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On a mean value of a multiplicative function of two
variables

Noboru Ushiroya

Abstract.

We prove the existence of a mean value of arithmetical functions of
two variables : limg .0 (2y) ™' X2, <1 ncy f (M, 1) under some condi-
tions, and, when f is a multiplicative function of two variables, express
the mean value as an infinite product over all primes. Five examples
are given which are not obtained by trivial generalizations of results on
arithmetical functions of one variable.

§1. Introduction and main results.

In this paper we investigate a mean value of arithmetical functions
of two variables, and give an expression of the mean value as an infi-
nite product over all primes. This expression is not a straightforward
extension of that in the case of one variable. For an arithmetical func-
tion of one variable f, the mean value M(f) is defined by the limit

limg oozt >, <, f(n) if this limit exists. When we want to ex-
press the mean values of arithmetical functions by an infinite product
over primes, it is usually necessary to require the property of multi-
plicativeness. So far, numerous expressions of the mean values of mul-
tiplicative functions of one variable have been known. For example,
M(u?) = [1,(1 — 1/p®) = 6/n* where p is the Mobius function. Also
many other examples are given in Tenenbaum[4]. It is also well known
that if f is a multiplicative function satisfying Zp p~lf(p) — 1] < o
and 3> k5o p~*|f(p*)| < oo then the mean value M (f) exists which is

equalto [ (14> 45, p *(f(p*)—f(p*1))) by Corollary 2.3 in Schwarz-
Spilker(3] (p.51), which is a corollary of a well known theorem of Wint-
ner. We want to extend the above theorem to the case of two variables
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and obtain some interesting examples which are not expected to be found
from the results in the case of one variable.

For an arithmetical function of two variables f, the mean value M(f)
is defined by the limit : limg y o0 (zy) ~? > m<zm<y (M, n) if this limit
exists. For an arithmetical function of two variables the definition of
multiplicativeness is given in Delange[2]. In that paper, he investigated
a density for sets of pairs (m,n) of positive integers satisfying certain
conditions, and he studied the mean value of the function f = 1g where
1g is the characteristic function of a set E, under the assumption of
the multiplicativeness of 1. He applied his mean value theorems to
the set of irreducible fractions of the form n/m, and derived interesting
formulas concerning densities. More precisely, let F, 4 . be the set of all
irreducible fractions n/m with a < n/m < b and whose denominator is
< z. Let ®4() be the number of elements of Fy p, ., and let @ ,(z) be
the number of elements n/m of F, p , for which m and n are squarefree.
Then he proved that @ ,(z)/®,,5(z) tends to ETH{1-1/(p+1)%} as
z tends to infinity.

After Delange’s paper, to my knowledge, few results with respect
to a mean value of a multiplicative function of two variables have been
known. In Babu(l], the distribution of a real valued additive or mul-
tiplicative function of two variables is investigated and the conditions
under which the distribution is absolutely continuous or singular are
described. But in this paper we concentrate our attention not to the
distribution but to the mean value.

Delange treated the case |f| < 1, but we do not confine ourselves
to the case when f is bounded, and our theorems below are valid even
when f is unbounded. Our methods of proving mean value theorems are
different from Delange’s work and our infinite product representation of
a mean value is simple.

Lastly, five examples are given, which are not trivial generalizations
in cases of one variable.

Notations.
N={1,2,....} , the set of positive integers,
C the set of complex numbers,
1 the Mébius function,
0 the delta function, i.e. , d4,3=1,0 according to a = b or not,
P the set of prime numbers (p or ¢ [in general] denotes prime),
ged (a, b) the greatest common divisor of integers a, b; often also written
as (a,b),
f < g the Vinogradov symbol, i.e., f < g means that there exists a
constant M > 0 such that |f(z)| < Mg(z) holds for all z > 0,
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f g the convolution of f and g, i.e.,
fxgln)= de d)g(n/d) when f,g: N — C and

frg(m,n) =3 un F(k,Dg(m/k,n/l) when f,g: N? — C.

We first generalize Wintner’s theorem, which is well known in the
case of a usual arithmetical function of one variable (Schwarz-Spilker([3]),
to the case of an arithmetical function of two variables. Let u(m,n) =
u(m)u(n), for n,m € N.

Theorem 1. Let f : N> — C be an arithmetical function of two
variables. Suppose Y > (mn)~tf * u(m,n)| < co. Then, the mean
value M(f) = limg y—oo(zy)™? Yom<en<y f(Mm,n) ezists, and equals
Yozt (mn) ~Lf = p(m,n).

In the usual case when f is an arithmetical function of one variable,
we require the multiplicativeness of f to represent the mean value as an
infinite product over primes. We next give a definition of a multiplicative
function of two variables which appeared in Delange[2].

Definition. Let f : N> — C be an arithmetical function of
two variables. We say that f is a multiplicative function if f satis-
fies f(mima,nine) = f(my,n1)f(me,ne) for any my,me,ni,n2 € N
satisfying (miny, mang) = 1.

We also generalize Cor.2.3 of Schwarz-Spilker[3] (p.51) to the case
of multiplicative functions of two variables.

Theorem 2. For a multiplicative function of two variables f, we
set for k,l € N and two distinct primes p, ¢,

Aoof(p,q) = f(1,1) =1,
Arof(p,q) = F(P*, 1) = F(P*1, 1),
Aaf(p,g) = f(1,4") - f(1,¢'71),
Auflp.q) = f(o".d") = f5 . ¢ = ") + F* 1 d ).

Suppose
1
YooY i) <o
peP k>0 hti>1 P

Then the mean value M(f) exists, and equals

11 ( Z Aklf P, p))

pEP k, l>0
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Oun class of multiplicative functions of two variables that satisfies
the condition of Theorem 2 is given in the next theorem.

Theorem 3. Let g be a multiplicative function of one variable sat-

isfying )
DD o) - g(pF )] < oo

pEP k>1

If we set f(m,n) = g((m,n)) , then f becomes a multiplicative function
of two variables and the mean value M (f) exists, which is equal to

[Ma+y ;lﬂg(pk) 9@ 1))

pEP k>1

§2. Proofs.

Lemma 4. For arithmetical functions of two variables f and g, we

have
> Srgmmy= >0 F(—, Dg(m.n),

m<lz,nly m<z,nly
where F(x,y) = 3, <z n<y f(M,1).

(Proof.) By the definition of the convolution we have

Yo frgmmny= " > flki,h) glka,l2)

m<z,n<y kik2<z, l112<y

— Z Z f(k1, 1) g(ka,l2)

ka<z, o<y ki<[z/kz2], L <[y/l2]

= X PR (D gtk = 30 F(Z %) glmom)

ka<z, 12<y m<z, n<y

Lemma 5. The identity pu* 1 =& holds, where 1(m,n) =1,
w(m,n) = p(m)u(n), and §(m,n) = dm 1651

(Proof.) The proof is the same as that in the case of one variable.
Proof of Theorem 1.
Noting that f = f = u*1 by Lemma 5, we have by Lemma 4

Yo fmmy= Y fruxllmm) = Y frumn)=]2]

m<x,ny m<z,nly m<z,ny
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> Frulmn) (ZHOW)E +OW) =5+ L+ I+ L,

m<z,n<y

where

I =zy Z n—qlﬁf*,u(m,n), L=z Z

m<z,nly m<z,nly

Qﬂf*u(m,n),

L=y Z f*,umn) L = Z O() f * u(m,n).

m<z,n<y m<z,n<ly
Obviously,
1 |
lim — I = Z —pux* f(m,n).
z,y—00 TY e mn

As for the remainder terms we first see that

1 T 1 n 1
o < o Do AP < Y0 = fu(m, n)|

m<z,nly m<z,n<y mn
n 1 n 1
= Y S_ifeumu)l+ Y S—|fxu(mn)
Yy mn ymn
m<z,nl Yy m<x,/y<nly
1 1 1 v
< Z %yf*u(m,n)H- Z %|f*ﬂ(man)|
\/y m<z,n</y m<z,/y<nly
1
S Afeumml+ Y ()
\/_m>1 n>1 m21,n>/4

-0 ( z,y— o0).

Therefore I /zy — 0. Similarly we also see that I3/xy — 0. As for the
term I, we have

1 1 mn 1
—ILl< = > frpmn)l= Y ——I|f*pm,n)
Ty Ty m<zx, n<y m<z, n<y Ty mn

1 1
<L Y Lt Y L)
Y m<yz, n<\/y mn \/‘ <m<1 n<\/— mn

1 1
m<VzT, /i<n<ly Vz<m<z, /j<n<y

1 1 1 1
<—= Y —Ifrumn)+—=—= > —If*um,n)
VY m>1, n>1 mn VY m>1, n>1 mn
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1 1 1
7 > —|fxpu(m, )| + > —|f * u(m, n)|
m>1, n>1 m>\z, n>\/y

-0 ( z,y — 00).
Therefore we have Iy/zy — 0 (z, y — 00), and thus Theorem 1
is proved.

Lemma 6. (Delange(2]) If f, g are multiplicative functions of two
variables, then the convolution f x g is also a multiplicative function of
two variables.

Proof of Theorem 2.

We see that f satisfies the assumption of Theorem 1 when f satisfies
the assumption of Theorem 2. As in the proof of Schwarz-Spilker[3] p.51
Cor.2.3, noting that fxp is mutiplicative if f is mutiplicative by Lemma
6, we have

1
> —lfsumm< ] (qullf u(e*, 4

m<z, n<y p<z, ¢Sy k>0

RIS ;,%mklf(p,qn)---(*)

p<z, q<y k,1>0

Since Apif(p,q) = Arof (P, @)Aarf(p,a) = Arof(p,p)Aorf(g,q) if
p # q and k,! > 1 by the multiplicativeness of f, we have

)< (I X serldus, o))’

pePkl>0
1 2
=(II(+ X mlduien))
peEP k>0, k+1>1

Sexp(QZ Z p—klg|Alclf(P7p)|) < 00,

pEP k,1>0, k+1>1

by the well-known inequality 1+ 8 < exp(8) for B8 > 0 and the
assumption of Theorem 2. Therefore by Theorem 1, the mean value
M(f) exists and equals Y ° _(mn)~'f x u(m,n). It is easy to see
that

o0

> o freutmn) = [[( 3 —erbuf(e.r)

m,n=1 peP kim0 P
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by Lemma 2 of Delange[2].
Proof of Theorem 3.

Let g satisfy the assumption of Theorem 3 and we set f(m,n) =
g((m,n)). It is easy to see that f becomes a multiplicative function of
two variables. Moreover we easily see that

Ao f(p,p) = Ao f(p,p) =0, for k,1 > 1,
Apf(p,p) =0, for k#1 and k,l>1, and
Auf(p.p) = 9(0*) - g@*7"), for k=1>1.
Therefore we obtain
SO L= Sl9(") = g(P" )] < oo.
peP k,120,k41>1 P peprz1 P
By Theorem 2 the mean value M(f ) exists, and it is easy to see that

M= 1] 1+Z o (90" - g(* 1))

peEP k>1

83. Examples.

Example 1. (Delange[2]) If f(m,n) = p?(mn), then f becomes
a multiplicative function of two variables, and the mean value M(f)

exists and
M(f) < ) H{ p+1 }

(Proof.) It is easy to see that f satlsﬁes the assumption of Theorem

2. Since A f(p,p) = Ao2f(p,p) = Auf(p,p) = =1, Doof(p,p) =
Ar2f(p,p) = Aa1 f(p,p) = 1, and Agif(p,p) = 0 otherwise, we have

1

3 2 1
MfH)=1la-5+5=110-31- 53}
gp 2 gp p? (p+1)

-(%) T Gt

Example 2. If f(m,n) = (m,n)* (o < 1), then f becomes a mul-
tiplicative function of two variables, and the mean value M (f) exists
and
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(Proof.) This is the case when g(n) = n® in Theorem 3, which satisfies
the assumption of Theorem 3 because

D) PEAMSEIICED 3 PRI

pEP k>1 pEP k>1
@ —1

= p2 a<oo.
p—p

The proofs of the following examples are similar.
Example 3. If f(m,n) = p((m,n)), then f becomes a multiplicative
function of two variables, and the mean value M(f) exists and

M) = TLa- 27 =

2
pEP p

6
72

)%

Example 4. If f(m,n) = p?((m,n)), then f becomes a multiplicative
function of two variables, and the mean value M(f) exists and

pEP
Example 5. If f(m,n) = 0,((m,n)), (0 < a < 1), where g4(n) =

> djn d® , then f becomes a multiplicative function of two variables, and
the mean value M(f) exists and

1
M = [0+ )
pEP p
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