.2 on page 9):

7@ () = Z p(s/i)-i- st
SESmyi

Proposition 1.3 (Series Coefficients of the Component Sums). For any fived o € C and integers x > 1, we
have the following components of the partial sums of the Lambert series generating functions in (1) where

Hy(f) =Y pn_1 k77 denotes the sequence of r-order harmonic numbers for natural numbers n > 0:

1Y Son(a)n® =Y 71 (d) (i)
n=1

din
r ep(z)+1 T T 1
01 Sinlgn® =" prtg <p {—kJ —p {—k - —J - 1> (i)
n=1 p<zx k=1 L’kJ p p p
Ep(:c
ak—lH(lx—a)
p<z k=1 p_kJ
alep(@)+1)—1 r(1—a) x _ L _1 _
+>_ H (p {pep(me b L,ep(xm p)] 1
p<zx Ep(1)+1
x _ €P(x)+1 pak—l 1 LLJ T x€X 1
T Sanna: H(—a) —1)LpF—1 pl—=|—-p|—=—~- -1 111
n=1 3<p<z k=1 {%WJ p p b
ep(x) N
Z Z ak—lH(l—a)(_l)L,k—flJ
3<p<z k=1 {%_kJ
a(ep(2)+1)—1 7(1—a) _ {—sﬁr)J z N R S
+ Z p g H J( ]‘) P p pap(x)+1 p pEp(x)-i-l P L.
3<p<z Ep(z)+1

In the previous equations we have that x/p* € 7 and that p Lx/ka —p Lx/pk — 1/pJ —1=p— 1 whenever
k€ [0,ep(x)]. Asymptotic estimates for each of these sums are obtained by approximating the prime counting
function, w(z), by x/(Hy — 2) [ > 3]; + [& = 2]5 + 2 [z = 3]; and noticing that e,(x) = O (log,(x)).

We shall prove this proposition and the next main theorem stating the results of our new exact formulas
for the sums-of-divisors functions in the next section. Table 2.1 and Table 2.2 provide exact expansions of
(@)

the first divisor sum in (i) of the previous proposition which shows that neither the function 7 ’(d) nor
the divisor sums in the proposition are multiplicative.

Theorem 1.4 (An Exact Formula for the Generalized sum-of-divisors Function). For fized o € C and any
integers x > 1, we have the next exact formula generating the generalized sum-of-divisors function.

Ua—i-l( + Z (a—i—l (6)

3 We note the similarity in form of the following sums to the well-known M&ebius inversion formula for the Euler totient
function, ¢(n), given by [8, §27.5]
=> " d-p(n/d).
dln
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Ez(x)-i—l

N B _a T T 1
w5y e (ol 23] )
ep(z)+1
n Z Z (a+1)k (H(—za)_|_2a(_1)b>kz1JH(_:) -z even]5> X
Z 2 B B
T T 1
SUFIRIFEHED
) = 3l

52( ) 1 (042)
+ Z WH{ : |

1 (a+2) T T 1
+ 2(a+l)(82(9§)+1)+1H #J <2 baz(z)—HJ —2 {Qaz(x)—irl N §J - 1>

{252(1)+1

ep(x) )
* Z Z platDk+1 ( (C:Jz) +2%(— 1){7”61JH[%2J) Sz even]6>

3<p<z k=1 p

* Z plaD (gp JESIES] <H[§J2) + 20(—1)L”c—1JHﬁ%j N even]é) X

3<p<x
p por @)+ p @+ p

1.4. Remarks. Before we continue on to the proofs of our new results, we first have a few remarks about
symmetry in the identity from the theorem in the context of negative-order divisor functions and a brief
overview of the applications we feature in Section 3. In Section 3 we consider the applications of the
theorem to a few notable famous problems. Namely, we consider asymptotics of sums over the sum-of-
divisors functions and we consider the implications of our new exact formula in the special case where
a :=1 to determining conditions for an integer to be a perfect number [9, §2].

1.4.1. Symmetric forms of the exact formulas. For integers o € N, we can express the “negative-order”
harmonic numbers, HT(L_Q), in terms of the generalized Bernoulli numbers as

n
> m=
m=1

Then since a convolution formula proves that o_g(n) = og(n)/n” whenever 8 > 0, we may expand the
right-hand-side of the theorem as

1
1 (Bat1(n+1) = Bag1) -

oalw) = o | HETD 4+ Y ) (d +Z J (S1a(a) + Sa.n(a) o evenl; ) n= | (™)

d|z

when « > 0 is strictly real-valued. We notice that this symmetry identity provides a curious, and necessarily
deep, relation between the Bernoulli numbers and the partial sums of the Riemann zeta function involving
nested sums over the primes.

2. PROOFS OF OUR NEW RESULTS
2.1. Proofs of key propositions.

Proof of (i) and (iii) in Proposition 1.3. Since ®9,(q) = ®,(—¢q) for any prime p, we are essentially in the
same case with these two component sums. We outline the proof of our expansion for the first sum, S ,,(¢),
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and note the small changes necessary along the way to adapt the proof to the second sum case. By the
properties of the cyclotomic polynomials noted in the introduction, we may factor the denominators of
Hpsp(n) (g) into smaller irreducible factors of the same polynomial, ®,(g), with inputs varying as special
prime-power powers of q. More precisely, we may expand

ap(n 1 ) k=1,
k—1
Sl =3 5 B LI D s
p<n k=1 2—0 q
=Q,(@)

In performing the sum »_ . Q;?,g(q)pk_lna_l, these terms of the ng,z (q) occur again, or have a repeat

coefficient, every p* terms, so we form the coefficient sums for these terms as

.
Z (Zpk) ! L = pha-1, H(fz—]x)_

i=i pk

We can also compute the inner sums in the previous equations exactly for any fixed ¢ as

p—2
i =1 +pt—t

where the corresponding paired denominator sums in these terms are given by 1 +¢ + ¢ 4 ... + P71 =
(1 —1¢P)/(1 —t). We now assemble the full sum over n < x we are after in this proof as follows:

5, () a1 (1= op—1) - pqpkflJrq”k.
Z 1, (Q) Z Lp J (1 _qpkfl)(l _qpk)

n<x p<z k=1

The corresponding result for the second sums is obtained similarly with the exception of sign changes on
the coefficients of the powers of ¢ in the last expansion.

We compute the series coefficients of one of the three cases in the previous equation to show our method
of obtaining the full formula. In particular, the right-most term in these expansions leads to the double
sum

k
qp
C = [q” ,
3,x,p [q ] (1 T qpkfl)(l ¥ qpk)
= [¢"] Z (il)n+jqpk*1(n+p+jp)‘
n,j=0

Thus we must have that pk_lla: in order to have a non-zero coefficient and for n := z/ p*~1 — jp — p with
0<j<uz/ p¥ — 1 we can compute these coefficients explicitly as

lz/p*~1]
Cyup = (£1) /P71 5 1= (£1)l=/r"] {_ - 1J 1= (1)l {EJ
With minimal simplifications we have arrived at our claimed result in the proposition. ]

Example 2.1. Before giving the proof of the first result in the proposition, we revisit an example of the
rational functions defined by the logarithmic derivatives in Definition 1.1. We make use of the next variant
of the identity in (3) in the proof below which is obtained by Méebius inversion.

®,(q) = [[(a* = 1)/ (8)

din
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In the case of our modified rational cyclotomic polynomial functions, &Jn(q), when n := 15, we use this
product to expand the definition of the function as

% 1 d 1-¢)(1—¢)
P15(q :—-—[log<
=% [ laga e
3 5 1 15
+ — —
1—-¢3 1—-¢° 1—q 1—¢%
8 —Tq+5¢° —4¢* +3¢° — ¢*
l—q+@—q"+¢—q"+¢*
The procedure for transforming the difficult-looking terms involving the cyclotomic polynomials when the

Lambert series terms, ¢" /(1 — ¢"), are expanded in partial fractions as in Table 1.1 is essentially the same
as this example for the cases we will encounter here. In general, we have the next simple lemma.

q—1/q

Lemma 2.2. For integers n > 1 and any indeterminate q, we have the following expansion of the functions
in (4):

B (q) = 3 LD,

o (L—a?)

Proof. The proof is essentially the same as the example given above. Since we have seen this illustrative
example, we only need to sketch the details to the remainder of the proof. In particular, we notice that

1 d +1 d d
v [log <1 - qd> ] . M T4

which applied inductively leads us to our result. O

It remains to prove the result stated for the first (zeroth) component sum, go,n(q), in the proposition.
Table 2.1 and Table 2.2 provide listings relevant to the evaluation of these sums.

Proof of (i) in Proposition 1.3. The crux of this proof is in defining the correct sets of coefficients, S ;,
from Definition 1.2. Once we have done this the proof proceeds easily by a Lambert-series-like argument
for the divisor sums over the functions, nga) (7), which we have also defined in the introduction above. To
give an impression of the sets defined in Definition 1.2, we notice that S, ; C S,41,; for all n > 1 and

generate the list of possible allowed divisors in the next sum one equation below:
o
U Soc,i — {12,15, 20,21, 24,28,30,33,35,...,}.
i=1

We can next combine Lemma 2.2 with the definition of the sum at hand in (5), to obtain that

gO,n(Q) = Z M

_ qd
o (a9
d#p* ,2p*

We must find the coefficients, s, so that when we perform the sums, ngx go,s(q)so‘_l, the only nonzero

coefficients s of the terms 1/(1 — ¢*) correspond to s a non-trivial factor in the previous equation for some
n = s. This is precisely, the definition we have given for the sets, S, ;, and the full coefficient functions,
(cx)

Tz (i), in Definition 1.2. Thus for any fixed x > 1, when we perform the outer nested sum over n < x, we
obtain an expansion of the form

_ x T:Ea) i
(15 Sonla) n* = 7] Y 5= = Sl @),

n<x =1
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o o (6%
B2 ERD [72) [73) [
12 || o 22atlga 0
15 152 92a+1ga _gatlgo
20 152 22(x+1(3a+5a) _3a+15a
21 3a(5a+7a) 22a+1(3a+5a) _3a+1(5a+7a)
24 304(5@4_7@) 22(x+1(3a+5a) _3a+1(5a+7a)
28 || 3%(5%+7%) 220+l (3o 57 —3otl (5o 7))
30 || 3¢ (5% 47—10%) 201 (64 10% +14% 415%) gatl(—520 70 410%)
33 3a(5a+7a_10a+11a) 2(x+1(6a+10a+14a+15a) 3a+1(_5a_7a+10a_11a)
35 || 15%421% —30%+33% 4352 201 (64 10% +14% 415%) gatl(—50 704100 —11%)
39 || 15%421%—30%4-33% 435> +39 201 (64 10% +14% 415%) 3ot (52 704109 —11%—13%)
40 || 1594212 —30% 433435439~ 201 (624 10% +14% 415%) Zatl(—52 704109 —11%—13%)

42 || 1594219 —30%4+33%435% 439> —42% | 201 (6O 410% 414 +15%4-21%) 3ot (5 794 10%— 119 —13%+14%)
44 || 1594219 —30%4+33%435% 439> —42% | 201 (64 10Y 414 41524217 422%) | 301 (5 7% 410%—11%—13%4+14)
7w EXG ES0 H

12 _3a4a+1 0 _22a+13a+1
15 _3a4a+1 _3a5a+1 _22a+13a+1
20 _4a+1(3a+5a) _3a5a+1 _22a+13a+1
21 _4a+1(3a+5a) _3a5a+1 _22a+13a+1
24 22a+2(_3a_5a+6a) _3a5a+1 _22a+13a+1
28 22a+2( 30 _5a G 7a) _3a5a+1 _22a+13a+1
30 || 22042 (=3%—524+6~—T7%) 35t (—1429) —6°T1 (2% +5%)
33 || 22042 (=32 —5°46~—T7) 35t (—1429) —6°T1 (2% +5%)
35 || 220+2(=3%—52 46~ —T7) 5ot (=346~ —7%) —6°T1 (2% +5%)
39 || 22042 (=3%—5°4+6~—7) 5ot (=346~ —T7%) 6o+ (—20—5%+6%)
40 || 2202 (=325 46> —7°+10%) 5ot (=346~ —T7%) 6o+ (—20—5%+6%)
42 || 2202 (325946 —T+10%) 5o (=346~ —7%) 6T (—2%—5%46%—7)
44 || 220H2(—30 50 46> —7*410%—11%) | 51 (32462 —7%) 6t (=20 =5 46> —T7%)
(0% (0% (0%
[= 57 ESO [#79) H
12 {] o 0 0
1540 0 0
20 || o 0 0
21 || —garatt 0 0
24 || —3o7atl —3agatl 0
28 || —garott —3ogatl 0
30 || —serett —3agatl 0
33 || —serett —3ogatl 0
35 || —7t1(3245%) —3agatl 0
39 || —7ot1(3245%) —3agatl 0
40 || =71 (3245%) —8atl (3o 59) 0
42 || 7ot (=32 —5246%) —got1(3ay5a) 0
44 || 7ot (=32 —5246%) —got1(3ay5a) 0
(o+1)

Since these expansions are key to interpreting the new forms of the exact formulas for the sum-of-divisors

TABLE 2.1. The Divisor Sum Component Function, 7,

(d), for 1 <d <6

functions stated in Theorem 1.4, a table of the first several nonzero values of the divisor sums, » dlz T (a) (d),

is computed in the listing of Table 2.2.

2.2. Completing the proof of the main theorem.
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z || Divisor Sum Terms (dec Ta(ca—i_l)(d)) . ! 0 1 2 3

12 || 7 12 12 ;4 48 576 6912
130 300 0 0 0 0

14 || 312 14 é 2 24 288 3456
15 || 8 152 15 | & 8 120 1800 27000
16 || —% 12% + 152 16 | —55 -1 -9 —-63 81
17 || 15% 17 1—157 1 15 225 3375
18 || —3% (4™ 42 5%) 18 | —& -6 —78 —1026 —13662
19 || 15“ 19 | £ 1 15 225 3375
20 || 1 (7 4°T15% — 7 12% — 8 15%) 20 —g% 2 76 2012 47044
21 || —23% (5% — 6 7%) 21 14@5 10 222 4842 104382
22 || §(12% +2 15% 4 20%) + 21° 22 | 5y 6 100 1754 32092
23 || 15% + 21 23 | 3 2 36 666 12636
24 || —7 2215 4 3080t 47 12% — 2 15% — 2 21 24 % 6 128 3052 76232
25 || —4 15% + 21 25 —% -3 —39 —459 —4239
26 || 5 (12% +2 15% 4 20%) + 21® 26 | gy 6 100 1754 32092
27 || —2 3% (5% + 7%) 27 | 5 4 —T2 —1332 25072
28 || 1 (6 7% (=2 3% +74%) — 712 +2 15% — 7 20* + 3°8>+1) || 28 %10 7 257 8203 247073
29 || 15% 4 21¢ 29 | 2= 2 36 666 12636
30 || —220Fl5e 4 22a-lya 190 4 8 15% 4 20315 — 2 21 30 | = 4 166 5910 197470
31 || 15% 421~ — 30* 31 5—190 1 6 —234 —14364

TABLE 2.2. The Divisor Sum Component Terms in Theorem 1.4

Proof of Theorem 1.4. The only remaining terms left in (5) to consider are 1) the constant term —1, which
leads to a zero-valued series coefficient of ¢* when = > 1, and 2) the terms ﬁ. When we compute the
outer sum coefficients of N

HE =0 o

n<x

)

we obtain the (1 — «)-order harmonic number, Hg(ﬁl_a . This is the last component needed to prove the
theorem from Proposition 1.3. The second identity in the theorem statement is a corollary of the first
exact formula by setting o > —a where 01_o(7) = 04_1(z)/2*!, and then substituting o + a + 2 in the
resulting exact formula. O

3. APPLICATIONS

3.1. Asymptotics of sums of the divisor functions. We can use the new exact formula proved by the
theorem to asymptotically estimate partial sums, or average orders of the respective arithmetic functions,
of the following form for integers x > 1:
(a) . ™ aln)
sl =3 v

n<x

In the special cases where a := 0,1, we restate a few more famous formulas providing the best known
optimal asymptotic bounds for sums of this form as follows where v ~ 0.577216 is Euler’s gamma constant,

d(n) = op(n), and o(n) = o1(n) 8, §27.11]:

> d(n) = zlogx + (2 — 1)z + O(V7) (9)
Z @ = %(logac)2 +2vlogz + O(1)

n<x
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2

Z o(n) = %x2 + O(zlog ).

n<z
For the most part, we suggest tackling potential improvements to these asymptotic formulas through our
new results given in the theorem and in the symmetric identity (7) as a highly suggested topic for future
research, especially since we cannot give the topic a fair and detailed treatment within the context of this
article. Moreover, we surmise that more sophisticated estimates of these sums are possible than those given
as examples in this section below by combining these results with other asymptotic formulas related to
sums over primes.

Example 3.1 (Average Order of the Divisor Function). For comparison with the leading terms in the first
of the previous expansions, we can prove the next formula using summation by parts for integers r > 1.

ST H = (n+ )HD — HIY
j=1

Then using inexact approximations for the summation terms in the theorem, we are able to evaluate the
leading non-error term in the following sum for large integers t > 2 since H,(Ll) ~logn+7v:
00 = 4 (t+ DVHD + Ot - logd(t))

~ (t+1)logt+ (v — 1)t +++ O(t - log3(t)).

)

It is similarly not difficult to obtain a related estimate for the second famous divisor sum, Ego’l
symmetric identity in (7) of the introduction.

, using the

D TQ(izl(prl)(d) p prime 27 — 1 prime
d|2r—1(2r—1)
1 0 False False
2 0 True True
3 7 True True
4 —88 False False
5 215 True True
6 —2916 False False
7 3520 True True
8 —55148 False False
9 —26022 False False
10 —586575 False False

TABLE 3.1. The Divisor Sums, >, ngl)(d), for x ;= 2P~1(2P — 1)

3.2. Perfect numbers. We finally turn our attention to an immediate application of our new results which
is perhaps one of the most famous unresolved problems in mathematics: that of determining the form and
infinitude of the perfect numbers. A perfect number p is a positive integer such that o(p) = 2p. The first
few perfect numbers are given by {6, 28,496, 8128, 33550336, . ..}. It currently is not known whether there
are infinitely-many perfect numbers, or whether there exist odd perfect numbers. References to work on
the distribution of the perfect number counting function, V(z) := #{n perfect : n < x} are found in |9,
§2.7|. Since we now have a fairly simple exact formula for the sum-of-divisors function, o(n), we briefly
attempt to formulate conditions for an integer to be perfect within the scope of this article.

It is well known that given a Mersenne prime of the form ¢ = 2P — 1 for prime p, then we have an even
perfect number P of the corresponding form P = 2P~1(2P — 1) [9, §2.7] [7]. We suppose that the positive
integer P has the form P = 2P~1(2P — 1) for some (prime) integer p > 2, and consider the expansion of the

sum-of-divisors function on this input to our new exact formulas. Suppose that R := 2P —1 =r]'r)* - .- rgk is
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the prime factorization of this factor R of P where ged(2,7;) = 1 for all 1 <i < k and that R, := R/p7).
Then by the formula in (6) we have that

o(P) = %LUP +g gJ (2 SJ —2 {%J - 1> +> ()

d|P
[P evenl;\ (s —1)
+ > <1+ 5 —Pei(R)
3<s<P
s prime

p—1 p—2
+ Z ss(B) <r sRSJ + {2 SRSJ [P even]5> X

3<s<P
x| s —s|———— | —-1].
s s

s prime
If we set o(P) = 2P, and then finally solve for the linear equation in P from the last equation, we obtain
that P is perfect if and only if either of the following conditions hold where {x} = z — |z| denotes the
fractional part of x for x € R:

o 2 e (0] [ [ |20 )

dP 3<s<P
_ S prime
o T G 25 -0+ x50
3<s<P
S prime
%;)Tlg)(d) + 3§£P SES(R) ({Sss(i%kl_} + {235553)‘%1 }) <{sss(§)+1} - {Sss(i%kl - %})
_ s pri?ne
2= 2 i({whm) - {eom 1 - ) 1 5 218 - B)
sBrﬁne

Miraculously, this formula does produce not only integers, but the perfect even integers of our prescribed
form, which is easy to verify computationally for the first several known perfect numbers. A table of
the divisor sums implicit to the numerator terms in the previous equations for the not necessarily perfect
numbers, P, := 2P=1(2P — 1), for the first several values of p > 1 is given in Table 3.1 on page 10.

Variants. There are endless other variants of the perfect number criteria for the integers that we may only
touch on within this article. For example, another related problem is that given an integer k > 3, determine
the forms of all multiperfect numbers defined such that o(n) = kn. The sequence of elements corresponding
to these positive integers such that n|o(n) are sometimes also called multiply-perfect numbers, i.e., the
positive integers whose abundancy, o(n)/n, is integer-valued and whose first few ordered entries are given
by {1, 6, 28,120,496, 672, 8128, 30240, 32760, ... }.

4. COMPARISONS TO OTHER EXACT FORMULAS FOR PARTITION AND DIVISOR FUNCTIONS
4.1. Exact formulas for the divisor and sums-of-divisor functions.

4.1.1. Finite sums and trigonometric series identities. We first remark that there is an obvious finite sum
identity which generates partial sums of the generalized sum-of-divisors functions in the following forms [1,

of §7] [2]:
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€T

[257] [ )= k
B e ([ e

m=0 d=1

Since the sums » 1" (d +a)* are readily expanded by the Bernoulli polynomials, we may approach summing
the last finite sum identity by parts [8, §24.4(iii)|. The relation of sums of this type corresponding to the
divisor function case where a := 0 are considered in the context of the Dirichlet divisor problem in [2] as are
the evaluations of several sums involving the floor function such as we have in the statement of Theorem
1.4.

There is another infinite series for the ordinary sums-of-divisors function, o(n), due to Ramanujan in the
form of [5, §9, p. 141]

_ n2 (—1)" N 2 cos (%mr) N ZCOS( ™) + 2 cos (5 )

. 1
6 22 32 52 * (10)

In similar form, we have a corresponding infinite sum providing an exact formula for the divisor function
expanded in terms of the functions ¢,(n) defined in [5, §9] of the form

d(n):—Z#bg(l@):—@log2—i3n)log3—#log4—---. (11)

k>1

Recurrence relations between the generalized sum-of-divisors functions are proved in the references [10, 11].
There are also a number of known convolution sum identities involving the sum-of-divisors functions which
are derived from their relations to Lambert series and Eisenstein series.

4.1.2. Exact formulas for sums of the divisor function. Exact formulas for the divisor function, d(n), of a
much different characteristic nature are expanded in the results of [1]. First, we compare our finite sum
results with the infinite sums in the (weighted) Voronoi formulas for the partial sums over the divisor
function expanded as

" N a1 a’ (logz +vy — (1 +v) V
1—— = o (4
T (v) ,;x( x) d(m) 4r<v> i P +1) nz;ld )
Z d(n + (logz +2y—1)x
n<x

2\/_ Z ( 47T\/ﬁ) + Y1 (4%M)>

n>1

where F,,(z) is some linear combination of the Bessel functions, K, (z) and Y, (z), and () is the digamma
function. A third identity for the partial sums, or average order, of the divisor function is expanded directly
in terms of the Riemann zeta function, ((s), and its non-trivial zeros p in the next equation.

2 2 2
> dn =——+(10ga:+27—1)3:+? > Lg,/()) P/
n<e pp=0 PN
p¢_27_47_67"'

2Tl—|—1) —(2n+1)
__Z (2n + 1)¢'(—(2n + 1))

While our new exact sum formulas in Theorem 1.4 are deeply tied to the prime numbers 2 < p < z for any
x, we once again observe that the last three infinite sum expansions of the partial sums over the divisor
function are distinctly much different in character than our new exact finite sum formulas proved by the
theorem.

4.2. Comparisons with other exact formulas for special functions.
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4.2.1. Rademacher’s formula for the partition function p(n). Rademacher’s famous exact formula for the
partition function p(n) when n > 1 is stated as [12]

sinh (T1/2 (n — &
ZAk(n)\/%% (k 3( 24)) 7

k>1 n—3sz

1
p(n) = w—\@

where

Ak(n) = Z ems(h7k)—27rmh/k7
0<h<k
ged(h,k)=1

is a Kloosterman-like sum and s(h, k) and w(h, k) are the (exponential) Dedekind sums defined by

s(h, k) = kz_lg (% - {%J - %) (12)

r=1

w(h,k) :==exp (m-s(h,k)).

In comparison to other not entirely unrelated formulas for special functions, we note that unlike Rademacher’s
series for the partition function, p(n), expressed in terms of finite Kloosterman-like sums, our expansions
require only a sum over finitely-many primes p < x to evaluate the special function o, (z) at . For compar-
ison with the previous section, we also note that the partition function p(n) is related to the sums-of-divisor
function o(n) through the convolution identity
n
np(n) = > ln — K)p(k).
k=1
There are multiple recurrence relations that can be given for p(n) including the following expansions:

p(n) =p(n —1) +p(n—2) —p(n —5) —p(n —7) + p(n — 12) + p(n — 15) — p(n — 22) — - -~
| (V2in+1-1)/6

_ Z (—1)F+1p <n B k:(3l<:2+ 1)) '

k=|—(v24n+1+1)/6 |
k0

4.2.2. Rademacher-type infinite sums for other partition functions.
Example 4.1 (Overpartitions). An overpartition of an integer n is defined to be a representation of n as a
sum of positive integers with non-increasing summands such that the last instance of a given summand in

the overpartition may or may not have an overline bar associated with it. The total number of overpartitions
of n, p(n), is generated by

14 q™
Y pma" =] T _ 1 4 oq+4q® + 8¢° + 14g* + 24¢° + 40¢° + - - - .
1—qgm
n>0 m>1
A convergent Rademacher-type infinite series providing an exact formula for the partition function p(n) is
given by

. ﬂ'\/ﬁ
p(n) = Z Z \/__w(h7 k)z e—27rmh/ki sinh (T)
21 w(2h, k) dn Vn

k>1 0<h<k

2|k ged(h,k)=1
Example 4.2 (Partitions Where No Odd Part is Repeated). Let the function p,q(n) denote the number
of partitions of a non-negative integer n where no odd component appears more than once. This partition
function variant is generated by the infinite product

1 2m—1

Zpod(n)q": H 2?4228 432t A 52 4 T £ 1025 4
1 _q2m

n>0 m>1
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We have a known Rademacher-type sum exactly generating poq(n) for each n > 0 expanded in the form of

poa) = 237 i (1 (e 4 [ 2R )

k>1

. m+/ged(k,4)(8n—1)

h k ver A\ AT )
W(ha k)w (gcd4(k,4)’ gcd(k,4)> —ommh/k d sinh < 4k
e _

<
2h k d =
sed (=1 w<gcd(kv2>’m) n V8n —1

Each of these three partition function variants are special cases of the partition function p,(n) which is
generated by the infinite product [, <, (14 2™)/(1 — 2% ™). Another more general, and more complicated
Rademacher-like sum for this 7 partition function is given in [12, §2], though we do not restate this result
in this section. As we remarked in the previous section, these infinite expansions are still unlike the prime-
related exact finite sum formulas we have proved as new results in the article.

4.2.3. Sierpinski’s Voronoi-type formula for the sum-of-squares function. The Gauss circle problem asks
for the count of the number of lattice points, denoted N(R), inside a circle of radius R centered at the
origin. It turns out that we have exact formulas for N(R) expanded as both a sum over the sum-of-squares
function and in the form of

L)
N(R)=1+4[R| +4 b/m - i2J .
i=1

The Gauss circle problem is closely-related to the Dirichlet divisor problem concerning sums over the divisor
function, d(n) |1, §1.4] [2]. It so happens that the sum-of-squares function, r3(n), satisfies the next Sierpinski
formula which is similar and of Voronoi type to the first two identities for the divisor function given in the
previous subsection. However, we note that the Voronoi-type formulas in the previous section are expanded
in terms of certain Bessel functions, where our identity here requires the alternate special function

B (_1)" 2\ v+2n
Jy(z)_;;on!-F(l/—l—n—l—l) (5) ’

which is an unconditionally convergent series for all 0 < |z] < 0o and any selection of the parameter v € C.

D ran) =Tzt vy Ti/(g) Ji (2mv/nx)
n>1

As in the cases of the weighted Voronoi formulas involving the divisor function stated in the last section,
we notice that this known exact formula for the special function ro(n) has a much different nature to its
expansion than our new exact finite sum formulas for o,(n). We do, however, have an analog to the infinite
series for the classical divisor functions in (10) and (11) which is expanded in terms of Ramanujan’s sum
functions

n<x

as follows [5, §9:

ro(n) = [cl(n) _a sl ] .

5. CONCLUSIONS

In this article, we again began by considering the building blocks of the Lambert series generating
functions for the sum-of-divisors functions in (1). The new exact formulas for these special arithmetic
functions are obtained in this case by our observation of the expansions of the series terms, ¢" /(1 —¢"), by
cyclotomic polynomials and their logarithmic derivatives. We note that in general it is hard to evaluate the
series coefficients of &)n(q) without forming the divisor sum employed in the proof of part (i) of Proposition
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1.3. We employed the established, or at least easy to derive, key formulas for the logarithmic derivatives
of the cyclotomic polynomials along with known formulas for reducing cyclotomic polynomials of the form
®,rm(g) when p [m to establish the Lambert series term expansions in (5). The expansions of our new
exact formulas for the generalized sum-of-divisors functions are deeply related to the prime numbers and
the distribution of the primes 2 < p < x for any x > 2 through this construction.

One of the other interesting results cited in the introduction provides new relations between the r-order

harmonic numbers, H,(f), when r > 0 and the Bernoulli polynomials when r < 0 in the form of (7). We
applied these new exact functions for o, (n), o(n), and d(n) to formulate asymptotic formulas for the partial
sums of the divisor function, or its average order, which match more famous known asymptotic formulas for
these sums. The primary application of the new exact formulas for o(n) provided us with a new necessary
and sufficient condition characterizing the prefectness of a positive integer n in Section 3.2. Finally, in
Section 4 we compared the new results proved within this article to other known exact formulas for the
sum-of-divisors functions, partition functions, and other special arithmetic sequences.
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