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Abstract

Given a commutative ring R with identity, let Hg be the set of sequences of elements
in R. We investigate a novel isomorphism between (Hg,+) and (ﬁ R, *), where + is
the componentwise sum, * is the convolution product (or Cauchy product) and Hp
the set of sequences starting with 1z. We also define a recursive transform over Hp
that, together to the isomorphism, allows to highlight new relations among some well
studied integer sequences. Moreover, these connections allow to introduce a family of
polynomials connected to the D’Arcais numbers and the Ramanujan tau function. In
this way, we also deduce relations involving the Bell polynomials, the divisor function
and the Ramanujan tau function. Finally, we highlight a connection between Cauchy
and Dirichlet products.

Keywords: Bell polynomials; Convolution product; D’Arcais numbers; Ramanujan tau
function MSC 2010: 11A25, 11B75, 11T06, 13F25

1 An isomorphism between the convolution product and the
componentwise sum

Given a commutative ring (R, +, -) with identity, let Hr denote the set of all the sequences
a = (an)2, = (a1,a2,as,...), with a, € R, for all n > 1. If we consider the operation
componentwise sum in Hp, denoted by +, it is well known that (Hg, +) is a group. Many
other interesting operations between elements of Hgr can be defined. In the following, we
focus on the convolution product (also called Cauchy product), defined by

n
axb= C, Cnt1 = Z ah—l—lbn—h—i-l, n > 07
h=0

given any a,b € Hp. It is worth noting that (Hg,+,%) is a ring with identity 1 =
(1,0,0,0,...). Moreover, let us observe that given any a,b € Hr with ordinary generating
functions A(t) and B(t), respectively, then ¢ = a x b has o.g.f. A(t)B(t).

Remark 1. The Cauchy product is strictly related to the binomial convolution product (also
called Hurwitz product). Given a,b € Hpg, the Hurwitz product is defined as a x b = ¢,

where
n
n
Cntl = E <h)ah+1bnh+la
h=0

for alln > 0. It is easy to see that the following map

v (HRa+a*) - (HR7+7*)



defined by v(a) = b, where b,+1 = nlapt1, for all n > 0, is an isomorphism. The ring
(HR, +,%) is isomorphic to the Hurwitz series ring (see, e.g., [9]) that has been extensively
studied. Some results on the Hurwitz series ring and on the binomial convolution product
can be found in [1, 2, [, [3, [8, [10, [T, [16].

A sequence a € Hp is invertible with respect to * if and only if a1 € R is invertible with
respect to -. We denote H;‘%C the set of invertible elements of Hg with respect to *. Thus,
(HzE, %) is a group whose identity is (1,0,0,...). If we consider the equivalence relation
p defined by apb if and only if (a1, as2,...) = (X - b1, A - by, ...), then the quotient group
H ¢ /p is isomorphic to (PNI R, *), where Hp is the set of sequences in Hp starting with 1.
Indeed, we can construct the isomorphism that maps a class of equivalence of H};C /p into
the representative given by a sequence starting with 1. We can write an isomorphism ¢
between (Hpg,+) and (Hpg, %) defined by ¢(a) = u, where u is the sequence with o.g.f.

j{:uh+1t II(1—+tky%

k=1

Remembering that the Cauchy product between two sequences is equivalent to the product
between their o.g.f., we clearly have

¢(a +b) = é(a) x o(b),

given any a,b € Hg. We can also observe that the function 1+t is the o.g.f. of the sequence
b = (1,1,0,0,...) and 1 + t* is the o.g.f. of the sequence bk = (1,0,...,0,1,0,0,...), i.e

the sequence with
(k) _ 1 (k)
by =t =1

and 0 otherwise. These sequences are mutually independent, in the sense that < b >
N< bl >= {1}, with i # j, where < @ > denotes the subgroup generated by a € (Hg, *).
Thus, we may consider the set {b™), b®) ...} as a basis of (Hg, *) and in this way it is clear
that ¢ is an isomorphism.

Proposition 1. Given a € Hg, if u = ¢(a), then

1= . . Tt .
nt . . . 11 12 in
i1+2i2+...+nin=n

for anyn > 1
Proof. From
oo o0 a
1+ thye [T 5
[T =353 (1) (52) (1) o
k=1 11=0142=0 in=0
the thesis easily follows. O
Corollary 1. Given a € Hp, let u be the sequence having o.g.f. [[pe (1 —t*)% . Then for

alln>1
n+1 = —1 ir+igt..tin [ 41 az .. an
=y () (m ) (o

11+2i0+...4+nip=n

For the next proposition, we need to recall the definition of the partial ordinary Bell
polynomials.

Definition 1. Let us consider the sequence of variables X = (x1,x2,...). The complete
ordinary Bell polynomials are defined by

By(X)=1, ¥n>1 Byu(X)=By(a1,22,...,70) = »_ B (X)



where Bg x(X) are the partial ordinary Bell polynomials, with
BYo(X)=1, ¥n>1 Bly(X)=0, Vk>1 ng(X) — 0,

0 0
BY W(X) = BY (w1, 29, ..., x,) = k! S | | o
i1+2i2++nip=n j=1
11414 Fin=k

or, equivalently,

—k+

0 0 .7
B o(X) = B (1,32, ..., Tpps1) = K > H i
il+2i2+~--+(n—k+1)in_k+1:n—k+l j=1
i1+iotFin_pr1=k

satisfying the equality
S| =X B0
n>1 n>k

Proposition 2. Let a € Hr and w € Hp be two sequences such that w = ¢(a). Then
a1 = us and

ap = Z k % k+ Z (UQ, usz, ... aun—h+2)

1§k§n—1
kn
for any n > 2.

Proof. Since u; = 1, we have

0o 0o - 0o b n _
n (_1)h ! n (_1)h ! 0 n
log [ 1+ E Up411 :E T E Un+1t :E TB"JL (u2,u;3,...,un_h+2) tr.
h

n=1 h=1 n=1
On the other hand, we have
- k = = (_1)5_1 k = (_1)5_1 = k
_ s _ s
3" 1oz (14:4)) =32 00 30 U ey CUTE
k=1 k=1 s=1 s=1 k=1

Let us observe that the exponents of £ can be increasingly ordered starting from 1 by posing
sk = n and considering as coefficient of t" the following sum:

. S(—l)%fl -

1<k<n
kln
Hence, we get
> (=1 fap =) (})LBTOL,h (u2,us, . .., Un—h+2) (1)
1<k<n h=1
kn
from which the thesis follows. O

Corollary 2. Let a € Hr and w € Hp be two sequences such that the o.g.f. of w is
[12, (1 — %)%, Then a1 = —uy and for all n > 2

k S (DM
an = — Z Sk Z TBn,h (u2,ug, ..., Un_pt2) . (2)
1<k<n-1 h=1
kln



If we exploit the relation between partial ordinary Bell polynomials and ordinary Bell
polynomials, we can obtain

(-t 1 < _
> (})LBS’,I (2,3 Un—py2) = — > (=1 (= 1)1Bpp (Lug, 2lug, ..., (0 — b+ 1)l _pa) .
h=1 h=1

We also recall the inversion formula of the partial Bell polynomials, i.e.,

n

n
T :Z (=)t (h - D!'Bpp (Y1, Y25+ -+ s Yn—nt1) < Yn ZZ Bon (21,22, Tppt1) -
h=1 h=1

Applying the last two equations to and , we get for alln > 1

1 ¢ . . ) ko, o n_
Unt1 = Z By (di,d2,. .., G0p—pt1) < ay =n! Z . (—1)F tay
h=1 1<k<n
kln
and
1< - _ _ k
Unt1 = By (a1,a2,...,0p—p11) < ap = —n! Z ke (3)
h=1 1<k<n
kn

In the next section, we define a transform that together with ¢ allows us to introduce an
interesting family of polynomials connected to the Ramanujan tau function.

2 A recursive transform

Definition 2. Given a sequence a € Hpg, we define a map o : Hg — Hpg such that
ala) = b is recursively defined by the following rules:

1. by = a1, by = ag;
2. for any i > 2, let j be the first index such that b; = a;, then bjiy, = by, for k =
1,2, ,] - 1, and bgj = Qj41-
Example 1. Let us consider the sequence a = (a1, ag, as, ...), by the first rule in Definition
we know that the first two elements of b = a(a) are a; and ag, i.e.,
b= (al, ag, )
Applying the second rule for ¢ = 2 we get that b3 = a1 and by = as:
b= (a1,a2,a1,as,...).

Now, considering 7 = 3 (always in the second rule of Definition [2)) we get that after the
first occurrence of ag in b we have the elements aq, as, a1 that precede ag itself and after
that we will have aq4:

b= (al, asz,ay,az,al,az,al, a4...),

and so on.

By Definition |2} we can write the elements of b = a(a) as follows:

b2t71(2]€_1) = Qg,

for t = 1,2,... and any k£ > 1. From now on, we will focus on R = Z. We can see
that the transform « and the isomorphism ¢ appear to work in an interesting way on
integer sequences, highlighting interesting combinatorial aspects. In the next propositions,
we prove some new relations among integer sequences by means of o and ¢. Moreover,
these connections will allow us to introduce in an original way a very interesting family of
polynomials connected to the D’Arcais numbers and the Ramanujan tau function.



Proposition 3. Let r = ()02, = (2,3,2,4,2,3,2,5,...) be the sequence that counts the
number of divisors of 2n of the form 2F (sequence A085058 in OEIS [15]; note that in OEIS
sequences start with index 0 whereas our sequences start with index 1). Given the sequence
a=(2,3,4,5,6,...), we have

ala) =r.

Proof. Let q = (gn)2>, = (1,2,1,3,1,2,1,4,1,2,1,3,1, ...) be the sequence of 2-adic valu-

2"
ations of 2n (sequence A001511 in OEIS). It is well known that Y_5%, gnt" = Y22, 7
and r =q+ (1,1,1,...). Thus,
00 0o 00 tQk ¢
_ h _ h _
R(t) —;rht —hz_:l(qwrl)t _kz_()l—t2k+ —

Let Gn(t) = S5 a(a)[h]t" where, for b > 1, a(a)[h] is the h-th element of a(a). We
have

o Go(t) =2t
o Gi(t) =2t +3t2 = (1 +t)Go(t) + t?
o Go(t) =2t +3t2 + 263 + 4tt = (1 + 3Gy (t) + t%.

In general, remembering that a = (2, 3,4, 5,6, ...) and by definition of «, it is easy to check
that )
Gn(t) = (14" )Gy (t) + 2.

From this, we get
Grt1(t) = Gu(t?) = (L+17)(Ga(t) = Gua (7))
from which

2
2t ‘I‘ t (1 . t2n+1

Gni1(t) — Gn(t?) = 1 +2")(1 + tTH)...(l +1%)(G1(t) — Go(t?)) = )

1—¢2
Now, if we consider n — +o0o (for |t| < 1), we have
2t + 12 t 1 1
t) — G(t?) = = — .
(o) - 6(t°) -2 1t 1-¢t 1-8
Thus, given the following differences
(G t) — G(t? ! + ! !
) =& )_1—5 1—t 1-—12
t 1 1
G(t*) - G(tY) = -
() () 1—t2 1—-¢2 14
¥ 1 1
on N 2n+l _ N
\G(t )G @ Pl 1o
and finally we obtain
oo 1 1
gntly
k=0
For n — oo (for [t| < 1), we have G(t) = R(t) (note that G(0) = 0). O

Corollary 3. With the notation of the previous proposition, if n = (1,2,3,...) is the
sequence of positive integers, we have a(n) = q.



Proposition 4. With the notation of the previous proposition, we have ¢(q) = p, where
p=(pn)i>, =(1,1,2,3,5,7,...) counts the number of partitions of n—1 (sequence A000041
in OFIS).

Proof. The elements of the sequence g satisfy the following conditions:

Gon—1 =1
Qon = qn + 1

for all n > 1. The o.g.f. of ¢(q) is

ft) = ﬁ(l + )% = ﬁ(l + 20 02 ﬁ(l + Pyt = ﬁ(l +t5) f(£2),
k=1 s=1 s=1 k=1

from which we get

G 1)_ - 2i-1p
& _kl;[l (L4270,

Noting that

O I B (T e
sy~ L@y - 1(H(Ht )>’

i=1 k=1 \i=1
we obtain .
) -t
27y T
1
Now, for n — oo (with [¢| < 1), we have f(t) = []o, [T - that is the o.g.f. of p. O

Proposition 5. With the notation of the previous propositions, we have that ¢(r) = p,
where p = (Pn)o>; = (1,2,4,8,14, ...) is the sequence that counts the number of partitions
of n where there are two kinds of odd parts (see sequence A015128 in OFEIS).

Proof. Since p = ¢(q) and r = g+ (1,1,1,...), we have

[e.9] o0

1
_ k
[l == 110+
k=1 k=1
Thus, the o.g.f. of ¢(r) is
9] . [e'S) i ) 00 k ) i o 4 + tk
q + ke —
[T+ H1+t =TT+t H + k) k_Hl—tk’
k=1 k=1 k=1 k=1 k=1
that is the o.g.f. of p (see, e.g., sequence A015281 in OEIS [15]). O

3 The D’Arcais numbers and the Ramanujan tau function

As a consequence of Corollary [3[ and Proposition [4] we have that p = ¢(q) = ¢(a(n)) has

1
ogf [, 17 Thus introducing a variable z, the o.g.f. of the polynomial sequence
d(a(zn)) = ¢(a(zx, 2z, 3z, ...)) = (gn(x))52, clearly is

H 1_tk

k:l



Example 2. For n =1,2,3,4,5, the polynomials above introduced are

1
wa(z) = gm(:cz + 9z + 8)

1
5(x) = ﬂx(x + 1822 + 59z 4 42).

The coefficients of the polynomials ¢, () are given by the D’Arcais numbers ([7], p.
159). These polynomials seem to be very interesting, since many important sequences
appear as special cases. For instance, we have seen that ¢,(1)5°; is the fundamental
sequence that counts the number of partitions of an integer n (sequence A000041 in OEIS).
Moreover, ¢,(—1)2°, is the sequence that counts the number of different partitions of
an integer n into parts of -1 different kinds (sequence A010815 in OEIS). A very famous
sequence belonging to the family of polynomials ¢, (x) is the sequence of the Ramanujan
numbers (A000594 in OEIS), i.e., the Ramanujan tau function introduced in [13], for some
recent studies see, e.g., [6], [I1], [3]. The Ramanujan tau function corresponds to the
sequence (p,(—24))2° ;. Thus, we have seen that it can be introduced in a combinatorial
way as ¢(a(—24n)). Hence, the properties of the polynomials ¢, (x) can be applied, in
particular, to the Ramanujan tau function.

Remark 2. Ramanujan conjectured the multiplicative property of the tau function that was
proved by Mordell [12] by using modular functions. However, an elementary proof of this
property still misses. Here, we would like to emphasize that an elementary proof of this
property could be reached by proving that the polynomial @umn(x) — ©m(x)on(x) has -24 as
root when m,n are coprime.

In the following proposition, we summarize some interesting relations involving the Bell
polynomials, the sum of divisors function and the polynomials ¢, (z).

Proposition 6. Let us consider the sum of divisors function o(m) = Zd|m d. Then for
alln >1
1

i > Bap (0lo (1),1l0(2),..., (n—h)lo (n —h+1)) 2"
n:

M=

® vni1(z) = ]

n o o(n—h
.Son—&-l() 2}% < (1)7(T2)7"‘7£LT_:_11))$}L

oo a(k)
° Zz‘;o S0h+1(fL‘)th — T 2k=1

Proof. Let us consider the sequence a = (—x)2° ;. In this case the sequence (a, )5 ; defined

in equation is
k

an = axn! — = - 1! .
an = TN Z ~ =z (n—1)lo(n)
1<k<n
kn
Thus, from equation we have
Ont1(z IZB"h (0l (1),110(2),...,(n—h)lo (n—h+1))z"



for any n > 1, where we have also used the homogeneity property of the Bell polynomials.
In terms of partial Bell polynomials we can write

e Z hi < 0. o ;2) . Ufzn_—hh—:-ll)) o (4)

Since

exp mezm = Z (Z 'B (1,22, .. .,mn_k+1)) 2",

n>1 n>0

by equation we can also observe that

o0
Z One1 () th = e
h=0

4 A connection between Cauchy and Dirichlet products

The Dirichlet convolution ® is a well known product between arithmetic functions that can
be also defined between two sequences a and b as follows:

adGb=c, c¢,:= Zadbn/d, Vn > 1
din

In the following, we deal with the set of sequences starting with 1, i.e., the set Hp and we
define a transform F : (Hg, %) — (Hg, ®). Given the sequence of prime numbers (p1, pa, -..),
we define v;(n) the p,—adic evaluation of the positive integer n, i.e., v;(n) = e;, where ¢;
is the greatest nonnegative integer such that p* divides n. We define the transform F' as
follows:

F(a)=b, b,:= Haui(n)-H’ Vn > 1. (5)
i=1

In the following, for the sake of simplicity, we also use the following notation:
F(an) = bn,
where b,, is given by . By definition, given ged(m,n) = 1, we have
F(amn) = F(am)F(ay).

Hence, if n = [];2, p;* (where, some e; can possibly be equal to zero), then

an) = [ Fla,z).
=1

Now, we would like to prove that given a,b € Hp, we have F(a * b) = F(a) ® F(b). It is
sufficient to prove that for any ¢ > 1 and m > 0, we have

F(rpp) = spm,

where 7 = a x b and s = F(a) ® F'(b). Considering that F'(a,:) = a1, we have

m m
Spm == Z F (ld ZF b m— t = Zat+1bm7t+1 =Tm+1 = F(’l“pzm).
d‘p tZO tZO
If F(ay) = 0 for any n > 0, then F(ay) = F(a2) = ... = F(a)') = ... = 0, which implies
ag = ... = @y, = ... = 0. Thus, ker(F') only contains the identity and F' is a monomorphism.
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