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GENERALIZED CONVOLUTION RING OF
ARITHMETIC FUNCTIONS

INGRID PorPA FOTINO

1. Introduction. The set of arithmetic functions has
the structure of a unitary associative ring under functional
addition and the convolution operation defined by

(1.1 (f*9)(m) = abZiznf(a)g(b) a,bneN.

It is also a unique factorization domain with respect to con-
volution.

The purpose of this paper is to determine the conditions
under which this structure is preserved when the concept of
convolution is generalized to include a weighting kernel 7:

) (FF9)) = T f@g(bria,b)

The problem consists mainly in characterizing the kernels v for
which 7-convolution is associative. There have been several attempts
to answer this question in certain special cases: A. A. Gioia [4]
characterized those kernels ¥ which are functions of the greatest
common divisor of pairs of natural integers (@, b) and for which 7-
convolution is associative; T. M. K. Davison [2], defining 7-convolution
by (FX9)(n) = Sa-n f(@)9(d)Y(ad, a), characterized those kernels Y(ab,
a) for which the subset of multiplicative arithmetic functions forms
a group.

Actually, all weighting kernels v can be fully characterized by
the requirement that the set of arithmetic functions remain an as-
sociative, integral ring under 7-convolution and this is our aim (§3
and Theorem 4.2). The conditions under which unique factorization
is preserved are a direct result of this characterization (§4).

Finally, the methods which yield this characterization will be
applied to the more general case of the ring of functions defined on
denumerably-generated abelian groups or semi-groups to obtain similar
results (§5).

2. Preliminaries. Let A denote the ring of arithmetic functions
under the usual convolution (1.1) and A, the set of arithmetic functions
together with the generalized 7Y-convolution (1.2).

We wish to examine first the nature of those kernels ¥ for which
A, has the struture of an associative, integral ring.

It is immediate that 7-convolution is distributive with respect to
functional addition for any kernel v. The first condition imposed on
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7 is due to the requiremet that A, be integral and is given by the
following lemma whose proof is elementary:

LEMMA 2.1. A, has mo divisors of zero with respect to Y-convolu-
tion if and only if Y(a, b) = 0 for all a, be N.

It will therefore be assumed henceforth that 7 vanishes nowhere.
Given this assumption, the only requirement 7-convolution must
satisfy in order that A, be an associative, integral ring is:

2.1 [(Fr9)rhl(n) = [f*(9Fh)](n) for all ne N.

Recalling definition (1.2), equation (2.1) is easily seen to be equiva-
lent to

(2.2) Y(a, b)Y(ab, ¢) = Y(a, be)Y(b,¢) for all @, b, ce N.

The nonvanishing solutions of this “associativity equation” (2.2) will
therefore be those weighting functions ¥ for which A, has the desired
structure. They are analyzed in the next section.

REMARK. 1. 7-convolution is commutative if and only if 7 is
symmetric i.e.

2.9) Y(a, b) = (b, ) for all a, be N .

2. If 7 is a nonvanishing solution of the associativity equation
(2.2) then, for all ne N,

YA, n) =7n,1)=7Q,1)=k+0

2.4 .
2-4) k a constant depending on 7 .

Proof. Let first @ = b =1, then b = ¢ = 1 in equation (2.2).

3. From Remark 2 and Lemma 2.1 it follows that if A4, is an
associative, integral ring then 7 satisfies condition (2.4). Thus A4,
has both a left and a right identity defined by

1 _
2.5) om = 7D F "

0 otherwise

Therefore if A, is an associative, integral ring it is necessarily
unitary.

3. Characterization of the non-vanishing solutions of the
associativity equation. Consider a given ordering p,, p,, -+ of the
prime numbers of N. Any integer ae€ N has then a prime factor
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decomposition @ = J[7 p% where the a,’s are positive integers or zero.
Whithin this setting one can state:

THEOREM 3.1. A nonvanishing function 7(a, b) is a solution of
the associativity equation (2.2) if and only if

3.1) Y(a, b) = ﬁ%y(a, b) 0, be N

where @ and t are nonvanishing functions and ft is bi-multiplicative;
Y is symmetric if and only if pr=1. Furthermore, letting a =
II7 piiand b = [I7 pii be the prime factor decompositions of a and
b, @ and tt can be expressed in terms of Y respectively by

© max(0,a;—

n )
(3.2 w(a)=£11 I dict7 (s, p)Y (WY, P -+ )

where {¢c;} is a sequence of arbitrary nonzero real numbers,

1

_ wh =0

LD when «,

_’%il—)_ otherwise
and

© oo . R aiﬁj
.9 ) = JI [T | Hpa 2 [

#1455 (s, p)

REMARK. In algebraic topology, solutions of the associativity
equation (2.2) are viewed as cocycles and symmetric functions of the
type (8.1), with ¢ =1, as coboundaries. Part of Theorem 3.1 can
thus be restated as follows: “a symmetric cocycle is a coboundary”.
This result can be proved in several ways,’ but only in the case of
symmetric cocycles. We propose to give here an elementary arithmetic
proof which extends to the nonsymmetric case as well.

Proof of Theorem 3.1. One can easily verify that any function
of the type (8.1) is a solution of the associativity equation (2.2).

To show the converse, consider first the symmetric solutions 7:
(a) symmetric case. The proof will consist in the repeated application
of the associativity equation (2.2). As an example, let first a = piip5?
and b = pfipf2 or, for simplicity, ¢ = a,a, and b = b,b,. The following
three expressions are a direct result of the associativity equation:

1 For example using group extensions [3] or the Kiinneth formula.
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i v(b,b, = 7(by, @sby)7(bs, ay)
) (000 ) 7, b)
i _ 7(“1; bl)’y(albly a.h,)
Y(a,, asbb;) =
) @ abd) = =, aby
(ili) ’)’(a,, b) = 'Y(anz, ble) — 7(011, a2b1b2)7(az, blbz)
'Y(al, az)

Since 7 is symmetric in this example, Y(b,b, a,) = 7(a,, b,b,) and we
can therefore make in (iii) the substitutions (i) and (ii) to obtain:

1 7(“1’ bl)’)/(albl’ azbz)ﬂ/(bu a3b,)7 (b, as)
,Y(a’h 0'2) 'Y(bly a2b2)7(bly b2)

Y(a.b,, a.b,)
V(@ @;)7(b,, bs)

7(a, b) = V(a.a, bib,) =

= 7(“1, b1)7(a'29 bZ)

or

Y(pith, pgthe)
Y(pt, pi)Y(pf, pi2)

(iv) Y(a, b) = Y(p%, pi)V(p5, pi)

Note that the desired form ,(ab)/w,(a)w,(b) already emerges in
the last factor of equation (iv) provided we define

,(pp3?) = w,(p2piY) = Y(pl, ) .

The first two factors, which involve only one prime each, can also
be reduced to a similar form: let

W(p*) = oﬁl Y(p, p’) for a > 1

B4 aom=1

w,(1) = % k # 0 the common value of Y(1, ) = 7(n, 1) .

It is proved in the Appendix (Lemma 6.1), by induction on the ex-
ponents, that 7(p* »?) can then be expressed as:

(3.5) v(p*, p°) = ﬁb% .

It is now clear that a proper definition of w would lead to the
desired expression:
(@ ipie )
w(prpP)o(pipl)

Y(phpse, pipiz) =

The same procedure is followed in the general case: consider any
two integers a = p¥ ... p» and b = pft ... pi» where some of the
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exponents may be null. In exactly the same manner one can use
the associativity equation to obtain

(3.6) 7(0’, b) = ’Y(pfl b pf»”} pil91 e pf»")
— Yo%, plipgrtP - - pintiayy(pg -« - pon, pft - - pin)
'Y(p‘l"l’ p‘z"z e p:n)

Since 7 is symmetric, the factor v(pg - .. p2», pft ... pis) can be replaced
by v(pf .- pin, p2 ... pi») and substitutions similar to (i) and (ii)
yield:

v(a, b) = 1 7(ptt, EYY(PI*H, pertie - - - parthe)
7Pt P5E - - - on) V(Df, P e pitie)
o (P, PP - - - prn i)Y (pft - - - A, PR - - PGR)
7(pf, pit - piv)

3.7)

After cancellation and rearrangement of terms one arrives at

Y(a, b) = 7(pi, p{)Y(ple - -« pin, P52 -+ Pin)
T(pth, pgthe .. . punti)
Y(ps, P52 -+ - DE)Y(DFL, PE .-+ Pin)

(3.8)
X

The same procedure can now be followed starting with the middle
factor Y(piz-- - pi», pi2... pin). Repeated application of this procedure
yields finally:

n N = Y(pithi, plirifieL L pantéy
(a, b) = I 7(p%, pi) [T ——BETS Pt - Do
=1 =t 7(1’1”‘9 Dit1 = pn“)'y(pi’, Pir **» pn”)
4 wi b Y(pgithi, prittthitt (L pEatha
(3.9) = kH 7(pil’ pf’b) o (Qi-u : p +1a B; £+1 ) B
=1 Y(p%, piitt -« - ) YR, P .- pin)

since @, ., = B, = 0.

Replacing now 7(p%, pf) with the expression given by equation (3.5)
and recalling definition (3.4) of w, one can define @ as follows:

L o s o
w(a) = - I ety (pi) 7 (p, piii* -+ +)
(3.10) k=

¢’ a sequence of arbitary nonzero real numbers .

This definition is equivalent to the expression (8.2) given for ® in
the statement of the theorem. Note that a, = 0 for those p, which
do not divide a and that the extra factors of the type v(pl p%i ---
pir) =k and w,(p)) = 1/k introduced by taking infinite products cancel
out for each 1.

This definition of ® yields the desired expression in the symmetric
case:
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Y(a, b) = _ (@)
w(@)w(b)
with w(a) = 0 for all a.

(b) general case. The proof in this case is only a slight modifi-
cation of the previous one. Define

(3.12) o(a, b) = :’/EZ_Z; .

Obviously ¢ =1 if and only if 7 is symmetric. The inclusion of &
in the previous development will suffice to carry through the differences
due to nonsymmetry, after the following lemma will have specified
the multiplicative nature of o:

LEMMA 3.1. The function o(a, b) is bi-multiplicative.

Proof. From the associativity equation (2.2) one deduces:

(i) 7(q, v)7(gv, ) = 7(q, vP)7(v, D).

(ii) (g, »)7(gp, v) = Y(g, Pv)Y(p, v).

(iii) (p, @)7(gp, v) = 7(p, qv)¥(q, v).
Substituting in (ii) the expression given for Y(¢gp, v) in (iii) and com-
bining (i) and (ii) one obtains:

(g, v)7(gv, ») _ (g, )7(p, qv)V(@, V) |

(g, pv) = (v, D) 7(p, v)Y(®, 9)

After cancellation of (g, v) this yields:

o(qv, p) = a(g, P)o(v, P) -
Since a(p, q) = 1/o(g, p) this also implies:

a(p, qv) = a(p, Q)o(p, v)

and Lemma 8.1 is thus proved.

Repeating now the steps of the proof in the symmetric case,
equation (3.6) becomes

1
7(a, b) =
(3.6") (@ 5) Y(pw, P52 -+ Do)

xy(pfl e pﬁn, P2 s p;n)o-(pgz coe P, PP .o pin)

(05, pipsetie o Pt

where the last factor 7 in (3.6) has been replaced by its symmetric
in order to apply the substitutions which led to equation (3.7). After
these substutitions and after cancellation one obtains:
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(g, b) = —TWETE pirt e et
V(P 5 - i)Y (pf, piz e pin)
(3.8) XT(ps2 « - P, DI+ Pin)O(PEE « + - Pin, PIE - PP
X 0'(ng cee Din, pfl .o pfin) .

v(p5, P

The product of the last two factors reduces to o(pg ... pi», ph).
The final result is then:

n o = v $i+ﬂi ?iﬂ-%ﬂiﬂ e :nw'—,@n
(g, b) = T (w5, p2) (B 7, o pir)

i=1 =1 Y(pr, P - PIn)Y fi’ f’“... n
3.9 (pt, .13 i)Y (D, Pii i)

X LI I:IJ 0"%i(py, p;) = ———w‘ggﬂb)ﬂ(a, b)

where @ is defined as in the symmetric case and z is defined in the
statement of the theorem by (3.3). Note that if v is symmetric,
¢ =1. Theorem 3.1 is thereby proved in its most general form.

4. Unique factorization in A4,. From §2 it results that 4, is
an associative, integral ring if and only if 7 is a nonvanishing solution
of the associativity equation (2.2). As a direct application of Theorem
3.1, one can now determine the conditions under which A, is also a
unique factorization domain:

THEOREM 4.1. The ring of arithmetic functions A, is a unique
factorization domain with respect to Y-convolution if and only if A,
is commutative, that is, if and only if v is symmetric:

Y{(a, b) = 7(b, @) Sfor all a,be N .

Proof. The ring A of of arithmetic functions under the usual
convolution operation is a unique factorization domain [1]. To prove
that A, is a unique factorization domain when 7 is symmetric it is

therefore sufficient to establish that A, is isomorphic to A = A,.
Since 7 is symmetric one can write, by Theorem 3.1,

Y(a, b) = _w(ab)
’ w(a)w(b)

where w(a, b) = 0 for all ¢, be N. The map a: 4, — A, defined by
a(f) =of fed

is the desired isomorphism.

If 7 is not symmetric, a counterexample indicates that 4, is not
a unique factorization domain. In order to construct such a coun-
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terexample, note first that if 7 is not symmetric, there exist three
distinct elements a, b, ¢ such that

a(a, b) = a(b, ¢)
where o is defined by (3.12). For if not, one would have
o(a, b) = a(b, ¢) for any a, b, ce N.

In particular, when ¢ = 1, this would imply that o(e, b)) =1 for all
a, b contradicting the assumption that ¥ is not symmetric. Since o
is multiplicative in both variables, one can therefore consider three
primes p, q, r such that

a(q, p) # o(r, p)
Define then

1 if n=0p
T =1 it nep

(g, p) if n=gq
9.(n) =7, p) if n=r

0 otherwise

Y, 9 if n=gq
g,(n) =<{7(p,r) if n=r

0 otherwise .

The functions f, g,, g, are prime and
e, =951 .

It remains to be ascertained that g,, say, is not the Y-product of g,
and a unit. If a unit % were to exist such that

9, = U9,
the following equations would have to be satisfied:
(4.1) 9.(@) = u(1)g:(9)7Y(1, 9)
(4.2) 9.(r) = wD)gx(r)7(@, 7) .

Equations (4.1) and (4.2) imply respectively that

ku(®) = D — 5(q, p)
9:(9)

and
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ku(l) = 2L — 5, p)
9:(7)

where k =7(1,q9) =71, 7)== 0.

But a(q, p) # (r, p), therefore no such unit can exist and A, is not
a unique factorization domain.

The results of the previous three sections can be summarized in
the following theorem, which answers the question initially formulated
in the introduction:

THEOREM 4.2. The set of all arithmetic functions A, has the
structure of an associative, integral ring with respect to functional
addition and Y-convolution if and only if

w(ab)

) = S e®

t4(a, b)

where @ and Yt are nonvanishing functions and Y is bi-multiplicative.
This rimg s unitary. It is commutative if and only if p=1.
Finally, it is a unique factorization domain if and only if it 1s
commutative.

5. Generalization to the set of functions over groups and
semi-groups. The methods used in the proof of Theorem 4.2 have
been based solely on the semi-group properties of the natural integers
N and, for the characterization of the solutions of the associativity
equation, only on the group properties of the field of real or complex
numbers. These methods can thus be easily extended to obtain the
following generalized results:

THEOREM 5.1. (a) Let G be a denumerably generated free abelian
group or semi-group or a denumerably generated group with at least
one presentation in which relations do not exceed in number the number
of generators they inwvolve. For any field F and a function 7:G X
G— F, the set of all functions f: G— F is an associative, integral
ring under functional addition and V-convolution if and only if

_ _ w*(ad)

(5.1) Y(a, b) = mp(a, b)
where w*: G— F and p: G— F are nonvanishing functions and
18 bi-multiplicative. This ring is commutative if and only if (=
1. It is a unique factorization domain if and only if it is com-
mutative.

(b) Let G be as above, H any abelian group. Then a function
7: G X G— H is a solution of the associativity equation
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7(a, b)Y(ab, ¢) = ¥(a, be)Y (b, ¢) a,bceG

if and only if it is of the type (5.1)

(¢) In both previous cases, letp, ¢ =1, 2, ---, denote the gener-
ators of G and a =TI p¥, b = [I7 p% be any two elements of G.
Then tt and w* can be expressed in terms of 7 respectively by

(5.2) ta, b) = H H ['7(20“ ;) i\“i‘”
=13=1L7(p;, D)
a;, B; positive, megative or null integers
and
(5.3) w*(a) = H ——— i@, (pE)Y (pi, P -+ +)

(1 1

where @y(py) = TI550 Y(py, pl) for a; > 1, @) = 1L Y (s, DY) for
a;, 20, wy(p;) =1 and x; is an undetermined constant if p; appears
m no relation of G or if G is free; otherwise x; is determined in
terms of values of ¥ on pairs of the type (p¥, Pii«+Py) 1 =g eee
by the relations of G which involve p,.

REMARK. Here again, part (b) of the the theorem has been proved,
for symmetric ¥ only, by S. Eilenberg and S. MacLane [3] in the
case of a free group G and by B. Jessen, J. Karpf and A. Thorup
[5] in the case of any abelian group G and a divisible abelian group
H. Our proof extends to nonsymmetric functions ¥ for any abelian
group H and for the groups G indicated in the statement of the
theorem.

Proof of Theorem 5.1. The proof of Theorem 4.2 applies here,
unaltered in the case of a free semi-group G and with modifications,
in the case of a free group or a group with relations, only in the
characterization of the solutions of the associativity equation (2.2).

If G is free, definition (3.4) of ®, must simply be replaced by
definition (6.5) of the appendix to include negative as well as positive
exponents.

If G has relations, note that equalities (3.6’) through (3.9") remain
valid, as they are entirely based on the associativity equation (2.2)
and only solutions 7 of that equation are considered. The definition
of ® however must be modified to ensure that it is well defined: if
& has relations of the type

p;?fo-.pﬁr:l
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then one must have, for @, = 9,0, +6;,, 1 =7, -, r
(5.4) (P37 -+ - pIr) = o(pji -+ PIr)

Redefine then w as follows:

n—1

(5.5 @*(pir--- pin) = wao(pz YWy (DFi, Piit' - - - PEn)TEr@y(P5)

where w, is defined by (6.5). (For the sake of clarity w* is defined
in terms of finite n, but here again infinite products may be taken
as the extra factors thus introduced cancel out.)

One can immediately see from equation (3.9’) that, with this
definition of w*,

_ _ w*(abd)
Y(a, b) = m#(a, b) .
It is also a matter of verification, though much more elaborate, that
w* is indeed well defined.

The «,’s are determined in terms of values of 7 on pairs of the
type (p%, gk -+ ), 4= J, +++, 7, by the requirement (5.4) and by
the relations of G which involve p,, provided these relations do not
exceed in number the number of generators they involve.

For example, in the special case of a finite cyclic group of order
0, the requirement

w*(p”**?) = w*(p°) 0<o<p
implies
NP+6—1 . 6—1 .
7 II Y(p, p%) = 2° [1 7(p, p’)
=1 i=1
or
70+35—1 .
z7” JI 7(p, »)) =1.
=38
Since

"I (o, p")=[ (v, p )]

one obtains
P—1 N
x" = [H 7(p, p’)]
=0

and
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o—1

T = [IIO’Y(p, p")}_w .

j=

6. Appendix. For any given prime number or generator p and
positive, negative or null exponents «, B, denote Y(p% p?) by

(6.1) I'(e, B) = 7(p" p°) .
The associativity equation (2.2) then becomes:
(6.2) I'(a, )@ + B, 0) = I'(a, B + 9)I'(B, ) a,B,0eZ

LEMMA 6.1. Any solution of the associativity equation (6.2) is
symmetric and can be expressed as

(6.3) I'(e, 8) = Q@ + AL (0)27(8) for a, Be Z

where

a—1
Aa) =11 I'A, j)e*  for a > 1, ¢ a nonzero constant
j=1

(6.4) Qa) = H (1, f)e for a <0
20 =c¢c.

These results remain walid when the domain of I' is limited to
positive and null integers only.

REMARK. Reverting to the usual notation and letting ¢ = 1,
definition (6.4) can be rewritten as:

@(p*) = j[;ll Y(p, %) for a > 1
(6.5) wy(p?) = 11 7 (p, pY) for ¢ <0
(oo(p) =1.

Proof of Lemma 6.1. The symmetry of I' is proved by repeated
induction: it is already known from equation (2.4) that

ro,a)=r(a 0=1r00==% for all ae Z
Let a =6 =1 in (6.2):
r,ppre+1,1)=rq,s+nre1.
Induction on B yields

r'e 1) =ra,p. for all Be Z
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Assume now that

(6.6) Ir'®e,n =1I@,A)

for any peZ and =0, ---, 7,
Then in particular

(6.7) I'(e, o) = I'(1,, €) for 0 < [e] = 7]
and, from the associativity equation (6.2) with &« =06 =7, 8 = ¢:
(6'8) F(770 =+ 5, 770) = F(7]0, 7]0 + 5) .

Thus, for ¢ =1,

(6.9) (e, + €, 90 = I'(o, 119 + €) .

One can now apply induction on g using the associativity equation
(6.2) as follows:

F(yio; 7, + 5)r((/'5 + 1)7]0 + &, 770) = F(vm (/’c =+ 1)770 + S)F(f’”?o + &, 770)

Therefore (6.6) is true for all » = un, + ¢ and I' is symmetric.
To prove the rest of the lemma, define, for any solution I” of
the associativity equation (6.2):

(6.10) 0(@) = I'(4, a) = I'(a, 1) .

This definition is valid sinece I' is symmetric. From the associativity
equation (6.2) one deduces:

(6.11) I'e, B) =6(8 + 1)6(R)67(1) for all Be Z
and
6.12) r(—1, g) = 6(—1)67(8 — 1)6(0) for all Be Z

Applying induction one can now obtain, again from equation (6.2):

(6.13) I'a, g) = Ij 0(8 + )0(7)0(0)  for a>0,8¢Z
and
(6.19) I ) = 078 + )6G)oE)  for a<0,peZ,

Given these expressions for I and definition (6.4) of 2, it can be
verified that equality (6.3) is true.

This proof is essentially unaltered if the domain of I' is limited
to the positive and null integers.
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REMARK. It is immediate that, conversely, any function I of

the type (6.4) is symmetric and a solution of the associativity equa-
tion (6.2).
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