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A generalized Ramanujan sum (GRS) is defined by replacing the usual Mobius function
in the classical Ramanujan sum with the Souriau-Hsu-Mobius function. After collecting
basic properties of a GRS, mostly containing existing ones, seven aspects of a GRS are
studied. The first shows that the unique representation of even functions with respect
to GRSs is possible. The second is a derivation of the mean value of a GRS. The third
establishes analogues of the remarkable Ramanujan’s formulae connecting divisor func-
tions with Ramanujan sums. The fourth gives a formula for the inverse of a GRS. The
fifth is an analysis showing when a reciprocity law exists. The sixth treats the problem of
dependence. Finally, some characterizations of completely multiplicative function using
GRSs are obtained and a connection of a GRS with the number of solutions of certain
congruences is indicated.

Copyright © 2006 Hindawi Publishing Corporation. All rights reserved.

1. Introduction and basic definitions

The classical Ramanujan sum is the arithmetic function of two variables (see [2, 15, 21])

C(i’l,k) _ Z eZn’imn/k’ (11)

m(modk)
ged(m,k)=1

where k € N, n € Ng := NU{0}. Ramanujan sums are closely connected with the usual
Maobius function via the identity

(k= S dy(%). (12)

d|ged(n,k)

Recently, there have been a great deal of interest in extending results (see [8, 14, 24])
related to the classical Mobius function to those of a generalized Mobius function, also
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2 Ramanujan sums via generalized Mobius functions

known as the Souriau-Hsu-Mébius function, g, which is defined by [3],
_ a vp(n)
Ma(n)—n( )>(—1) P, (1.3)

where a € C, and n = [ p”»™ denotes the unique prime factorization of n € N, vp(n)
being the largest exponent of the prime p that divides n.
Our objectives here are

(1) to define the generalized Ramanujan sum, abbreviated as GRS, by replacing the
usual Mobius function with the Souriau-Hsu-Mobius function and to derive
their arithmetical properties extending the known ones;

(2) to investigate whether the set of GRSs can be used as a basis for expanding even
functions;

(3) to derive the mean value of a GRS;

(4) to derive analogues of Ramanujan’s remarkable formulae relating the divisor
functions with sums of GRSs;

(5) to derive the Dirichlet inverse of a GRS using Haukkanen’s idea (see [9]) of in-
troducing principal functions and to analyze whether a reciprocity law exists;

(6) to investigate the dependence of GRSs; and lastly,

(7) to characterize completely multiplicative functions using GRSs, extending an
earlier work of Ivi¢ (see [12]), and to indicate a connection of a GRS with the
number of solutions of certain congruences.

Let us begin by recalling [2, Theorem 8.5, page 161]: if

sm=3 fiag(%), (1.4

d|ged(n,k)

then Sk(n) has a finite Fourier expansion of the form

Sk(n) = > ax(m)er™mmilk, (1.5)
m (mod k)

where ax(m) = X j1gcd(m) &(d) f (k/d)(d/k).
Substituting f(m) = m, g(m) = us(m) and using the fact [3, Corollary 2] that p, *
U1 = Ug-1, this simple result leads to the following.

TaeorEM 1.1. Ifk € N, n € Ny, and a € C, then

s dya<§>= S e (ged(m,k)) 2, (1.6)

dlged(n,k) m (mod k)

We define the generalized Ramanujan sum, GRS, of order a« € C, by

Omk)= Y dya(g)z S e (ged(m, k)™ (n € No, k € N),

d|ged(n,k) m (mod k)
(1.7)
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When a = 1, we get back to the usual Ramanujan sum, which will always be written
without the indication on a. The following basic properties will be frequently used and are
easily verified, so we omit their proofs.

LemMa 1.2. Let m € Ng, n € N, p prime, and a € C. Then
(1) Xjnc@(m, j) = >V (m,n),

(2)
(O (m,n) = {n ynim, (1.8)
0 otherwise,
(3) ¢“V(m,n) = 01(ged(m,n)), where o1 (t) = X4, d,
(4) c9(n,1) =1,
(5) @ (1,m) = pa(m),
(6) ¢ (n,m) = uo(m) if gced(n,m) = 1,

(8) ¢ (ab,m) = c'®(a,m) if gcd(b,m) = 1,
(9) ¢ (a,mk) = c'® (a,m)u, (k) if ged(a, k) = ged(m, k) = 1,
10) ¢ @ (n,rs) = ¥ (n,r)c'® (n,s) if gcd(r,s) = 1,

(

(11) for a,b € N, @ (p ) = S =1 () P (W (php) = p -
(12) €@ (m,p) = (=1)*(%) if p1m,

(13) c@ (n, p ay = me ak( 1) z(aal> iifpkHI’l.

)
)
@)
(7) 9 (ab,mk) = c'¥(a,m)c'® (b, k) whenever gcd(a, k) = gcd(b,m) = gcd(m,k) = 1,
)
)
)

2. More properties

In this section, we derive many more properties about GRSs, similar to those in the be-
ginning of [15, Chapter 2] and [2, Chapter 8]. Throughout this section, assume that g is
a multiplicative function and h a completely multiplicative function. For a« € C, n € Ny,
r € N, define

famryi= X g (5 ua(5):

d|ged(n,r) (21)
Fo(r):= f(X(0>r) = (h *g[/‘oc)(r)-

Recall that a positive integer is said to be d-powerful, d € N, if it is divisible by each of its
prime factors up to a power of d. It is easily checked that

(1) Fy(r) is a multiplicative function of r;

(2) ifr | n, then Fo(r) = fo(0,7) = fa(n,r);

(3) let {x(n) = n; for h(n) = {1(n) and g(n) = {y(n), we have [24],

vp(r)
c@(0,r) = zdya<) (G % pa) (7 —r]_[Z(> (2.2)

dlr plr i=0
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In particular, if « € N and r is a-powerful, this simplifies to

o, =r[](1- 1y (2.3)
plr ( P)

From [24], an Euler-type totient is defined as an arithmetic function of the form
O = Gkpy (aeC ke). (2.4)
Thus, for r | n, we also have ¢@ (n,r) = ¢§“)(r). Properties of the function ¢,(<a) can also be

found in [11].

THEOREM 2.1. Assume that h(p) # O for all primes p. Let « € C and n,r € N with prime
factorizations n =[] p% r = [ p®, where a, b are nonnegative integers. Then

falmr) = [ [{Fa(p®) = h(p)™ ' Fo(p"~* ")}, (2.5)
p

with the convention that F,(p*) = 0 for negative integer s.

Proof. 1f gcd(n1,n2) = ged(r1,72) = ged(ny,r2) = ged(nz, 1) = 1, then ged(ged(ny,11),
gcd(n,12)) = 1 and ged(nyna,1112) = ged(ny, 1) ged(n2,72). By multiplicativity, we have

felmmnin) = 3, th(%)m(%)

dlged(nyny,riry)

= S ng(B () S na(2 () 29

dilged(ni,r) da|ged(na,r2)

= fa(”brl)fa(f’lz,fz)-

Using (2.6), it suffices to evaluate f, at prime powers in each of its variables.

Ifb < a, then fo(p?, p¥) = Sa1p0 h(d)g(p¥/d)pa(p®/d) = Fa(pP).

If b > a, then
fu(pp?) = 2 h(p")g(p"ua(p"™) = Fu(p?) = > h(p")g(p"ua(p®™). (27)
i=0 i=a+1
Consequently,

b
faln,r)=T] [Fa e - > h(p)g(p" Hpa (pbi):| (where empty sum is taken to be 0)

P i=a+l
= [ [{Fa(p®) = h(p)* ' Fu(p®* 1)}
! (2.8)
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The following corollary, known as Holder relation, is [2, Theorem 8.8] and [15, The-
orem 2.3]. It is a special case of a more general result in [1, 6], so we omit its proof.

CoOROLLARY 2.2. Ifh(p) # 0 and h(p) # g(p) for all primes p, then

Frglmptm) (2.9)

filnr) = Fi(m) ’ ged(n,r)

COROLLARY 2.3. Let G(r) := (i * (oua)(r). Then for n=T1p% r =T1p°

c(n,r) = T{G(p") - p*'G(p* M)} (2.10)
p

Proof. Puth= (), g = {, in Theorem 2.1. O
Tueorem 2.4. Ifh(p) # 0 for all primes p and H = 1/h, then for any n,r € N,

Fo(r) > éﬁ)”“(%) = 17[ (Fapta) (P ) [ ] (Fah(Fi * H“")) (pr).
pln

ng(‘?j’ll,:i)Zl pin
(2.11)
Proof. Let
_ h(d) (1)
S(r) = Fq(r) d% mata) (2.12)
ged(n,d)=1

Then § is multiplicative. It suffices to consider the value of S at p* for p prime and a € N.

If p | n, then S(p?) = Fa(p®)pa(p?). If p1n, then

Ha(p°) Ha(p") Ha(1) ]
S(p®) = F, (p*)h(p)* I 152
)= Rl s i o
1
= Eulp)h(p) (5 H7) (p)
because yoH = H™%, H = 1/h being completely multiplicative. O

It is of interest to see how far the nice form of Corollary 2.2 can be extended. The next
theorem shows that a general result of this sort is derivable based solely upon the concept
of unitary pair. We say that (n,r) € NxN is a unitary pair if gcd(ged(n,r),r/ ged(n,r)) = 1.

THEOREM 2.5. Assume that h(p) # O for all primes p. Let (n,r) be a unitary pair and
N =r/gcd(n,r). Then

_ 8(N)pa(N)Fy(r)

fa(n,1) RN (2.14)

whenever Fo(N) # 0, where Fo(r) = (h % guqa) (7).
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Proof. For any k € N, we see that

Zh< ) d)ta(d) = Zgj (2.15)

dlk dlk

Let a = gcd(n,r). Since r = aN and (n,r) is a unitary pair, then gcd(a,N) = 1. Thus

d
umr) = {4V N = g NN () 5 S DE (D
dla ELON) . (d') (2.16)
o o alr
= g(N)ua(N)Fq(a) F (N) —g(N)#a(N)F—a(N)- .
COROLLARY 2.6. Let {n,r) be a unitary pair and N = r/ gcd(n,r). Then
@) = L) (2.17)
¥ (n,r (a) ™)
whenever ¢1 N) #0.
Proof. Take h = (;, g = {; in Theorem 2.5. O

The next lot of identities relates to the Cauchy product of GRSs. In the classical situa-
tion, these identities are used in the representation of even functions with respect to the
usual Ramanujan sums.

TueEOREM 2.7. Let o, € C and n,r € N. If r is divisible by both s and t, then

q-1
> Das)cP(b,t) =1 D> par (s1ged(k,g))pp-1 (t ged(k,g)) e e, (2.18)
a+b=n(modr) k=0

where g = gcd(s,t), s = gs1, t = gty, ged(s), 1) = 1.

Proof. To prove Theorem 2.7, we make use of the following auxiliary result:

4 4 reznitr(a+b)/r — reZm‘m/r’ if S;t €z,
Z eZmas/reZmbt/r _ r (219)
a+b=n(modr) 0, otherwise.

Since

> a9 (b,t)
a+b=n(modr)

2.20
S0 pecr(ged(m,s))up (ged (o) D> ermitmalstibn), (220

m(mods) j(modt) a+b=n(modr)
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putting s; = r/sand t; = r/t, we get

ST (a9 (b,b)
a+b=n(modr)
S S pei (ged(m,9) g1 (ged(j, 1)) re2mimsin't, ifms%—]tlez’
otherwise

m(mods) j(modt)
0,
Lom o]
if — — J e,
s t

D> a1 (ged(m,s)pp-1 (ged(j, b)) re?imms
otherwise

m(mods) j(modt)
0,
t .
=r Z ‘ua,l(gcd(m,s))‘uﬁ,l (ng (mT’t>)emen/s’

m(mods)
mt=0(mods)

g-1
=1 > Ua-1(s1gcd(k,g))up-1 (1 ged(k,g)) > ks,
(2.21)

k=0
]

where g = ged(s, 1), s = gs1, t = gt1, ged(sy, 1) = 1.
A special case of Theorem 2.7, which is [15, Theorem 2.6], yields an orthogonality
property which is used in the classical representation problem.

CoRrOLLARY 2.8. Ifr is divisible by both s and t, then

re(m,s), ifs=t,
> a,s)ebt) = (2.22)
a+b=n(modr) 0, otherwise.
Proof. Taking & = 3 =1 in Theorem 2.7, we have
(2.23)

g-1
c(a,s)c(b,t) =r Z pho (51 ged(k,g)) po (11 gcd(k,g))eZHikn/g’

- k=0

a+b=n(modr)
where g = gcd(s,t), s = gs1, t = g1, ged(sy, 1) = L. Sinces=t e g=s=t,5, =1, 1) = 1,

we deduce
(2.24)

s—1
o> MRS =re(n,s), ifs=t,
= k=0
c(a,s)c(b,t) s
0, otherwise.
O

2

a+b=n(modr)
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Our last batch of identities deals with the Dirichlet series of GRSs. Recall from [22]
that the Dirichlet series associated with each GRS, which converges for Re s > 1, is

S a(n) 1 ( 1 )
= =(>=) . 2.25
’; ns {“(S) % ns ( )
We now use a technique of Ramanathan [18] to derive extensions of this result. For a
multiplicative function f, define F,,(n) = f(mn)/f(m) (n,m € N). It is proved in [18]
that

S F";(Sm = f;’:) [14(p,s), (2.26)
n=1 n=1 plm
where
Gv m ) k+i
G(p,s) := %, Gk(p,s):=1+f(;k)zf(§is ) (2.27)
> i>1

The finite-product term simplifies radically in two special cases. If f is a specially multi-
plicative function [13], that is, a Dirichlet product of two completely multiplicative func-
tions, then

B(p)f (p"r™1)

Flputnyp > BP= (f(p))" = f(p?). (2.28)

G(p,s)=1-

If f is a totient [13], that is, a Dirichlet product of a completely multiplicative function
with an inverse of a completely multiplicative function, then

1 f(?) = (f(p)
4(p,s) = —————, G(p)i=——"—F—""". 2.29
P = TG 2 7(p) (2.29)
Taking f = pa, we have the following.
TaEOREM 2.9. Ifa € C and m,s € N, then
< Ha(mn) _ pa(m) 7 14+ Siy (ua (P ) /a (p* ™) p*)
= - . 2.30
D O N | S VS NIV 230
Putting « = 1 in Theorem 2.9, we get yet another beautiful identity
o w(mn)  p(m) 1
= . 2.31
2w e LT 230
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3. Representation of even functions

For a fixed r € N, an arithmetic function f is called an even function (modr) if
f(ged(n,r)) = f(n) for all n € N. Tt is well known [15, Theorem 2.9] that an even func-
tion (mod r), f, is uniquely representable in the form

fn)=>a(dc(n,d) (neN), (3.1)

dlr

where the Fourier coefficients a(d) are given by

1 r r
atd) = ;f(;)c<a,e) _ sz:lf(m)c(m,d). (3.2)

As expected, the GRS is an even function (mod r) as recorded in the next lemma whose
straight-forward proof is omitted.

LEMMA 3.1. Forafixedr € N, a € C, the GRS ¢\*)(n,r) is an even function (modr) of n.
Using [15, Theorem 2.9], we have the following.

ProposITION 3.2. For fixeda € C, r € N, the GRS ¢\%) (n,r) is uniquely representable in the
form

D (n,r) = Zaﬁ"‘)(d)c(n,d) (neN), (3.3)
dlr

where the coefficients a\®(d), d | r, are given by

a9 (d) = %Zc(“) (g,r)c<§,e) = r(/)id) > @ (m,r)c(m,d). (3.4)

elr m=1

Using identities established in the last section, we record the following identities in-
volving the coefficients alv (d). This is a special case of a more general result in [4, 10], so
we omit its proof.

TaeorEM 3.3. Let o, € G n,1,s,t € N with r divisible by s and t. Then
Z D (a,s)cP(b,t) = Z al® (sl)aﬁﬁ) (s1)re(m,s1), (3.5)
a+b=n(modr) s1lged(s,t)

where the coefficients aE“)(-), aEﬁ )(-) are as in Proposition 3.2.

Two remarks are now in order. First, recall from [15, Theorem 2.8] that for r,e;,e, € N
with r divisible by both e, and e,, we have

r r r, ife; =ey,
Zc(—,m)c(—,d) = (3.6)
d € 0, otherwise.

dlr
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Incorporating with Proposition 3.2, we get

1
“r=1, ifr=d,
aﬁ”(d)%Zc(%,r)c(%,t) =17 (3.7)

tr 0, otherwise.
Second, taking « = S =1 and s, f | r in Theorem 3.3 and using (3.7), we have

b bl .f :’
S daebn= S aﬁ“(sl)aP)(sl)rc(n,sl)={rc("5) et

a+b=n(modr) silged(s,t) 0, otherwise,

(3.8)

which is [15, Theorem 2.6].
Though Theorem 3.3 does not provide us with any obvious orthogonality relation
between two GRSs, we may be able to salvage such relation in certain special cases.

THEOREM 3.4. Let « € Cand r,s,t € N with r divisible by both s and t. Then

(a) :
as (t)r, ift]s,
Zc“"(z,s)c(f,d) -1 f (3.9
dlr d t 0, otherwise.

Proof. By Proposition 3.2 and (3.6),

e (55 S0 Ee5 )

dlr

s 0, otherwise

r, ifx=t,
= Zaﬁ“)(x){ (3.10)

{aﬁ“)(t)r, ift|s,

0, otherwise.
O
Tueorem 3.5. Let &, € C, r,5,t € N with r divisible by both s and t. Then
Zc(a)(g’s>c(ﬁ)<§’t>¢(d): > (a5 (b,1). (3.11)
dir a+b=0(modr)
Proof. Observe that
.
Z c(a)(a,s)c(ﬁ)(b)t) — Z c("‘)(a,s)c(ﬁ)(—a, £)
a+b=0(modr) a=1
-3 > <a><ﬂ ) <ﬂ><1r )
- c ,S¢C St
dir  lsx<d d d (3.12)
ged(x,d)=1

53 (5)0(F)

dlr x



Vichian Laohakosol etal. 11

where the last sum over x runs over any reduced residues system (mod d). Further-
more, we can assume that this reduced residue system (mod d) is contained in a re-
duced residue system (mod r), that is, that gcd(x,7) = 1 for each x. Thus ¢ (xr/d,s) =
cg‘x)(gcd(xr/d,s),s) and ¢ B (—xr/d,t) = ct (gcd( xr/d,t),t). Since gcd(x,7) = ged(x,s) =
gcd(x,t) = 1, we have ¢ (xr/d,s) = c\® (r/d,s), ¢P)(-xr/d,t) = ¢ (r/d,t) and the result
follows. 0

There is an alternative proof of Theorem 3.5, using Proposition 3.2 [15, Problem 2.20
on page 93], (3.6), and Theorem 3.3 which proceeds as follows:

;c(“)<g,s)c(ﬁ ( ) Z Z Za dﬁqﬁ(d)c(%,dl)c(%,dz)

dlr dils dy|t

= 3 S al dh)af? (o) e e )¢ o) )

dils dy|t d|r

= > a9’ @edr=>  a®(d)al (d)rc(0,d)

d|ged(st) d|ged(s,t)

= Z D (a,5)cP (b, 1).

a+b=0(modr)
(3.13)

The next result provides a main tool for our representation problem.

LEmMA 3.6. Fora fixed o € C, a\”(r)isa multiplicative function of r € N.

Proof. Let 11,7, € N be such that ged(r,72) = 1. Then

1 rnor
(@) !l sy wn n )
ay®) (rir2) - e%lc (61 ez,rlrz plerez)

elr

=—Z “’( ) <£_z”2>.“(€1)!4(€2) (3.14)

r
172 erln
elrn

= a( )(rl)agl;)(’?)-

TuEOREM 3.7. Foreachn € N and a € C, then al (n) =1.

Proof. By Lemma 3.6 and the fact that a\® (1) = 1, it suffices to check that a;‘)ﬁ) (pF) =1 for
each prime p and each k € N. This follows at once by direct computation. O

It is worthwhile to carry out some explicit computations of the coefficient values. Of
interest is another eye-catching formula.
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ProrosiTiON 3.8. Forr € N, then a(ra)(l) = Ua1(r).

Proof. This follows easily from

LSS dn(h) = ESdu(5) = e ) =), 319)

m 1 d|ged(m,r) d\f
[l

We come now to the main point of this section. It is natural to ask whether the set
of GRSs can be used as a basis for Fourier expansions just as the classical Ramanujan
sums can. We will show that the answer is affirmative. To do so, it suffices to show that
Ramanujan sums can be written as a linear combination of GRSs, that is, the coefficients
A(t;D) with D | t can be so determined that

= > A(;D)c'”(n,D). (3.16)
DIt

Using the unique expansion of GRSs with respect to Ramanujan sums, this is equivalent
to finding A(t; D) so that

c(n,t) ZA (t;D) Za d)c(n,d) = zc(n d) Z A(t;kd) akd (d) (3.17)

DIt d|D dlt ki(t/d)

It thus suffices to show that the condition

0, ifd#tdlt,
S A(tskd)ay (d) = (R)
k\t/d 1, lfd =t
well defines the A(¢;D)’s. For d = t, condition (R) requires that
1= Aldskd)al (d) = A(t;0)a (t) = A(t;1), (3.18)

k[1

the last equality being followed from Theorem 3.7, which uniquely determines A(t,t). For
t = 2d, condition (R) requires that

0= > AQd;kd)al (d) = AQd;d)al (d) + AQ2d;2d)al) (d) = A(2d;d) +al) (d).
kl2
(3.19)

Using Theorem 3.7 and the previous case, we have A(2d;d) = —ag‘;‘l)(d). In general, for
n,k € N, assuming A(nd;kd) have already been well determined for k | n and k > 1 but
not for k = 1, condition (R) requires that

0= > A(ndskd)a\%)(d) = A(nd;d)a(d)+ > A(nd;kd)a) (d), (3.20)
kin k\n k>1
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and so

Alndyd) = — > A(ndskd)a) (d). (3.21)
kink>1

Using the induction hypothesis and Theorem 3.7, we see at once that A(nd;d) is well
determined. Consequently, any even function (mod r) can be expanded as a Fourier ex-
pansion with respect to the GRSs.

To prove the uniqueness of such expansion, it suffices to show that the zero function,
which is clearly even (mod r), has only zero Fourier coefficients. Writing the expansion
of the zero function with respect to the GRSs and using Proposition 3.2, we get

0= > B(D)c®(n,D)=> B(D) > ay (m)c(n,m) = > c(n,m) >. Blkm)a (m).

Di|r Di|r m|D mlr klr/m
(3.22)

By the uniqueness of the expansion with respect to the usual Ramanujan sums, we deduce

> B(km)a\(m) = 0, (3.23)
klr/m

Let the prime factorization of r be r = p{" py* - - - pi“. Putting m = r, we get

0= > B(kr)a® (r) = B(r)al®(r) = B(r) = B(p}' p5* - - - p). (3.24)
k|1

Taking m = p{' p5> - - - p~" and using the result just found, we get

0= > B(km)a\)(m) = B(m)a'¥ (m) + B(r)a'® (m) = B(m) = B(p}' p5> - - - p*~").
klps
! (3.25)

In general, by reverse induction on the number of prime divisors of r, counted with mul-
tiplicity, we obtain B(m) = 0 for m | r. Summarizing, we have the following.

THEOREM 3.9. An even function (modr) f can be uniquely expanded as a Fourier expansion
in the form

f(n)=> A®(D)c(n,D), (3.26)
Di|r

where the Fourier coefficients A\ (D) are given by

A®(D)= > a(jD)A(jD;D), (3.27)
jlr/D
with
1 r r 1 4
a(d) = r;f(e)c<d,e> = o) 2 S melma, (3.28)
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and the A(jD; D) are uniquely determined from

@ 0, ifd+t dlt,
> Atkd)al (d) = , (3.29)
klt/d 1, ifd=t,
with a}c‘;)(d) as defined in Proposition 3.2.
4. Mean value
The mean value of an arithmetic function f is defined (see [5, 19, 23]) by
M(f): —hm Zf (4.1)
whenever this limit exists. For a GRS, its mean value is quite simple.
Tueorem 4.1. For a fixed r € N and a € C, then M(c'9(+,7)) = pho—1(r).
Proof. Since
> Dmry=> > dﬂa( )
nsx n=x d|gcd(n,r)
~Sane(G) Z1-3m(g) - Tan(3) (5-[3]) 2

dlr niex

= X (pa * u) (r) + Ry (x) = xpga—1(r) + Ry (x),

where R,(x) = >4, duq(r/d)(x/d — [x/d]), the result follows at once from the fact that
R,(x) = o(x). O

Invoking upon [23, Proposition 1], Theorem 4.1 yields.

COROLLARY 4.2. Letr € N and « € C. Then

et (1) = M) =+ 3 g () (43)

elr

In order to evaluate the mean value of the product of two GRSs, we use the next lemma
whose straightforward proof is omitted.

Lemma 4.3. If f, g are arithmetic functions and 5 € C, then

M(f+g)=M(f)+M(g), MBf)=pM(f). (4.4)

THEOREM 4.4. Ifr,se N and a € C, then

M (@ (-, r)c® Z a'9(d)al® (d)¢(d). (4.5)
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Proof. Using the orthogonality relation of the usual Ramanujan sums as in [23, equation
(2)] together with Lemma 4.3, we get

M(c ()@ (-5)) = > > a®(d) M(c(-,d)c(-e))
dir els
=5 S a9 (d)al (€)1 (d) (46)
dlr els

= > a®d)a®(d)¢(d).
d|ged(r,s) 0

The next corollary is immediate from Theorem 4.4 and Proposition 3.8. It reveals why
an appropriate orthogonality relation between two GRSs only exists when a = 1.

CoRroLLARY 4.5. Ifr,s € Nand a € C, then
M(c @ (1)@ (+,5)) = par(rs) if ged(r,s) =1,

M@ ()@ (r) = > al(d)al™ (d)(d).

dlr

(4.7)

Taking a = 1 in Theorem 4.4, using the remarks preceding Theorem 3.4, we have

bl .f = bl
M(c(-,r)c(-,s))={¢(r) ifr=s

0, otherwise, (4.8)
= 8r,s¢(r))
which is [23, Proposition 3].

5. Ramanujan identities

In this section, the remarkable identity connecting the usual Ramanujan sums with divi-
sor functions, namely,

os(n) =n'l(s+1) Z s+1 , where o,(n Zd‘ (& ok p_1)(n), (5.1)
m=1 dln

is extended to GRSs. Indeed, there are at least two possible extensions for this famous
Ramanujan identity, which are established in the next two theorems. Our treatment for
the first theorem proceeds along the line analogous to that in [21, Section 18.1]. Fora« € C
and k € Z, define the generalized divisor function as

= (k% H-a- (5.2)

Note that o{" = ¢\
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THEOREM 5.1. Ifn,s €N, a € C, then

LS o 2 b S ey nkx)
ns+l 01 d c(n, )Z x)5+2

dln

for any real number t = n.

Proof. Let %(u,v) be a function of two variables u and v. Define
n
piw = > F(,5).
dln d

If

r, ifr|mn,
n(n,r) =

0, otherwise,

then D(n) can be written as

11
1 n

n)=> —n(n,X)@(x,—),
lex X

where t > n. As >, c(n,d) = n(n,r), we have, after rewriting the last relation,

[t/2]

[t]
1
n)—c(nl%; ( )+cn2)z <2x,2x>+---
Let F(u,v) be a function of two variables u and v and take

(a—1)
af N\ _¢ (n,d) ( E)
F(ag)= = (e )

Then

[t/2]

[t] a— a—
D(n) = c¢(n,1) Z le(x,%) +c¢(n,2) Z in(%, "

X 2x 2x
x=1 x=1

Taking F(u,v) = v*, we get

00 [t/k]

D(n)=n’ Z c(n,k) Z

k=1 x=1

D (n, kx)
(kx)s+2

(5.3)

(5.4)

(5.5)

(5.6)

(5.7)

(5.8)

(5.9)

5.10)
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On the other hand,
a— n 5 T’l/d s
T (n e =S S ()
|n d\n klged(n,n/d)
1 n/d 1 n (1-a)
:72 Z k#a—1<7>d5+1:*stJrl(Cl*Ma—l)(*) stﬂ ( ))
dln Kln/d k T d M i d
(5.11)

and the desired result follows. O

The second possible extension looks much simpler than the first, but only holds for «
being a positive integer.

THEOREM 5.2. Forareals>1, n € N, if a is a positive integer, then

S D) o (n
)az ( ) _ snslfl ) (5.12)
Proof. Multiplying Dirichlet series and using Lemma 1.2 (1), we get
[ n r (o] * C(g() n, - Y] -1 n, r
((sZ ) Z((" S( Z S @) (n,d) = Z (
r=1 r=1 r r= 1 dlr r=1
(5.13)
Putting Sy = Sa(n) := X7, ¢ (n,r)/r*, we find successively
(28“ = (Safl = Safz, (3Sa = (280#1 = (Sa72 = Sa73a--- . (5-14)
Thus
> O (n,r) 1 05-1(n)
08, =8pi= > 2l = &= 1
C S SO ; rs rz\n:rs_l ns—l (5 5)
O

Theorem 5.2 can be further extended using the technique and results of Ramanathan
[18], mentioned in Section 2 prior to Theorem 2.9, which readily yields the following.

THEOREM 5.3. Let a,m,n € N. If s is a real number > 1, then

i 9 (n,mk) 9 (n,m)o,_i(n) [ 1+ (@ (n, poem) /@ (n, p“p<m))pi5).

k=1 ke B (st plm 1+ e (¢ (n, p')/p¥)

(5.16)
The next corollary is a generalization of [21, Theorem 84, page 178].
CoROLLARY 5.4. If o, m, and n € N, then
0 ‘x)
S A (, km - 0. (5.17)

k=1
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Proof. The result follows from Theorem 5.3 by taking the limit s — 1" and using the fact
that lim,_+(1/{(s)) = 0. O

Additional identities extending [21, Theorems 85, 86, and 87 in Section 18.1] will be
derived next.

THEOREM 5.5. If a,n € N and s > 0 is real, then

¢ (n) (¢(s+1))° i n]/”a(])l—[1+2izl(ﬂa( pUr ) g (pUr )p"““)).

n® =1 51 ol 1+ (.”ot (P )/P’(”l))
(5.18)
Proof. Following the proof of Theorem 5.1, taking
F(u,v) = pa(w)v',  D(n)= > F(u,v)= > ua(w)v’ =¢% (n), (5.19)
we obtain
U n 2 n
D) = elm1) 3 “E(x ) ren2) 3 CE( e 520)
Thus,
« [t] [t/2]
9. (n) Hal)
ns = c(n, )g xSt +e(n,2) z 2x)3+1 > (5.21)
where ¢ is real and > n. Since s > 0, letting t — oo we get
¢§0ﬂ)( ) [eY]
. g SH Vs eln, )Z 2x)s+1 : (5.22)

Applying the result of Theorem 2.9 to the right-hand expression, the result follows. [

THEOREM 5.6. Ifr € N, o« € C, and s > 1 is real, then

> <

n=1

" ()6, (r). (5.23)

Proof. Since Y1 (' (n,7)/n*) = X071 (1/n°) X gy () Atia(r/d), we have

2 = Sn(3) 2 s - S st

n=1 dlr 1 (5‘24)
= {(s) (pta cl_s)m = c<s>¢1_l(r>.

O

Theorems 5.2 and 5.6 are special cases of more general results in [1] and for even more
general results, see [7].
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THEOREM 5.7. Ifn, r, and « € N, then

> < Ej : Zua( )logd (5.25)

n=1 din

whenever r is a-powerful.

Proof. From Theorem 5.6, for real s > 1, we have

© (@)
zC

=((s) zdlﬂya(g) ={(s) Z‘ua<§>e(lfs)logd

" v (1 )dl‘r d (1 )21 2 (5.26)
) - O 0

Since lim,_+ {(s)(s—1) = 1 and

z#a( ) = pa—1(r) = ]_[(—I)UP(”(“_ 1) =0 (5.27)

dlr plr Up(r)

for r being a-powerful, we have

mZ(9$1,(r) = lim {(5)(1 - 9) Zya<d)1ogd_ Zya(;)logd, (5.28)

dlr dlr

and the desired result follows. O

6. Inverse and reciprocity law

Recall that an arithmetic function of one variable f possesses a Dirichlet inverse, ™!, if
and only if f(1) # 0. In order to find the inverse of a GRS, which is a function of two
variables, we resort to the technique of Haukkanen [9] which involves the use of princi-
pal functions. We now briefly review Haukkanen’s technique. If f and g are arithmetic
functions of one variable, by f : ¢ we mean the arithmetic function of two variables

(f:9)(m,n) = f(m)g(n) (mneN). (6.1)

The Dirichlet convolution of two arithmetic functions F, G of two variables is defined by

(F % %G)(m,n) = > > F(d,e) ( ) (6.2)

dlm eln

The identity under the Dirichlet convolution of arithmetic functions of two variables is
I:I, where I denotes the identity relative to the Dirichlet convolution of arithmetic func-
tions of one variable. The Dirichlet inverse of an arithmetic function, F, of two variables
is the unique arithmetic function of two variables, F**~!, enjoying the properties that
F**~ 1y xF = F % xF**"1 =] :I. It is easily shown that such Dirichlet inverse exists if
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and only if F(1,1) # 0, and in such case, we have
(F % xG)** 1 = F**=1 g 5 GFF L (6.3)
In particular,
(f:g) ' =flgh (6.4)

For an arithmetic function of one variable, f, its principal function, P(f), which is an
arithmetic function of two variables, is defined as

> if =n,
P(f)(m,n):{f(n) e (6.5)

0, otherwise.

Clearly, P(f % g) = P(f) * %xP(g) and (P(f))**~! = P(f~!). The sum of the form

Smm)= > fldg § (6.6)
L= rae()n(3)
can also be written as
S=P(f)* *x(g:h). (6.7)

If (1), g(1), and k(1) are all nonzero, then § is invertible and

SH*¥ L =pP(f ) xx(g':h"), (6.8)
that is,
§**~1(m,n) = Z g (2 )n(2). (6.9)
Lo e () (3)

THEOREM 6.1. The Dirichlet inverse of the GRS ¢\®) (m,n) is

cl@rr=1 _ P((l—l) sk ( phg). (6.10)
In other words,
c(“)**‘l(m,n) Z Cl (d) ( ) (2) (6.11)
d|ged(m,n)
Proof. Since c®(m,n) = X giged(mm da(n/d), we have @ = P({1) * ({o : pa). Thus,

= PG ok (G ) = PG ok (i pa). (6.12)
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Moreover,

O M) = 3 5P o) (e a-a) (2,2

dim et (6.13)
-, 5oz D

Following [21], a reciprocity law is a relation involving an arithmetic function of two
variables which possesses a symmetry in the variables. In the classical case, Ramanujan
sums satisfy the following reciprocity law [21, Theorem 88, page 184]: for all n,r € N, we
have

u(y(r)

r*

u(y(n))

n*

c(nr*,r) = c(n*r,n), (6.14)

where y(r) is the largest square-free divisor of the integer r > 1, y(1) := 1, and r* :=
r/y(r). The validity of this law follows directly from the symmetric identity

u(r)e(n,r) = u(n)c(r,n) (6.15)

which holds for square-free integers #, r. The following examples show that both (6.14)
and (6.15) do not hold for general GRSs.

Examples 6.2. (1) (u2(y(8))/4)cP(12-4,8) = —1 # —4 = (ua(y(12))/2)c? (2 - 8,12).
(2) p3(2)c®(6,2) = 3 # 27 = p3(6)c¥(2,6).

We now investigate when such a reciprocity law exists. Analyzing (6.15), we get the fol-
lowing.

LemMA 6.3. Let n,r € N and o € C. For a square-free r € N, then

ua(r)c @ (n,r) = TTH(a() + prta()} T (e p))*. (6.16)
plr plr
pln pin

Proof. For a fixed n € N, since ¢®(n,r) and p,(r) are multiplicative functions of r, for
square-free r, we have

RGEICYIES DY m(p)m() =TT {(a(P))’ + ()} T (ap

plr dlged(n,p) plr plr
pln pin
(6.17)

O

From Lemma 6.3, we see clearly that in order to get a relation like (6.15), the nonsym-

metric term [ ]|, (4a(p))* must take the same value when n and r are interchanged. This
pin
can happen only in two situations, namely,

()a=1or
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(2) n and r have the same prime divisors, and the number of primes dividing » but

not dividing r is the same as the number of primes dividing r but not dividing n.

Since the case a = 1 corresponds to the classical Ramanujan sum and its reciprocity is

already well-known [21, Section IX.2], in the rest of this section, we concentrate on de-

riving a reciprocity law in the case a # 1. In this situation, to ensure symmetry, the same

result as in Lemma 6.3 must also hold for square-free n. Taking into account the fact that

pa(n) = py(r) for n, r both square-free and have the same number of prime factors, we
immediately deduce the following.

ProposiTiON 6.4. Letn,r € Nand a € C\{1}. If n and r are square-free and have the same
number of prime factors, then

c®(n,r) = 9 (r,n), (6.18)
provided py(r) and pq(n) are both nonzero.

Our reciprocity law reads now.

THEOREM 6.5. Let « € C\{1}. If the positive integers r and s have their unique prime rep-
resentations of the form

n=pi Pl s 7’=Pl1jl"'PfiQZ1"'Q2s, (6.19)

where pi, q1j, qak are distinct primes, a;, b; positive integers, t, s nonnegative integers, then
(o) b b
67 (pl - pt) @ (nr¥r) = ¢la) (p1' - pi)c ™ (n*r,n), (6.20)

provided that ¢§“)(q11 -+~ qus) and ¢§“)(q21 <+ - qas) are both nonzero.

Proof. Using the above notation, from the shape of their prime factorizations, we easily
checked that (nr*,r) is a unitary pair and so Corollary 2.6 yields

@ (nr*,r) = e (@1 - -+ ) 41" (1 -+ pi"), (6.21)
provided that qb(l“)(qﬂ -+ - qas) # 0. Similarly, provided that gb(l“)(qu -+ qis) # 0, we have

@ (n*r,n) = pa(qu - - qu) 917 (p1" - - pi"). (6.22)
Since pa(qi1 -+ - q1s) = pa(qa1 - * - qas), the result follows. O

Theorem 6.5 reduces to Proposition 6.4 when both # and r are square-free.

7. Dependence of GRSs

It is shown in [16] that the Souriau-Hsu-Mobius functions, y,, of finitely many param-
eters a, are C-algebraically independent if and only if such parameters are Z-linearly in-
dependent. In this section, we ask the same question for GRSs. Since a GRS is a function
of two variables, which is multiplicative in the second variable; we look at this question
for a GRS considered with respect to this second variable while keeping the first variable
fixed. The answer is affirmative in one direction.
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THEOREM 7.1. Let k € N, n € N be fixed integers, and ay,..., 0, € C. If ay,..., 0 are Z-
linearly independent, then c)(n,),...,c %) (n, ) are C-algebraically independent.

Proof. Assume to the contrary that ¢(* N(n,-),...,c %) (n, ) are C-algebraically dependent.
By [17, Theorem 4], there exist ji,..., jx € Z not all zero such that

Q= (! (m, )" k- - -k () ()" (7.1)

vanishes on N" = N\ a semigroup generated by finitely many primes. Let p € N be prime
such that p{n. Then

0=0Q(p) = (C(‘xl)(n’.))jl Kok (C(”"‘)(n,-))j"(p)

= j1c ) (n,p) + - - - + jk ' (n, p) (7.2)
=—jion — - = jkQ.
Since aj,...,ax are Z-linearly independent, we must have j, = - - = jr = 0, which is a
contradiction. O

Theorem 7.1 does not hold if the C-algebraically independence is replaced by inde-
pendence over a subring of the ring of all arithmetic functions because by the result (1)
of Lemma 1.2, we know that ¢~V (m,n) = (¢ (m,-) * {y)(n), while « and a — 1 are Z-
linearly independent for irrational a.

The question about the converse of Theorem 7.1 needs more analysis as the answer
depends closely on the first variable. For at least one specific value of the first variable, the
converse is true.

THEOREM 7.2. Letk € N and ay,... o € C. If c'*)(1,-),...,c*)(1,-) are C-algebraically
independent, then a,...,ox are Z-linearly independent.

Proof. Suppose that «,...,ax are Z-linearly dependent. We may assume without loss of
generality that there are iy,...,i—1 € Z such that ax = i1y + - - - +ix_10%—1. By the result
(5) of Lemma 1.2,

C(“k)(l) ) = Uy = Hiyoy+-- i1 — Hiyoy koo ok Wi oy

‘ , ,- ,- (7.3)
=gl ok ekt = (9 (1,0)) ek (L) (1,0))

and so ¢ (1,-),...,c®)(1, -) are C-algebraically dependent. O

In general, the converse of Theorem 7.1 is not true as shown in the following example.
Take n =2, a = 1, and 3 = 2. Clearly, « and f are Z-linearly dependent. Let g be an odd
prime. Using an algebraic independence test of Shapiro and Sparer [20, Theorem 5], by
considering the Jacobian

(1) (2)
](C(l)(z, .),C(z)(z, ))2’q)(1) _ c (2,2)1)2(2) c (2,2)1}2(2) '

cD(2,q)vg(q) P (2,9)v4(q)
(7.4)
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we conclude that ¢(2,-) and ¢?(2,-) are C-algebraically independent. This example
also shows that the converse of Popken [17, Theorem 4], the result that was used in the
proof of Theorem 7.1 above which states that if multiplicative functions fi,..., f, are C-
algebraically dependent, then there exist i,...,i, € Z, not all zero such that ff“ ke ok
f,: = 0 on the set N’ = N\ semigroup generated by finitely many primes, is not generally
true.

Since the converse of Theorem 7.1 depends on the first variable, instead of asking for
the converse relative to GRSs with a fixed first variable, it seems more appropriate to
consider the mean value with respect to the first variable of any GRS and in this case we
have indeed a valid converse.

THEOREM 7.3. Letk,r € N be fixed. Then 1,a,...,0, € C are Z-linearly independent if and
only if M(c(+,7)), M(c'“)(-,7)),...,M(c'®*)(-,r)) are C-algebraically independent.

Proof. This is an immediate consequence of Theorem 4.1 above and [16, Theorem 11].
O

8. Applications

In this section, we give two applications of GRSs. First, we extend, in two different ways
[12, Theorem 1] which gives an interesting characterization of completely multiplicative
functions using Ramanujan sums. Second, we discuss a relation between a GRS and the
solutions of certain congruences established by Wang and Hsu [24].

Tueorem 8.1. Let f be a nonzero multiplicative arithmetic function whose associated
Dirichlet series is F(s) = >.,.1 f(n)/n’. Let ¢®)(n,m) be the GRS of order a € C\{0}.
(1) If f is completely multiplicative, then for each m € N,
1) (n,m « )M (m,n
y L) _ (g 5 LM ), (8.1)
nx1 h nx1 n
where M@ (m,1n) = 3, qcd(mn) THa(M/7) a1 (1/7).
(ii) If f satisfies (8.1) for all m € N, then f is completely multiplicative.

Proof. (i) Assume f is completely multiplicative. Using f~% = u, f, we get

(,“ocf) (n)

(F(s)) ™ = Z s (8.2)
nx1
Thus
(a)(. - Y\ (fh — m
(a5 (£ o) 0 = St )f () (5m) 03 ) %drya(r)
m m n
- f(n)r%r.ua(7)d%rua(d) - f<n>%ryu(7)yul(;),

(8.3)
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that is,

Ry 3 L s SO S (M (B). e

n=1 nx=1 rlm
rin

(ii) Assume f satisfies (8.1). Then
(fia * fc(“)(-,m))(n) = f(”) Z e U Ha— w . (8.5)
2 () ()

We assert that f~*(p?) = (pa f)(p?) for all primes p and a € N.
To see this, when a = 1, substituting m = 1 and n = p in (8.5), the left-hand side is

FEOf () (p, D+ f(p) f(DW (1, 1) = f(p)+ f(p), (8.6)
while the right-hand side is

5@ 3 ey )it (2) = ~@- s o) (57)

r|(1,p)

Equating both sides, we get f~%(p) = —af(p) = (4o f)(p)
When a = 2, substituting n = p? and m = p'(i € Ny), in (8.5), the left-hand side is

e s (=0 (§) e (3 sonsio| (5) - ()

+(—1>”(g‘)f(1)f(p2)[(?> - (if1>p+ <if2)p2}

(8.8)
while the right-hand side is
i 2
f*) X (%)ym (%)
rlged(pi,p?) (8.9)

() oo, ) () ()]

Equating both sides leads to

o
(l, - 1)4 (8.10)
o
+1 . .
1
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Putting i = 0 in (8.10) and simplifying, we get

(T)f“(l’z) = /() [(T) (“; 1) - (‘f)] + <‘f) (‘f)f(p)f(p). (8.11)

Putting i = 1 in (8.10), we get
(3= ()= ()]

(8.12)

Equating (8.11) and (8.12) and simplifying, we get <‘f)f(p2) = (‘f)f(p)f(p). Since « # 0,
this gives f(p?) = f(p) f(p). Substituting this into (8.11), we get

=56 | () ()| (§) - e s

For a € N, assume that

") = (uaf)(p7),  f(p?) = f(p) forl<j<a-1. (8.14)

Then for fixed m € N, we have
(5 £ Cm) (5) = £ (paom)+ 1)(—1)“‘f(p“l)f(p)c‘“)(p,m) -

()0 (e et ) ).
(8.15)

Putting m = p(1 <i < a— 1) in (8.15) and simplifying, we get

1) S (2 (2)

] r
rlged(pi,p®)

[ e e[ e ol )
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Putting n = p* in (8.5) and simplifying, we get
(ool ) o)
+ (-1 a:)f(p“)f(p)[(? —(if1>p}+...
colipone - (2o 5.

+(—1>(g)f(pa)[(?>_(i:)w...+(_1)a<ifca>pa].

(8.17)

Putting i = 0 in (8.17), we get

()52 = o (8) (5 ) e s (4 ) (4) -
s (5) () rensen (§) ()

Multiplying (8.18) by «, we get
()<t = o () (%) s om0 ) (§)

1/\1
+(=D’f(p)f (p*) (T) (‘f) +(=Df(p?) (g) (‘f)

(8.19)
Taking i = 1 in (8.17), we get

(i‘)f<> ] () )+P(o)< )
(s () (el o
renfaren] () (OH

Subtracting (8.19) from (8.20) and simplifying, we a

[ e e

(8.21)

(8.18)
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Now we need yet another identity

a—1 a o e e
(a—l)z(a—1><a_z>+'“+(” <1>+<1> ‘(0>, (8.22)

(ag) - (Z:;) Using this identity with

which follows from iterating the identity (%7} )
(8.21), we get

() [(Z: i) +(—1)”<g)} :f(p)“[@: i) +(—1)“]. (8.23)

If (Z:}) # (1)1, then f(p?) = f(p)®. Substituting this last relation into (8.18), we
get

a—1

Fetpy = oo () (800) [ vt (8) = unee 20

Since f and p, are multiplicative, then f~* and p,f are also multiplicative. We have
shown then by induction that f~*(p?) = (uaf)(p?®) and f(p?) = f(p)* for any prime p
and a € N, that is, that f =% = y, f and f is completely multiplicative.

If (‘:j) = (=1)*"1 then both « —a+1 and a — 1 are nonzero. Thus (‘Z:;) # (-1~
Substituting i = 2 in (8.17) and simplifying, we get

o
(&) e (%, ), ) e s cnsen (5 |
+<—1>“f(p“)p[<‘f> (Z: i) +p(‘g‘) (Z:;) ¥ (T) (g)(‘”“ - (‘”“P(m
-Gl ()
e [(2)- () e (I

Multiplying (8.18) by (;‘) , we get

(5)5= = (§)| coeston (<, )+ v ()

(8.25)

(8.26)
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Equating (8.25) and (8.26) yields

[0 [ R I e e
{2l

Since (“ i) (=1)*"! and (Z:;) #(—1)%, we get f(p*) = f(p)?, thatis, f is completely
multiplicative. O

(8.27)

There is another proof of (ii) when a(# 0) is not an odd integer > 3 using [14, Theo-
rem 12] which runs as follows: since f satisfies (8.1), we have as before

(f~* s fc@(-,m))(n) = f(n) o 2V (2. (8.28)
eesetmm - 3 m(Z)e ()

Choose m € N such that ged(m,n) = 1 and pa(m) # 0. From

(f~ % fc*(-,m))(n) = Zf ( ) (X)(d’m)

=S (2 eatm = alm o, s9)

din
F S (" e () = SO0t (09 = a1 £ ),

rlged(m,n)=1

we deduce
pha(m) 7V (n) = po(m) (a1 f) (). (8.30)

Thus pe(m) # 0 implies =@V =y, f, and so f is completely multiplicative by [14
Theorem 1.2].
Theorem 8.1(ii) is false when « = 0, for then (8.1) gives

(o0 =0 3 o™ Jua (%), (831)

rlged(m,n)

thatis, f (1) Xggcd(mm dI(m/d) = f(n) 2} \ged(mm r1(m/r), which holds for any arithmetic
function f.
In Theorem 8.1, putting f = {, so that F = {(s), we obtain

() S B (nm Z (8.32)

nx1 n=1

which seems remarkably similar to Theorems 5.2 and 5.3.
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The function M® (m,n) in Theorem 8.1 is interesting because it is an example of an
arithmetic function in two variables which is multiplicative. Recall that an arithmetic
function f(m,n) in two variables is said to be multiplicative in m, nif f(m,n) f(m',n") =
f(mm',nn") whenever gcd(mn,m'n") = 1. We see that

> () ()

rlged(mm’,nn’)

R 1 P O S

rlged(m,n)
r'|ged(m’,n")

MY (mm’ ,nn’)

= MY (m,n) MY (m',n).

THEOREM 8.2. Let f be a nonzero multiplicative function whose associated Dirichlet series
is F(s) = 21 (f(n)/n*). Let ¢®) (m,n) be the GRS of order . € C.
(i) If [ is completely multiplicative, then for each m € N,

oc) (a=1)
Z f( n)c (m,n) Z ¢ n(sm’n) f(n). (8.34)
n>1 nzl

(ii) If (8.34) holds for all m € N, then f is completely multiplicative.

Proof. (i) Assume that f is completely multiplicative. Then

R 3 /) 5 L e may (1)

nx=1 n>1 dln

- (8.35)
Z f(” Z (x) (m,d) = Z ¢ (m’n)f(n).

s
n=1 dln nx=1 n

(ii) Assume that (8.34) holds for all m € N. For each prime p and for each integer
a = 2, it is enough to show that f(p?) = f(p)“.

We first treat the case a = 2. If « = 0, putting m = p, and equating the coefficients at
n = p*in (8.34), we get

2
S F@E ) (%) = 1 () (). (5.36)

d|p?

Solving this equation gives f(p)? = f(p?). If a # 0, putting m = 1, and equating the co-
efficients at » in (8.34), we get

S f@pmf (5) = Fnarn) (N, (837)

dln
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Substituting n = p? into (8.37), we get

fOua(V)f(p?) + f(Plualp) f(p)+ f (p*)tta(p?) £ (1)

= f(P)uar (p?).  (8.38)
Solving this equation gives a f (p?) = af (p)?. Since a # 0, we have f(p?) = f(p)>.

Now consider a > 2. We proceed by induction. Assuming that f(p/) = f(p)/ for all
1 < j <a—1 and substituting n = p* in (8.37), we get

SWuaD)f(p) + f(Palp)f (p*71) + -+ + F(p*)pta(p*) f(1) = £ (p*)tha-1(p%),

(8.39)
which after simplification leads to

s (223) o | = (321) o

If (271) # (=1)*!, then f(p*) = f(p)“.

(8.40)

If (“ 1) (—1)%71, then both « — a+ 1 and a — 1 are nonzero. Consequently, (“ 1) =
(=) (a-1)/(a—a+1) # 0. Putting m = p, and equating the coefficients at n = p® in
(8.34) yields

5}

FENED (ppt) = 3 Fdepaf (B).

(8.41)
d|p? d

Solving this equation yields

il ()G

(8.42)
M a1 fa—1 aafa—1
= f(p) {(—1) l<a—l)+(_1) 2<a_2)P_1}-
Since ("H

a_1> =(-1)*"1 and (Z:;) # 0, we get f(p?) = f(p)? and the proof is complete.
O
Now we extend [12, Theorem 2], which gives a relation between Ramanujan sums and

generalized Mangoldt functions; but note first that for m € N and o € C\ {0}, we have
the asymptotic relation

(n,m) =0,(1) (n— o), (8.43)

which follows at once from | (n,m)| < Xk modm) |Ha—1(ged(k,m))]
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THEOREM 8.3. For a fixed « € C, and m,n,k € N, if

e 2 )

rlged(m,n)
(8.44)
Z ”"‘ (log(nr)",
r>1
then
M@ (m, o
5 U (o) = S e n,migl ). (8.45)
nx=1 n=1

Proof. Putting f = {p in (8.1) and differentiating (with respect to s) k times, which is valid
by the above asymptotic formula, we get

©, M@ k © d
M g = 5 () 3 S (gt

n=1 i=0 n=1 r=1
= @ ,m o i all
-5 ) z(z()mg ku<»)“ﬁ
n=1 r=1 \i=0
(a0
- Z ¢ (n,m Z log nr))
) ) (8.46)
The desired result follows by letting s — 1*. O
Putting a = 1, we obtain [12, Theorem 2],
Z c(n,m)g,il)(n) = Z # log(n Zy( ) log(d))k. (8.47)

n=1 n=1 dim

Our last application deals with solutions of certain congruences. When #,s,7 € N, let
N(n,r,s) be the number of solutions (xi,...,x;) € Z° of the congruence n = x; + - - - +
xs(modr) subject to the conditions ged(x;,7) =1 (i=1,...,s). It is well known [15, Chap-
ter 3] that N(n,r,s) is an even function (mod r) in the variable n and N(n,r,s) =
(1/r) > 4 c(r/d,r)* c(n,d). We end this paper by indicating another connection between
a GRS and the number of solutions of certain congruences discovered in [24]. Let a =
(ar,ay,...,ar) € Z*. Then, for every prime p, there uniquely exists an r X k matrix B,(a)
over Z, := {0, 1,..., p — 1} such that

a=(Lp,...,p" ")By(a) (modp"). (8.48)

Letn, k € Nanda = (ay,as,...,ax) € Z*. Then a is said to be rth degree prime to n, written
as (a,n), = 1, if no row vector of B,(a) is a zero-vector for each prime divisor p of n.
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Let N, x(n) denote the number of k-vectors a = (ay,as,...,ax) € z’,; such that (a,n), =1.
The following proposition is [24, Theorem 2.2].

ProrosiTioN 8.4. If a,n,k € N, then Nyx(n) = ¢,(ca)(n). In particular, if n is a-powerful,
then Noj(n) = ¢ (n) = n* [Tp,(1 = p )=,

The connection with a GRS can be seen for example by observing from Section 2 that
ifk =1, then ¢ (n,r) = </>§“)(r) = N1 (r), whenever r | n.

As for the general case, for p prime, let A, be a subset of the k-dimensional vector
space Z];,. Then there uniquely exists a completely multiplicative function f with f(p)
being defined by the number of vectors in A,. For any k-vector a (mod n), we write
(a,n)4 = 1if no row vector of B,(a) is in Ay, for every prime divisor p of n. The following
proposition is [24, Theorem 2.3].

PropositioN 8.5. Ifa,n,k € N and n is a-powerful, then (/),(C“’f) := (i & f79 just counts the
number of all k-vectors a = (ay,...,ax) (mod n) such that (a,n)s = 1.
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