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Abstract

In this note, we consider the number of £’s in all the partitions of n
in order to provide a new proof of a classical identity involving Euler’s
partition function p(n) and the sum of the positive divisors function
o(n). New relations connecting classical functions of multiplicative
number theory with the partition function p(n) from additive number
theory are introduced in this context. The fascinating feature of these
relations is their common nature. A new identity for the number of 1’s
in all the partitions of n is derived in this context.
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1 Introduction

Let A be a given set of positive integers, and let f(n) be a given arithmetical
function. By Apostol [3, Theorem 14.8], we know that the numbers p4 ¢(n)

*Accepted for publication on March 17-th, 2023

"mircea.merca@upb.ro Department of Mathematical Methods and Models, Fundamen-
tal Sciences Applied in Engineering Research Center, University Politehnica of Bucharest,
RO-060042 Bucharest, Romania and Academy of Romanian Scientists, 050044, Bucharest,
Romania

163



164 M. Merca

defined by the equation

[e.e]
H (1— qn)—f(n)/'ﬂ =14+ ZPA,f(n) q" (1)
nc€A n=1

satisfy the recurrence relation

n

npas(n) = fak)pasn—k), (2)

k=1

where py ¢(0) =1 and
fam) = 3 ().

din
deA

The formula (2) was derived by logarithmic differentiation of generating
functions

Falg) = [T =g~/

neA

Galg) = S 1

neA

and

If A is the set of all positive integers, then for f(n) = n we have

pa,f(n) =p(n),

the unrestricted partition function, and

fa(n) = a(n),

the sum of the positive divisors of n.

Recall that a partition of a positive integer n is a weakly decreasing
sequence of positive integers whose sum is n [1]. For example, the following
are the partitions of 6:

(6), (5,1), (4,2), (4,1,1), (3,3), (3,2,1), (3,1,1,1),
(27272)7 (2727 1? 1)’ (27]‘717171)7 (17171717171)' (3)

In this context, the equation (2) provides a remarkable relation connect-
ing a function of multiplicative number theory with one of additive number

theory, namely
n

np(n) = o(k)p(n— k). (4)

k=1
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In this paper, we provide a new proof for the relation (4) considering
the number of k’s in all partitions of n. We denoted this number by S, 1.
By (3), we see that SG,l == 19, 56,2 = 8, SG,S == 4, S6,4 == 2, S6,5 =1 and
56,6 = 1.

Theorem 1. Let n be a positive integer. If g(n) = 3_,, f(d), then
S5 Sup = S a(k)p(n — k). 5)
= k=1

k=1

The general nature of the function f(n) allows for applications of Theo-
rem 1 to classical functions from multiplicative number theory: the divisor
function o(n), the Mdbius function p(n), Euler’s totient ¢(n), Jordan’s
totient Jx(n), Liouville’s function A(n), and others. The fascinating feature
of these identities is their common nature.

2 Proof of Theorem 1

We first sketch the proof of the generating function for S, ;. Note that the
generating function for partitions where z keeps track of parts equal to k is
given by

o0

(1+zqk+z2qk+k+23qk+k+k+'--)H(1+q"+q”+"+qn+n+"+--~)

n=1
n#k

71—(]’“10—0[ I 1— ¢k
L—zgh 22 1-¢"  (1-2¢")(g0)s’

where
o

(@; @)oo = [ ] (1 — ag).

k=0

Because the infinite product (a;q)s diverges when a # 0 and |¢| > 1,
whenever (a;q)~ appears in a formula, we shall assume that |¢| < 1. In
this note, all identities involving infinite products of the form (a;q)s may
be understood in the sense of formal power series in gq.

Taking the derivative with respect to z, and setting z equal to 1, we
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obtain the expression of the generating function for Sy ,:

ankq 1_q

1_ZQ)(Q;Q)OO »
_ qk 1
C1-¢" (9 (6)

Multiplying both sides of (6) by f(k), we derive the relation

. (Z Sk q”) ) = —— S )
k=1 \n=1

that can be rewritten as

> <Z f(k) Sn,k) "= (Zp(n) qn) (Z g(k) qk) (7)
n=1 \k=1 n=0 k=1

where we have invoked the well-known generating function of p(n)

> pn)a” = ; L
n=0

4 q)oo

and the well-known Lambert series

Z

Equating the coefficient of ¢" in (7) concludes the proof.

=> (D k)|

L—¢* k=1 \ dlk

3 Some applications

Theorem 1 can be used to provide new connections between the partitions
and many classical special arithmetic functions often studied in multiplica-
tive number theory: the divisor function o, (n), the Mobius function pu(n),
Euler’s totient ¢(n), Jordan’s totient Ji(n), and Liouville’s function A(n).

3.1 Divisor functions

Firstly, we remark that

Z k Sn,k = np(n)
k=1
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So it is clear that the relation (4) is the case f(n) = n of our theorem.

By transposing the Ferrers graph of each partition of n it follows that
the total number of parts in all the partitions of n equals the sum of largest
parts of all the partitions of n. Considering f(n) = 1 in Theorem 1, we
derive the following result.

Corollary 1. Forn > 0, the sum of largest parts of all partitions of n can

be expressed as
n

Z T(k) p(” - k)a

k=1

where T(n) counts the positive divisors of n.

Example 1. According to (3) and Corollary 1, the sum of largest parts of
all the partitions of 6 can be expressed as

6+5+4+4+3+3+3+2+2+2+1
=p(5) +2p(4) +2p(3) + 3p(2) +2p(1) +4p(0)
=7+10+6+6+2+4=35.

The cases f(n) = (=1)" and f(n) = (—=1)" - n of Theorem 1 read as
follows.

Corollary 2. For n > 0, the difference between the number of odd parts
and the number of even parts in all the partitions of n can be expressed as

> Toelk)pln — k),
k=1

where T, ¢(n) is the difference between the number of odd divisors and the
number of even divisors of n.

Example 2. According to (3) and Corollary 2, the difference between the
number of odd parts and the number of even parts in all the partitions of 6
can be expressed as

0+24+0+24+2+2+44+0+2+4+06)
—(14+0+2+140+1+0+3+2+1+0)
=p5)+2p3)— p2)+2p(1)=7+6—-2+4+2=13.
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Corollary 3. For n > 0, the difference between the sum of odd parts and
the sum of even parts in all the partitions of n can be expressed as

Z Uo,e(k) p(n - k)?
k=1

where 0,.(n) is the difference between the sum of odd divisors and the sum
of even divisors of n.

Example 3. According to (3) and Corollary 3, the difference between the
sum of odd parts and the sum of even parts in all the partitions of 6 can be
expressed as:

(0+64+04+2+6+4+6+0+2+4+6)
—(64+0+6+4+0+240+6+4+2+0)

=p(5) —p(4) +4p(3) = 5p(2) + 6 p(1) — 4p(0)

—7-5412-10+6—4=6.

3.2 Mobius function

The classical Mébius function p(n) is defined for all positive integers n and
has its values in {—1,0,1} depending on the factorization of n into prime
factors:

(n) 0, if n has a squared prime factor,
n)=
s (=1)k, if n is a product of k distinct primes.

The sum over all positive divisors of n of the Mobius function is zero except
when n = 1. By Theorem 1, with f(n) = pu(n) we obtain the following
decomposition for Euler’s partition function.

Corollary 4. Forn > 0,

Example 4. The case n =5 of Corollary 4 reads as follows

p(5) = S61 — Se2— 563 — S65+5%6=19—-8—-4—-14+1=7.
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Recall that a natural number d is a unitary divisor of a number n if d
is a divisor of n and if d and n/d are coprime. The sum over all positive
divisors of n of the absolute value of the Mobius function is equal to the
number of unitary divisors of n [5, Theorem 264],

> lu(d)] =2,

dn

where w(n) is an additive function defined as the number of distinct primes
dividing n. On the other hand, 2°(™ counts the squarefree divisors of n.
We remark that the set of unitary divisors of n is not the set of squarefree
divisors, e.g., the set of unitary divisors of number 20 is {1,4, 5,20}, the set
of squarefree divisors of number 20 is {1,2,5,10}. By Theorem 1, we get
the following result.

Corollary 5. For n > 0, the total number of squarefree parts in all parti-
tions of n can be expressed in terms of the number of squarefree divisors of
n as follows

Z 2¢k) p(n — k).
k=1

Example 5. According to (3) and Corollary 5, the total number of square-
free parts in all partitions of 6 can be expressed as

1+241+2+2+3+4+3+4+5+6
= p(5) +2p(4) + 2p(3) + 2p(2) + 2p(1) + 4p(0)
—74+104+64+4+2+4=233.

In addition, considering the relation [6, Exercise 1.52]

320 = 7(n2),

dn
the case f(n) = 2°(" of Theorem 1 can be written as follows.

Corollary 6. Forn >0,

n

Z 2w (k) Snk = 7(k?) p(n — k).
k=1 k=1
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Example 6. By Corollary 6, for n = 6 we have

Se,1+2S62+2S63+2564+255+254+255+456
=19+16+8+4+2+4=53

and

p(5) +3p(4) +3p(3) +5p(2) +3p(1) +9p(0)
—74+154+94+10+34+9=53.

3.3 Euler’s totient function

Euler’s totient or phi function, ¢(n), is a multiplicative function that counts
the totatives of n, that is the positive integers less than or equal to n that
are relatively prime to n. According to Euler’s classical formula [5, Theorem

63],
D eld)=n

dln

by Theorem 1, we obtain the following identity.

Corollary 7. Forn > 0,

n

> (k) Sk = kp(n—k).
k=1

k=1

Example 7. By Corollary 7, for n = 6 we have

Se1 4+ S62+2563+25.4+45S65+256=19+8+8+4+4+2=45
and
p(5)+2p(4)+3p(3)+4p(2)+5p(1)+6p(0) =7+10+9+8+5+6 = 45.

In a similar way, considering the relations

wd) _ o) pd) _ n
250 = D etk

we obtain new identities which combine Euler’s totient with Euler’s partition
function.

Corollary 8. Forn > 0,
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k=1 k=1
n 2 n
g w? (k) k
(ii) —~ Spk = p(n — k)
2 o) 5= 2o
Example 8. By Corollary 8.(i), for n =6 we have
Se2  Ses  Ses  See 4 1 1 409
Sgq — 202 263 26, g9 4-- 4 ="
1”5 T3 "5 6 37576 30
and
p(4)  2p3)  p2) , 4p(1)  p(0) 5 4 1 409
b =T+ —42414+-—4=-=—.
p()+2+3+2+5+3 tot2+lteto=15
On the other hand, by Corollary 8.(ii), with n replaced by 6, we obtain
S63 |, 565 | 566 1 1 119
’ ’ 8 24 - f ="
o1+ 862 + =+ ==+ =5 9+8+2+ 5=~
and
3p(3 5p(1 9 5 119
p(5)—|—2p(4)—|—pQ()—i-2p(2)—|—]1()—1-310(0)—7—1-10—!-2—1—44-4—!-3—4.

In number theory, Jordan’s totient function of a positive integer n, Ji(n),
is the number of ¢-tuples of positive integers all less than or equal to n that
form a coprime (¢ + 1)-tuple together with n. This is a generalisation of
Euler’s totient function, which is J;. Considering the identity [8, eq. 27.6.8,

p. 641]
> Ji(d) = nl,

din

by Theorem 1, we obtain the following generalization of Corollary 7.

Corollary 9. Forn >0, t > 0,

ST R) S = S K p(n — k).
k=1 k=1

Example 9. By Corollary 9, for n =6 and t = 2 we have
S6,1+3 S6,2+856,3+12 S 4+24 S6 5+24 S6 6 = 19+24+32+24+24+24 = 147
and

p(5)+4p(4)+9p(3)+16 p(2)+25 p(1)+36 p(0) = T+20+27+32+25+36 = 147.
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3.4 Liouville’s function

For a positive integer n, the Liouville function A\(n) is a completely multi-
plicative function defined as:

where Q(n) is the number of not necessarily distinct prime factors of n,
with Q(1) = 0. We remark that (n) is a completely additive function.
Considering Theorem 1 and the relation [8, eq. 27.7.6, p. 641]

1, if n is a square,
Saw-{y

otherwise,
din

we derive the following identity.

Corollary 10. Forn >0,

300 5= 3ol ).
k=1
Example 10. By Corollary 10, for n = 6 we have

56,1_56,2_Sﬁ,3+56,4_56,5+56,6:19_8_4+2_1+1:9

and
p(B)+p(2)=T7T4+2=09.

4 Concluding remarks

The number of k’s in all the partitions of n has been considered in order to
provide a new proof of the classical identity

n

np(n) = o(k) p(n — k).

k=1
Taking into accunt the generating function of S, i, we can write

o0

Z(Sn—‘,-ll_ ZSn+11q _anlq

n=0

0
—;an,lqn_zsn,lqnzsnlq
n=0 n=0

Zp



A note on a classical connection between partitions and divisors 173

Thus we deduce that
p(n) = Spt11 — Sn 1.

In this context, Theorem 1 can be rewritten without Fuler’s partition func-
tion p(n).

Theorem 2. Let n be a positive integer. If g(n) = 3_,, f(d), then

> F(E) Snk = g(k) (Snt1-k1 — Snk1)- (8)
k=1 k=1

The following result in partition theory has been widely attributed to
Richard Stanley, although it is a particular case of a more general result
that had been established by Nathan Fine 15 years earlier [4].

Theorem 3. The number of 1’s in the partitions of n is equal to the number
of parts that appear at least once in a given partition of n, summed over all
the partitions of n.

Other results related to the number of 1’s in all the partitions of n can
be seen in [2, 7].

Replacing p(n) by Sp+1,1 — Sp,1 in Corollary 4, we obtain a new identity
for the number of 1’s in all the partitions of n. This new identity involves

the parts greater than 1 in all the partitions of n + 1.

Corollary 11. The number of 1’s in the partitions of n is equal to

Example 11. We have S51 = 12, because the partitions of 5 that contain
1 as a part are:

(4,1), (3,1,1), (2,2,1), (2,1,1,1), (1,1,1,1,1).
According to (3) and Corollary 11, we also have
S571 :56,2+S6,3+S6,5_SG,6 =8+4+1—-1=12.

Finally combinatorial proofs of our corollaries would be very interesting.
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