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Chapter 1 Averages of Arithmetical Functions

1.1 Introduction

The average order of an arithmetic function f is defined as a simple real-valued function g such that
D)~ gn).
n<x n<a
An arithmetic function f may possess multiple average orders. Our objective is to identify a function g that is straight-
forward in its expression and for which the asymptotic behavior is easily ascertainable. Notably, when faced with several
potential mean orders, we consistently choose the one that minimizes the associated error.

Arithmetic functions often exhibit significant irregularities, complicating their study even with extensive numerical
tables. For instance, the function 7(n), which takes values that oscillate between 2 (its value at each prime) and occasionally
reaches considerably larger values, exemplifies this complexity. The process of averaging is crucial in mitigating these
irregularities, effectively concealing occasional extreme deviations. Typically, particularly when f assumes positive values,
the average order is non-trivial and represents the most straightforward quantity to determine an arithmetic function.

1.2 Euler’s summation formula

Sometimes the asymptotic value of a partial sum can be obtained by comparing it with an integral. A summation
formula of Euler gives an exact expression for the error made in such an approximation.

Euler’s summation formula. If f has a continuous derivative f' on the interval [y, x| ,where 0 < y < x ,then

> sw= [ swa+ [o-mrow

xT
y<n<z v

+ f(@)([z] =) = f(y)([v] — )

Let m = [y], k = [«] For integers n and n — 1 in [y, 2] we have
n

[ wrwa= " 0w = -0t - fn-1)

n—1
={nf(n) = (n=1)f(n -1} = f(n).

Summing from n = m + 2 to n = k we find the first sum telescopes, hence

k k
/ ] 1(1) dt = Kf(R) — (m+ D fm+1) — 3 f(n)

m—+1 +2

=kf(k)—mf(m+1)— Y f(n).
Therefore o
k
S fw== [ 07 di+ k) —mfm+ 1)
y<n<z m+1

S /x[t]f’(t) dt + kf(z) —mf(y).

Integration by parts gives us



1.3 Some elementary asymptotic formulas

x

/ " F(t) dt = of(x) — uf () [ o

Y

1.3 Some elementary asymptotic formulas

The next theorem gives a number of asymptotic formulas which are easy consequences of Euler’s summation formula.
¢(s) denotes the Riemann zeta function which is defined by the equation

1
C(S):ZE if s > 1,
n=1
Or
1 1—s
¢(s) = lim — 2z if0<s<1.
z—00 ns 1—s
n<x

Theorem 1.2

If x > 1, we have:

1 1
Z—:logm+0+0(—>,
n<wn r

1-s
Y =T ) +0E™) s> 05,

Z L =0(x'"%) ifs>1,
nS

n>x

ll: a . > .
Zn a+1+0(x) ifa>0

Proof

T

:logx—/ t—2[t] dt + 1 + O<1>
1 t x

<t -t <t -t 1
:log;az:—kl—/1 2 dt+/z Tdt+0 =)

The improper integral [ (t — [t]) t =2 dt dt exists sinceit isdominatedby [, ¢~2 dt Also,

OOt_ o0
OS/ Mdtg/ ldif:1
- 2 R x

Li- [ [

so the last equation becomes

1 Ct—1t 1
Zleogx—kl—/ 2”dt—|—0<>.
n 1 t x

n<zx
C= —/ =y
t2
1

Letting © — oo in a we find that



1.4 The average order of d(n)

) 1 <t -t
Ilgrolo<z - log:c> =1 7/1 2 dt,

n<x

etc

1.4 The average order of d(n)

In this section we derive Dirichlet’s asymptotic formula for the partial sums of the divisor function d(n)

For all x > 1 we have

Z d(n) = xlogz + (2C — 1)x + O(\/x),

n<zx

where C is Euler’s constant o

Proof
Since d(n) = }_,,,1 we have

Z d(n) = Z Z 1.
n<z n<z dn

This is a double sum extended over n and d Since d|n we can write n = ¢d and extend the sum over all pairs of
positive integers ¢, d d d with gd < x Thus

ddn)= Y L
n<x q,d
qd < «x

lattice points on the horizontal line segment 1 < ¢ < x/d andthen sum over all d < z.

ddn)=> > L

n<w d<z q<z/d
Now we use 1.2 with o = 0 to obtain
Y= % +0(1).
q<z/d

Using this along with 1.2 we find

Zd(n):Z{ngO(l)}:xZ%—l—O(x)

n<x d<z A<z
1
= x{logm +C+ O(:v) } + O(z) = zlogz + O(x).

This is a weak version of 1.3which implies

Zd(n) ~zlogr asx — oo
n<x
and giveslogn as the average order of d(n) To prove the more precise formula 1.3
counts the number of lattice points in a hyperbolic region and take advantage of the symmetry of the region about the
line ¢ = d. . The total number of lattice points in the region is equal to twice the number below the line ¢ = d



1.5 The average order of the divisor functions o, (n)

we see that

Sdm =23 {[5] -d} +1val.

n<x d<y/z

Now we use the relation [y] = y + O(1) and 1.2 to obtain

Sdm)y =23 {% —d+0(1)}+0(\/5)

n<z d</z
1
=2y -2 > d+ 0\
d<\z A<z

_2x{logf+c+0 f)} 2{326+O(\/£)}+0(\/E)

=zlogz + (2C — 1)z + O(Vx).

\/

@ Note The error term O(\/x) can be improved.In 1903Voronoi proved that the error is O(z'/3log ) ;in 1922van der
Corput improved this to O(233/19°) The best estimate to date is O(x1 2/3 7)) for every ¢ > 0, obtained by Kolesnik
[35] in 1969. The determination of the infimum of all 6 such that the error term is O(z?) is an unsolved problem known
as Dirichlet’s divisor. problem. In 1915 Hardy and Landau showed that inf. 0 > 1/4

(b]

1.5 The average order of the divisor functions o, (n)

The case o = 0 was considered in 1.3. Next we consider real o > 0 and treat the case o = 1 separately

Theorem 1.4
For all x > 1 we have

Z o1(n) = % ¢(2)z% + O(xlog ).

<3

@ Note It can be shown that ((2) = 72 /6 . Therefore it shows that the average order of o1 (n) is m*n /12

Proof
Do) =3 a= Z =3 >«
n<z n<z gqln d<z gq<z/d
qd<w
1 /2\2 T
:d<m{2(d) +O(d)}
1
_'g%*jiz ag +'C) ZEEE:‘*
d<z d<z

Ifr>land a>0a >0a>0,a # 1 a=l a # 1,we have

1
ZUQ _ C“"’ )xa+1 + O(xﬁ),
a+1

n<x



1.6 The average order of p(n)

where = max{1, a}

Proof
Dooalm)= > a"=> > 4
n<z n<z g|n d<z gq<z/d
1 [(z\*" x> 2ot a1
2iamls) @) - ol X w)
d<zx d<z
xa—i—l —« 1
a+1{ +(¢(a+1)+O0(x )}
a xlia —a
+ Of = 1_a+C(a)+O(aj )
_Clat+l) a4 ay_ Clat+1) (1 8
= ari v + O(z) + O(1) + O(z") = P + O(z")
where § = max{1, a}
To find the average order of o, (n) for negative o wewrite o = —3 where § > 0

Theorem 1.6

If B > 0let 6 = max{0,1 — 5} Then if x > 1 we have

> o_p(n)=((B + Dz +.0°) fB#1,

n<x

=((2)z + O(logz) if B=1.

™
\

Proof We have

1 1
Do) =3 > 5=> - 1
n<e n<z dln d<z ' q<az/d
1 (2 1
=X {qto W} =2 o + (Zdﬁ>'
d<zx d<z d<z
The last term is O(log ) if 8 = 1 and O(z°) if 3 # 1 .Since

Ca— 8 1-8

ZdﬂH :_— +C(B+Dz+0@?) =B+ 1)z + 0P

d<z

1.6 The average order of ¢(n)

The asymptotic formula for the partial sums of Euler’s totient involves the sum of the series
i p(n)
2
n=1 n
This series converges absolutely since it is dominatedby Y- ; n~2. In a later chapter we will prove that
—~ RSO

Assuming this result for the time being we have.




1.7 The average order of p(n) and of A(n)

For x > 1 we have

3
> e(n) = = o? + O(aloga),

so the average order of p(n) is 3n /7> -

Proof The method is similar to that used for the divisor functions.We start with the relation

and obtain

I Il
N |
el
=
2
~: ,_/H
N‘E |
- \
SRS
+ ~—
Q
/&\ +
)
™M =
aim 8
N~ ——

Il
N =
&8

i)
— A
L= &
+
Q
7N
8
N————
—
+
S
—~
&
—
o
0Q
=
|
L
[
8
[}
+
S
—~
&
—
o
0Q
=

1.7 The average order of ;(n) and of A(n)

The average orders of 1(n) and A(n) are considerably more difficult to determine than those of p(n) and the divisor

functions.It is known that 1(n) has average order O and that A(n) has average order1.That is,

1
lim — =0
Jim 7 2 nln)

and

.1
Jom g 2 M =1
n<x
but the proofs are not simple.Both these results are equivalent to the prime number theorem (you can see my article
——PNT)

m(x)logx

lim =1
T—r00 €T

)



1.8 The partial sums of a Dirichlet product

1.8 The partial sums of a Dirichlet product

Theorem 1.8

Ifh = fxg,let

Then we have

Proof

if 1
Ulx) — 0 1q<x< ,
1 ifr > 1.

Then FF= foU G = go U, and we have

foG=fo(goU)=(f*g)oU=HgoF=go(fol)=(gf)oU=H.

If g(n) = 1 for all n then G(z) = [z] gives us the following corollary:

I F(x) = X, [(n) we have

> S s = ¥ s = X #(2).

n<z dln n<x n<x

1.9 Applications to ;(n) and A(n)

Now we take f(n) = pu(n) and A(n) will be used later in studying the distribution of primes

Theorem 1.9

For x > 1 we have

> u(n) [ﬂ =1

n<x

and

Proof we have

and



1.9 Applications to p(n) and A(n)

Z A(n) {%] = Z ZA(d) = Z logn = log[z]!.

n<z n<z dln n<x

@ Note
i p(n)

n=1
converges and has a sum 0.

Theorem 1.10

For all x > 1 we have

n<lz

with equality holding only if. © < 2

Q

Proof If z < 2 there is only one term in the sum, x(1) = 1 Now assume that > 2 For each real y let {y} = y — [y]
.Then

1= 3w BE gum)(% -{21) =3 o) ;mm{g}.

n<z n<x

Since 0 < {y} < 1 this implies

| s (2} <10 22

n<x n<z n<zx

Dividing by . We turn next to identity 1.9

> a0 £] = touel

n<x

and use it to determine the power of a prime which divides a factorial

Theorem 1.11 (Legendre’s identity)

For every x > 1 we have

@ Note The sum for «(p) is finite since [x/p™] = 0 forp > x
Proof Since A(n) = 0 unless n is a prime power,and A(p™) = log p ,we have



1.9 Applications to p(n) and A(n)

oglalt = 3 a0 | £ = 3 3 2] s = S at 06

n<x p<zx m=1 p<zx

Next, we use Euler’s summation formula to determine an asymptotic formula for log[x]!

Theorem 1.12

If x > 2 we have

log[z]! = zlogz — 4+ O(log ),

and hence
T
Z A(n) [—} =zlogz — 2 + O(log x).
n
n<z V)
Proof
Taking f(¢) = logt in Euler’s summation formula we obtain
Zlogn: logtdt + ——dt — (z — [z])logx
n<z 1 1 3
-1
=zlogz—xz+1+ Tdt—&—O(logx).
1
since
Tt 1
/ U] dt = O</ - dt) = O(log z),
1t 1t
Theorem 1.13
For x > 2 we have
T
Z [—] logp = zlogz + O(z),
p<z p
where the sum is extended over all primes < x O

Proof Since A(n) = 0 unless n is a prime power we have

> |2 ]awm - )

n<x

mﬁ; L)im} A(p™).

Now p™ < z implies p < z .Also, [z/p™] = 0if p > x so we can write the last sum as

53 [ fier = S [2fuosr + 3 5[]

p<zm=1 p<zx p<zrm=2

Next we prove that the last sum is O(x) we have

10




1.9 Applications to ;(n) and A(n)

o . o T 00 1\
Stowr 3 [5] < Swosr 30 5 =a Sown 3 ()
m=2 p<xz m=2 p<z m=2

p<z
1 1 log p
=z logp - — - =z —_
2. Pl p;gp(p—l)

Hence we have shown that



Bibliography

[1] A Classical Introduction to Modern Number Theory Kenneth Ireland, Michael Rosen Graduate Texts in Mathematics
[2] Introduction to Analytic Number Theory Tom M. Apostol

[3] Analytic Number Theory Henryk Iwaniec: Rutgers University, Piscataway, NJ Emmanuel Kowalski : Université

Bordeaux I, Talence, France


https://doi.org/10.1007/978-1-4757-2103-4
https://doi.org/10.1007/978-1-4757-5579-4

	0 Arithmetical Functions
	1 Averages of Arithmetical Functions
	1.1 Introduction
	1.2 Euler's summation formula
	1.3 Some elementary asymptotic formulas
	1.4 The average order of d(n)
	1.5 The average order of the divisor functions x(n)
	1.6 The average order of (n)
	1.7 The average order of (n) and of (n)
	1.8 The partial sums of a Dirichlet product
	1.9 Applications to (n) and (n)


