LECTURE 11: ARITHMETIC FUNCTIONS

Recall that a function f : N — C is called an arithmetical function. Re-
call also that a multiplicative function f satisfies the property that whenever
(m,n) =1, one has

f(mn) = f(m)f(n).

We have proved that the function

g(n) =) f(d)
dln

is multiplicative whenever f(n) is multiplicative. In this section we discuss
various properties of arithmetical functions, many of them multiplicative, and
seek to understand what they “look” like.

1. EXAMPLES OF ARITHMETICAL FUNCTIONS

e the divisor function T(n).
The function 7(n) is defined as the number of divisors of the number
n. It can be written explicitly as

T(n) = Z 1.

dln

e the sum of divisors function o(n).
The function o(n) is defined as the sum of all divisors of the number
n. It can be written explicitly as

o(n)=> d.

dn

e the Fuler totient function ¢(n).
The function ¢(n) is defined as the number of reduced residue classes
modulo n. We have shown that it is given by a formula

on) = [ —p):

p"n

e the Mdbius function pu(n)
The function ¢(n) is defined by

p(n) =

(_1)67 when n = py - - - py is squarefree,
0, otherwise.

Here, by a squarefree number, we mean an integer that is not divisible
by the square of any prime number. It is easy to check that u is

multiplicative.
1
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Note that, just as with our earlier discussion of the Euler totient, a function
that is multiplicative will be relatively easy to evaluate when its argument has
a known prime factorisation. For example, one can see rather easily that when
p is a prime number and h is a non-negative integer then

T(p")=r+1 and o(p") Zp— ,

and thus

)= [[r+1) and o(n) =[] (%) |

pln pln

2. THE MOBIUS INVERSION FORMULA

The Mobius function, has special properties that make it particularly useful
in studying averages of other arithmetic functions (and much else besides).
Recall that

(—1)%, when n = p;...p, is squarefree,
p(n) = -
0, otherwise.

We define a rather trivial multiplicative function v(n) by

(n) 1, whenn=1,
v(n) =
0, otherwise.

Lemma 2.1. One has }_,,, p(d) = v(n).

Proof. Since p(n) is a multiplicative function of n, it follows that 3, p(d) is
also multiplicative. But on writing f(n) = >_,, (d), one finds that

:Z,u(ph)zl—l:O, for a > 0,

and f(1) = u(1) = 1. Thus, in view of the multiplicativity of f(n), one finds
that f(n) is zero unless n has no prime divisors, a circumstance that occurs
only when n = 1. This completes the proof of the theorem. 0

We can now describe a certain duality between arithmetic functions, and
functions defined via divisor sums.

Theorem 2.2 (the Mébius inversion formulae). (i) Let f be any arithmetical

function, and define
=> f(@

dn

Z,u g(n/d).

din

Then one has



LECTURE 11 3

(i) Suppose that g is any arithmetical function, and define

Z,u g(n/d).

d|n

=> /(@

dn

Then one has

Proof. (i) Given that g(n) = >_, f(d), one obtains

ST udgn/dy =" D" w(d)fe) =D fle) D u(d)

din din e|(n/d) eln d|(n/e)

—Zf v(n/e) = f(n).

(ii) Given that f(n) = >_,, u( )g(n/d), one obtains

Zf(d)ZZf(n/d S° 3 wle)gn/(de))

i din. l(n/d)
= Z D nleg(n/(de) =3 > ul
eln d|(n/e) eln d|(n/e)
=D 9(d) Y ple) =D _gld)v(n/d) = g(n).
dln e|(n/d) dln

O

Note that Mobius inversion applies to all arithmetical functions, without
any hypothesis concerning whether or not they are multiplicative.

Example 2.3. Recall that we showed that
> old) =
dn

As an immediate consequence of the Mdbius inversion formulae, we deduce

that
=> ud)(n/d) =n)_ pu(d)/d
din

dln

3. ESTIMATES FOR ARITHMETICAL FUNCTIONS

We now explore the “population statistics” of values of arithmetical func-
tions: what is the maximal/minimal size of such a function, the average size,
the variance, etc.? In order properly to discuss such issues, we need to recall
some standard analytic notation.

Given functions f,g: R — R, with g taking positive values, we write

f(x) = O(g(x))  (for z > zo)
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when there exists some positive constant C' for which
[f(z)| < Cg(z)  (for z = o).

Example 3.1. One has z = O(z?) for x > 1, 1/2® = O(1) for z > 1, and
x=0(e") for x > 0.

There are two useful strategies to keep in mind when addressing questions
concerning estimates for arithmetic functions:

e In order to estimate the size of a multiplicative function f(n), one
should first estimate f(p") on prime powers, and then combine this
information with knowledge about the distribution of prime numbers.

e If one wishes to estimate the average size of an arithmetical function
g(n), one can apply the Mobius inversion formulae to write g(n) in the
shape

g(n) = f(d),
dn
in which
fn) =Y u(d)g(n/d).
din
Frequently, one finds that this new function f(n) is reasonably well
behaved, and then one has

S =3 3@

1<n<e 1<n<z d|n

— Z Z f(d).

1<d<z 1<m<a/d

Here, in the last summation, we made the change of variable n = md.
Thus we obtain

dogm)= > fd) Y 1

1<n<z 1<d<z 1<m<z/d
xXr
= EE: tf(d) {3J7
1<d<x

where, as usual, we write |6] for the greatest integer not exceeding 6.
Thus we see that

2 =2 3 s (5 om)

1<n<x 1<d<x
(d 1
= Do 1S ).
1<d<z 1<d<z

In many circumstances, the first term on the right hand side of the last
equation is of larger order of magnitude than the last term, and then
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one has the asymptotic formula
1 f(d)
=D g~ D
1<n<Lx 1<d<x

This formula is useful provided that the new average is easier to com-
pute than the original average.

We illustrate these ideas with some examples.
Example 3.2. The divisor function 7(n).
We claim that for any positive number ¢, one has
7(n) = O(n°) forn € N.

In order to establish this estimate, we exploit the multiplicative property of
7(n), and investigate the function

T(n) J+1
ne I]: pﬁ )

Pn
For any fixed prime p, (5 + 1)/p’¢ is a decreasing function of j for sufficiently
large 7. In fact, with a little calculus we find that
g1 p° (Gt lelogp _ p
pie clog,p 20tDelosr = clog, p
Thus,

€

sup{2™" : x > 0} = O(p°).

T

(n)

—<Ilow)=00).
pi|n

Next we turn to the matter of the average value of 7(n) for 1 < n < z. In

this instance, of course, one has 7(n) = >_,, 1, and so

2 or=23 > 1=>, > 1

1<n<e 1<n<z dn 1<d<z 1<m<z/d
= S e/d) = Y (afd+O0(1)
1<d<z 1<d<x
1
= -+ 0(x).
r Y brow
1<d<x

But (as a good exercise in calculus),

> é: > (/dd+1%+0(1/d2))

1<d<z 1<d<x
=logx + O(1).
Thus we deduce that
1
— Z 7(n) =logz + O(1).
ajlgnéz

Example 3.3. The sum of divisors function o(n).
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In this instance we have the formula o(n) = >_,, d, and so

Yoom=3 3 5=3 ¥ om

1<n<e 1<n<z din 1<d<z 1<m<z/d
2
= Z %Lx/dj([x/dj +1)= Z (ﬁ + O(»’U/d)) .
1<d<z 1<d<z
But
1 &1 )
= Zd_ (Zw) =((2) +O(1/z)
1<d<zx d=1 d>x
and hence
2
- Z = % 2)z + O(logz) = Ex—l—O(logaﬁ)
1<n<x

Example 3.4. The Euler function ¢(n).
We shall use the formula

d
n)znZ%

din

Following the above strategy, we find that

S o) = 3 S aldnfd= Y uld) S m

1<n<e 1<n<z d|n 1<d<z 1<m<z/d
2
= % wla dlafal(Lafd) 1) = 3 wtd) (5 +Oaf))
1<d<z 1<d<z
u
ey M <Z ju(d |x/d>
1<d<z 1<d<z

To estimate the error term, we observe that
1<d<x
Furthermore,

—<1 / — = O(log z).
Z H (d

(d) < pld) 2 .
P2 P2 Z /d” | =
1<d<z d=1 d>x d=1

13" 6(n) = Co+ Ollog ),

1<n<x

(;Z) +O(1/x).

Thus

where C' = 3 77, %. In fact, one can show that C' = 6/72. In some sense,
this means that ¢(n) is, on average, about (6/7%)n.

Example 3.5. The number of squarefree numbers.
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We turn our attention next to counting the number of squarefree numbers up
to x. Define

S(x) = #{1 <n < z:n is squarefree}.
In order to analyse this sum, we need to have available a detector for squarefree
numbers. If we recall that the sum of the M6bius function over the divisors of
an integer n, which we called v(n), is non-zero precisely when n = 1, in which
case it is 1, we are led to consider the expression

> u(d).
d?|n

Let m be the largest positive integer with m? | n. Then the above expression
is

> () =v(m) =

dlm
Thus we find that

{1, when m is equal to 1, i.e. n is squarefree,

0, when m > 1, i.e. n is not squarefree.

S = 30 uld).

1<n<z d?|n
But this expression has similar shape to those that we have considered before
in this section, and so we may analyse this sum similarly. By means of the
change of variable n = md?, one finds that

Sy = Y Y wd= 3 sdle/E)

1<d<v/z 1<m<z/d? 1<d<v/z
= Y uwd) (G +om)) =2 Y ma o Y1
- H d2? =7 d2

1<d<y/z 1<d<y/z 1<d<y/z

p(d) o~ p(d) 1
P By +0[ > = | =c+ou/va).

1<d</x 1 d>+\/z

Thus we conclude that
S(x) = 2 (C+0(1/v/)) + O(/x)
= %m + O(Vx).

Thus the “probability” that a randomly chosen positive integer is squarefree
is 6/72.



