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Summary

This thesis consists of three chapters, each of which studies a problem on the asymptotic
behaviour of the partial sums of arithmetic functions. The main results of the first chapter
extends to arithmetical functions in several variables the asymptotic formulae with error
terms obtained by B. Saha for the partial sums of an arithmetic function with an absolutely
convergent Ramanujan expansion, assuming suitable decay conditions for the coefficients of

this expansion.

The principal result of the second chapter of this thesis is an explicit asymptotic formula for
the partial sums of a real valued multiplicative function subject to certain conditions which
may, intuitively, be viewed as requiring that the function takes more non-negative values than
negative values on the set of prime numbers.

Finally, in the third and final chapter of this thesis we obtain an asymptotic formula for the

. . . . o ..
partial sums of the arithmetical function n — n’i,(f,) , where & (n) denotes the greatest divisor

of n which is coprime to a given integer k, 0 is any real number and r > 1 is an integer. This

result extends and improves an old result of P.N. Ramachandran on this subject.
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CHAPTER 1

Ramanujan expansions and partial

SUums

In this chapter we derive asymptotic formulae for the partial sums of arithmetic functions of
two or more variables with absolutely convergent Ramanujan expansions, assuming suitable

decay conditions on the coefficients of these expansions.

1.1 Introduction

For any integers ¢ > 1 and n > 1, the Ramanujan sum cq(n), named for S. Ramanujan, is

defined by the relation

2zian
cqn)=Y e . (1.1)
ac(Z/qL)*
In the pioneering work [24], Ramanujan obtained expansions in terms of these sums for a
variety of arithmetic functions. For this reason an arithmetic function of one variable, that

is, amap f from N to C, is said to have a Ramanujan expansion if there exists a sequence of

complex numbers {a,},>1 such that for each integer n > 1 the series

Y agcq(n) (1.2)

q=1



converges to f(n). The sequence {a, },>1 is then called a sequence of Ramanujan coefficients
for f. If the series (1.2) is absolutely convergent for all integers n > 1, the arithmetic function
f 1is said to have an absolutely convergent Ramanujan expansion. The following Ramanujan

expansions are given in [24] for real s > O:

where o5(n) = Y4,d°, and ¢s(n) = n*[1(1 —1/p°) for any real s, { is the Riemann zeta
pln

function and r(n) is the number of representations of n as the sum of two squares. Note

that the first of these expansions is absolutely convergent and the last one shows that a given

arithmetic function may admit more than one sequence of Ramanujan coefficients.

The study of the existence of Ramanujan expansions for arithmetic functions and their con-
vergence properties has been carried out by a number of authors; see [4, 10, 12, 25, 26, 31].
The works [18, 20] of L.G. Lucht and M.R. Murty respectively are recent surveys on Ra-

manujan expansions.

R. Bellman [2] appears to have been among the earliest authors to observe that the existence
of an absolutely convergent Ramanujan expansion for an arithmetic function provides an al-
ternative to the standard methods for studying the growth of the partial sums of this function.
Indeed, if an arithmetic function f admits (1.2) as its Ramanujan expansion and if this series

is absolutely convergent then we have

Y fm=Y Yae,m=Ya, Y cqn). (1.3)

1<n<N 1<n<Ng>1 g>1 1<n<N

When g = 1 we have ¥, <, <y ¢q(n) = N. However, when g > 2 there is significant cancella-



tion in the sum over n so that one may hope to obtain the asymptotic formula

f(n) ~a\N as N — +oo. (1.4)
1<n<N

In the recent literature this idea has been revived by several authors, with stronger assump-
tions on the Ramanujan coeffcients, to obtain asymptotic formulae with remainder terms
for the partial sums of various arithmetic functions and their convolutions. In particular, B.
Saha’s Main Theorem in [25] and Theorem 4 in [26] give asymptotic formulae with remain-
der terms for Y ,<y f(n) for an arithmetic function f under the assumption that f has a
Ramanujan expansion whose coefficients a, satisfy respectively the conditions

1
|aq\<<qm and |a,| < (1.5)

qlog®q
for some 6 > 0 and a > 2 and all g > 1, which are easily seen to guarantee the absolute

convergence of this expansion.

All of the aforementioned articles, however, are concerned with Ramanujan expansions for
arithmetic functions in one variable. It appears that very few results are known on Ramanujan
expansions of arithmetic functions of two or more variables, with the exception of the recent

papers of N. Ushiroya [36] and L. Té6th [35].

Our main purpose in this chapter is to extend the results of B. Saha cited above to arithmetic
functions of two variables with absolutely convergent Ramanujan expansions as considered
by Ushiroya [36]. We begin by giving the precise statements of our results in the following
section. These statements correct various errors in the statements of the results in [30]. The
proofs of our results are given in Section 1.4 using preliminaries recalled in Section 1.3.
This is followed by Section 1.5, where we describe how our results may be extended to
arithmetic functions in more than two variables. Finally, in Section 1.6 we discuss a simple
and elementary method that yields better results in specific cases than our general Theorem

1.2.1 given in the following section.



1.2 Results

Here on, for the sake of brevity, we will supress the lower end point of a summation range

when this lower end point is 1. Thus we will often write },,<, in place of } | <, <, etc..

An arithmetic function of two variables is a map f : N x N +— C. Such a function f is said
to have an absolutely convergent Ramanujan expansion if there exists a family of complex
numbers {ay, 4,} With (g1,¢2) varying over N x N such that for each (ny,n2) € N x N the

double series

Z aqy.q: €q (M1)cq, (2) (1.6)
(91,42)ENXN

is absolutely convergent and its sum is f(7n1,n2). The family {ay, 4,}, With (¢1,92) € NxN,
is then called a family of Ramanujan coefficients for f. Note that unlike in the single variable
case we only consider absolutely convergent Ramanujan expansions in the two variable, and

later, in the several variable case.

Our first result is an extension of the Main Theorem of [25] to arithmetic functions of two

variables. Theorem 1.5.1 of Section 1.5 gives the several variable version of this result.

Theorem 1.2.1. Suppose that {ay, 4, }, with (q1,q2) € NxN, is a family of complex numbers
satisfying the condition

|ag,.q,| < (1.7)

[q1,42]1*?
for some 8 > 0 and all (q1,q2) € N x N, where [q1,q>] denotes the least common multiple
of q1 and q>. Then the series (1.6) is absolutely convergent for every (nj,ny) € NxN. If
moreover {ay, 4,} is a family of Ramanujan coefficients for an arithmetic function of two

variables f then for any integer N > 1 we have

14-78

aj N>+ O(N*%(logeN) 2) if§<1,
Y, flum)= (1.8)
ny <N a1, 1N*+ O(N) ifé>1.



The implied constants in the < and O symbols above depend only on 6. Here and elsewhere

in this thesis e denotes the familiar numerical constant 2.712.. ..

In the following theorem we weaken the decay condition on the Ramanujan coefficients.
This result extends Theorem 4 of [26] to arithmetic functions of two variables. Theorem

1.5.2 of Section 1.5 gives the several variable version of this result.

Theorem 1.2.2. Suppose that {ay, 4, }, with (q1,q2) € NxN, is a family of complex numbers

satisfying the condition

1
q1,92)(loge[q1,42])Y

’aqwz‘ < [ (1.9)

for some real number 'y > 8 and all (q1,q2) € N x N. Then the series (1.6) is absolutely con-
vergent for every (ni,nz) € N xN. If moreover {ay, 4, } is a family of Ramanujan coefficients

for an arithmetic function of two variables f then for any integer N > 1 we have

Y fn,m)=aN*+0 <(N—2> .

N logeN)7—8
The implied constants in the < and O symbols in the statement of Theorem 1.2.2 depend

only on 7.

B. Saha applies the Main Theorem of [25] to the Ramanujan expansions of the (single vari-
able) functions n +— % and n — % to obtain the Corollaries 1 and 2 of [25]. We may
similarly apply Theorem 1.2.1 to obtain analogous results in the two variable case. More
precisely, Examples 3.8 and 3.11 of Ushiroya [36] give the following Ramanujan expansions

for arithmetic functions in two variables, where we have put 6 — 1 in place of s used in [36].

For any real number 6 > 0 we have

W =0(1+ S)q qf::l mcql (n1)cq, (n2) (1.10)
and
¢5-1((n1,m2)) 1 o pllane))
(nl,nz)‘s*l B (14 9) 41,%::1 ¢1+6([611;C[2]) 611( 1) qz( 2), (1.11)

9



where (ny,n;) denotes the greatest common divisor of n; and n;.

Let
05_1 ((n1,n2))
(l’ll 9 n2)671

¢5_1(n1,n2)
((n1,n2))0=1

We assert that Ramanujan coefficients of functions f; and f, in the expansions given by

fi(ni,mp) = and f>(n1,no) =

(1.10) and (1.11) satisfy the condition (1.7) of Theorem 1.2.1. This is plainly the case for f;

by (1.10), while for f> our assertion follows from (1.11) and the inequality

¢ 1+6H > pl+d H 1 _ n' "o (1.12)
115(n 1+5 p1+8 C(1+8) :

pln p>2

Consequently, we immediately obtain the following corollaries to Theorem 1.2.1. However,
one may obtain sharper forms of these corollaries by a simple and elementary method, de-
scribed in Section 1.6. It is also shown in that section that this method also yields sharper

forms of Corollaries 1 and 2 of [25].

Corollary 1.2.3. Let 6 > 0 be a given real number. Then for any integer N > 1 we have

s s,

1y 1p)0 1
mimsy . (mm) £(1+8)N?+O(N) if 8> 1.

Corollary 1.2.4. Let 6 > 0 be a given real number. Then for any integer N > 1 we have

P51 ((n1,m2)) C(1+5)+0(N2 S(logeN)"7") if§ <1,

ny, <N (n17n2)6_1 .
v gy +ON) if &> 1.

1.3 Preliminaries

We record here some results which will be used to prove the theorems stated in the preceding

section. We begin with the well-known partial summation formula :

10



Proposition 1.3.1. Let a be an arithmetic function, x > 1 a real number and let f : [1,x] — C

be a complex valued function with continuous derivative f' on [1,x]. Then we have that

Y. aln)f(m) = A7)~ [ AG)f (e

n<x

where

=) a(n)

n<t

Proof. See the proof of Theorem 1.14 of [3]. L]
The following pair of corollaries put Proposition 1.3.1 into easily applicable forms.

Corollary 1.3.2. Let «, B and 6 be real numbers with B > 0 and let {a(q) } 4>1 be a sequence

of real numbers > 0 satisfying

Y a(q) < 1'% (logt)P (1.13)

q<t

forallt > 2. Then for any real numbers V,U with 1 <V < U we have

7

U*d(logU)B  for§ < a,

aq
LS8! (ot pors-a (1.14)
v<g<U 4

Ve d(logeV)B  for§ > a.
\

a(q)

In particular, when & > a the series ¥, 15 converges.
In (1.14) the implied constants depend only on «, 3, 6 and the implied constant in (1.13).

Proof. Since 1 <V and V < ¢, the left hand side of (1.14) is independent of a(1), which we
may take to be 0. Then (1.13) holds for all # > 1. Let us now set A(t) = Y., <, a(q) fort > 1.

Then we have

y a(q) _ y alg) y alg) _AU) A(V) +(1+5)/VUA( )dt (1.15)
q

1+6 1+0 140 1+0 1+6 2+0

11



where we have applied Proposition 1.3.1 twice to obtain the second equality. On using

A(t) < t'+%(logr)P we then deduce that

B B B
a(q) <<(10gU) (logV) /U (logt) " (1.16)
%4

1 — — 1+6—
V<q§Uq +6 UB o V6 o t +0—a

Let us temporarily write I for the integral on the right hand side of (1.16). When 6 < o we

have

U
Ig(logU)ﬁ/1 %9 ar < al 5(1ogU)BU“*5. (1.17)

When 8 = o we have I = —— ((logU )P+ — (logV)F*1) < (logU)P+1, since B > 0. Since

1+B
V < U and B > 0, the second term on the right hand side of (1.16) does not exceed the first
when 0 < «. These remarks together with (1.17) and (1.16) give (1.14) in the first two cases.

When 6 > o we have

+oo B pteo B
< / (logV1)P d(vr) < gV’ / (loger)” (1.18)
1 1

Vt Ve l+s—a yo—a t1+6-a

where the first inequality results from extending the range of integration from [V, U] to [V, o)
and then using the change of variables t — V¢, while the second inequality results on noting
that logVr < (logeV)(loget), valid for any V,# > 1. Note that the last integral in (1.18) is
convergent since 6 > «, and is independent of V. Since a(q) > 0 for all ¢ > 1, we get on

combining (1.18) and (1.16) that

) ) i Y alg)  (logeV)? (1.19)

1+6 — oo 1+6 S—«a
vigey ' te T U=t Sy gt 4

when 6 > a. The second inequality in (1.19) tells us that }; <, ;‘f—j{g converges in this case.

]

Corollary 1.3.3. Let o, B, ¥ be real numbers and let {a(q)},>1 be as in Corollary 1.3.2.

Then for any real numbers V,U with2 <V < U we have

12



+1 fora>0,y>p,
a(q) < (logU)Y (logU)7-B (1.20)

q(logq)”
v=q=U (logv)lyfﬁfl fOl" o = 07 Y > B +1.

In particular, when o =0 and y > B + 1, the series Y <, . lo(g()])y converges.
In (1.20) the implied constants depend only on «, 3, v and the implied constant in (1.13).

Proof. As in the proof of the preceding corollary, we may suppose that a(1) = 0 and hence
that A(t) = Y« a(q) < 1'% (logr)P forall 1 > 1. Let u be such that /e < u < V. By means

of Proposition 1.3.1 we then obtain

a(q) U(x u(x /U t(xfl
+ T ar, 121
L 0oz < TogU)7 P Tlogu) P " Ju Tlogn)7 P (121

where we have used

1 ! 1 y 1
=— — 1.22
(t(logt)”) 2(logt)?  t*>(logt)r+! < 2(logt)?’ (1.22)

for t in [u, U], since logt >  for such ¢. On letting u — V' in (1.21) we conclude that

a(q) U“ n ya N U ool
yity a(logq)? — (logU)r=F ~ (logV)r=F ~ Jv (logt)r-P

dt (1.23)

for any V,U with 2 <V < U. Suppose now that ¢ > 0, ¥ > 3 and for r > 1 let us set

o

o(t)= W. Then we see that

ata—l atoc—l '}’_ﬁ toc—l
B A . il
2(logt)r—B (logt)Y (logt)Y

(1.24)

whent > V) = ex (Y B) > 1. Thus when Vi <V we have from (1.23) and (1.24) that
P

a(q)

U
W<<§D(U)+(P(V)+/V QD,(l)dl‘ :2§D(U) (1.25)
V<g<U

When V < V; the left hand side of (1.25) can be written as

13



a a VIt®(10g V)P

y oo oy e Wl g
V<q<Vy q(logq) Vo<q<U q(logq) (log2)

using (1.13) and (1.25) with V = V{) and since V > 2 and a(g) > 0. The bound in (1.20) for

o > 0 now follows from (1.25) and (1.26). When o =0 and y > 8 + 1 we obtain from (1.23)

that

a(q) im a(q) < 1 > 1

— = + ——dt (1.27)
Vit q(logq)? U—rtooy, 2t ) q(logq)? ~ (logV)r=B ~Jv t(logt)r—P

for any V,U with 2 <V < U, since a(q) > 0. To conclude the second case of (1.20) from

(1.27) it remains only to note that the integral in (1.27) evaluates to - since

1
(r—B—1)(logV)7 P~

log2 1 Also, it follows from the second inequality in (1.27)

(logV)7=P = (logV)7-F-1"

Y>pB+1and

that }'r, % converges in this case.

]

We next give some simple bounds for c¢,(n) and its partial sums over n for a given g. All of

our bounds are easy consequences of the following classical relation (see [21], page 110) :

cim) = Y u(hd, (1.28)

for all integers g,n > 1, where (g,n) is the ged of ¢ and n and p is the Mobius function. We
shall write o(n) in place of 61(n) =} 4, d. Then an application of the triangle inequality to

the sum on the right hand side of (1.28) immediately gives

Lemma 1.3.4. For all integers n > 1 and g > 1 we have

lcq(n)| < o(n). (1.29)

Now we note that for all integers N > 1 and ¢ > 1 we have using (1.28) and an interchange

of summations that

14



Y cqln) Z“ )d ). 1—2 { ] (1.30)
n<N d|q n<|N

Lemmas 1.3.5 and 1.3.6 below follow from (1.30). These lemmas are versions of Lemma 1

and Lemma 2 of [7] respectively.

Lemma 1.3.5. For all integers N > 1 and g > 1 we have

Z cqy(n)| <Nt

n<N

Proof. This results from (1.30) on using the triangle inequality and d [¥] <d-% = N.

[
Lemma 1.3.6. For all integers N > 1 and g > 2 we have
Y, cq(m)| < (1.32)
n<N

Proof. We note that [¥] =& 4 ¢,(N) with —1 < g;(N) < 0 for all integers d,N > 1. Thus

from (1.30) we have

Y cq(n) Zu (+ed ) Zu )dey (N (1.33)

n<N d|q dlq
since the Mobius inversion formula tells us that } ), u(%) = 0 when g > 2. Applying the

triangle inequality we then get

1Y, cqln |—|Zu )dey(N)| <Y d =o(q). (1.34)

n<N dlg dlq

O

We now discuss various products on arithmetic functions with an emphasis on multiplicativ-
ity. We recall that an arithmetic function (of one variable) f is said to be multiplicative if

f(1) =1 and we have f(mn) = f(m)f(n) whenever m,n € N are coprime.

15



When f and g are arithmetic functions we write f - g for the arithmetic functionn — f(n)g(n).
Further, we write f* g for the Dirichlet convolution of f and g defined by n+— Y4, f(d)g(5)-

When f and g are multiplicative functions so are f-g and f *g.

Let r > 1 be an integer and f1, f2, ..., f be arithmetic functions. Then f] X f, X ... X f; shall

denote the arithmetic function defined by the relation

AXfrx...x fr(n)= Y filmy) fo(ma) ... fr(m;), (1.35)

[y 12,y =n
for all n € N, where the summation is over all r-tuples (mj,my,...,m,) such that the lcm of
the m;, denoted by [my,ma,...,m,], is n. We also write X;<,f; in place of f; X fo X ... X f,
which is sometimes called the lcm product of the f;. Likewise, we write [];<;<, f; in place

of fi-fa--- fr.

We now have following classical but apparently not so well-known lemma, which goes back

to Von Sterneck (see footnote on page 723 of D.H. Lehmer [15]) and D.H. Lehmer [16].

Lemma 1.3.7. Let r > 1 be an integer and f1, f>,..., fr be arithmetic functions. If each of

f1,f2,--., fr is multiplicative then so is fi X fo» X ... X f;.

Proof. To show that an arithmetic function f is multiplicative, it suffices to show that 1 x f
is multiplicative, where 1 is the arithmetic function defined by n + 1 for all n» € N. Indeed,
if 1x f is multiplicative then f = i * 1 x f by the Mdbius inversion formula and since U is

multiplicative, it would follow that so is f.
For any n € N we have identity

Y Y, Am)fa(m).. frlm) = [] )Y film) (1.36)

m|n [m17m27 <M, r] m 1<l<}"ml|l’l
which is easily verified by opening the product on the right hand side and regrouping terms

according to lcm. This identity can be rewritten as
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¥ (fixfrX...xf)= Hl*ﬁ. (1.37)

1<i<r
Since each f; is multiplicative, so is the right hand side of (1.37) and consequently, so is its
left hand side, as required.

]
Finally, we recall a basic bound for the partial sums of non-negative multiplicative functions.

Lemma 1.3.8. Let f be a non-negative multiplicative function such that for all real x > 1 we

have

- Z f(p)logp <k, (1.38)

p<x

)y Z k)g Sp)log(pT) (1.39)

p<xv>2

for some real numbers x and K'. Then for all x > 1 we have

Zf(n) < eK'(K/+K+1)10;€xexp<Z @)

n<x

Proof. See the proof of Theorem 4.22 in [3]. OJ
As an application of the preceding pair of lemmas we have :

Proposition 1.3.9. Suppose that r > 1 is an integer, A, B, { are real numbers and that
f1, /2, ..., [ are non-negative multiplicative functions such that f;(p) < { and f;(p¥) < AvE

for 1 <i<r,allintegers v > 2 and prime numbers p. Then we have that

Y fix fox...x f(n) < x(logex) D) 72, (1.40)

n<x

The implied constant in (1.40) depends only on A, B, r and /.

Proof. By Lemma 1.3.7 we have that x;<,f; is a non-negative multiplicative function. We

will deduce (1.40) by applying Lemma 1.3.8 to this function. To this end we set f = X<, f;
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and note that for any prime number p and integer v > 1 we have

=Y, Alm)falm) ... fr(my) = Y [T A¥) . a.4n
[my,ma,....m|=p" (v(l)’:%,’f;"y’)’ 1<i<r

max(Vy,Va,...,Vy)=V.

In particular with v = 1 we have

fp= Y Iﬁ(p) : (1.42)

IC{1,2,...,r}, 1
jory

Consequently we obtain that

fp< Y (Z)ekzwﬂ)’—l (1.43)

1<k<r
for all primes p and therefore, on using the Chebyshev bound } < log p < (log4)x for x > 2,

that

% Z f(p)logp <logd((¢+1)" —1)) =«. (1.44)

p<x

Now we note that

Y 1= Y 1= Y l1=@+1)y-v. (1.45)

(V17V27~~~7Vr)> (V17V27~~~7Vr)7 (V17V27~-~>Vr)7
0<v;<v, o<v;<v. o<v;<v-—1.
max(Vy,Va,...,Vy)=V.

By the mean value theorem (v 4 1) — v" < r(v 4 1)1 <2"=1ry"~! for any integer v > 1.

Thus we have from (1.41) that

f(pv) _ Z H ﬁ(pvi) < p2r—lyr=laryrB — rzrflArvr(B+l)717 (1.46)

(V1:V27~~~7Vr)7 ISZSV
OSViSW
max(vy,Va,...,Vy)=V.
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using which and the easily verfied bound logn < 2./n, valid for any integer n > 1, with

n = p¥ we deduce that

yr(B+1)—
y y /P)lel’) k’g reay Y ¥ 2 =K < (1.47)

p<xv>2 v>2p>2 p

To conclude (1.40) from Lemma 1.3.8, (1.44) and (1.47) it remains only to note that

((l+1)"—1)(loglogex+C) (1.48)

"BI'—‘

¥ < ey )

p=x
for an absolute constant C, where first inequality follows from (1.43) and the second from

the classical Mertens bound.

O
Corollary 1.3.10. For all integers r > 1 and real numbers x > 1 we have
Y Y 1 < x(logex)* 2. (1.49)
n<x[mj,my,....,m|=n
Corollary 1.3.11. For all integers r > 1 and real numbers x > 1 we have
Z Z t(my)t(my)...7(m,) < x(logex)® 2. (1.50)

n<x[my,my,....,n;]=n

The implied constants in (1.49) and (1.50) depend on r alone.

Proofs of the Corollaries. For Corollary 1.3.10 we apply Proposition 1.3.9 with each f; =1
so that we have f;(p¥) =1 for 1 <i <r, all integers v > 1 and primes numbers p. Thus we

may take { = 1, A,B = 1 when applying the proposition.

To obtain Corollary 1.3.11 from Proposition 1.3.9 we take each f; = 7 so that we have
filp¥)=v+1for 1 <i<r,all integers v > 1 and prime numbers p. We may therefore

set { =2, A =2 and B = 1 when applying the proposition. [

Our final proposition is yet another application of Lemmas 1.3.7 and 1.3.8, only slightly

different from the corollaries above.

19



Proposition 1.3.12. For all integers r > 1 and real numbers x > 1 we have

) Y  o(m)o(m)...o(m)<x. (1.51)

nSx [m17m2,...,mr]=n

The implied constant in (1.51) depends on r alone.

Proof. We have

1
Z o(my)o(my)...c(m,) <x Z p: Z o(my)o(my)...c(m,) .
n<x[my,my,...,n;]=n n<x"" [my,my,....,m;]=n
(1.52)
Let us temporarily define the arithmetic function A by
An) = — ) o(m))o(my)...c(m,) (1.53)

[my,my,...,m]=n

for any n € N. Since o is a multiplicative function, so is A by Lemma 1.3.7. Further, for any

prime number p we have

1 1 r p+2 1
Ap== ) o(p) = = (k>(p+l)" ( ) (1.54)
P ycun,. ), iel P i< p
1£¢.
and consequently that
(p+2) r2’
Ap) <L <12 (1.55)
p p

since the mean value theorem gives (p +2)" — p” < 2r(p+2)"~! < r2"p"~!. Using the first

inequality in (1.55) we therefore have

! Y. A(p)logp < (log4)2" =k (1.56)

p<x

for any x > 1, by the Chebyshev bound ¥’ ,<,log p < (log4)x and (1 + %)r < 27, valid for all
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primes p. Also, using the second inequality in (1.55) and the Mertens bound we get

Z ;L( ) < Z + Z 2 <loglogex+C(r) (1.57)

p<x p p<x p<x
for some real number C(r) depending only on r. Finally, we note that for all integers v > 1

and prime numbers p we have

l(pv)=lw Y o(p")o(p*?)...o(p") < (v+1) ) 1 (1.58)
i e
max(vljvzl:.,\;,):v. maX(WT"ziiw"/r):V

since o(p") < (vi+1)pY < (v+1)pY when v; < v. Using (1.45) and the mean value
theorem as before we then conclude that

A(pY) <r(v4+ )Pt <oty (1.59)
for any integer v > 1. Therefore we have

2r 1
= Kk’ < Hoo. (1.60)

y y M) oy y

p<xv>2 v>2p>2 p j
using again the inequality logn < 2y/n with n = p¥. We now apply Lemma 1.3.8 taking
account of (1.56), (1.60) and (1.57) to obtain

Y An) <x, (1.61)

n<x
which on recalling (1.53) and combining with (1.52) yields (1.51).
[

Remark 1.3.13. The upper bounds given by (1.49), (1.50) and (1.51) are optimal up to
the implied constants. Indeed, they can be refined to asymptotic formulae. This can be seen
using the results of the following chapter and, in the case of (1.49) and (1.50), using Theorem

1 of [17], for instance.
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1.4 Proof of Theorems 1.2.1 and 1.2.2

1.4.1 Absolute Convergence

We begin by verifying here that if {a,, 4, }, with (¢1,¢2) varying over N x N, is a family of
complex numbers satisfying either of the conditions (1.7) or (1.9) then the double series (1.6)
is absolutely convergent. Since (1.9) is the weaker of the two conditions, it suffices to verify
our assertion under this condition. For any (n1,n2) € N x N we then have using (1.9) and the

bound (1.29) that

+ Y olm)olm) e

Agy.qr|1cq (M) ]|cgy (n2)| < ar
Z ’ q1 ‘IZH q1 )H ‘12( ’ ’ }[(]1,(]2](101‘;[611,612])7

(91,92)ENXN 2<(g1,92

Now we note that

1 _ Z Yig1.92)=q

= . 1.63
Tavaloglar a2’ &, qllogq)? (09

2<(q1,92

By Corollary 1.3.10 with r =2 we have Y.</ Y4, g1=k | < t(logt)?. Tt then follows from

91,92
Corollary 1.3.3 that the above series converges when ¥ > 3, which is certainly the case. This

proves the required assertion.

From here on we present our proofs of Theorems 1.2.1 and 1.2.2 in a manner that allows
immediate generalisation of these results to the case of arithmetic functions in more than

two variables, taken up in Section 1.5, the final section of this chapter.

We begin with a decomposition of the series (1.6).

22



1.4.2 An Intial Decomposition

In this subsection we suppose only that the series (1.6) is an absolutely convergent Ramanu-
jan expansion for an arithmetic function of two variables f. The absolute convergence of
(1.6) allows us, in particular, to rearrange the terms of this series without changing its sum.

We will use this remark at several places in what follows without further comment.

For any subset 7 of {1,2}, let us write .% (I) for the set of (¢1,¢2) in N x N such that ¢; # 1
ifielandg;=1ifi¢I Then the family of sets .% (I), with I varying over the subsets of

{1,2}, form a partition of N x N. Consequently, for any (n,n;) € N x N we have

f(ni,n2) = Z ag1.q> Cq1 (M1)Cqy (n2) = Z Z Ag1.q> Cq1 (M1)Cq, (n2) -
(qhqz)GNXN ]g{],Z} (q],qz)elg(l)
(1.64)
For any integer N > 1 we now sum both sides of the above relation over ny,n, < N. Then
after an obvious interchange of summations and on remarking that for any subset 7 of {1,2}

we have Y, <y cq(n;) = N when i € {1,2} \ I, since for such i we have ¢; = 1 and hence

cq;(n;) = 1 for all integers n; > 1, we deduce that

Y fmm)= Y N Y a T Y cq(m) - (1.65)

ny,m<N 1C{1,2} (q1.92)e7(I) i€l ni<N

For any subset 7 of {1,2} let us set

Bi= Y  aga [l Y culni). (1.66)

(q1,92)e7 (I) icl nj<N

Note that By = a1 since .7 (¢) = {(1,1)}. We therefore have from (1.65) that

Y fmm)=a, N+ Y, N7V (1.67)
npnp <N I1C{1,2},
1#¢.
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1.4.3 Proof of Theorem 1.2.1

In the Section 1.4.1 we have seen that if a family of complex numbers {ag, 4, }, With (¢1,¢>)
varying over N x N, satisfies (1.7) then the series (1.6) is absolutely convergent. Thus under
the hypotheses of Theorem 1.2.1 we have (1.67). We shall presently prove this theorem by
estimating the sums B; on the right hand side for (1.67). We will do this by extending an
argument of B. Saha, who estimated essentially the same sums for I with cardinality |I| = 1

to prove the Main Theorem of [25].

We begin with the following simple remarks. Firstly, for any non-empty / we have by (1.7)

and the triangle inequality applied to the right hand side of (1.66) that

1
Bi<) 5 Y 'Y caml, (1.68)

q=2 (qi,q2)eZ (), i€l <N
[91,.92]=¢

on noting that [q;,g2| > 2 when (g1,¢92) € % (I) for non-empty I, since each g; > 2 fori € I.

This also means that we may use (1.32) to estimate the sums of c,,(n;) over n; in (1.68).

Secondly, for any non-empty subset / of {1,2} with cardinality |I| = r, any non-negative

arithmetic function f and any integer ¢ > 1 we have

Y Jlf@ < Y flm)-flm). (1.69)
(q1,92)F (1), i€l (my,....,m.)EN",
[91,92]=¢. [m1,....m]=q.

When f is n + o(n), respectively n — t(n), we shall write a;(g), respectively by (g), to

denote the right hand side of the above relation.

Now let 6 > 0 be given and let us decompose the sum on the right hand side of (1.67) as

Y ~Ug= Y Nl ¥ oNE Y NV 70

1c{1.2}, {12}, 1c{1.2}, {12},
I#£¢. 1#¢, 1#£¢, 1#£9,
1|<8. l1|=s. 11]>8.

We first estimate the sums B; occuring in the first sum on the right hand side of (1.70). Thus
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let 7 be a non-empty subset of {1,2} with |I| < 8. Then on applying (1.32) to estimate the

sums over n; in (1.68) we get

1 ajry(q
el T Tle <549 am
q=>2 (q1.q2)€Z (1), i€l
(1 qz} =q.

on using (1.69) with f taken to be the function n — o (n) for the second inequality. Since

Y < ay(g) < tH1+1 from Proposition 1.3.12 with r = ||

Corollary 1.3.2 that the last series in (1.71) converges. Consequently, we have

B; < 1 whenl# ¢ and |I| < 6. (1.72)

Now we estimate B; when |I| > §. To this end, we let A > 2 be any real number. We use
(1.32) to estimate the sums over #; in (1.68) when 2 < ¢ < A and (1.31) when A < g. Then

on applying (1.69) with f taken to be n+— o(n) and n — 7(n) respectively we get
pplying P yweg

Il\ 1 |1|
B< ) 1+5 +NIY 1+5 . (1.73)
2<g<a 4 A<q 4

We first bound the second sum on the right hand side of (1.73). We do this by noting that
Yo<ibp(q) < t(logt)ﬂl*2 from Corollary 1.3.11 with r = |I| and using the third case of
(1.14) with V = A and letting U — +oo. Turning to the first sum on the right hand side of
(1.73), we bound this sum when |I| = & by noting as above that ¥, a;(q) < t11+1 from
Proposition 1.3.12 and using the second case of (1.14) in Corollary 1.3.2 with V =1 and
U = A. When |I| > & we bound this sum similarly except that we use the first case of (1.14)

in Corollary 1.3.2.

When |I| = 6 we then obtain from (1.73) that

N (log?L)fsm_2
Al

\1\+3V|—2

for all A > 2, which we apply with A = (eN) T >2, since N, |I| > 1. This gives

By < logA +

(1.74)
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B; < logeN +1 < logeN when 6 = |I|. (1.75)

When |I| > 6 we get

N (log?L)T’m_2

By < AMI=9 4 25 (1.76)
for all A > 2, in which we take A = eN(log eN)% > 2, since N, |I| > 1. This gives
B; < N=%(1ogeN)"n®) when |1] > &, (1.77)
where u;(0) is defined for any integer k > 1 and 6 > 0 by
ue(8) = (1—%) (3k-2). (1.78)

With a view to the proof of the generalisation of Theorem 1.2.1 that we give in Section 1.5,
it will be convinient to proceed from here on by setting ¢ = 2 and estimating the first sum on

the right hand side of (1.70) as

Y N < ¥ N<NTT Y, (1.79)
1c{1,2}, 1€{1,2}, 1c{1.2},
10, 10, 10,
1< 1|<3. 1)<

where the first inequality follows from (1.72) and the second since |I| > 1 when I # ¢. For

the second sum on the right hand side of (1.70) we have using (1.75) that

NIB < N %logeN ¥ 1 (1.80)
1c{12}, 1c{12},
I#0, 2
|1|=5. 1|=8

Likewise, on using (1.77) we have for the third sum on the right hand side of (1.70) that
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Y NVB < Y N (logeN)n®) < N3 (logeN) @ Y 1, (181)

1C{1,2}, 1C{1,2}, IC{1,2}
179, I#¢, I#9,
|1]>0 |1]>0. [1]>0

since k — ug(9) increases with k when k > 8 for a given 6 and since |I| < /.

When & > 1 there is a C(8,¢) > 0, depending only on & and /, such that N‘~% (logeN)"(9) <
C((‘)‘,K)N‘Z_1 and Né_‘slog eN < C(6,€)Ne_1 for all N > 1, since these bounds are valid with
C(6,¢) =1 when N is large enough, depending only on § and ¢. Thus on combining (1.79),
(1.80) and (1.81) with (1.70) we get

N*MB; « N~ when & > 1. (1.82)
1€{1.2},
1#¢.
When 8 = 1 the first sum on the right hand side of (1.70) is O since it is an empty sum. Also,

we have

1 <uy(1) for all integers k > 2 (1.83)

and in particular when k = ¢. We therefore have from (1.80) and (1.81) together with (1.70)

that

N> 1B, < N (1ogeN)"() when & = 1. (1.84)
1C{1,2},
1#9.
When 0 < 6 < 1 the first and second sums on the right hand side of (1.70) are O since they

are empty sums. We then conclude from (1.81) and (1.70) that

N> B, <« N1 (logeN)*(®) when 0 < & < 1. (1.85)
I1C{1,2},
1£¢.
Finally, we note that uy(0) = 14575 from (1.78), since £ = 2. Theorem 1.2.1 now follows

27



from (1.82), (1.84) and (1.85) taken together with (1.67).

1.4.4 Proof of Theorem 1.2.2

Intuitively speaking, the condition (1.9) corresponds to the condition (1.7) with 6 “infinites-
imally” close to 0. Thus to obtain Theorem 1.2.2 from (1.67) we estimate the sums B; as in
the case 6 < |I| of the proof of Theorem 1.2.1 above. In effect, for any non-empty subset /

of {1,2}, using (1.9) and the triangle inequality we have from (1.66) that

B[<<Z; Y I Y culm (1.86)

q>2 q(logq)? (q1,92)€7 (D), i€l ni=N
[91,92]=4.

As in the derivation of (1.73) from (1.71), we let A > 2 be any real number. We then use
(1.32) to estimate the sums over n; in (1.86) when 2 < ¢ < A and (1.31) when A < ¢. Finally,

from (1.69) with f = ay;, by we get

\Il N bi(q
B < (1.87)
2§§< A q(logq ;qu 10gq

We bound the first sum on the right hand side of (1.87) by remarking that Y, a;(q) < 11
from Proposition 1.3.12 with r = |I| and using the first case of (1.20) in Corollary 1.3.3 with
V =2 and U = A. We then bound the second sum on the right hand side of (1.87) by
recalling that Y, <, by (q) < t(logl‘)wl*2 from Corollary 1.3.11 with r = |I| and using the
second case of (1.20) with V = A and letting U — +o0. These cases of (1.20) are applicable
since y > 31> 324 1, where ¢ = 2 as before. We then deduce that

A N

B < —F— +1

(log2)7 " (1ogayr el (1.88)

for all A > 2, in which we take A = eN > 2, since N > 1. This gives for any non-empty

subset 7 of {1,2} the bound

NI . NI Nl
(10geN)7+ " (logeN)7—3"+1 < (logeN)r—3+1

(1.89)
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(eN)®

where for the second inequality we used |I| < /=2 and 1 < (([s] + 1)!)? TTogeNJ=> valid for
any s,z >0and N > 1, with s = 773|‘11|‘+1 and z = |I|. Theorem 1.2.2 follows on substituting

the last term of (1.89) in place of By in (1.67) and using ¢ = 2.

1.5 The Case of Several Variables

Let m > 2 be an integer. Then an arithmetic function of m variables is a map f : N — C.
Such a function f is said to have an absolutely convergent Ramanujan expansion if there
exists a family of complex numbers {ay, ¢,.....q, } With (¢1,492,...,qm) varying over N” such

that for each (ny,ny,...,n,) € N the series

Y agggn |1 calm) (1.90)

(‘11a‘]27~~-76]m)€Nm lgzgm
is absolutely convergent and its sum s f(n1,n2,...,n,). The family {ay, .. 4.}, With (q1,492,...,9m) €

N™, is then called a family of Ramanujan coefficients for f.

Theorem 1.5.1. Let m > 2 be an integer and suppose that {ag, 4,.... 4., }» Withthe (q1,q2,. .., qm)

varying over N, is a family of complex numbers satisfying the condition

1
S anan g (1.91)

|aquq27~~-7Qm

for some & >0 and all (q1,q2,-..,qm) € N, where [q1,q2,...,qnm] denotes the least com-
mon multiple of q1,q2,...,qm- Then the series (1.90) is absolutely convergent for every
(ni,n2,...,ny,) € N If moreover {aq, g,...qn} is family of Ramanujan coefficients for an

arithmetic function of m variables f then for any integer N > 1 we have

ceey

Z f(l’ll,l’lz,...,l’lm):

n1,}’l2,...,}’1m§N

ap 1. (N"+O(N™1) if &> 1.

I SYPR

where u,(8) = (1—2)(3m —2).

m
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The implied constants in the < and O symbols in the statement of Theorem 1.5.1 depend

only on 0 and m. Since uy(0) can be written as 14575, Theorem 1.5.1 indeed reduces to

Theorem 1.2.1 when m = 2.

Theorem 1.5.2. Let m > 2 be an integer and suppose that {ag, g,....qn }> With (q1,92, - .. ,qm) €

N, is a family of complex numbers satisfying the condition

1
<
91,92, ---,qm](loge[q1,q2, ... ,qm])"

|a41,612,-~-761m (192)

for some real number y > 3" — 1 and all (q1,q2,-..,qm) € N™. Then the series (1.90) is
absolutely convergent for every (ni,na,...,ny) € N™. If moreover {ay, 4».. 4.} 15 family
of Ramanujan coefficients for an arithmetic function of m variables f then for any integer

N > 1 we have

Nm
Y f(uma,..onm) =aig N + 0( > :

. <N (logeN)Yy—3"+1
The implied constants in the < and O symbols in the statement of Theorem 1.5.2 depend

only on ¥ and m. Plainly, putting m = 2 in Theorem 1.5.2 gives Theorem 1.2.2.

Proofs of Theorem 1.5.1 and Theorem 1.5.2. We begin, as before, by verifying that if
{aq,.42,...qn }» With (q1,42, ... ,gm) varying over N, is a family of complex numbers satisfy-
ing either of the conditions (1.91) or (1.92) then the series (1.90) is absolutely convergent.
By what we have said in Subsection 1.4.1 it is evident, using (1.29), that this reduces to

checking that the series

1 _ Z Z[qhqzwv‘]m]:ql (1.93)

2<[q1.q2, sG] [91:92; - - qm](log[g1,q2, ..., qm])¥ 2<g q(logq)Y

is convergent when y > 3" +1. We have } ;< 3 gn]=k 1 < t(logt)zm’2 from Corollary

q1:925--+5

1.3.10 with » = m. Since 3" + 1 > 2" —2 4 1 our assertion follows from Corollary 1.3.3.

For any subset / of {1,2,...,m}, let us now write .% (I) for the set of (¢1,42,...,gm) in N
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such that ¢; # 1 if i € I and g; = 1 if i ¢ I. Then the family of sets .% (I), with I varying over

the subsets of {1,2,...,m}, form a partition of N™. By the absolute convergence of (1.90)

we then have for any (ny,ny,...,n,) € N that
f(ny,ny, ... 0y = Z Z Aqy dooeeim H cqi(mi) - (1.94)
IC{1,2,...m} (q1,q2,sqm)EF () 1<i<m

Then for any subset 7 of {1,2,...,m} we set

By = Z 491,92,--.qm H Z cqi(ni) - (1.95)

(91,92,--.qm)EF (I) il ;<N

and obtain from (1.94) that

Y fou,..omm)=ayaN"+ Y Nl (1.96)
nnp<N 1C{1,2,....m},
1£¢.

on remarking that By = ay,1...1 since Z#(¢) = {(1,1,...,1)} and ¥,,<yc4(n) = N when

qg=1.

To obtain Theorem 1.5.1 it is only required to modify the proof of Theorem 1.2.1 given
in Subsection 1.4.3 by making the obvious modifications, that is, by replacing {1,2} with
{1,2,...,m}, [q1,92] with [q1,q2,...,qm], ¢ wWith m and ¢ = 2 with £ = m, etc. at every

occurence and using (1.96) in place of (1.67). The same modifications incorporated into the

proof of Theorem 1.2.2 in Subsection 1.4.4 yield Theorem 1.5.2.

1.6 Remarks on Corollaries 1.2.3 and 1.2.4

Theorem 1.2.1 is a general result applicable to any arithmetic function of two variables with
an absolutely convergent Ramanujan expansion whose coefficients satisfy (1.7). This gen-

erality is also its weakness in that the exponent of the logarithmic factors on the right hand
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side of (1.8) can be substantially improved for specific arithmetic functions f. We will il-
lustrate this remark in this section by giving sharper forms of Corollaries 1.2.3 and 1.2.4 by
a straightforward and elementary method. We will also show that the version of Corollary
1.2.3 given below as Proposition 1.6.1 is optimal. It follows from this that except for the
aforementioned logarithmic factors, Theorem 1.2.1 is optimal. We end this section (and the
chapter) by noting that the same elementary method gives sharper forms of Corollaries 1 and

2 of B. Saha [25]. We begin with the following auxiliary lemma.

Lemma 1.6.1. Let X > 1 be a real number and let d > 1 be an integer. Then the number

aq(X) of pairs of integers (ny,ny) satisfying 1 <ny,np <X and (ny,ny) = d is given by

2
)= L) || (1.97)

k>1

Proof. For any real X > 1 we have

X]*=Y as(X). (1.98)

Also we have ay(X) = ai(%) for all integers d > 1 since the map (n1,n2) — (%4,2) is a
bijection from the set of pairs of integers (n1,n;) satisfying 1 <nj,n, <X and (ny,ny) =d
to the set of pairs of integers (ny,ny) satisfying 1 < nj,ny < {7( and (n,ny) = 1. From (1.98)

we then deduce that

XP=Y a <§> (1.99)

d>1

for all real X > 1. By a classical version of the M&bius inversion formula we then have that

2
X
ar(X) =Y u(k) {d (1.100)
k>1
for all real X > 1. Putting % in place of X in the above relation and using a,(X) = a1 (%) we

obtain (1.97).
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Here is the optimal form of Corollary 1.2.3.

Proposition 1.6.1. Let & > 0 be a given real number. Then for any integer N > 1 we have

(

E(14 8)N?+ O(N*9) ifé<1,

os5_1((n1,n2))

m iy (n,np)%! =\ ¢(1+8)N2+0(NlogeN) ifé=1, (1.101)
§(1+8)N*+O(N) i 1.
Proof. We have
O5-1((n1,m2)) _ v~ O5-1(d) v« 05_1(d) {E]Z
nl,ggzv (n1,m)%-1 dg’\, dd—1 aa(N) = dg\f 451 kg,lﬂ(k) d (1.102)

where the second equality follows from (1.97) of the preceding lemma. Plainly, when kd > N
we have [ 3 d] 0, so that on setting m = kd we may deduce from (1.102) after an interchange

of summation that

O5-1((n1,m2)) _ y [ﬁr y u(k)"é‘—_l(d). (1.103)
1<m<N

ny,na <N <n1’n2)671

From the definition of o5_; we see that

51(d) _ 1 1
) ulk 251 = L mlk st = ) Rk 2@71 R (1.104)
kd—m ki=m 0 ki=m  (d

where the third equality follows on using 7 4\ ¢ for divisors ¢ of d and the last equality

follows from the Mobius inversion formula. On combining (1.103) and (1.104) we obtain

y oaltnm) g %P] (1.105)

5—1
1 <N (n1,n2) 1<m<N M m

from which we easily conclude that
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05-1((n1:m2)) _ 12 L E(8)— Ex(5) (1.106)

ny, <N (n17n2)6_1 m>1 m1+6
where
1 N\? [N]?
E|(8) =N? d E(8 - == 1.107
( N;mmus nd £2(0) = 1<§’<Nm61 <(m) [m} ) o

Let us verify that

N> % <« E(8) < N*°%. (1.108)
Indeed, since we have
~ dt 1 1 1 < dt
/NJrl RER IS N;mmws = N;mmms = N1+5+/N R (1.109)
we see that
25N2—5 N2 N2 NZ 1
< <E) < — 4+ —— < (14~ |N?>S 1.110
5 T S(Nt1)p = ]()_N1+5+6N5_(+6> (1110

usingd >0and N+ 1> %’, which implies (1.108). Turning to E>(8), we note that

0<Ey(8)<2N Y, —<2N<1+/ ) (1.111)
1

1<m<N m
since witha =2, b= [Y] we have 0 <a—b < 1 and hence that a®> — b*> = (a—b)(a+b) < 2a.
The integral in (1.111) is bounded above by & ﬂ when 0 < 6 < 1, by ﬁ when 6 > 1 and
is equal to log N when 6 = 1. The relation (1.101) now follows on combining (1.106) with
(1.108) and (1.111). Let us now verify that (1.101) is optimal. To do this we first note from
(1.106) that
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O1llmm)) ey 4 52| = B, (68) + Ea(5) (1.112)
ny,m<N (I’l],l’lz) B

since E1(8),E>(8) > 0. In light of (1.108), it thus suffices to show that
E>(6) > NlogN when 6 =1 (1.113)

and that

E>(6) > N for infinitely many N when & > 1. (1.114)

Let us take up (1.114) first, which we will in fact show holds for all § > 0. Indeed, for any

such 6 we have

N [N 1
Ey(8)>N ) (— — {—D — (1.115)

1<y N m] ) m
since with a = &, b = [¥] as before we have a> — b* = (a—b)(a+b) > a(a—b). For any
integer N > 1 we have In—\i — [%} > % when m does not divide N. Thus when N is a prime

number we see that

N O[N]\ 1 i |
1<§’<N<5_{n_1]>$2 L b+ -1- )~ (1116)

2<m<N—1M m>N

Since the last sum tends to 0 as N — oo, we then conclude from (1.115) that (1.114) holds for
all large enough prime numbers N, even when é > 0. Moving to (1.113), we see that when

0 = 1, the right hand side of (1.115) can be written as

N 1 N (N
5 Z . Z _‘l’<_>> (1.117)

where y(t) =t —[t] — 5 for any real t. From page 335 of [3] we have that
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N N
y —"’(a) <N, (1.118)

Since a trivial estimate yields

N (N N 1
Yy —w(—) <5 =, (1.119)
1<m<yn" N 1<m<yN "
it now follows that when 6 = 1 we have
1
Ey(8)>N ), —+O(N)>NlogN, (1.120)
VN<m<n"
as asserted in (1.113).
[

Proposition 1.6.2. Let & > 0 be a given real number. Then for any integer N > 1 we have

L ONY) ifs <,

¢(1+6)
$5-1((n1,m2)) _
ny <N (ny,m)%-1 C(f]—j&—i—O(NlogeN) ifé=1, (1.121)
_2 .
§(11V+5) +O(N) if& > 1.

This is an improved form of Corollary 1.2.4.

Proof. We apply the same method as in the proof of the preceding proposition. Indeed, using

the relation

d
¢S(n):nSZ&s) (1.122)
d|n
and arguing as before we get
2
—d’ﬁ—l((”lé”"‘l)) . “gmf [ﬁ’} (1.123)
nmen  (11,12)°7 1<m<N ™M~ LM

from which we conclude by an application of the triangle inequality that

36



¢s5-1((n1,n2)) w(m)
"17H2SNW - n; +O(E1(8) +Ex(9)) (1.124)

where E1(9) and E»(0) are given by (1.107). The proposition now follows on recalling that

=1 4% = ¢ty and using (1.108) and (1.111).

]

To conclude, we give improved forms of Corollaries 1 and 2 of B. Saha [25]. They are,

respectively, the following pair of propositions.

Proposition 1.6.3. Let § > 0 be a given real number. Then for any integer N > 1 we have

/

C(1+8)N+O(N'"9) ifd<1,

o5 (n)
Y 5= 148N+ 0(ogeN) S =1, (1.125)

£(1+8)N+0(1) if 8> 1.

Proof. The principle of the method is the same as in the proofs of Propositions 1.6.1 and

1.6.2, the details even simpler. We have

Os(n 1 1 1 |N
)y SEs)ZZ 5= —521=Z—5[—} (1.126)

n<N 1 n<Nmn ™" m<N p<N,  m<N LM

m|n
Consequently we obtain

os(n) 1 1 1 (N {N})

=N ~N — — (===, (1.127)
Loy VLom VLo L oas e

from which the proposition follows on noting that for any 6 > 0 we have

1 1 © dt 1\ . s
omeH(S §N1+5+/Ntmg<1+§)zv (1.128)

N<m

and
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N
0< 1(5—{5})§ ) %SH f—;. (1.129)

| dmeym® \m - [m 1<m<N M 1
and remarking, as before, that the last integral is bounded above by A{IT? when 0 < 0 < 1,
by ﬁ when 6 > 1 and is equal to logN when § = 1.
[
Proposition 1.6.4. Let & > 0 be a given real number. Then for any integer N > 1 we have

.

s TOW' %) ifs <1,
Ps(n)
n;\, nd %—FO(lOgeN) ifé=1, (1.130)
s TOW) if&>1.

\

Proof. The same method as in the proof of the preceding proposition except that one uses

(1.122) in place of %) = Ly, 4%, O
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‘CHAPTER 2

Partial sums of mildly oscillating

multiplicative functions

In this chapter we obtain an asymptotic formula with an explicit error term for the par-
tial sums of a real valued multiplicative function that, intuitively speaking, takes more non-

negative values than negative values on the set of primes.

2.1 Introduction

We recall that a multiplicative function is a function f : N — C such that f(mn) = f(m)f(n)
whenever (m,n) = 1. In general, the behaviour of a multiplicative function can be very
irregular. As taking averages smoothens out fluctuations, it is reasonable to expect that the
partial sums of f behave more tractably than f. The study of the growth of the partial sums of
multiplicative functions has been a major topic of research for many years (see [6],[8], [14],
[37], [19]). In particular, B. V. Levin and A. S. Fainleib [6] and E. Wirsing [37] obtained
fundamental results on asymptotic expansions of partial sums of multiplicative functions.
Later, O. Ramaré extended the result of Levin and Fainleib to multiplicative functions that
are not necessarily supported on squarefree integers and obtained an explicit result. This
result of Ramaré is stated and proved as Theorem 21.1 in [23]. Subsequently, D.S. Ramana

and O. Ramaré extended Ramaré’s result in the direction taken by Wirsing [37], that is, to
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non-negative multiplicative functions f for which f(p) is, roughly, ¥ > 0 on the average

over the primes. This result, given as Theorem 21.2 in [23] is, however, not explicit.

Our first objective in this chapter, which is based on [29], is to make Theorem 21.2 of [23]
mentioned above explicit. This is done in Theorem 2.3.3. We then extend this result to
multiplicative functions that are not necessarily non-negative but satisfy certain conditions
which amount to requiring that f takes more non-negative values than negative values, on
the average over the primes. More precisely, we prove the following theorem, which is the
main result of this chapter. This theorem is stated using the &* notation. We write a = 0*(b)

for |a| < b.

Theorem 2.1.1. Let f be a real valued multiplicative function and suppose that there exist

non-negative real numbers K, k', By, B, B},B5 and A with 1 + x — k' > 0 such that

0
Yog(p¥) = o* ! B) 2.1
T S =0+ (( e o1

p'<0
Y !f(pv)llog(pv)=K’Q+ﬁ*(( 1Q> +B’) (2.2)

p>2v>1 20)
pV<0
Y ¥ eI Nog(p)+ Y, Y 1F(pY)log(p¥) <A3/Q  (23)
p=>2 vik>1 p>2 v>2
pv+k§Q png

for all real Q > 2. Then we have

10242k — «’)
(1+x—x')

Z fld)= KDC,Qf(logD)K_] +0* (

CK/,fanf|D(logD)’<"2) (2.4)
d<D

for any real D > exp(2(B) + B, + 2A, + «’)), where

V=K +B+By+1, (2.5)

Ry =2(Bi+By+2A5+Kk+1) (14+2(k"+1)exp(x'+1)), (2.6)
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1 N\ « f(p")
) = e D) - : 2.7
g r<x+1>,§2<( ) Lo, )
_ 1 N\* « 17"
C"“””‘W,E((“;) VZZ‘,O ek 2.8)

The main contribution to the sums on the left hand sides of (2.1) and (2.2) come from the
primes, that is, from v = 1. Thus x and k' can be thought of as the average values of
f and |f| respectively on the primes. Then %(K’ — k) is, intuitively, the average value of
%(\ f1— f), the negative part of f. Therefore, the condition 1+ k — k¥’ > 0, which is the same

> %(K‘l — k), can be viewed as requiring that f takes more non-negative values than

N[ —

as

negative values on the set of prime numbers or that it “oscillates mildly” on this set.

We prove Theorem 2.1.1 in Section 2.4. This result stands on an unpublished theorem of A.
Saldana which is, however, available online as [33]. For the convenience of the reader, we
have stated and proved Saldana’s theorem in Section 2.3 as Theorem 2.3.2. In Section 2.5,
which is the final section of this chapter, we give a pair of applications of our Theorem 2.1.1.
In the following section, as in the preceding chapter, we collect together various preliminaries

that we will use subsequently.

2.2 Auxiliary results

We begin with an application of integration by parts.

Lemma 2.2.1. For an arithmetical function f suppose that there exist non-negative constants

K,A,M and M, such that

NVog(p”) = +ﬁ*(ML+M), 29
pE;VZIf(p )log(p”) = Kkx logz? T2 (2.9)
pY<x
Y Y eI Eee)+ Y Y 1Y) log(p") <AVX  (2.10)
p>2 vk>1 p>2 v>2
pv+k§x pvgx
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for all real x > 2. Then we have from (2.9) that

\% 1 v
y Fp")log(p") Sg(p ) _ klogx+ 0" (M; + M, + k), .11
p>2v>1 p
p¥<x

for all real x > 2 and this relation in turn gives

v I 2(My+M
S ):K10g<—e ng)+af+ﬁ*< (M, + 2+K)> (2.12)
x| pY log2 logx

pY<x

forall real x > 2, where ay is a real number depending only on f given by the formula (2.19).

Finally, we have from (2.10) that

Y Y LF(P¥)I1.f (P*)|log(p LYY /(P |10g( >§2A- (2.13)

vtk
p>2v.k>1 p p>2v>2

Proof. Indeed, for any subset S of the natural numbers, an arithmetical function g and a real

number x > 1 we have from Proposition 1.3.1 that

y 80 +/1 2 L 8ln (2.14)

nes, n nGS nes,
n<x. n<x. n<t.

Taking S to be the set of prime powers, that is, the set of p¥ with p prime and v > 1 and

g(n) = f(n)logn for all natural numbers n we get from (2.14) and (2.9) that

*dt *odt *dt
& o _ Y [ E
+K/2 * ( /2 t(log2r)? + 2/2 tz)’

for x > 2, on noting that in this case the integrand in the integral on the right hand side of

(2.14)is 0 for 1 <t < 2. Consequently, for x > 2 we have
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f(p")log(p¥) 1 /x dt
y LPVO8P ) logx| < k(1—log2)+M +
‘pzz’va oY gx| < k(1 —log2) 1((10g2x)2 ) t(log2t)2)
pY<x

xdt
+ M (- +/

from which (2.11) follows on remarking that ;-5 + v rvs T 10g2t <landi+ 5 G dt <1 for

(log
all x > 2. To obtain (2.13) we apply (2.14) with S taken to be the set of p’ with p prime and

¢ > 2 and set

g(n) = (Z)’ 1£(") f(P¥)]log(p¥)
v.k),
n=p"tk.

for all natural numbers n, where the prime over the summation indicates that the sum is

restricted to such pairs (v, k) satisfying either v > 1,k > 1 or v > 2 k = 0. Then

Yem=Y Y 1feN)fP)og(p")+ Y 1£(p")I1og(p")
nes, p>2 vik>1 v>2
n<x. pVrk<x pY<x

and it follows from (2.14) and (2.10) that for all x > 1 we have

v k \% A XA
y Y 1f(p )f(1;+)k\10g(17 ) <2 [ Aau<oa. (2.15)
p=2 Vi1 p v
pv+k§X

Finally, to verify (2.12) we note that using Proposition 1.3.1 for any subset S of the natural

numbers and an arithmetical function g we have

Z 8(m) = b Z g(n) —l—/x; Z g(n)dt (2.16)
ic%, logn logx = 2 t(logt)? s
2<n<x. 2<n<x. 2<n<t.

for all real x > 2. We now take S to be the set of prime powers and g(n) = w for all

natural numbers »n and observe (2.11) gives
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Y stn)= Y Fp")log(p”) _ klogx+ 0™ (M) + M, + k). (2.17)

nes, p>2.v>1 pY
2<n<x. pvgx
Now we set
\% 1 \%
y L‘y’g(") = xlogx + h(x) (2.18)
p>2v>1 p
pY<x

for all x > 2. Then we have |h(x)| < M| + M, + k for all x > 2 from (2.17) and consequently

that [, 1 gt Tllogr)? CONVErges. We define ay to be this integral. More explicitly, we have

e8] v 1 \4
af:/ y JWDloelel) | 4 (2.19)
2 p>2,v>1 p t(logt)

<t

Using (2.18) in (2.16) with g and S as in (2.17), we get

Y h Y dt * At
Z f(])v):K+1(_X)+K/ 1 +/ 1(>2dt
p>2v>1 P ogx 2 tlogt /o t(logt)
< (2.20)

elogx |A(x)] /°° |A()]
=Kl 78 dt
: og< log?2 ) tart < logx i « t(logt)?2 )’

since [ - 1og2)2 dt=ar— [ - 1Ogg)Zdt The relation (2.12) results from (2.20) on estimating

the error terms using the bound for /(x) given above.

O]
Our next lemma is a basic observation in the study of mean values of multiplicative functions.

Lemma 2.2.2. Let f be a multiplicative function (not necessarily real valued). Then for any

real D > 1 we have
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) f(d)logd=} f(6) ), f(p")log(p")

d<D (<D p>2,v>1,
pY<?
v . y (2.21)
-Y f0) Y, f()f(p)log(pY)
<D p=2,v>1k>1,
(p,0)=1
pV+k§%
Proof. Using the fundamental theorem of arithmetic we have that
Y fld)logd =Y f(d) ) logp"= Y log(p") ) f(d), (2.22)
d<D d<D pVlld p>2,v>1, d<D,
p's<D * plld.

where pY||d means p¥|d and (p, l%) = 1. On writing d = ¢p" for each d < D and p” such
that p¥||d, we have (¢, p) =1 and f(d) = f(¢)f(p"), since f is multiplicative. Using this in

the last sum in (2.22) and interchanging summations we obtain

Y fld)logd=Y f(&) Y, f(p¥)log(p¥). (2.23)
d<D <D p>2.v>1,

(p,é)=1,

p'<%.

Now we note that for any D,/ > 1 we have

Y, reM)leg(pY) =Y, F(p")log(p")— Y. f(p¥)log(p").

p=>2,v>1 p=2,v>1 p=>2,v>1
(Pvg)le p"g% p\ZD
PY<T P'<7

Substituting this into the right hand side of (2.23) we obtain

Y £ f(p¥)log(p*) =Y. f(0) f(p¥)log(p¥)
<D p>2,v>1 <D p>2.v>1
(P7€):17 pv_%
pr<
(2.24)
- Y 1) f(p")log(p)
(<D p>2.v>1
plt
pr<®
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In the lower sums on the right hand side of (2.24) we set, like before, £ = ¢’ p* with (¢, p*) =1
for each £ < D and prime p such that p|¢. Then we have f(¢) = f(¢')f(pX) since f is

multiplicative and get

(<D p>2.v>1 (<D p>2v>1
(Pf)zl-, p'<%
p §7~

Changing ¢ to / in the lower sums on the right hand side of the above relation and combining

it with (2.23) we obtain (2.21), as required. ]

As a first application of Lemma 2.2.2, we relate the summatory function of a non-negative

multiplicative function f to that of the multiplicative function d > @. Our result is a

minor variant of Theorem 4.22 of [3], given as Lemma 1.3.8 of the preceding chapter, and

of Theorem 9.2 of [23].

Lemma 2.2.3. Let f be a non-negative multiplicative function and K and K' be non-negative

real numbers such that

Y, f(p")log(p*) <KQ+K’ (2.26)

p>2,v>1
p'<0.

for all real Q > 2. Then for all real D > 1 we have

(K+K'+1)D - f(d)

2.27
logeD (2.27)

Y fld) <

d<D

Proof. We follow [3], page 190 ef seq.. The inequality 1 +a < exp(a), valid for all real a,

gives with a = log (%) for any real D > 1 and integer 1 < d < D, the relation
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D
logeD = 1+1logD <logd + 7 (2.28)

Since f is non-negative we then deduce that

logeD Y f(d) <Y f(d)logd+D ) @. (2.29)
d<D d<D d<D d
From Lemma 2.2.2 we have
Y fld)logd< Y f(6) Y f(p")log(p¥) (2.30)
d<D (<D p>2,v>1,
pr<®

where we have dropped the second term on the right hand side of (2.21), allowed since f is
non-negative. We now substitute (2.26) with Q = 17? into the right hand side of (2.30), change
¢ to d and combine the resulting relation with (2.29) to get

logeD ) f(d) <KDY @H{’ Y fd)+DY, fd) (2.31)

d<D d<D d<D d<D d

Finally, we observe that since f is non-negative, ¥ y<p f(d) < DY <p @. Using this in the

right hand side of above relation and dividing throughout by logeD we obtain (2.27). 0

The preceding lemma was deduced from (2.29) which gives an upper bound for the partial
sums of a non-negative arithmetical function f in terms of the partial sums of the arithmetical

function n — f(n)logn. Partial summation in fact gives a more general equality as follows :

Lemma 2.2.4. For any arithmetical function f we have

(Y f(d))logD =) f(d)logd +

d<D d<D

/D ngtf(d)dt (2.32)
1 t '

forallreal D > 1.

Proof. For any real D > 1, the partial summation formula of Proposition 1.3.1 yields
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Y f(d)logd = (Y. f(d))logD — /DZ‘KJ) (2.33)

d<D d<D

from which (2.32) follows after a rearrangement of terms.

]

In Section 2.3, we will apply Lemma 2.2.4 together with Lemma 2.2.2 and Lemma 2.2.3.
The error terms resulting in these applications will be estimated by the explicit bounds given

by the following lemma.

Lemma 2.2.5. Let f be a non-negative arithmetical function and Yy be a real number such

that

YD f(d)
fd (2.34)
dgb log eD dg’D d
for all real D > 1. Then we have the inequalities
14 9 d
i<p ¢(log ( )) logeD f d
<> log eD /=, d ’
D Zd<t f 3'}/fD (
= 2.
/1 t 2(logeD) ; d 2.37)
forall D > 1.
Proof. We first prove (2.35). We begin by noting that
f(0) 1 f)
< (2.38)
2 Giog (2)7 = o2 2y ifioe (D)2

since log ( ) > log2(log ( )) for 1 < /¢ < D. To bound the sum on the right hand side of

(2.38) via partial summation we temporarily set @ (1) = for 1 <t < D. Then on

t(lo g( TD ) )2
remarking that
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o 1 2
o' (t)= (log (%))2 + 2(log (%))3 (2.39)

and applying Proposition 1.3.1 we get

y e ¥ st~ [T X sty as

i=p {(log (7))? d<D d=t (2.40)
_ Ya<p/f(d) D Ya< f(d) dr — D Ya<i f(d) .
D 1 t2(log (%))2 1 1?(log (%))3

Since f is non-negative, the integrand in the last integral in the lower line of (2.40) is non-

negative. Consequently, we have that

f(£) < Ya<p f(d) D Yi< f(d)
ngg(log(%))z B D 1 fz(log(%))z

We now use the bound (2.34) in the form

dr . (2.41)

Y fl@) < 1t Zf(d) for1 <t <D, (2.42)

i< - logetdSD d

which is valid, again, since f is non-negative (cf. the remark following (2.2), page 80 of [9]).

Substituting (2.42) in the right hand side of (2.41) we then obtain

& 1 b 1 @
£§D ((log (7)) =Y <logeD +/1 t(log (22))?loge dt) ED J (2.43)

It remains to estimate the integral on the right hand side of (2.43). To do this we set a =

logeD and note using the change of variables loger — u that

/ 7 ! dt = / t du (2.44)
1 t(log())2(loger) J1 (I+a—u)u’ '
We then evaluate the integral on the right hand side of the above relation using the partial

fraction decomposition
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(+a—wu  (+a(ta—up (+aP(+a—w (rapu %

Thus on integrating both sides of this relation we get

a du 1 1 2loga
= l1—— —_— 2.46
/1 (I1+a—u)?u  (1+a) ( a)+(1+a)2’ (2.46)
from which and (2.44) we conclude that
1 logD 2logeD 3

D
dr = + < , 247
/1 t(log (%2))2(loget) (loge?D)(logeD) = (loge?D)? — logeD (247)

since logD < loge’D and (logeD)? < (loge?D)? for all D > 1. Using (2.47) in (2.43),

combining the result with (2.38) and finally remarking that m <9, we obtain (2.35).

We now turn to (2.36). Again, by means of Proposition 1.3.1 and the bound (2.42) we have

dt

fO) _Yenf) 1 [(PYos f(£)
Lvi~ b ah

(2.48)

VD D 1 f(d)

< + / ——————dt | ) —~.

logeD ~ Ji (2loger)vt ) /=, d
Since 2loget > log €%t when t > 1 we see that
S S Pl 1D 2.49
— At < | ————dt = ~du, _

/1 (2loget)v/t /1 (loge2t)/t e/l w (249)

where for the equality we have used the change of variable loge®s — 2u. Now we remark

that for any A > 1 we have

A U 3 A
/ Cau < 2% (2.50)
1
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Indeed, the derivative of the function g : A +— 2/1 k eu

du on [1,00) is given by g'(A) =
A 2; (1- %) — ‘% Thus g has a unique local minimum on [1,%0) at A = 3. It is then
easily seen that g(3) < g(4) for all A > 1. Consequently, to verify (2.50) it suffices to check

that 0 < g(3), which follows on noting that

3 ,u 2 o 3 u 2 32 3
/e—a’uz/ “au+ | Cau< S48 @2.51)
1 u 1 u u 2 2 2

since u — % is an increasing function on [1,2] and f23 %du <3 f23 e“du. On putting A =
log(e\/ﬁ) in (2.50), taking account of (2.49) and (2.48) and remarking that loge\/ﬁ >

%10g eD we obtain (2.36).

Finally, we take up (2.37). We have from (2.34) and (2.42) that

PYa< f(d) b dt f(d)
/] <t _d;gyf</l 1ogez>27 (2.52)

d<D

for all D > 1. Using the change of variables loget — u and putting A = logeD we have

Dodt 1 [re A D
/ ar__ _/ < ¢ b 2.53)
1 loget e i 21 210geD

on recalling (2.50). The inequalities (2.53) and (2.52) yield (2.37).
[

We conclude this section with a lemma that allows us to affirm that the infinite products that

appear in the statement of Theorem 2.1.1 and other results of this chapter do converge.

Lemma 2.2.6. Let f be an arithmetical function and x, M, A be non-negative real numbers

such that

f(p")log(p")

P =xlogQ+ 0" (M), (2.54)
PZ&!Qzl
1 v 1 v
Z Z IIf(p v+£| og(p )+ Z Z |f(p )ILVOg( p") <A, (2.55)
p>2v. k>1. p>2v>2.
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where (2.54) holds for all Q > 2. Then the product

11 ((l_l)xzf(pv)> 2.56)

converges.

Proof. First we observe from (2.54) together with (2.12) of Lemma 2.2.1 that

f(rY) ( e ) [ 2M
= KkloglogQ+as+«xlog| —= |+ O (2.57)
ngzl P ¢ ! log2 logQ
p'<0

for all Q > 2, where ay is given by (2.19). Since log p¥ > log2 for all p >2,v > 1, it follows
from (2.55) that

\% \% k \% k lo \% A
YIY f(p )‘2S Y Y |f(p;v||+];i(p )| <Y Y 1f(p )1|7|f+(510)g|;2g(p ) < .

pz2 vz1 PV pZ2v k=1 P2V k=1, log2
(2.58)
Thus for each prime number p, the sum u, =}~ ! vav) converges and we have that
Y Jupl* < (2.59)

P - 10g2

Also, from (2.55) again, we have

|Z Z |§ Z Z 1£(pY)| < 1 Z Z |f(p")[log(p") < O‘; . (2.60)

P=ep0 P P22 VVZZQ’ P’ lOngZszz. pY ~ logQ
p’>0.

Combining this with (2.57) using the triangle inequality we obtain

e 2M +A
u, = kloglogQ+ar+ xlo ( )+ﬁ*( ) (2.61)
p;Q g s ! *\log2 logQ

for all Q > 2. From (2.61) and Mertens formula (Theorem 1.10, part I of [34]) we then
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conclude that } >, (u) — %) converges. Further, if we set v, = —% for each prime p then

we have

K K
(1—;)(1—|—up) = 1—|—up—;—|—vp.

Moreover, ¥ ,>2 [vp| < K4/ IOA?, [ p>2 # by the Cauchy-Schwarz inequality and (2.59). We
then deduce from Theorem 4.3, Part III of [34] that the product [],>,,(1 — %)(1 +up) con-
verges. This implies and that the product (2.56), which is the same as [],>»(1 — %)K(l +up),

converges. To see this it suffices to note that

[pzax(l =) (1 +up) . )
HPZZK(I - g)(l +up) B pQKeXp (Klog(l N 1_9) —log(1 - ;)) (2.62)

converges, which in turn follows from the inequality

1 K K-+ K2
Ilog(1 — ~) —log(1— %)) < K=K
p

<= (263)
p p

obtainable from (4.6), page 477 of [34] since > < % and the fact that Y » 1% converges.

S

2.3 Some Asymptotic Formulae

We begin with Theorem 21.1 of [23], which gives an explicit asymptotic formula for the
partial sums of a non-negative multiplicative function f such that f(p) behaves, intuitively
speaking, on the average over the primes as % for some fixed k¥’ > 0. This requirement is

expressed by the condition (2.64) below.

Theorem 2.3.1. Let f be a non-negative multiplicative function. Suppose there exist non-

negative real numbers k', L} and A such that

Y, f(p¥)log(p¥) = K'logQ+ 0" (L)) (2.64)
p=>2,v>1
p'<0
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Y XY s 10e(p)+ Y Y f(pY)log(p) < A (2.65)

p=2vk>1 p=2v2>2

where (2.64) holds for all real Q > 2. Then for all real D > exp(2(L| +A)) we have

Y, /(d) = Cy(y)(logD)* (1 o (%) > ’

d<D

where

Ry =2(L} +A}) (1+2(x' +1)exp(k'+1)), (2.66)
1 1\~ )
CK’(f>:me>z(<1—;) vZZ‘,Of(p )>- (2.67)

Proof. See page 178 et seq. of [23]. Our hypotheses are stronger : the second sum on left
hand side of (2.65) does not appear in the corresponding hypothesis of Theorem 21.2 of [23].
The boundedness of this sum, as expressed by (2.65) is, however, only required to ensure the
convergence of the product defining Cy(s) above, which now follows on applying Lemma
2.2.6 to the function n — nf(n). Note that this function satisfies the conditions of Lemma
2.2.6 on account of (2.64) and (2.65). For the rest of the assertions of Theorem 2.3.1, the
proof is the same as in that of Theorem 21.1 of [23].

]

The theorem that follows is, up to minor modifications, Théoreme 1 of A. Saldana [33],
mentioned in the final paragraph of Section 2.1. This result generalises Theorem 2.3.1
to multiplicative functions f that are “mildly oscillating” on the primes (see the paragraph
following the statement of Theorem 2.1.1). Indeed, on taking f to be non-negative real
valued and kK = k/, L = L', A} = A} in Theorem 2.3.2 we recover Theorem 2.3.1 except for
the minor factor (2 + k) in the error term. On the other hand, Theorem 2.3.1 is an important

step in the proof of the result below.
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Theorem 2.3.2. Let f be a real valued multiplicative function. Suppose there exist non-

negative real numbers K, K’ ,L,L/ and Ay with 1+ x — k' > 0 satisfying

Y, f(p")log(p¥) = klogQ+ 6*(L), (2.68)
p>2,v>1

pV<0

Y [f(p¥)|log(p¥) = K'logQ + O*(L), (2.69)
p>2,v>1

pV<0
Y Y YA og(p) + Y Y £ (p¥)log(pY) < Ay, (2.70)
p>2v.k>1 p>2v>2

where (2.68)and (2.69) hold for all real Q > 2. Then for all real D > exp 2(Ll +Ay) we have

_ : (242 —K"\ Gy Ry
Y f(d) = Cy(y)(logD) <1+ﬁ ((1+1<_1</ Copy (logD) T 2.71)

Rr=2(L+A;) (1+2(k'+1)exp(x +1)), (2.72)
1

Cx(f):mnpzz<( ) vg,of ) (2.73)
1

C,a(meszz(( ) Vgo!f ) (2.74)

Proof. We follow A. Saldana [33] with some changes in the exposition. The proof will be

completed on page 62. It will be convinient to set

=Y f(d)and F(D) =Y |f(d)] (2.75)

d<D d<D
for any real D > 1. Since f is a multiplicative function, |f| is a non-negative multiplicative

function. Moreover, the conditions (2.69) and (2.70) tell us that | f| satisfies the hypotheses
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of Theorem 2.3.1 from which we then have that

” K’ * Rf
F(D) = CK’(|f|)(10gD) (1 +0 <$)) (276)

when D > exp(2(L' +A)), where we have set

Riy =2(Ly+A;) (14+2(x' 4+ 1)exp(k'+1)). (2.77)

The relation (2.33) from the proof of Lemma 2.2.4 can be rewritten as

Y f(d)logd = F(D)logD — / (2.78)

d<D

for any real D > 1. We will apply Lemma 2.2.2 to treat the left hand side of (2.78). Thus

from the relation (2.21) we have

Y fld)logd="Y f(6) Y. f(p")log(p")

d<D (<D p>2v>1,
p'<?
b ) (2.79)
=Y )y Y V) f(P)log(pY)
(<D p>2,v>1k>1,
(p,0)=1
pV-H(S%

On using (2.68) and the triangle inequality we see that

Y £ Y fp)log(p")=xY f(t log( )-I—ﬁ*(LF(D)). (2.80)
<D p>2,v>1, (<D

p'<?.

Since log (2) = log D — log ¥, it follows from (2.78) that
g7 g g

Y r log(> D)logD— Y f(d)logd = / (2.81)

(<D d<D
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so that (2.80) can be rewritten as

Y r@0 Y, f(p¥)log(p¥) =« / ’ @dw 0* (LF(D)). (2.82)
<D pxaw>l, 1t
p'<?.

Now an application of the triangle inequality together with (2.70) shows that

Y re) Y fe)f(P)log(pY) < AIF(D), (2.83)
(<D p22,v21,k21,

(p6)=

pV+k<?

on ignoring the conditions (p,¢) = 1 and p¥** < %. From (2.83), (2.82), (2.79) and (2.78)

we derive the fundamental relation

F(D)logD = (1—1—K)/ID@dt—I-ﬁ*((L—I—AI)F(D)) (2.84)

for all real D > 1. To exploit this relation let us temporarily set

1 " F(u)
P(0) = fogre /1 " du for all real 1 > 1. (2.85)

Then the function @ : ¢t — ¢(¢) is a continuous function on (1,+-o0) that is differentiable at

all points of this interval except the integers. Indeed, when ¢ is not an integer we have

p F 1+ "F(u
o) = t(log(tt)>’<+1 B t(iogt)l’iZrz /1 l(/l )du ’ (2.86)

from which we also see that ¢’ is continuous on the complement of the set of integers in

(1,4-0) and moreover, using (2.84) we have that

t(logt)**2¢'(t) = F(1)logt — (14 k) /lt #du = 0" ((L+A)F (1)) (2.87)

when t > exp(2(L'+A)) =19, t ¢ ZT U {0}, from which using (2.76) we conclude that
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t(logt)*+t2¢' (1) < (logt)X whent > 19,t ¢ ZTU{0}. (2.88)

Consequently, we obtain that

Foo oo dt

oo i
/ o' (t)dt = ' o' (t)dt + o' (t)dt <1+
1 1

— <1, (289
fo n t(logt)>TRoK =59

taking account of the condition 1+ k — k¥’ > 0. In other words, ¢’ is integrable on (1, +co).
Further, the function ¥ :  — @(t) — [{ ¢'(u)du is a continuous function on (1,+c0) which
is differentiable at each 7 in (1,+o0) that is not an integer and, for such ¢, we have y'(r) =
¢'(t) — ¢'(t) = 0. By a variant of the classical mean value theorem (see (8.5.2), page 160
and the remark following the proof of (8.6.1), page 162 of [5]) it follows that y is a constant

function on (1, +o0). Thus there exists a real number Cy such that

t
o(1) :/ ¢'(u)du+Cy forallt € (1,+o0). (2.90)
1

On account of (2.89) we may write [{ ¢'(u)du = [{ ¢'(u)du — [ ¢'(u)du for all ¢ in
(1,400). Using (2.87) we then get

—+oo

o()=| ¢'WdutCo+ 0 ((L+A1)/t+w#du) (2.91)

when 1 > to. On recalling the definition of ¢(¢) from (2.85) and writing C for ;™ ¢’ (u) du+

Cp we then conclude that

tF ‘o F
/ Etu>du:C1(logt)K+l+ﬁ* ((L+A1)(logt)’<+l / Wd”) (292)

for all > 79, which we combine with (2.84) and divide throughout the resulting relation by

logt to deduce that
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F(I)Z(l—{-K)Cl(lOgt)K_'_ﬁ* (L‘I‘Al) @_{_(1_}_,()(102%0,(/4‘“ F(u) du
log? + u(logu)x+2
(2.93)
for all 1 >ty = exp(2(L' +A1)). Let us estimate the error term in the above relation using

(2.76). We set

a(k) =14+2(x+1)exp(k+1) forx >0 (2.94)

and note from (2.77) that

Rm = (logto)a(lc'). (2.95)
Thus for ¢ > ty we have % > 1 and therefore for such ¢ the bound (2.76) gives
F(t) < Cyrqiypy (logt)* (1+a(x’)). (2.96)

Let us temporarily write g(¢) for the right hand side of the above relation. Then it follows

from (2.93) that

F(t) = (1+K)Cy(logt)* + 0" ((L+A1) (%4— (1+ 1()(10gt)'(/tJroo %du))
(2.97)

for t > ty. Now we have

%‘F(I—FK)(IOgI)K/tJFOO %duzc,d(m)(l —|—a(1</)) <

242k —K' 1
1+x—«" ) (logt) =¥
(2.98)

on evaluating the integral on the left hand side of (2.98) taking account of the condition

1+x—K'>0. Also, we have 1 +a(x’) <2a(x’), since 1 <a(x’),and Ry =2(L+A;)a(x’)
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from (2.72). We then conclude from (2.97) that

F(t) = (logr)* <(1 +K)C) + O <(2+2K_ K,) y Cean®y )) (2.99)

1+ x—x' logt) 1K=«

for all > 1) = exp(2(L" +A1)). We shall now identify (14 x)Cy as Cy(y) of (2.73). The
argument is standard. For any real s > 0 we have by the partial summation formula of

Proposition 1.3.1 that

y f(n):%H/N@d,, (2.100)

K s+1
1<nen 1 1!

Since 1 + k¥ — k¥’ > 0, it follows from (2.99) that

F(t) ~ (1+x)Ci(logr)* ast — oo, (2.101)

from which we see that F](VIY) — 0 and that the integral on the right hand side of (2.100)

converges as N — +oo. We therefore obtain

y f}if) = s/1+migl)dt (2.102)
>

N

for all real s > 0. We write L(f,s) for the left hand side of this relation, which is called the

Dirichlet series associated to f. For t > ) we set

F(t) = (logt)* (1+k)Cy +h(r)). (2.103)

Then it follows from (2.99) that |i(r)| < (logt)~(+5=%) for t > 1y so that i : 1 — h(t) is a

bounded measurable function on [fy, 4oo) that tends to 0 as r — +o0. We write

() " F(1) = (log?)* ((1+&)Cy +h(1))
/1 ts+1dl:/1 ts+1dl+/,o pram 1 dt . (2.104)

We multiply throughout the above relation by s**! and make the change of variable 7 es
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in the second integral on its right hand side to get using (2.102) that

I~

DS

o F(t Fee
s®L(f,s) :s1+K/ ( )dl—i—/ ke ((1 +K)C) + h(e:
1 slogty

i ))dr. (2.105)

Since F(t) < F (o) for t < ty, we have s [} i(fl) dt < F(ty) [{ -3rdt < F(t). We then obtain

ZS+|

from (2.105) that

~+o0

SLfs) = |

ket ((1 1 K)Cy +h(e§)) dt + 0" (s°F (1)) (2.106)
slogty

for all real s > 0. Now we let s — 0™ in the above relation. Since / is bounded on [fy, +oo)
and (es) — 0 as s — 0T for each 7 in [fg, +oo), it follows from (2.106) by an application of

the dominated covergence theorem that

~+oo
lim s*L(f,s) = (14 K)Ci / e ~di = (14 K)CIT(1 + K), (2.107)
0

s—0F

by the definition of the Gamma function I'. On recalling that for the Riemann zeta function

§ we have lim,_,g+ s{(s+1) =1 and {(s+ 1) # 0 for s > 0 we obtain

lim s®L(f,s) = lim+sKC(s+1)KL(f,s)C(s—|—1)*'(: lir&L(f,s)C(s—i—l)*K. (2.108)

s—07T s—0

Finally, using the Euler product formula for { we write

Lifs)C(s+ 1) =T] ((1—;“) Zf(pv)) (2.109)

p=2 vzo P”
when s > 0. As remarked in the proof of Theorem 2.3.1, it follows from Lemma 2.2.6 and
the conditions (2.68) and (2.70) that the right hand side of (2.109) for s = 0, which is by
definition Cy (), converges as well. In particular, Cy(s) 7 0. Moreover, we have that the right
hand side of (2.109) converges uniformly as s — 0. Thus on passing to this limit in (2.109)

and combining the result with (2.108), (2.107) and (2.73) we deduce that
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1

(”")q:(r(Hl)p[Iz(( )vgof )

(2.110)

Substituting this into (2.99) and changing ¢ to D we obtain (2.71) after a rearrangement of

terms.

]

The next theorem is the analogue of Theorem 2.3.1 for non-negative multiplicative functions

such that behaves, intuitively speaking, on the average over the primes as k’, for some
p y sp g g p

fixed ¥’ > 0. This requirement is expressed by the condition (2.111) below. Our principal

result, Theorem 2.1.1, is a generalisation of this theorem to multiplicative functions f that

are “mildly oscillating” on the primes.

Theorem 2.3.3. Let f be a non-negative multiplicative function and suppose that there exist

non-negative real numbers k', A}, B| and B such that for all Q > 1 we have

v \% / * / Q /
Y, f(p)log(p¥) =0+ 0 (&W‘i‘Bz)»

p>2,v>1
pY<0
Y Y e ) ogp)+ Y. Y f(pY)log(p¥) < A5\/0.
p>2 vik>1, p>2 v>2,
pVtk<Q. PVSQ

Then we have that

Y. f(d) = KCy(s D(logD)K/_l-l-ﬁ*(IOCK/(f)Rf’}/fD(logD)K/_2>,

d<D

for all real numbers D > exp(2(B} + B) +2A5 + k') where

V=K +B +By+1,

Ry =2(By+By+2A5+ k' +1) (1+2(k' +1)exp(k’+1)),

e 1w %)
CK’(f)_F(K/_;_l)lg((l P) vzz:0 pY )
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Proof. This theorem is an explicit version of Theorem 21.2 of [23]. Our proof for the most
part follows the method of [23], making various bounds explicit with the aid of the prelimi-

nary results that we have already obtained. The proof will be completed on page 66.

Let us first dispose of the convergence of the product Cy/ (). Indeed, we have from (2.111)

and (2.112) together with (2.11) and (2.13) of Lemma 2.2.1 that

Z f(p")logp” _

\%

k'logQ+ 0" (By+ B, +«'), (2.117)
p>2,v>1
p'<0

y ¥ F(p)f(p*)log(p iy Z log )<2A’2. (2.118)

v+k
p>2vik>1. p p>2v>2

Then it follows from Lemma 2.2.6 that the product Cy(s) converges. Now we note from

(2.111) that

Y, f(p")log(p") < (K'+B1)Q+By, (2.119)
p>2,v>1
p'<0
for Q > 2, since then log2Q > 1. As f is non-negative, (2.27) of Lemma 2.2.3 applied to f

gives

YD
log eD

Z fid (2.120)

d<D

). f(d)

d<D
for all D > 1, with ¥y as in (2.114). We propose to improve the upper bound (2.120) to the

asymptotic formula (2.113). As in the proof of Theorem 2.3.2, we begin by recalling that

(2.32) of Lemma 2.2.4 gives
(Y r@)logb =Y f(d 1ogd+/ Z"<ff Lasi /) ,, (2.121)
d<D d<D

for all real D > 1 and use (2.21) of Lemma 2.2.2 to treat the sum Y ;< p f(d)logd in (2.121).

To this end, we note that for any 1 < ¢ < D, our hypotheses (2.111) and (2.112) give
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'D B'D
Y, F(p")log(p¥) = K7+ﬁ* (—2)+B’2>, (2.122)

1
((log (22))2

Y ") (M) log(pY) < Az\/? (2.123)

p>2,vk>1

(p’Q:lD’
pv+ §7

where to obtain (2.123) from (2.112) we have ignored the condition (p, /) on the left hand
side of (2.123), as we may since f non-negative. Substituting (2.122) into the first sum on
the right hand side of (2.21) and applying the triangle inequality taking account of (2.123)

we deduce that

Y f(d)logd =«'D Y’ 0

d<D (<D

, (2.124)
f()D S+BY Y f(0) +A2\/_Z )>
I3

+0* | B\D
( 1 ngg(log(—)) (<D (<D

On combining (2.124) with (2.121) we then derive that

d<D <D
| f0)
o|BpY —~. 1B AND (2.125)
" ( 1 egDé(log(TD)) " 2£<2Df I ég) \/_>
n DY a<i f( )d
1 t

for all D > 1. We now use the bound (2.120) and the bounds that follow from it, given by
Lemma 2.2.5, to estimate the integral and the sums in error term of (2.125). On dividing

throughout the resulting relation by log D we obtain

64



Y fld) = <K’+ﬁ* <(9B/1+B/2+4A/2+2Wf>) D Y 1d) (2.126)

=b logD IOnggD d

for all D > 1, where we have changed ¢ to d and used logeD > log D in the error term. The
relations (2.117) and (2.118) tell us that the multiplicative function n — @ satisfies the

hypotheses of Theorem 2.3.1. This theorem then gives

d : R
Y % = Cy(p)(logD)* (1 +0o <1ogp>) , (2.127)

d<D

when

D > exp(2(B| + B, +245+ 1)) > 1, (2.128)

where Cy () is given by (2.116) in this case and

R=2(B)+B5+2A5+«") (1+2(x' + 1) exp(k'+1)). (2.129)

Substituting (2.127) into the right hand side of (2.126) we conclude that for any D satisfying
(2.128) we have

* R / * S
BG4 () (¢4 (35)). o

where for brevity we have temporarily set S = (9B + B} +4A} +2)y;. Also, on writing
a(x’) for 1 +2(x"+1)exp(x’+ 1) as in the proof of Theorem 2.3.2, we see that 7 gD <a(x')
when D satisfies (2.128). Thus on multiplying out the last two terms on the right hand side

of (2.130) we obtain

Y fd \D(logD)* - (K’+ﬁ* (K/R+S+a(K/)S)). (2.131)

d<D logD
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With Ry as in (2.115) we have k'R < RyYy, since k¥ < y7 and R < Ry. Also, we have
(14 a(x’'))S < 9RsYs, since 1+ a(x’) < 2a(x’) as 1 < a(x’). Using these bounds in the

error term of (2.131) we deduce that

Y r \D(logD)* ! (K’+ o (—IORfyf)) : (2.132)

d<D logD
when D satisfies (2.128), from which (2.113) follows after an obvious rearrangement of

terms.

2.4 Proof of Theorem 2.1.1

The proof is largely similar to the proof of Theorem 2.3.3, which may be looked up for any

details missing here.

We have from (2.1), (2.2) and (2.3) together with (2.11) and (2.13) of Lemma 2.2.1 that

f(pv)lvogpv _ xlog O+ 6" (B) 4+ Ba+ i), (2.133)
i
y If(pvliogpv — K'logQ+ 0" (B, + By + &), (2.134)
g
v k v v v
Ty f(p )||J;(vli llog(p") o ZZM <24}, (2.135)

It follows from these relations and Lemma 2.2.6 that the products Cy(s) and Cyr(| )y of (2.7),
(2.8) converge. From (2.27) of Lemma 2.2.3 applied to the non-negative multiplicative func-

tion | f| we get

Y 1f(d) logeD Z ‘f (2.136)

d<D d<D

for all D > 1, with Y| as in (2.5). Next, we have from (2.32) that
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(Y f@)logb =Y f(d logd+/ Z‘K’f) (2.137)

d<D d<D

for all real D > 1. Now we note that for any 1 < ¢ < D, our hypotheses (2.1) and (2.3) give

kD B.D
Nog(p¥) = —~+0* | ——55= +Ba |, 2.138
p>2’zv,>l7f(l9 Jog(p") =~ (ﬁ(log(ZTD))z 2) (2.138)
p<®.
D

Y |f(pv)||f(p")|10g(pv)SAéy/z. (2.139)

>0 v k>1

p(l77£;/:17

pV+k§%

Using these relations in the right hand side of (2.21) of Lemma 2.2.2 together with the

triangle inequality we get

Z f(d)logd = kD Z @

d<D (<D

(2.140)
(BlDZg L)) +B, Y |f(0)|+A5VD Y F0) )
(

(<D (<D (<D

On combining (2.140) with (2.137) and using the triangle inequality we obtain

() f(d))logD =D Y #

d<D (<D

+ﬁ*(311) L)lerBzZ\f(ﬁ)HAz Z'f )

(<D {(log (TD)) (<D (<D

cor ([ Bl

(2.141)

for all D > 1. We now use the bound (2.136) and those deduced from it in Lemma 2.2.5

to estimate the integral and the sums in error term of (2.141). On dividing throughout the
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resulting relation by log D we obtain

Y :101;1) (KZ ]%j%* ((931+Bz+4A’2+2)7|f| y If(dd)|>> o1

d<D d<D logD d<D

for all D > 1, where we have changed ¢ to d and used logeD > log D in the error term. The
relations (2.133), (2.134) and (2.135) tell us that the multiplicative functions 7 — ) and
ne— @ satisfy the hypotheses of Theorem 2.3.2 and Theorem 2.3.1 respectively. From the

former we obtain

—f(d) % 242K — K’ /_
dgb i = Crtn(1ogD)* + 6" | { =7 ) CoypRy(log D)™~ (2.143)
when
D> exp(2(B} + By +43)) > 1, (2.144)

with Ry, CK(f), CK’(\fD as in (2.6), (2.7) and (2.8). Now with

R =2(B| + By +2A5 + ')a(x’) (2.145)

where, as before, a(k’) = 1+2(k’+ 1)exp(x’ + 1), we have from Theorem 2.3.1 that

/

d / i / /
dg})@ = CK/(|f|)(10gD)K (1 + ﬁ* (@)) S CK/(m)(lOgD)K (1 —I—Cl(K )), (2.146)

/

when D satisfies (2.144), since for such D we have k)Rng < a(x’) from (2.145). Using (2.143)

and (2.146) in (2.142) we conclude that
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242k — K’

T ) e Rstozn) )

Z f(d) = KCK(f)D<10gD)K_1 + ﬁ* ((

d=D (2.147)

+ 6" (CoyD(10gD)* (1 +a(K)) (9B + By +4A5+2)y1 ).

We have 1 +a(x’) < 2a(x’) since 1 < a(k’) and consequently that

(14a(x’))(9B) + By 4+ 4A5 +2) <2(9B) + By +4A5 4+ 2)a(x’) <9R;

from (2.6). Also, on dividing (2.133) and (2.134) throughout by log Q, using the triangle
inequality and letting Q — oo, we see that k¥ < k’ and therefore that kR < k'R <R Y7

Finally, we note that 1 < 2112; ,f, With these remarks (2.4) follows from (2.147).

2.5 Applications

We give here two results to illustrate Theorem 2.1.1. Let us first observe that the condition
(2.3) holds true for a wide class of multiplicative functions, namely those that are bounded

on the prime powers.

Proposition 2.5.1. If f is an arithmetic function such that there are real numbers A, B satis-
fisfying | f(p¥)| < AV for all primes p and integers v > 1 then for all real numbers Q > 1

we have that

Y Y 1re) g+ Y Y 1£(pY)]log(pY) < /O, (2.148)

p>2 vik>1 p>2 v>2
pt<o P'=0

where the implied constant can be given explicitly in terms of A and B.

Proof. Since |f(p")| < AvB, the left hand side of (2.148) does not exceed
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A*Y Y VBEPlog(pV)+A Y. Y vPlog(pY)

p>2 vik>1 p>2 v>2
pV+kSQ pVSQ
=AY logp Y Y VTP +A Y logp Y V! (2.149)
p>2 n>2, k>1,v>1 p>2 v>2 '
P"<0 k+v=n. p'<Q
_ Z(AnB+I+A2 Z VB+1kB)9(Q%)7
n>2 k>1,v>1
k+v=n.

where 6(x) = ¥ ,<,log p. By means of the trivial bound

AnPTT 4 A7 Y VETUE < AnPH 4 202 BTD < (A4 1) BT (2.150)

k>1,v>1
k+v=n.

we then conclude that the left hand side of (2.148) does not exceed

(A+1)2 Y n2BDg(Qr) . (2.151)

n>2

Now we note that

W=
N—r
l\)
—~
o]
+
—
~—

Y n2E0g(gn) = 4516(0%) + 0" | 6(Q
= ol (2.152)

:4B+19<Q7)+ﬁ* <9(Q%) <IOLQ)ZB+3>

By (3.32), page 70 of [27], we have 0(x) < 1.02x for x > 1. Also, we have Q6 > BB

when Q > 1. Consequently, we have

(A+1)2 Y n?B+Dg(0n) < (A+1)%(5% +1.02[6(2B+3)]!) VO, (2.153)

n>2
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from which the desired conclusion follows on recalling that the left hand side of (2.148) does
not exceed (2.151). L]
[

The following is our first application Theorem 2.1.1.

Theorem 2.5.1. Let a and q be positive integers such that (a,q) =1, ¢(q) > 2 and let P* be
the set of prime numbers congruent to a modulo q. If for any prime number p and integer

k> 1 we set Q(p~ia,q) =k when p is in P* and Q(p*;a,q) = 0 otherwise, then we have that

Z H (_1)Q(pv;a,q) — w +0( D ) (2.154)
d=<D pVild (log D) %@ logD

for all D > 1, where the implied constant in the O symbol is an unspecified real number

depending on q and

~ 1750« f(p")
Cr(z%)n’m((l;) vg'o lfv )

o(q

Proof. We set f(n) = Hvan(—l)Q(pv;“’q) for any integer n > 1. Since for any prime p we

have f(p) = 1 when p is not in P* and f(p) = —1 when p is in P*, it follows that

Y f()log(p¥) =Y logp—2 Y logp+ Y f(p¥)logp". (2.155)
p=>2,v>1 p<Q p<0, p>2,v>12,
p'<Q pEP™. p'<Q.

From (11.36) of Corollary (11.21) of [21] we have

Q Q
1 = 1 = ——4+0| —= |, 2.156
P s () R0
pEP*. p=alql.

where the implied constant in the O symbol is not explicit. On the other hand, since |f| =1,

Proposition 2.5.1 gives |¥,>2 v>2 f(p")logp¥| < +/Q. Since we have that W 7QQ) > /0
pY<0.

for O > 1 we therefore obtain from (2.155) that
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Y f(p")log(p¥) = (1 — @) 0+0 (@) (2.157)

p>2,v>1
p'<0

for all Q > 1. Since |f| = 1 we have using the prime number theorem that

v v v 0
] — ] —0+0( —=— 2.158
p>§,v>l|f(p )[log(pY) p>§‘v>1 og(p") =0+ ((long)2> ( )
pV<Q pV<0

for all Q > 1. It follows from (2.157), (2.158) and (2.148) that f satisfies (2.1), (2.2)and (2.3)
with k = 1 — ﬁ and k' = 1. Finally, we have 1+ k — k¥’ > 0 since ¢(g) > 2. Therefore

Theorem 2.1.1 is applicable and yields (2.154).

Our second and final application of Theorem 2.1.1 is the following result.

Theorem 2.5.1. Let a and q be positive integers such that (a,q) = 1 and ¢(q) > 2. Further,
let P* be the set of prime numbers congruent to m modulo q and let A* be the set of positive

integers coprime to each prime number in P*. Then we have

_2
Y t(n)= Cx(logx)<1 o) + O(xloglogx) (2.159)
n<x,
neA*.
for all real x > 2. Here the implied constant in the O symbol is an unspecified real number

depending on q and

y & (") (2.160)

1— =
v>0 pv

TG

o(q)

C=

1) (1-5%)

where ap+(p¥) = 1if pisnotin P* and v > 1, ap-(p) = —1 if pis in P* and finally ap-(p") =

OifpisinP* andv > 2.

Proof. Since the multiplicative functions o+ and f of the preceding theorem agree on the

set of prime numbers and |op+| < 1, it follows from (2.157), (2.158) and Proposition 2.5.1
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that ap+ also satisfies the (2.1), (2.2) and (2.3) with k. =1 — ﬁ and ¥’ = 1. Also, as before,

we have 1+ Kk — k' > 0 since ¢(q) > 2. Therefore Theorem 2.1.1 is applicable and yields

1—525)CD
ZOCP*((D:%-FO( D ) (2.161)

for all D > 2, where C is as (2.160) and the implied constant in the O symbol is an unspec-
ified real number depending on ¢. From the definition of ap+ we have for any n € A* that

Yijn 0p+(d) = t(n) and for n ¢ A* we have ¥ 4, ap+(d) = 0. Hence

Y i)=Y Y op(a) (2.162)

n<x n<xdm=n
neA*

By means of the Dirichlet hyperbola method we then see that

Y t(n)=51+5 -85, (2.163)
n<x
neA*
where
S| = Z Otp*(m) 1, SH, = Z Z OCP*(m),
m<\/x d<z d<\/xm<%
and

S3=Y 1Y) ap(d).

m< /x d< /x

Using the asymptotic formula (2.161) and with k as above we then see that
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si= ¥ apm [X] =x ¥ % o(x1og <)
m<,/x m</x

—x (—ng\/}ap* (m) + /]\/;C Lt Op-(m) gp* (m)dt> +O(x(logx)*™1)

VX
\/;C Olp*
= [T R0 g (1080 (160
1
va dt
= KCx/ (logt) ™! " + O(xloglogx)
1
. 1 ¥+ 0(xlogl
= ?x( ogx)* + O(xloglogx)) .
Similarly, we have
X x\ k-1 X
S=kC Y Zlog(2) 4ol ¥ —
meyz™ m mg\/}mlog(ﬁ)
va k=1 dt
= KCx/ log <)—C> — +0(x) (2.165)
1 t t
1
=C (1 — F) x(logx)* +O(x) .
Finally, we see that
S3 < vx-v/x(logx)* ! <« x(logx)* 1. (2.166)
The formula (2.159) results from (2.163), (2.164), (2.165) and (2.166).
]
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CHAPTER 3

Weighted partial sums of the greatest

divisor of n coprime to k

For any integer n > 1, let 8;(n) denote the greatest divisor of n coprime to a given integer
k > 2. In this chapter we give for any integer r > 1 and real number & an asymptotic formula

for X< 6[(n)n=°"" as x — oo,

3.1 Introduction

For any integers k > 2 and n > 1 let us set

Ox(n) = max{d : d|nand (d,k) = 1}. (3.1)

Thus &(n) is the greatest divisor of n coprime to k. If n =[], p'»( is the prime factori-
sation of an integer n > 1, then we have & (n) = [ip)=1 p'r(), Using this it immedi-
ately follows that function & : n — &(n) is a completely multiplicative function, that is,
Ox(mn) = & (m)&(n) for all integers m,n > 1. For any integer k > 1 and complex numbers

s let us also define Jg(k) and a(s,k) by
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k\° 1
s =Y () =FTI(1-;) G2
dlk plk P
log p
a(s,k) =Y —°%. (3.3)

We recall that function Js : k — Jy(k) on the natural numbers is called the Jordan totient
function and has been denoted by ¢, in Chapter 1. Finally, in this chapter we shall write v (k)

for the number of square free divisors of an integer k.

The function n — & (n) for a given integer k > 2 is the subject of a number of works in
the literature, for instance see [32, 22, 1]. The earliest work on & appears to be that of D.
Suryanarayana who used the convolution method to obtain, on page 154 of [32], an asymp-
totic formula for the partial sums Y, % when o is an integer > 0. Subsequently, P.N.
Ramachandran [22], again using the convolution method, but somewhat differently from
Suryanarayana, obtained the following theorem, which covers all real o. Here and in what

follows, {(s) denotes the value of the Riemann zeta function ¢ at the complex number s.

Theorem 3.1.1. Let o be a real number, k > 2 an integer. Then for any real x > 1 we have

ko(k _ k
) —(1—2512(@)(1 7+0 (x"\(/l(—)cr) 10gk> (o <1),
i\
n;x ot = ) 2 (logx + v+ a(1,k) — a(2,k)) + O (@mgk) c=1), 64
k]g k xlfc k k
e e o( M0 ) (o)

Remark 3.1.1. Let us note that Ramachandran [22] uses ¢ in place of our ¢ and orders the
three cases considered above differently. Further, J,(k), a(1,k), o(2,k) above are J(k), (k)
and P (k) respectively in [22]. Also, the statement of Ramachandran’s theorem on page
336 of [22] appears to contain errors. Indeed, for the reasons we give in Remark 3.2.1, the

conditions o < 1 and ¢ > 1 above should in fact read 6 < 0 and o > 0,0 # 1 respectively.

In this chapter, which is based on joint work with Tadaki Igawa [11], we extend Ramachan-
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dran’s theorem stated above to powers of the function J, that is, to the functions Sk’ , for any

integer r > 1. Our result is the following :

Theorem 3.1.2. Let ¢ be a real number and r > 1, k > 2 be integers. Then for any real x > 1

we have
(
K'ok) xl-o k
y 5) _ ) ey -
Lo =\ i U (logx+y+ a(1,k) — (1 +r,k))+0(7> (c=1),
KJs(k)E (o o(k) x1-o B k
S o () ernos

(3.5)

where B(0) =2 when 0 < 0 < § and B(0) = max(1, L) when 3 < ©. The implied constant

in the O symbols in (3.5) can be taken to be 1 in each case.

Taking account of Remark 3.1.1, even for r = 1 the error terms of our formulae in (3.5)
improve on the corresponding ones in Ramachandran’s Theorem 3.1.1 in their dependence
on k by a factor of logk in each case. Moreover, our error terms are completely explicit and

the error term for the case 6 > 0, o # 1 has a finite limit when o — 1.

3.2 Ramachandran’s method

We shall prove Theorem 3.1.2 here by modifying the method of Ramachandran [22]. With k

and r as in the theorem, let us set

ay) =Y u(5) = (3.6)

for any integer n > 1. Then the Mobius inversion formula gives 6"; (,n ) Zd|na£{) for all

integers n > 1, from which we see that

ag) 1
nor Z Yai'| =% 4o o G.7)



We shall obtain Theorem 3.1.2 from (3.7) with the aid of the lemmas given below.

Preliminary Lemmas

We begin by recalling that the Riemann zeta function ( is defined by {(s) = Y,>; % for
complex numbers s with Re(s) > 1 and extends as a meromorphic function to the entire
complex plane. This extension, also denoted by , has a unique pole on the complex plane,

a simple pole at s = 1, where it has the limited Laurent expansion

1
C(S):m—f—)/‘i‘O(S—l). (3.8)
Lemma 3.2.1. For any real ¢ and x > 1 we have that

1—

y L) o) (0=0) (3.9)
= L)+ 400 (020,06 #1).

The implied constant in the O symbols above can be taken to be 1 in each case.

Proof. These relations are well-known consequences of the classical Euler-Maclaurin for-
mula (See Section 1.7.2, page 19 of [3]). Only the assertion on the implied constant needs
some care to verify. Let us check this when ¢ < 0. For a continuously differentiable function

f on [1,x] the Euler-Maclaurin formula gives

Y ) = [ e+ )= 1@+ [ s o (.10)

n<x
where {t} =¢—[t]. If f >0and f/ > 0on [1,x] then O < [{{t}f'(¢)dt < f(x) — f(1) and
—f(x) < —{x}f(x) <0. For such f we then have from (3.10) that

S CRYOES WORN WIOTEIS @1

n<x

When ¢ <0, f with f(r) =1~ satisfies the stated conditions, so that (3.11) with this f gives
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+—< — (3.12)

on evaluating flx t%dt. Since 0 <0 we have —1 < —ﬁ < 0. The first case of (3.2.1) follows
on adding this relation and (3.12). The second case of (3.2.1) is obtained by putting s = ¢ in
Theorem 3.57, page 98 of [3].

]

Remark 3.2.1. Lemma 3.2.1 corresponds to Lemma 1, page 336 of [22]. However, the
statement of the latter lemma contains errors that can confuse a reader of [22]. Indeed, in
case (a) of Lemma 1 of [22], the condition > 1 should be replaced with r < 0. Also, in (c)
of this lemma )t% should be replaced with ’g and the condition t > 1 withr > 0,7 #= 1. We
have not given the case corresponding to (b) of the Lemma, which in our notation would be

the case o = 1, since we will not use it.

Proposition 3.2.1. For any real numbers 0 < u <1 and 6 > 0 we have

——— | < B(o)u", (3.13)
where B(0) is as defined in the statement of Theorem 3.1.2.

Proof. For any 6 > 0,0 # 1, we have

1+\u]1;;1] = 14—/M1 l%t = 1+/lit6_2a’t < 1+u_6/lm%t <2u~°, (3.14)
where the second equality results from the change of variables ¢ — % On recalling the
definition of (o) we see that (3.14) verifies (3.13) when 0 < 0 < %.Now for any v > 1
let us temporarily set @(v) = max(1,2)v® — [/t 2dt — 1. Then we have that ¢'(v) =
max(o,1)v°~! —y°=2 >0 for all v > 1 and any ¢ > 0. Thus @(v) > ¢(1) > 0 for all
v > 1 and any ¢ > 0. In particular, we have 0 < (p(%) for all o > 0. This together with the

equalities in (3.14) verifies (3.13) for o > %
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Lemma 3.2.2. For any real numbers x > 1 and 6 > 0,0 # 1, we have

< B(o) (é)c, (3.15)

foralld > x.

Proof. We set u = 3, so that 0 < u < 1, and note using the triangle inequality that we have

1 /x\l-o 1 u'=9—1
— (= < — . 1
o 25 ()| = [0 s+ 6.16
To obtain (3.15) from (3.16) and (3.13), it suffices to observe that
0<(0)—— <1 (3.17)
- oc—1"— o

when 0 < 0,0 # 1, which is well-known. We nevertheless recall the proof for completeness.
Using the Euler-Maclaurin formula (3.10) with f(¢) =¢~°, where s is any complex number

with Re (s) > 1, and any real x > 1 and then letting x — +o0 we get

1 (<)
G = g +1-s t{i}l di (3.18)

for all complex s with Re(s) > 1. This relation extends { as a meromorphic function to
Re (s) > 0, since the integral on its right hand side extends as holomorphic function to this

half-plane as well. The bounds in (3.17) follow on putting s = 6 > 0,0 # 1 in (3.18) and

noting that 0 < ¢ [;° l({ffl dt < 1 for such o.

]

It is by means of the inequality (3.15) that we gain over Ramachandran [22]. In the following

pair of lemmas we extend some observations from [22] for r = 1 to the case r > 1.

Lemma 3.2.3 (cf. [22, p. 336]). Let aﬁ,’) be as in (3.6) and for an integer k > 2, let & be the

set of the natural numbers all of whose prime divisors divide k. Then for any integer n > 1
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we have that

(r) %Hp|n<1_pr) (ne‘%/)a
a,’ = (3.19)

Proof. Since n +— ocln) is a multiplicative function, it follows from (3.6) that so is the func-

nr
tionn — a,(f). Also, the right hand side of (3.19) defines a multiplicative function. It therefore
suffices to check this relation when n = p” for any prime p and integer m > 1. For such n

the relation n € % is equivalent to p|k. Now we note that for any divisor d of p”* we have

1 .
o, (d = when p divides k,
£d) ‘ (3.20)

1 when p does not divide k.

Substituting this into (3.6) and using the Mdbius inversion formula we immediately obtain

(3.19) for n = p™, as required. [

For the next lemma we recall the defintions of J;(k) and a(o, k) from (3.2) and (3.3) respec-

tively.

Lemma 3.2.4 (cf. [22, p. 337, Lemma 2]). Let k > 2 and r > 1 be integers and let & be real

number. Then we have

o (1) r o (1) r
an k"Js (k) . _ ap k" (k)
(a) ,; e = Joer (k) when 6 > —r and in pamcularng’1 . = k)’
o (7) r
ay’logn k"¢ (k)
b =— a(l,k)—a(l+rk)),
b Y = T (@10 - a1 )
> Jay| 2=
(©) Z—G: <1+T> when ¢ > —r,
n—1 " plk p -1

@ Y [a)] = v(k).
n=1
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Proof. Let us first verify (c). From (3.19) of Lemma 3.2.3 we see that ]a,(f)| <lforalln>1.

(r)
Therefore the Dirichlet series } ", |“};’5 | converges absolutely for all complex s with Res > 1.

Since the function n — |a,(f)| is multiplicative we have using (3.19) again that

vl

Y =11
n=1 p

r__
Q{0 g et ) T ) e
for complex numbers s with Res > 1. The last product over plk in (3.21) is a holomorphic
function of s for Res > —r. Consequently, we have from (3.21) that the Dirichlet series with
non-negative coefficents ) >, |a,’1(1—:)| extends as a holomorphic function of s to Res > —r. By
a classical theorem of Landau (see Corollary 4.45, page 207 of [3]) we then conclude that
this series converges for Res > —r and that (3.21) holds for all such complex numbers s. On
putting s = o0 in (3.21) for real ¢ > —r we get (c) and on putting s = 0, allowed since r > 1,

and noting that 2°%) = v (k) we get (d).

(r)
To verify (a) we note from (c) that the Dirichlet series )", a};‘S is absolutely convergent for

Res > —r and since n — a,([) is a multiplicative function we have using (3.19) that

i aslr) H a;rm e ) Z 1 H (1 1—p ) (3.22)
= = +(1- Y | = + .
= ns g pms ok p = p(s+r)1n ps+r -1

plk

for Res > —r. We now obtain the first part of (a) from (3.22) on noting that

1
1-p’ > <ps+’ - p’) 1= k" Jy(k)
g < ps+r —1 }:Il ps+r -1 gl 1— 1% Js+r(k)

where the last equality is immediate from the definition of Js(k) given by (3.2). Putting 6 =1

in the first part of (a) we get the second part, since J; (k) = ¢ (k). Equating the derivatives of

k" Jg(k)
J.H—r (k)

al(lr)

s Y 4 and s —

we get
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(9 WA A ()

n=1

(r) logn . _kr-]s(k) (Js(k)/ B Js—l-r(k)/) (3.24)

for Res > —r. From the definition of J(k) we see that

J5(k)
=logk+) —— =logk+ a(s,k) (3.25)
Js(k) l;lk 1
and hence that
k) Teerlk) o (s, k) — a(s+rk) (3.26)

I(k) — Tyir(k)
for any complex number s. We obtain (b) from (3.24) and (3.26) on putting s = 1 in these

relations. ]

Proof of Theorem 3.1.2 completed

We continue from the relation (3.7). It will be clear that the implied constants in the O
symbols in the remainder of this proof can all taken to be 1. Using the case ¢ < 0 of Lemma

3.2.1 for the sum over m in (3.7) we get

S (n xl—c a() .
Y n’;(+r):1_ Y +0< Z|af,)|>. (3.27)

d<x

when ¢ < 0. Now we note that

176 a(’)
L

__(ydgx

1—-0

<X ¥y 4| <x Y |a], (3.28)

- (yd>x d d>x

1-o

0o (
LT

since ﬁ < 1 when ¢ < 0. Combining (3.27) and (3.28) we then deduce that

6r n -0 o a(r) oo .
L nka(+r) —T—Y " +0 (x"le Ia§)|> , (3.29)

n<x d=1
from which the case 0 < 0 of Theorem 3.1.2 follows on recalling (a) and (d) of Lemma

3.2.4. We now turn to the third case of Theorem 3.1.2, namely, when ¢ > 0,0 # 1. We use
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the corresponding case of Lemma 3.2.1 for the sum over m in (3.7) to get

L i@@ =L % (C(G) + ﬁ (Z) 16) +0 <x—" y |a§{)|> . (3.30)

n<x d<x d<x

By means of the triangle inequality we have

o0 (r) (r)
a,; 1 x\l-o ’Cld ’ 1 x\ l-o
— —d_ — (= <y 24 — (= .
‘(d; d;) d° (C(6)+1—G(d) > —dgx a £+ =5 (3)
- (3.31)
Using (3.15) of Lemma 3.2.2 for the right hand side of (3.31) we obtain
yoy ) (corti25(5) )| <pon Lill. 6
— = — = < X a;’|. )
= d=x) 4° l-0\d P

On combining this relation with (3.30) and noting that 1 < (o) for all o > 0, we then

deduce that

- £ (cr 1o () ) ro (s g ). am

d>1

n<x

The case ¢ > 0,0 # 1 of (3.5) results from (3.33) and the relations in (a) and (d) of Lemma
3.2.4. To obtain the case ¢ = 1 in (3.5) we let ¢ — 1 in (3.33). Note that 0 < (0)x™° <2
for all o > 0. We therefore have from (3.32) that the first sum on the right hand side of (3.33)
converges uniformly in o for 6 > 0. This justifies interchanging lims_,; with the summation

in the first sum on the right hand side of (3.33). Now we note that
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i (e 5 (5)7) = tm (c<o> I 1)

rria ()

(3.34)

on using (3.8). Also, we have lims_,; B(0) = 1. Consequently, we obtain from (3.33) that

ST w (7 1 .
Y rfl(f,) =Y " (y+10g(3)) +0 (Z y |a£1)|> (3.35)

n<x d=1 d>1
from which we conclude the case ¢ = 1 of (3.5) by means of (a), (b) and (d) of Lemma 3.2.4.

O
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