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1. The floor function
Let me first recall two basic facts about divisibility of integers:

Proposition 1.0.1. Let a be an integer. Let u and v be two integers that are
both divisible by a. Then, their sum u + v must also be divisible by a.

Proof of Proposition There exists an integer p such that u = ap (since u is
divisible by a). There exists an integer g such that v = ag (since v is divisible
by a). Consider these p and 4. Now, u _+ v =ap+aq =a(p+q). Hence,

=ap =aq
u + v is divisible by a. This proves Proposition O

Proposition 1.0.2. Let u and v be two nonnegative integers such that u | v and
v | u. Then, u = v.

Proof of Proposition We have v | u. In other words, there exists an integer w
such that u = vw. Consider this w. If v =0, then we have u = v w =0 = 0.

=0
Hence, if v = 0, then Proposition holds. Thus, for the rest of this proof, we
can WLOG assume that v # 0. Assume this. Thus, v > 0 (since v is nonnegative).
We have u | v. In other words, there exists an integer z such that v = uz.
Consider this z. Since uz = v # 0, we have z # 0. If u = 0, then we have
v=u z= 0 = u and thus u = v. Hence, if u = 0, then Proposition [1.0.2| holds.

=0
Thus, for the rest of this proof, we can WLOG assume that u # 0. Assume this.
Thus, u > 0 (since u is nonnegative).
From uz = v > 0, we obtain z > 0 (since u > 0). Hence, z > 1 (since z is
an integer). Hence, v = .z > ul (since u > 0) and thus v > ul = u. The
>1

same argument (with the roles of u and v swapped) yields u > v. Combining
this with v > u, we obtain u = v. This proves Proposition [1.0.2} O

1.1. Definition and basic properties

I shall first discuss the floor function, following [NiZuMo91, §4.1].

Definition 1.1.1. Let x be a real number. Then, | x| is defined to be the unique
integer n satisfying n < x < n + 1. This integer | x| is called the floor of x, or
the integer part of x.

Remark 1.1.2. (a) Why is |x| well-defined? I mean, why does the unique
integer n in Definition exist, and why is it unique? I will not answer
this question in general (the answer probably depends on how you define real
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numbers anyway). However, in the case when x is rational, the proof is simple
(see Corollary below).

(b) What we call |x] is typically called [x] in older books (such as
[NiZuMOo91]]). I suggest avoiding the notation [x] wherever possible; it has
too many different meanings (whereas | x| almost always means the floor of
X).

(c) The map R — Z, x — |x] is called the floor function or the greatest
integer function. There is also a ceiling function, which sends each x € R to the
unique integer n satisfying n — 1 < x < n; this latter integer is called [x]. The
two functions are connected by the rule [x| = — | —x] (for all x € R).

The floor and the ceiling functions are some of the simplest examples of
discontinuous functions.

(d) Here are some examples of floors:

ln|=n for every n € Z;
|1.32] =1; || =3; |10.98] = 0;
|—2.3] = -3; |—04] = —1.

(e) You might have the impression that | x| is “what remains from x if the
digits behind the comma are removed”. This impression is highly imprecise.
For one, it is completely broken for negative x (for example, | —2.3| is —3, not
—2). But more importantly, the operation of “removing the digits behind the
comma” from a number is not well-defined; the periodic decimal representa-
tions 0.999... and 1.000... belong to the same real number (1), but removing
their digits behind the comma leaves us with different integers.

1
(f) A related map isthemap R — Z, x — |x + 5| It sends each real x to

the integer that is closest to x, choosing the larger one in the case of a tie. This
is one of the many things that are commonly known as “rounding” a number.

Floors of rational numbers are directly related to division with remainder:

Proposition 1.1.3. Let a and b be integers such that b > 0. Let g and r be the
quotient and the remainder obtained when dividing a by b. Then, g is the

. . - o a
unique integer n satisfying n < 5 <n+1

Proof of Proposition We know that g and r are the quotient and the re-
mainder obtained when dividing a by b. In other words, we have q € Z,
re{0,1,...,.b—1}anda=qb+r.

From r € {0,1,...,b— 1}, we obtain 0 < r < b. Now, from 0 < r, we obtain
gb < gb +r = a. Dividing this inequality by b, we obtain g < % (since b > 0).
Also,a =gb+_r < gb+b= (g+1)0. Dividing this inequality by b, we obtain

<b
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% < g+1 (since b > 0). Thus, g < % < g+ 1. Hence, q is an integer n satisfying
n <

q
% < n+ 1. It thus remains to show that g is the unique such integer. In

a
other words, it remains to show that if n is an integer satisfying n < 5 <n+1,
then n = g.

. o a
So let n be an integer satisfying n < b < n+ 1. We must show that n = 4.

We have n < % < g+ 1. Since n and g are integers, this yields n < (g+1) —
1=4q.
We have q < % < n+ 1. Since g and n are integers, this yields g < (n+1) —

1 = n. Combining this with n < g, we obtain n = 4. As we said, this completes
our proof. m

Corollary 1.1.4. Let x be a rational number.
(@) The integer | x| is well-defined.

(b) Write x in the form x = - where a and b are integers such that b > 0.

Let g and r be the quotient and the remainder obtained when dividing a by b.
Then, |x] =g.

Proof of Corollary Write x in the form x = % where a and b are integers

such that b > 0. Let g and r be the quotient and the remainder obtained when
dividing a by b. Then, Proposition yields that g is the unique integer n

satisfying n < % < n+ 1. In other words, g is the unique integer n satisfying

n<x<n+1(since x = %). Thus, the unique integer n satistyingn < x <n+1
exists. Thus, | x| is well-defined. This proves Corollary (a).

(b) We have just seen that g is the unique integer n satisfying n < x < n + 1.
But this latter integer has been denoted by |x]|. Thus, |x| = g. This proves

Corollary (b). O

Proposition 1.1.5. Let m be an integer, and let x be a real number. Then, m < x
holds if and only if m < |x] holds.

Proof of Proposition[1.1.5] Recall that |x| is the unique integer n satisfying n <
x < n+1. Thus, |x] is an integer satisfying |x| < x < |x] + 1.

If m < x holds, then m < |x| holds as well'l Conversely, if m < |x] holds,
then m < x (because m < |x| < x). Combining these two implications, we
conclude that m < x holds if and only if m < |x| holds. Proposition [1.1.5]is thus
proven. [

1Proof. Assume that m < x holds. We need to prove that m < | x| holds.
Indeed, assume the contrary. Thus, m > |x|. Hence, m > |x| + 1 (since m and |x] are
integers). Thus, |x] +1 < m < x, which contradicts x < |x] 4 1. This contradiction proves
that our assumption was wrong. Hence, m < | x| is proven, qed.




18.781 (Spring 2016): floor and arithmetic functions January 22, 2021

Corollary 1.1.6. Let x be a real number. Then, | x| is the greatest integer that
is smaller or equal to x.

Proof of Corollary Clearly, | x| is the greatest integer that is smaller or equal
to |x|. In other words, |x]| is the greatest integer m satisfying m < |x|. Equiv-
alently, |x| is the greatest integer m satisfying m < x (since Proposition [1.1.5]
shows that the condition m < | x| for an integer m is equivalent to the condition
m < x). In other words, | x| is the greatest integer that is smaller or equal to x.

This proves Corollary O

Corollary is often used as a definition of [x]. It is also the reason why
the map R — Z, x +— |x] is called the greatest integer function.

Before we come to anything interesting, we shall prove a few more basic prop-
erties of the floor function.

| Proposition 1.1.7. Let m be an integer. Then, |m| = m.

Proof of Proposition Clearly, m < m < m+ 1. But |m] is the unique integer
n satisfying n < m < n + 1 (because this is how |m| is defined). Hence, if n is
any integer satisfying n < m < n+1, then n = |m|. Applying this to n = m, we
obtain m = |m] (since m < m < m + 1). This proves Proposition [1.1.7} O

The next fact that we shall prove is [NiZuMo91, Theorem 4.1 (5)]:

Proposition 1.1.8. Let x be a real number. Then,

if x € Z;

My+kﬂj:{%L fx¢Z -

Proof of Proposition We must be in one of the following two cases:

Case 1: We have x € Z.

Case 2: We have x ¢ Z.

Let us consider Case 1 first. In this case, we have x € Z. In other words, x
is an integer. Hence, —x is an integer as well. Thus, Proposition (applied
to m = —x) yields that |[—x] = —x. But Proposition (applied to m =
x) yields |x| = x (since x is an integer). Thus, @—FL—J@ = x4+ (—x) =

~—
=x =—x
0 if x € Z;
0. Comparing this with < ~ " = 0 (since x € Z), we obtain |x| +
pating {—L ifx ¢z ( ) Lx]
if Z,;
|—x] = 0, 1 e ". Thus, Proposition [1.1.8|is proven in Case 1.
-1, ifx¢Z

Let us now consider Case 2. In this case, we have x ¢ Z. Recall that |x] is
the unique integer n satisfying n < x < n + 1 (since this is how | x| is defined).
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Thus, |x] is an integer and satisfies |x| < x < |x| 4+ 1. In particular, |x| € Z
(since |x] is an integer).

We cannot have | x| = x (since otherwise, we would have | x| = x ¢ Z, which
would contradict |x| € Z). Thus, [x] # x. Combining this with [x] < x, we
obtain [x] < x.

Now, x < |x| +1, so that =1 — [x] < —x. Thus, -1 — |x] < —x. On the
other hand, [x] < x, so that —x < — |x| = (-1 — |x]) + 1.

Thus, -1 — [x] < —x < (=1—|x]|)+ 1. But |—x] is the unique integer
n satisfying n < —x < n +1 (since this is how |—x] is defined). Thus, if
n is any integer satisfying n < —x < n+1, then n = |—x|. Applying this

ton = —1 — |x], we obtain —1 — |x| = |[—x] (since —1 — |x| is an integer
satisfying —1 — [x] < —x < (=1 —|x]) +1). Hence, —1 = |[x] + | —x], so that
0, if Z; .
|x] + |—x] = —1. Comparing this with 1 ifi Z g = —1 (since x ¢ Z),
0, ifxeZ iy . :

we obtain |x| + |—x]| = {_1’ 1fz Z 7 Thus, Proposition [1.1.8|is proven in
Case 2.

We have now proven Proposition in each of the two Cases 1 and 2. Thus,
Proposition always holds. O

Now, let us prove [NiZuMo91| Theorem 4.1 (2)]:

Proposition 1.1.9. Let x be a nonnegative real number. Then, x| = Y 1.

m€N+;
m<x

Proof of Proposition First of all, 0 < x (since x is nonnegative). But Proposi-
tion (applied to m = 0) shows that 0 < x holds if and only if 0 < | x| holds.
Thus, 0 < | x] holds (since 0 < x holds). Thus, | x| € IN (since | x| is an integer).
Hence,

x]

Y, 1=) 1=|x].

melN,; m=1
m< [ x]
Hence,
x]= ) 1= ) 1
m€N+; m6N+;
m<|x] m<x

(because Proposition shows that the condition m < |x] for an integer m is
equivalent to the condition m < x). This proves Proposition [I.1.9] O

We shall next prove [NiZuMo91, Theorem 4.1 (3)]:

Proposition 1.1.10. Let x be a real number. Let k be an integer. Then,
|x+ k| = |x] +k
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Proof of Proposition Recall that |x| is the unique integer n satisfying n <
x < n+1. Thus, |x] is an integer satisfying |x| < x < |x] + 1.
Also, |x] + k is an integer (since both | x| and k are integers). Also, Lx/j/ +k <
<x
x+kand _x k< |x] +1+k = (|x]+k)+1, sothat x| +k < x+k <
<|x]|+1
(lx] + k) + 1. Thus, [x]| + k is an integer n satisfying n < x +k <n+ 1.

But | x + k| is the unique integer n satisfying n < x +k < n+ 1 (because this is
how |x + k| is defined). Hence, if n is any integer satisfying n < x +k < n+1,
then n = |x + k|. We can apply this to n = |x| + k (since |x]| + k is an integer
n satisfying n < x + k < n+ 1), and thus obtain |x| + k = |x + k]. Proposition

is proven. O
Proposition 1.1.11. Let n € IN and b € IN,.. Then, Yy 1= FJ
ke{1,2,...n}; b
bk

Proof of Proposition [1.1.11] The elements of {1,2,...,n} are precisely the elements
k of N, satisfying k < n. Hence,

Y, 1=) 1= ) 1

ke{1,2,...n}; keIN; keIN;
blk k<m; blk;
b|k k<n
here, we have substituted bm for k in
B Z 1 the sum (since the k € IN satisfying
n . b | k are precisely the integers of
WIEN+, .
bm<n the form bm with m € IN)
= Z 1 (since bm < n is equivalent to m < %)
m€1N+;
n
m<—
= 13]
L
(because Proposition [1.1.9| (applied to x = E) yields LEJ = ), 1). Thus,
b b m€N+;
n
Proposition [I.1.11]is proven. O

The floor function is weakly increasing:

Proposition 1.1.12. Let x and y be real numbers such that x < y. Then,
[x] < ly).
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Proof of Proposition Recall that |x| is the unique integer n satisfying n <
x < n+1. Thus, |x] is an integer satisfying |x| < x < |x] + 1. Hence,
[x] <x <.

Proposition [1.1.5) (applied to | x| and y instead of m and x) shows that |x] <y
holds if and only if |x| < |y| holds. Hence, |x| < |y] holds (since |x] <y
holds). This proves Proposition O

Let us now prove [NiZuMo91, Theorem 4.1 (4)]:

Proposition 1.1.13. Let # € R and v € R. Then, |u]| + |v| < |[u+7v]| <
\u| + |v] + 1.

Proof of Proposition All of |u], |v] and |u + v] are integers (by their defi-
nition).

Recall that || is the unique integer n satisfying n < u < n + 1. Thus, |u] is
an integer satisfying |u| <u < |u] + 1.

Recall that |v] is the unique integer n satisfying n < v < n+ 1. Thus, |v] is
an integer satisfying |v] <v < |v] + 1.

Recall that |u 4 v] is the unique integer n satisfying n < u 4+ v < n + 1. Thus,
|+ v| is an integer satisfying |[u+v| <u+v < |[u+v|+1.

Proposition [1.1.5] (applied to m = |u| + [v]| and x = u + v) shows that |u| +
|v] < u+oholds if and only if |u| + |v] < |u+ ] holds. Thus, |u]| + [v] <
|u+v] holds (since |u]| + |v| < u+ v holds).

=~
<u <v

We know that |v| 4 1is an integer (since | v] is an integer). Hence, Proposition
(applied to x = u and k = |v] + 1) yields |u + |[v] + 1] = |u] + [v] + 1.

Butu+ v <u+ |v] + 1. Hence, Proposition [1.1.12 (applied to x = u + v

<lv]+1

and y = u + |v] + 1) shows that |[u+v] < |u+[v]+1] = [u] + |v]+ 1.

Combining this with |u| + |v] < |u+v], we obtain |u| + |[v] < |u+v| <
\u] + [v] + 1.

This proves Proposition O

Finally, let us prove [NiZuMo91 Theorem 4.1 (6)]:

| Proposition 1.1.14. Let x € R and m € IN;.. Then, VZ—JJ = L%J

Proof of Proposition [1.1.14] Recall that | x| is the unique integer n satisfying n <
x < n+1. Thus, |x] is an integer satisfying |x| < x < |x] + 1.

Recall that {%J is the unique integer n satisfying n < % < n+1 (by the

X x X x x

L x| x|, . o Y| X X .
definition of {mJ Thus, LmJ is an integer satisfying LmJ s < {mJ +1
But m € IN; and thus m > 1 > 0. Hence, we can multiply the inequality
LKJ < id by m. We thus obtain m Lﬁj < x.
m m m
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a1

But Proposition |1.1.

. X | . X
(applied to m LEJ instead of m) shows that m LEJ <x

holds if and only if m {%J < |x] holds (since m {%J is an integer). Thus,
m {%J < | x| holds (since m L%J < x holds). Dividing this inequality by m, we

obtain LKJ < m
m m
We can divide the inequality |x| < x by m (since m > 0). We thus obtain

m < f. Hence,m < X < {ﬁJ + 1.

m m m m m
X X X x| . .

So we have {—J < == < {—J + 1. In other words, {—J is an integer n
m m m m

satisfying n < LmiJ <n+1
ut {m
m

is the unique integer n satisfying n < < n+1 (because this is

LJ

¥

how L%J is defined). Hence, if n is any integer satisfying n < <n+1,

then n = {MJ We can apply this to n = L%J (since L%J is an integer n

satisfying n < L J < n+ 1), and thus obtain L%J = L%J Proposition |1.1.14

is proven. L]

I refer to [NiZuMo91) §4.1] for further properties of the floor function.

1.2. Interlude: greatest common divisors

Before we move on, let me remind you of some basic facts about coprime num-
bers and greatest common divisors. First, we recall how greatest common divi-
sors are defined:

Definition 1.2.1. Let b and ¢ be two integers. If (b,c) # (0,0), then ged (b, ¢)
means the greatest of all common divisors of b and c. We also set ged (0,0) =
0. Thus, ged (b, ¢) is defined for any two integers b and c.

If b and ¢ are two integers, then ged (b, ¢) is called the greatest common divisor
of b and ¢ (even if gcd (0,0) is not literally the greatest of all common divi-
sors of 0 and 0) or, briefly, the gcd of b and c. Clearly, ged (b,c) = ged (¢, b)
and ged (b,¢) | b and ged (b,c) | ¢ for any two integers b and c. Notice
that ged (b, ¢) is a nonnegative integer (and actually a positive integer unless

(b,c) = (0,0)).

Older books such as [NiZuMo91] tend to denote the gcd of two integers b
and ¢ by (b,c) (rather than by gcd (b,c) as we do); this is a convention that I
shall decidedly not follow (since it risks confusion with the notation (b,c) for
the ordered pair of b and c).
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The most important property of gcds is Bézout’s theorem ([NiZuMo91, Theorem
1.3]):

Theorem 1.2.2. Let b and c be two integers. Then, there exist integers x and y
such that ged (b, ¢) = bx + cy.

See [NiZuMo91, Theorem 1.3] for the proof of Theorem in the case when
(b,c) # (0,0). In the case when (b,c) = (0,0), Theorem obviously holds
(since we can take x = 0 and y = 0).

For another proof of Theorem see the Appendix (Chapter [3) below.

A basic property of geds that follows directly from Theorem is the fol-
lowing:

Proposition 1.2.3. Let a4, b and c be three integers such thata | b and a | c.
Then, a | ged (b, ¢).

In words, Proposition says that any common divisor of two integers must
divide the gcd of these two integers.

Proof of Proposition Theorem shows that there exist integers x and y
such that ged (b,¢) = bx + cy. Consider these x and y. Now, a | b | bx and
a | ¢ | cy. Hence, both integers bx and cy are divisible by a. Thus, their sum
bx + cy must also be divisible by a (by Proposition applied to u = bx
and v = cy). In other words, a | bx + cy. In other words, a | ged (b,¢) (since
ged (b, ¢) = bx + cy). This proves Proposition [1.2.3] O

Corollary 1.2.4. Let a, b, ¢ and d be four integers such that a | ¢ and b | d.
Then, ged (a,b) | ged (¢, d).

Proof of Corollary[1.2.4, We have ged (a,b) | a | c and ged (a,b) | b | d. Thus,
Proposition [I.2.3| (applied to ged (a,b), ¢ and d instead of 4, b and ¢) shows that
ged (a,b) | ged (¢, d). This proves Corollary O

We shall now use Theorem to derive a slight generalization of [NiZuMo91,
Theorem 1.8]:

Proposition 1.2.5. Let a, b and m be three integers such that ged (a,m) = 1.
Then, gcd (b, m) = ged (ab, m).

Proof of Proposition Theorem (applied to a and m instead of b and c)
shows that there exist integers x and y such that gcd (a, m) = ax + my. Consider
these x and y. We have ax + my = ged (a,m) = 1.

Let ¢ = ged (b,m) and h = ged (ab,m). Thus, ¢ and h are nonnegative inte-
gers.

We have ¢ = ged (b,m) | b | ab and g = ged (b, m) | m. Thus, Proposition [1.2.3
(applied to g, ab and m instead of a, b and c) shows that g | ged (ab, m). In other
words, g | h (since h = ged (ab, m)).

10
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On the other hand, h = ged (ab,m) | ab | abx and h = ged (ab,m) | m | mby.
Thus, both integers abx and mby are divisible by h. Therefore, the sum of these
two integers must also be divisible by h (by Proposition applied to abx,
mby and h instead of u, v and a). In other words, h | abx + mby. Since

-

abx +mby = b (ax +my) = b,
—_——

=1

this rewrites as 11 | b. So we have h | b and h | m. Thus, Proposition [1.2.3](applied
to h, b and m instead of a, b and c) shows that & | ged (b, m). In other words,
h| g (since g = ged (b, m)).

Now, we can apply Proposition tou = gand v = h (since ¢ and h are
nonnegative integers satisfying ¢ | h and h | g), and thus we obtain ¢ = h.
Hence, ged (b,m) = g = h = ged (ab, m). This proves Proposition[1.2.5] O

Now, let us recall how coprime integers are defined: We say that an integer a
is coprime to an integer b if gcd (a,b) = 1. The relation of being coprime is clearly
symmetric (i.e., an integer a is coprime to an integer b if and only if b is coprime
to a), because ged (a,b) = ged (b,a). Thus, instead of saying that “a is coprime
to b”, we can also say “the integers a and b are coprime”.

The following corollary is precisely [NiZuMo91, Theorem 1.8]:

Corollary 1.2.6. Let a, b and m be three integers. Assume that a is coprime to
m, and assume that b is coprime to m. Then, ab is coprime to m.

Proof of Corollary We know that a is coprime to m. In other words, ged (a, m)
1. Also, we have assumed that b is coprime to m. In other words, ged (b, m) = 1.
Now, Proposition [L.2.5] yields ged (b,m) = ged (ab,m). Thus, ged (ab,m) =
ged (b,m) = 1. In other words, ab is coprime to m. This proves Corollary

L.2.6 O

The following corollary generalizes Corollary to n integers instead of the
two integers a and b:

Corollary 1.2.7. Let ¢y, ¢y,...,c, be n integers. Let m be an integer. Assume
that ¢, is coprime to m for every u € {1,2,...,n}. Then, cic; - - - ¢, is coprime
to m.

Proof of Corollary We shall prove that
1€z - - - €4 is coprime to m for every g € {0,1,...,n}. (1)

Proof of (I): We shall prove (I) by induction on g:

Induction base: We have cic; - - - ¢ = (empty product) = 1 (since empty prod-
ucts are 1 by definition). But 1 is clearly coprime to m (since ged (1,m) | 1
and thus ged (1,m) = 1). In other words, cicp---cp is coprime to m (since

11
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c1cp - - - ¢ = 1). In other words, (1) holds for ¢ = 0. This completes the induction
base.

Induction step: Let G € {0,1,...,n} be positive. Assume that (1) holds for
g = G — 1. We must prove that (1) holds for g = G.

We have G € {0,1,...,n}, and thus G € {1,2,...,n} (since G is positive).

We know that cicy - - - cg—1 is coprime to m (since we assumed that (1) holds for
g = G —1). Also, we assumed that ¢, is coprime to m for every u € {1,2,...,n}.
Applying this to u = G, we see that c¢ is coprime to m. Now, Corollary [1.2.6](ap-
plied to cicy - - - cg—1 and c¢ instead of a and b) shows that (cicp - - - cg-1) cg is co-
prime to m. In other words, cic; - - - ¢ is coprime to m (since (cic2 - - - cg-1) cg =
c1¢p - - - cg). In other words, holds for ¢ = G. This completes the induction
step, and thus (T) is proven.

Now, applying (1) to § = n, we conclude that cjcy - - - ¢, is coprime to m. This

proves Corollary O

A further consequence of Proposition is the following fact ([NiZuMo91,
Theorem 1.10]):

Proposition 1.2.8. Let x, y and z be three integers such that x | yz and
gcd (x,y) = 1. Then, x | z.

Proof of Proposition[1.2.8) We have x | yz and x | x. Hence, Proposition [1.2.3]
(applied to x, yz and x instead of a, b and c) shows that x | ged (yz, x).

We have ged (y, x) = ged (x,y) = 1. Hence, Proposition[1.2.5/(applied to a = y,
b = z and m = x) shows that ged (z,x) = ged (yz,x). Now, x | ged (yz,x) =
ged (z,x) | z. This proves Proposition [1.2.8| O

Another important result on geds is the following fact:

Proposition 1.2.9. Let ¢ be a positive integer. Let a and b be two integers.
Then, g gcd (a,b) = ged (ga, gb).

Proof of Proposition Both ged (4,b) and g are nonnegative integers; hence,
g gcd (a,b) is a nonnegative integer.
We have gged (a,b) | ga and gged (a,b) | gb. Thus, Proposition [1.2.3| (ap-
N—— ——

|a |b
plied to gged (a,b), ga and gb instead of a4, b and c) shows that gged (a,b) |
ged (ga, gb).

On the other hand, Theorem[1.2.2) (applied to a and b instead of b and c) shows
that there exist integers x and y such that gecd (a,b) = ax + by. Consider these
x and y. We have ged (ga, gb) | ga | gax and ged (ga,gb) | gb | gby. Thus, both
integers gax and gby are divisible by ged (ga, gb). Therefore, their sum gax + gby
is also divisible by gcd (ga, gb) (by Proposition applied to ged (ga, gb), gax
and gby instead of a, u and v). In other words, we have ged (g4, gb) | gax +

12
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gby. Since gax + gby = g (ax +by) = gged (a,b), this rewrites as ged (ga, gb) |
——

=gcd(a,b)
gged (a,b).

But we can apply Proposition tou = gged(a,b) and v = ged (ga, gb)
(since g ged (a,b) and ged (ga, gb) are nonnegative integers satisfying g ged (a,b) |
ged (ga, gb) and ged (ga,gb) | gged (a,b)), and thus we obtain gged (a,b) =
ged (ga, gb). This proves Proposition [1.2.9] O

Here is another property of gcds, which we will use later:

Proposition 1.2.10. Let m and n be two coprime positive integers. Let u be an
integer. Then, ged (1, m) - ged (u, n) = ged (u, mn).

Proof of Proposition Seth = ged (u,mn), v = ged (u, m) and w = ged (u, n).
We shall prove that vw = h.

We have v = ged (u,m) € INy (since m is positive) and w = ged (u,n) € N4
(since n is positive). Thus, both v and w are positive integers; hence, vw is a
positive integer. Also, mn is positive (since m and n are positive). Now, h =
ged (u, mn) € N4 (since mn is positive).

We have v = ged (u,m) | m and w = ged (u,n) | n. Hence, Corollary [1.2.4]
(applied to v, w, m and n instead of a, b, c and d) yields ged (v, w) | ged (m,n) =1
(since m and n are coprime). Hence, ged (v, w) = 1.

We have w = ged (1, n) | u and thus % € Z. Now, v =gecd (u,m) | u = w%

Thus, Proposition [1.2.8| (applied to v, w and % instead of x, y and z) shows that

v | hd (since ged (v, w) = 1). In other words, E/v € Z. Now, 2 E/v ez,
w w vw w
so that vw | u.

But v = gcd (u,m) | m and thus % € Z. Also, w = ged (u,n) | n and thus

n mn __ m n., . . m n
— € Z. Now, — = Pl the product of two integers (since P and 5 e

inUltegers), and tﬁlzlvs itself an integer. In other words, vw | mn.

So we have vw | u and vw | mn. Proposition (applied to vw, u and mn
instead of a, b and c) thus yields vw | ged (u, mn) = h.

Proposition (applied to n, u and m instead of g, a and b) shows that
nged (u,m) = ged (nu, nm). Thus, ged (nu, nm) = nged (u, m) = nv = vn.

h_'U

Now, h = ged (u,mn) | mn = nm and h = ged (u,mn) | u | nu. Hence,
Proposition (applied to h, nu and nm instead of a, b and c) shows that
h | ged (nu, nm). In other words, h | vn (since ged (nu, nm) = vn).

Proposition (applied to v, u and n instead of g, 4 and b) shows that
vged (u,n) = ged (vu, vn). Thus, ged (vu, vn) = vged (u,n) = vw.

—_—

=w
Now, h | u | vu and h | vn. Thus, Proposition (applied to h, vu and
vn instead of a, b and ¢) shows that & | ged (vu, vn). In other words, h | vw

13
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(since ged (vu,vn) = vw). Combining this with vw | h, we obtain h = vw (by
Proposition (applied to I and vw instead of u and v), since h and vw are
positive integers). Now,

ged (u,m) - ged (u,n) = vw = h = ged (u, mn) .

-

~~ ~~

=0 =w

This proves Proposition [1.2.10 O
Let us derive an easy corollary from Corollary
Corollary 1.2.11. Let a and b be two coprime integers. Let n € IN.

(a) The integer a" is coprime to b.
(b) Let m € IN. Then, the integer 4" is coprime to b™.

Proof of Corollary[1.2.11] (a) For each i € {1,2,...,n}, the integer a is coprime to
b. Thus, Corollary [1.2.7| (applied to ¢; = a and m = b) shows that ga---g is

n times
coprime to b. In other words, a” is coprime to b (since a”* = ga - - - a). This proves
N——

Corollary [1.2.11] (a).
(b) Corollary [1.2.11] (a) shows that the integer a” is coprime to b. In other

words, b and a” are two coprime integers. Hence, Corollary [1.2.11] (a) (applied
to b, a" and m instead of a, b and n) shows that the integer b™ is coprime to
a". In other words, the integer 4" is coprime to b™. This proves Corollary [1.2.11
(b). O

n times

Let us next use the above theory of greatest common divisors to prove some
properties of primes. We begin with the probably most basic one:

Proposition 1.2.12. Let p be a prime. Let a be an integer such that p { a. Then,
a is coprime to p.

Proof of Proposition [1.2.12] If we had ged (a,p) = p, then we would have p =
ged (a,p) | a, which would contradict p 1 a. Hence, we cannot have ged (4, p) =

p.

We have (a,p) # (0,0) (since p # 0). Thus, ged (a,p) is a positive integer.
Hence, gcd (a,p) is a positive divisor of p (since ged (a,p) | p). But the only
positive divisors of p are 1 and p (since p is prime). Hence, gcd (4, p) must be
either 1 or p (since gcd (4, p) is a positive divisor of p). Thus, we must have
ged (a, p) = 1 (since we cannot have ged (a, p) = p). In other words, a is coprime

to p. This proves Proposition [1.2.12 [

Corollary 1.2.13. Let s and ¢ be two distinct primes.
(a) The integers s and t are coprime.
(b) Let n € N and m € IN. Then, the integers s" and t"" are coprime.

14
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Proof of Corollary[1.2.13} (a) Assume the contrary. Thus, the integers s and t are
not coprime. In other words, s is not coprime to t.

If we had s 1 t, then s would be coprime to t (by Proposition applied
to p = s and a = t), which would contradict the fact that s is not coprime to ¢.
Thus, we cannot have s 1 t. Hence, we have s | t. The same argument (with the
roles of s and t switched) yields ¢ | s. Thus, Proposition (applied to u = s
and v = t) yields s = t. But this contradicts the fact that s and ¢ are distinct. This
contradiction shows that our assumption was wrong. Hence, Corollary
(a) is proven.

(b) Corollary (a) shows that the integers s and t are coprime. Hence,
Corollary (b) (applied to 4 = s and b = t) shows that the integer s" is
coprime to t". In other words, the integers s” and " are coprime. This proves

Corollary (b) A O

Proposition 1.2.14. Let p be a prime. Let a1, ay,...,a, be n integers. Assume
that p | ayay - - - a,. Then, there exists ani € {1,2,...,n} such that p | a;.

Proof of Proposition Assume the contrary. Thus, there existsnoi € {1,2,...,n}
such that p | 4;. In other words, for each u € {1,2,...,n}, we have p { a,. Hence,

for each u € {1,2,...,n}, the number a, is coprime to p (by Proposition
applied to a = a,). In other words, a, is coprime to p for each u € {1,2,...,n}.
Hence, Corollary (applied to m = p and ¢; = a;) shows that aja; - - - a, is
coprime to p. In other words, ged (p, a1a2 - - - a,) = 1.

But p | pand p | a1az - - - a,. Hence, Proposition [1.2.3 (applied to a = p, b = p
and ¢ = ayay - - - a,) yields p | ged (p, 414z - - - a,) = 1. Combined with 1 | p, this
yields p = 1 (by Proposition applied to u = p and v = 1). This is absurd,
since p is a prime. This contradiction shows that our assumption was wrong;
hence, Proposition is proven. O

Remark 1.2.15. Proposition [1.2.14] can be restated as follows: If a prime p
divides a product of finitely many integers, then p must divide (at least) one
of these integers.

2Here is a different way to prove Corollary [1.2.13|(b) using the uniqueness of prime factoriza-
tion:

Assume the contrary. Thus, the integers s” and t" are not coprime. In other words,
ged (s",t™) > 1. Hence, the integer ged (s”, t") has a prime divisor q. Consider this 4.

But s is a prime. Thus, the prime factorization of s" is s = s-5----- s. Hence, the only

———
n times
prime divisor of s” is s.

But g | ged (s”,t™) | s". Thus, g is a prime divisor of s” (since ¢ is a prime and divides s").
Since the only prime divisor of s” is s, this shows that 4 = s. The same argument (applied to
t instead of s) shows that g = t. Hence, s = g = t. This contradicts the fact that s and ¢ are
distinct. This contradiction proves that our assumption was wrong, ged.

15
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1.3. de Polignac’s formula

One of the most useful applications of the floor function is computing the p-adic
valuation of factorials. Let us first define our notations:

Definition 1.3.1. Let p be a prime. Let n be a nonzero integer. Then, v, (1)
is defined to be the highest nonnegative integer k such that p* | n. This
nonnegative integer v, (n) is called the p-adic valuation of n.

Remark 1.3.2. Some authors use the notation e, (1) instead of v, (n).
Another way to characterize v, (1) in Definition is by the following

no . . R
statement: The number —— is an integer not divisible by p.

vp(n)

Yet another (probablyzimpler) way to define v, (n) is the following: v, (n)
is the exponent with which p occurs in the prime factorization of n. E| (This
is clearly equivalent to the definition of v, (1) above.) While I will try to avoid
using prime factorizations wherever I can, there should be nothing stopping
you from using them; in general, the prime factorization of n is probably the
quickest way to get an intuition for v, (n) (although not the quickest way to
compute it!).

Often, the definition of v, (1) is extended to all rational numbers 7. Then,
one defines v, (1) to be the unique integer k (not necessarily nonnegative)

n

such that the rational number — can be written as a fraction whose numerator
p

and denominator are both integers coprime to p. This works when n # 0. In

the case of n = 0, one commonly defines v, (0) to be —oo; here, —c0 is a

symbol which (when it comes to comparing it with integers) is smaller than

every integer.

Theorem 1.3.3 (de Polignac’s formula). Let p be a prime. Let n € IN. Then,
o | n

vp (n!) =) {TJ :

i=1LP

(The sum on the right hand side is infinite, but only finitely many of its terms
are nonzero, and thus it is a well-defined integer.)

Before we prove this theorem, here are two simple lemmas:

Lemma 1.3.4. Let p be a prime. Let n be a nonzero integer. Then,
vp(n)= ) 1L
i€ENL;
piln

3This exponent should be understood as 0 if p does not occur in the prime factorization of n at
all.

16
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Proof of Lemma Recall that v, (1) is defined as the highest nonnegative in-
teger k such that p* | n. Thus, vy, (1) is a nonnegative integer satisfying por () | .

Every i € IN, that satisfies i < v, (n) must satisfy p' | n (since i < v, (n)
leads to p' | p?»(") | n). Conversely, every i € N, satisfying p’ | n must satisfy
i < vp(n) (since vy (n) is the highest nonnegative integer k such that p* | n).
Thus, the i € IN that satisfy i < v, (1) are exactly the i € N, that satisfy p' | n.

Consequently,
Y o1=) 1
ieINg; ieINg;
i<vy(n) plln
vp(n)
Hence, ). 1= Y 1= )} 1=uv,(n). This proves Lemma(1.3.4 0
i€N+; i€N+; i=1
p'ln i<vp(n)

Lemma 1.3.5. Let p be a prime. Let aj,ay,...,4a, be finitely many nonzero
integers. Then,

vp (@182 -+ - ay) = vp (a1) +vp (a2) + - - +0p (an) .

This lemma is fairly obvious if you follow the “exponent in prime factoriza-
tion” interpretation of v, (). The proof below avoids this interpretation (for the
sake of greater generalizability).

Proof of Lemma Lemma can be proven straightforwardly by induction
over n, provided that the following two claims are shown:

Claim 1: We have v, (1) = 0.

Claim 2: We have v, (ab) = v, (a) + v, (b) whenever a and b are two
nonzero integers.

(In fact, Claim 1 settles the induction base, while Claim 2 is used in the induc-
tion step.)

Claim 1 is obvious. It thus remains to prove Claim 2.

Proof of Claim 2: Let a and b be two nonzero integers. Recall that v, (a) is
defined as the highest nonnegative integer k such that p* | a. Thus, v, (a) is a
nonnegative integer satisfying p°(*) | a, but p?»(W+1 t 4. We have p? (@) | g; thus,
we can write a in the form a = p% (g for some g € Z. Consider this g. If we
had p | g, then we would have p%(@+1 = p?p(9) \p/ | p°r(@ g = a; this would

8
contradict p%(@*1 t 4. Hence, we cannot have p | g. We thus must have p 1 g.
Hence, Proposition [1.2.12| (applied to g instead of a) shows that g is coprime to
p (since p is a prime).

17
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Thus, we have found a ¢ € Z which is coprime to p and satisfies a = p%(%g.
The same argument (but made for b instead of a) shows that there exists an
h € Z which is coprime to p and satisfies b = p?»(")i. Consider this h.

Both g and h are coprime to p. Hence, gh is also coprime to p (by Corollary

applied to g, i and p instead of a, b and ). Therefore, (gh)" is also coprime
to p”ﬂ (ab) (by Corollary [1.2.11 (b), applied to gh, p, 1 and Up (ab) instead of a, b,
n and m). In other words, gh is coprime to pUP (ab) (smce (gh) = gh). In other
words, ged (pvl’(”b),gh> =1

Multiplying the equalities a = p»@g and b = p*r(p, we obtain ab =
p”ﬁ(a)gpvp(b)h — pvp(ﬂ)p”p(b)gh = p”p(ﬂ)"‘f’p(b)gh, Hence, pvp( +op(b ‘ ab.

On the other hand, recall that v, (ab) is defined as the highest nonnegative
integer k such that p* | ab. Thus, vp (ab) is a nonnegative integer and satisfies

pr(ab) | ap = por(@+opblep — ghpvp(”)+vﬁ(b). Since ged (pvr’(”b),gh> = 1, this

entails that p? (@) | p%(@+2(®) (by Proposition applied to x = p% (@),
y = gh and z = p@+% (1)) Therefore, v, (ab) < v, (a) + v} (b).

But v, (ab) is the highest nonnegative integer k such that p* | ab. Hence, every
nonnegative integer k such that p* | ab must satisfy k < vp (ab). Applying this
to k = v, (a) + v, (b), we obtain v, (a) + v, (b) < vy (ab) (since v, (a) + vy (b)
satisfies p?»(@+% (1) | gb). Combined with v, (ab) < v, (a) + v, (b), this yields
vp (ab) = vy (a) +vp (b). This proves Claim 2; and as we said, this completes the
proof of Lemma [1.3.5 O

18
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Proof of Theorem We have

Up n! =0y (1-2----- n) =0, (1) +0v,(2)+---+0v,(n)
=121

(by Lemma applied to a; = i)

= i Up (kz = Y X 1

k=1 Ve keNy; i€Ny;
S~ = Y 1 k<n p’|k
= Y i€N4; N .
keIN,; p'lk =Y Y
k<n  (by Lemma applied to k ieNy  keNy;
instead of n) k<n;
p'lk

(here, we are interchanging
the order of summation)

(0]
= ) L1 =Y X 1
€N keN; i=1 ke{1,2,...n};
SN~ k<n; pilk
_3 Pl NI
i=1 — n
= £ 1 i
ke{12,...n}; pl
vk (by Proposition
(since the elements k of IN ¢ applied to b=p")

satisfying k<n are precisely
the elements of {1,2,...,n})

-L |5
Slrl

This proves Theorem m O

As an application of Theorem we can check that binomial coefficients
are integers (as long as the inputs are nonnegative integers):

Corollary 1.3.6. Let n € IN and m € IN. Then, (:1) €Z.

Of course, Corollary can be proven in various simple ways — for example,
by induction using the recurrence relation of the binomial coefficients, or com-

n
binatorially by interpreting ) 3 the number of m-element subsets of a given
n-element set. But let us prove it using Theorem [1.3.3 just to show how to use

the latter:

Lemma 1.3.7. Let 2 and b be two nonzero integers. Assume that v, (a) > v, (b)
for every prime p. Then, b | a.
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First proof of Lemma Let P be the set of all primes. Every nonzero integer n

satisfies n = & [T p% " Thus,
peP

a=+]]p*"™ and b=+]]p®. )
peP peP

(The two =+ signs may and may not be equal.)
But every p € P satisfies p?(t) | p?(®) (since vp (a) > vp (D). Hence, [T p?r() |
peP

[T p°@. In light of (2), this becomes b | a (indeed, the + signs clearly have no
p€eP
effect on the divisibility). This proves Lemma [1.3.7 O

Second proof of Lemma Let me, again, give a proof which avoids the use of
prime factorizations. As before, this comes at the cost of brevity (but again, it
leads to more generality).

Let ¢ = ged (a,b). Then, ¢ = ged (a,b) | a. Hence, there exists some a’ € Z
such that 2 = ga’. Consider this a’. Clearly, 4’ is nonzero (since ga’ = a is
nonzero).

Also, g = ged (a,b) | b. Hence, there exists some b’ € Z such that b = gb'.
Consider this b’. Clearly, b’ is nonzero (since gb’ = b is nonzero). Of course, ¢
is also nonzero (since ¢ = gcd (a,b) with a and b being nonzero). Moreover, g is
nonnegative (since ¢ = ged (a,b)) and therefore positive (since g is nonzero).

Proposition (applied to a’ and b’ instead of a and b) shows that ¢ ged (a', V") =

ged | ga’, g’ | = ged (a,b) = g. Cancelling ¢ from this equality (since g is
=q :b

nonzero), we obtain ged (a/,b’) = 1.

Let p be any prime dividing b’. We shall derive a contradiction (thus conclud-
ing that no such primes exist).

We have p | I (since p is a prime dividing b’). But recall that v, (V') is defined
as the highest nonnegative integer k such that p* | b’. Thus, every nonnegative
integer k such that p* | b’ must satisfy k < v, (b'). Applying this to k = 1, we
obtain 1 < v, (V') (since p* = p | V). Hence, vy, (b') > 1.

Now, Lemma (applied to n = 2, a1 = g and ap = a’) yields v, (ga’) =

vp (g) +op(a’). Thus, v, [ _a = v, (ga') = vy (g) +vp(a’). The same ar-

:ga/
gument (used for b and b’ instead of a and a’) yields v, (b) = v, (g) + vp (V).
But by assumption, we have v, (a) > v, (b). Thus, v, (g) + v, (a') = v, (a) >

4Indeed, for any prime p, we know that vy (n) is the exponent with which the prime p appears

in the prime factorization of n. Hence, the prime factorization of n is + [] p?("). (The +
peP

sign is due to the fact that # can be negative.)
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vp (b) = v, (8) +vp (b'). Since v, (g) is an integer, we can cancel v, (g) from this
inequality, and obtain v, (a') > v, (V') > 1.
Recall that vp( ! ) is defined as the highest nonnegative integer k such that
p | a’. Thus, p”r’ | a’. But v, (a’) > 1, whence p | por(@) | g,

Now p|a and p | b'. Hence, Proposition [1.2.3| (applied to p, a’ and b’ instead
of a, b and c) shows that p | ged (a/,b'), so that p | 1 (since ged (4, b") = 1). This
is absurd (since p is a prime).

Now, forget that we fixed p. Thus, we have obtained a contradiction for every
prime p dividing b’. Therefore, there exist no such primes p. Therefore, b’ is
either 1 or —1. In either case, b’ | 1. Hence, b = ¢ \b/’_/ | ¢1 = g | a. This proves

1
Lemma [L.3.7 | O

Proof of Corollary (sketched). 1f m > n, then (:1) = 0; thus, Corollary [1.3.6

is obviously correct in this case. Hence, we WLOG assume that we don’t have
m > n. Therefore, m < n. Consequently, a well-known formula shows that

n n! . n . .
= —— . Hence, in order to prove that € Z, it suffices to
m m! (n—m)! m

show that m!(n—m)! | n!. In light of Lemma (applied to a = n! and
b = m! (n —m)!), we can achieve this by showing that

vp (n!) > vy (m! (n —m)!) for every prime p. (3)
Proof of (3): Let p be a prime. Lemma yields

vp (m! (n —m)!)
=  vy(m) + v, ((n—m)!)
~— —
o | M o | N — M
B
i=1 p i=1 p
(by Theorem (by Theorem m
= | m = | n—m n—m
FEESTE ()
s R (I
55
—+
PP
(by the formula |u|+|v]|<|u+v|
from Proposition

< Z ﬂl L _im = Z \‘EZJ = vp (n!) (by Theorem [1.3.3)) .
i-1 | P 4 i1 LP
n
N
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This proves (3).
As we know, this completes the proof of Corollary O

Note that Corollary also holds for all n € Z (not just for all n € IN); but
this would require a different method of prooiﬂ

Our proof of Corollary using Theorem was a slight overkill (as I
said, there are easier and better ways to achieve the same goal); however, the
method is useful, as it also allows proving other results which are harder to
obtain in other ways. Here are two examples of such results (without proof):

b
Proposition 1.3.8. Leta € Z, b € Z\ {0} and m € N. Then, <ariz ) is a
rational number which can be written as a ratio of two integers whose de-

nominator is a power of b. More precisely, b*"~! <a:1b) € Z whenm > 0

(and (aﬂ/qb) =1 € Z when m = 0).

(2m)! (2n)!

Z.
m!n! (m+n)! <

Proposition 1.3.9. Let m € IN and n € IN. Then,

2. Arithmetic functions

2.1. Arithmetic functions

Next, I will discuss the notion of arithmetic functions, and some examples
thereof; here I will not really follow [NiZuMo91, §4.2] but rather build up the
same theory from my perspective.

| Definition 2.1.1. An arithmetic function shall mean a function from IN to C.

My Definition appears to be slightly incompatible with the definition in
[NiZuMo91, §4.2]; indeed, the latter defines an arithmetic function to be a func-
tion from IN, to a subset of C. However, Niven, Zuckerman and Montgomery
never specify the target of the arithmetic functions they introduce in [NiZuMo91,
§4.2]; thus, I believe that my Definition is the definition they have actually
meant. Anyway, most people are cavalier about the target of an arithmetic func-
tion, and prefer to equate any two arithmetic functions which differ only in the
choice of target.

5The easiest way to reduce the n € Z case to the n € IN case is by using the upper negation

formula (Z) _(—1)" (’” o 1>.
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Let us define a bunch of arithmetic functionsf|

Definition 2.1.2. We define the following arithmetic functions:

The function ¢ : N — C shall send every n € IN to the number of all
ke {1,2,...,n} coprime to n. This function ¢ is called the Euler totient
function, or the phi function (and is often denoted by ¢ as well).

The function d : N4 — C shall send every n € IN1 to the number of
positive divisors of n. This function d is called the divisor function.

The function 1 : N; — C shall send every n € IN to 1.
The function 0 : N, — C shall send every n € IN to 0.
The function ¢ : Ny — C shall send every n € IN to n.

The function ¢ : IN;. — C shall send every n € N to the sum of all
positive divisors of n.

For each k € Z, the function 0} : N4 — C shall send every n € IN4 to
the sum of the k-th powers of all positive divisors of n. Note that cp = d
and 01 = 0.

The function w : N} — C shall send every n € IN| to the number of all
distinct primes dividing n. (For example, w (12) = 2, since the primes
dividing 12 are 2 and 3.)

The function () : N — C shall send every n € IN, to the number
of all prime factors of n counted with multiplicity. In other words, if
Q) (n) is the k € IN such that n can be written as a product of k primes
(not necessarily distinct primes). (For example, () (12) = 3, since 12 =
2-2-3)

The function p : IN. — C shall send every n € N, to
{(—1)“](”) , if n is squarefree;

0, otherwise
function.

. This function y is called the Mdbius mu

The function A : N4 — C shall send every n € IN; to (—1)0("). This
function A is called Liouville’s lambda function.

1, ifn=1;

The functi :IN; — C shall send cIN; t .
e function e : IN 4 shall send every n + 0{0/ ifn £ 1

®Recall that a positive integer 7 is said to be squarefree if no perfect square other than 1 divides
n. Equivalently, a positive integer n is squarefree if and only if # is a product of distinct
primes. Equivalently, a positive integer n is squarefree if and only if every prime p satisfies
vy (n) < 1.
p —=
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Of course, you can come up with more examples easily. Most arithmetic func-
tions that anyone cares about tend to have their images belong to Z, but the
added generality of allowing any complex numbers as images does not hurt, so
I see no point in restricting it.

We introduce one more standard notation:

Definition 2.1.3. Any summation sign of the form “)_” (where n is a given
dln

positive integer) will be understood to mean “sum over all positive divisors

d of n”. This similarly applies when there are further conditions under the

summation sign; for instance, “ }_ ” means “sum over all positive divisors d
d|n;
d<3

of n satisfying d < 3”.

Remark 2.1.4. Some of the functions defined in Definition can easily
be reexpressed using the notation from Definition Namely, for every
n € N, we have

d(n)=)_1; o(n)=Yd
dln d|n

o (n) =Y d* (for every k € Z).
dn

Some of the arithmetic functions defined above can be written explicitly in
terms of the prime factorization of n. I will first state some of the explicit repre-
sentations before I show a method for proving them.

Definition 2.1.5. If n is an integer, then PF#n will denote the set of all prime
factors of n. Note that this set PF n is finite whenever n is nonzero.

Theorem 2.1.6. For every n € N, we have

pm)= T (»»" " (r-1).

pePFn

Theorem 2.1.7. For every n € N, we have

d(n)= [ (vp(n)+1).

pEPFn
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Theorem 2.1.8. For every n € IN; and every nonzero k € Z, we have

k(Dp(H)+1) _ 1

pePFn

Theorem appears in [NiZuMo91, Theorem 2.19] (in a slightly restated
form). Theorem is [NiZuMo91, Theorem 4.3], and Theorem is a
straightforward generalization of [NiZuMo91, Theorem 4.5]. There are simple
and elementary ways to prove each of these theorems; I will give a more abstract
approach to highlight the theory.

2.2. Multiplicative functions

Definition 2.2.1. Let f : N, — C be an arithmetic function.
(a) The function f is said to be multiplicative if and only if it satisfies f (1) =
1 and

f(mn) = f(m)f(n) for any two coprime m € N, and n € IN4.

(b) The function f is said to be totally multiplicative if and only if it satisfies
f(1)=1and

f(mn) = f(m)f(n) for any twom € INy and n € IN,..

(Another word for “totally multiplicative” is “completely multiplicative”.)

It turns out that totally multiplicative functions are somewhat rare, but multi-
plicative functions abound in number theory. Here are some examples:

Proposition 2.2.2. Consider the functions defined in Definition 2.1.2]

(@) The function ¢ is multiplicative.

(b) The function d is multiplicative.

(c) The function 1 is totally multiplicative and multiplicative.

(d) The function ¢ is totally multiplicative and multiplicative.

(e) For every k € Z, the function o} is multiplicative. In particular, the
function ¢ is multiplicative.

(f) The function y is multiplicative.

(g) The function A is totally multiplicative and multiplicative.

(h) The function ¢ is totally multiplicative and multiplicative.

(i) Every totally multiplicative function is multiplicative.

() Let f € Z|[x] be a polynomial. Let Np : Ny — C be the function
which sends every n € IN; to the number of solutions of the congruence
f (x) = 0mod n. Then, the function Np is multiplicative.
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(k) For every integer u, the function N, — C, n +— ged (u, 1) is multiplica-
tive.

Proof of Proposition (sketched). (i) This is obvious (since the requirements for
a totally multiplicative function clearly encompass the requirements for a multi-
plicative function).

(@) We know that ¢ (1) = 1. We thus only need to show that ¢ (mn) =
¢ (m) ¢ (n) for any two coprime m € IN; and n € IN,. But this is precisely
the statement of [NiZuMo91, first sentence of Theorem 2.19]. (Here is a brief
reminder of the proof: For every N € IN4, let R (N) denote the set of all
ke {1,2,...,N} coprime to N. Now, let m € IN; and n € IN; be coprime. Then,
there is a bijection R (mn) — R (m) x R (n) which sends every k € R (mn) to
(k',k") € R (m) x R (n), where k' is the unique element of R (m) congruent
to k modulo m, and where k" is the unique element of R (1) congruent to k
modulo 7. The fact that this map is well-defined and a bijection can be proven
using the Chinese Remainder Theorem. Having this bijection in place, we im-
mediately conclude that |R (mn)| = |R (m) x R (n)| = |R (m)|-|R (n)|. Since
R (N)| = ¢ (N) for every N € N, this rewrites as ¢ (mn) = ¢ (m) ¢ (n), ged.)
Proposition (a) is thus proven.

Proposition (j) is essentially [NiZuMo91| second sentence of Theorem
2.20], and is proven in a similar way as Proposition (a).

Parts (c), (d) and (h) of Proposition 2.2.2 are completely straightforward.

(g) We claim that the following two assertions hold:

Assertion 1: We have A (1) = 1.

Assertion 2: We have A (mn) = A (m) A (n) for any two m € INy and
nec N+.

Proof of Assertion 1. The number 1 can be written as a product of 0 primes (be-
cause the empty product equals 1). Hence, Q2 (1) = 0 (by the definition of ()).

The definition of A yields A (1) = (—1)0(1) = (—1)0 (since QO (1) = 0). Thus,
A(1) = (-1 = 1. This proves Assertion 1. O

Proof of Assertion 2. Letm € IN; and n € IN.

Write m as a product of primes; i.e., write m in the form m = pyps - - - py for
some primes pi,p2,...,px (Which may and may not be distinct). Thus, m is a
product of k primes; hence, Q) (m) = k (by the definition of ().

Write n as a product of primes; i.e., write n in the form n = g14; - - - g, for some
primes 41,42, ...,4¢ (Which may and may not be distinct). Thus, n is a product
of ¢ primes; hence, Q) (n) = ¢ (by the definition of Q).

Now, multiplying the equalities m = p1p; - - - pr and n = g142 - - - ¢, we obtain
mn = (p1p2---px) (9192 - - q¢) = P1P2 - Pxqg192 - - - 9¢- Hence, mn is a product
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of k + ¢ primes (since all of p1,p2,..., P, 91,92, ---,q¢ are primes). Therefore,
Q (mn) = k + ¢ (by the definition of ). Hence,

Q(mn) = \k/—i—
—Q(m)  =Q(n)

=Q(m)+Q(n).

Now, the definition of A yields A (m) (—1)0(’”) and A (n) = (_1)0(”) and

A (mn) = (—=1)2") Hence,

A (mn) = (—1)20mm) = (_1)2m)+Q0) (since Q (mn) = Q (m) + Q (n))
= (=12 (=)™ = A (m) A (n).
N—— e — —
=A(m) =A(n)
This proves Assertion 2. O

Now, the function A is totally multiplicative if and only if Assertions 1 and 2
hold (by the definition of “totally multiplicative”). Thus, the function A is totally
multiplicative (since Assertions 1 and 2 hold). Consequently, A is multiplicative
(since every totally multiplicative function is multiplicative (by Proposition [2.2.2]
(i))). This proves Proposition (g).

(k) We leave the proof of Proposition 2.2.2] (k) to the reader. (It is completely
straightforward using Proposition[1.2.10[and the fact that ged (1,1) = 1.)

We defer the proofs of parts (b) and (e) until later. (Actually, we shall also give
a second proof of part (a) later.) It thus remains to prove Proposition (f).

(f) The definition of w (1) shows that w (1) is the number of all distinct primes
dividing 1. But the latter number is clearly 0 (since there are no primes dividing
1). Hence, w (1) = 0.

The integer 1 is squarefree; hence, the definition of y yields

u(l)

(1) = (=1)° (since w (1) = 0)
1.

Hence, we only need to show that y (mn) = u (m) u (n) for any two coprime
m € N4 and n € IN4.. So let us show this.

Let m € N4 and n € N be coprime. We must prove the equality p (mn) =
p (m) p (). If mn is not squarefree, then this equality holdg’} Hence, we WLOG

7Proof. Assume that mn is not squarefree. Thus, there is some integer ¢ > 1 such that g> | mn.
Consider this g.

There exists a prime p such that p | g (since g > 1). Consider such a p. The prime p
cannot divide both m and n (since m and n are coprime). Hence, either p t m or p { n (or
both). We WLOG assume that p { m (since otherwise, we can simply switch m with n). Thus,
m is coprime to p (since p is prime). In other words, p is coprime to m. In other words,
ged (p,m) = 1.

We have p | g, so that p? | g% | mn. Hence, p | p? | mn. Hence, Proposition [1.2.8| (applied to
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assume that mn is squarefree. Therefore, m is also squarefree (since any perfect
square dividing m would also divide mn). Similarly, n is squarefree.

Since m is squarefree, we have u (m) = (—1)w(m) (by the definition of y). Since
n is squarefree, we have u (n) = (—1)w(”) (by the definition of u). Since mn is

squarefree, we have y (mn) = (—1)“"") (by the definition of y).
But w (mn) is the number of all distinct primes dividing mn (by the definition
of w). Thus,

w (mn) = (the number of distinct primes dividing mn)
= (the number of distinct primes dividing m or dividing n)  (4)
(since the primes dividing mn are precisely the primes dividing m or dividing
n).
Moreover, there is no overlap between the primes dividing m and the primes
dividing 7 (since m and n are coprime). Hence,

(the number of distinct primes dividing m or dividing n)
= (the number of distinct primes dividing m)

(. J/

=w(m)
(since this is how w(m) is defined)

+ (the number of distinct primes dividing n)

J

=w(n)
(since this is how w(n) is defined)

=w(m)+w(n).
Thus, @) becomes

w (mn) = (the number of distinct primes dividing m or dividing n)

=w(m)+w(n). (5)
Now,
i (mn) = (1)« = (—p)@imtei) (by @)
= (—1)“" (~1)*") = y (m) p (n) .
N’ N’
=pu(m) =u(n)

p, m and n instead of x, y and z) shows that p | n. In other words, n = pn’ for some integer
n'. Consider this n’.

Now, pp = p? | m J= mpn’ = pmn’. We can cancel p from this divisibility (since p # 0)

:pn’
and thus conclude p | mn’. Hence, Proposition (applied to p, m and n’ instead of x, y
and z) shows that p | n’. Hence, pp | pn’ = n. In other words, p? | n (since pp = p?). Hence,
n is not squarefree (since p? is a perfect square other than 1). Therefore, y (n) = 0 (by the
definition of p). The definition of y also shows that y (mn) = 0 (since mn is not squarefree).
Now, comparing y (mn) = 0 with u (m) u (n) = 0, we obtain y (mn) = u (m) u (n), qed.
——

=0
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This completes the proof of u (mn) = u (m)u (n). Thus, Proposition @
holds. O

Note that the function 0 : Ny — C is not multiplicative; in fact, it fails to
satisfy 0 (1) = 1.

The pointwise product of multiplicative functions is multiplicative, and the
same holds for totally multiplicative functions:

Proposition 2.2.3. Let ¢ : N — C and h : N} — C be two arithmetic
functions. Let f : N — C be the function defined by

f(n)=g(n)h(n) for every n € IN,. (6)

(a) If the functions g and h are multiplicative, then the function f is multi-
plicative.

(b) If the functions g and h are totally multiplicative, then the function f is
totally multiplicative.

Proof of Proposition (@) Assume that the functions ¢ and / are multiplica-
tive. We have to prove that the function f is multiplicative.
The function g is multiplicative. In other words, it satisfies g (1) = 1, and

g (mn) =g (m)g(n) for any two coprime m € Ny andn € Ny.  (7)
The function / is multiplicative. In other words, it satisfies & (1) = 1, and
h(mn) =h(m)h(n) for any two coprime m € Ny andn € Ny.  (8)

Now, we want to prove that f is multiplicative. In order to do so, we shall
prove the following two assertions:

Assertion 1: We have f (1) = 1.

Assertion 2: We have f (mn) = f (m) f (n) for any two coprime m €
IN; and n € IN,..

Proof of Assertion 1: Applying ﬁ) ton =1, we obtain f (1) = ¢(1)h (1) = 1.

This proves Assertion 1.

Proof of Assertion 2: Let m € IN; and n € IN; be coprime. Then, (6) (applied
to m instead of n) yields f (m) = g(m)h(m). Also, (6) shows that f(n) =
g (n)h (n). But (6) (applied to mn instead of n) yields

fmn) = g (mn) h(mn) =(g(m)g(n))(h(m)h(n))
— ~—

:g(m)g(;) :T(m)h(n)
by () by @)
= (g (m)h (m)) (g (n)h (n)) = f (m) f (n).

~~ ~"

=f(m) =f(n)

29



18.781 (Spring 2016): floor and arithmetic functions January 22, 2021

This proves Assertion 2.

Now we know that Assertions 1 and 2 hold. In other words, the function f
is multiplicative (by the definition of “multiplicative”). This proves Proposition
(a).

(b) The proof of Proposition (b) is completely analogous to our above
proof of Proposition (a). (More precisely, we have to replace every “mul-
tiplicative” by “totally multiplicative” in our proof of Proposition (@), and
remove the word “coprime” everywhere it appears; this results in a proof of

Proposition (b).) O

The reader might have already noticed that there is a relation between the two
arithmetic functions w and ) and the squarefreeness of a number. Let us state
this explicitly:

Proposition 2.2.4. Let n € IN.

(@) We have Q) (n) > w (n).

(b) We have Q) (n) = w (n) if and only if n is squarefree.

() We have u(n) = 0m=« .2 (n). (In particular, the expression
“0Qn)—w()” is well-defined, since Q (1) — w (1) > 0.)

Proof of Proposition Write n as a product of primes; i.e., write 7 in the form
n = p1pa- - - px for some primes p1, p2, ..., pr (which may and may not be dis-
tinct). Then, the primes dividing n are precisely pi,pa, ..., pk ﬂ In other
words, (the set of all primes dividing n) = {p1,p2, ..., px}. Now, the definition
of w yields

w (n) = (the number of all distinct primes dividing )

= |(the set of all primes dividing n)

={pup2,-.pPr}

= H{pvp2, -, P} 9)
<k

But n can be written as a product of k primes (because n = pips--- px, and
the factors p1, p2, ..., px in this product are primes). Hence, the definition of ()
yields Q) (n) = k. Now, w (n) < k = Q (n). This proves Proposition (a).

(b) We shall prove the following two statements:

Statement 1: If Q) (n) = w (n), then n is squarefree.

Statement 2: If n is squarefree, then Q) (n) = w (n).

8This is because if a prime g divides n, then q | n = p1ps - - - px, and therefore q | p; for some
i€ {1,2,...,k} (since g is prime); but this entails g = p; for this i.
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[Proof of Statement 1: Assume that Q) (n) = w (n). We must prove that n is
squarefree.

Assume the contrary. Thus, n is not squarefree. Hence, there exists a perfect
square other than 1 that divides n (by the definition of “squarefree”). In other
words, there exists some integer & > 1 such that h? | n. Consider this h.

The integer h is larger than 1. Thus, there exists a prime g such that g | h.
Consider this g. From ¢ | h, we obtain g% | h? | n.

From (9), we have |{p1,p2, ..., px}| = w (n) = Q(n) = k. In other words, the
set {p1,p2, ..., px} has exactly k elements. Hence, the k elements p1,pa, ..., Pk
must be distinct (since otherwise, the set {p1, p2, ..., px} would have fewer than
k elements).

Butgq | g% | n = p1p2 - - - p. Since q is a prime, this entails that g divides at least
one of the k integers p1, pa, . . ., px (because of Remark applied to ¢ instead
of p). In other words, at least one i € {1,2,...,k} satisfies q | p;. Consider this i.

Thus, g is a prime divisor of p; (since ¢ is a prime and satisfies g | p;). But the
only prime divisor of p; is p; itself (since p; is a prime). Thus, 4 must be p; itself.
In other words, g = p;.

Now,

99 =q"|n=pip2---pe=_pi_-(p1p2-+-piciPicipiva- - pr)
~—
=q
=q-(p1p2- - Pi-aPiv1Pis2 - Pr) -
We can cancel g from this divisibility (since g # 0), and thus obtain

qlpip2---picapivapivz- - P
Since g is a prime, this entails that g divides at least one of the k — 1 integers
P1,P2 -, Pi-1, Pit1, Pi+2s - - -, Pk (because of Remark applied to g instead
of p). In other words, at least one j € {1,2,...,k} \ {i} satisfies q | p;. Consider
this j.

We have j # i (since j € {1,2,...,k} \ {i}) and thus p; # p; (since the k primes
p1, P2, - - ., px are distinct).

But g is a prime divisor of p; (since g is a prime and satisfies g | p;). But the
only prime divisor of p; is p; itself (since p; is a prime). Thus, g must be p;
itself. In other words, g = pj- Hence, g = p; # p; = q. This is absurd. This
contradiction shows that our assumption was false; hence, n is squarefree. This
proves Statement 1.]

[Proof of Statement 2: Assume that 1 is squarefree. We must prove that Q) (n) =
w (n).

The k primes py, p2, . .., px are distinctﬂ Hence, [{p1,p2,.-.,px}| = k. Now, @)
becomes w (n) = |{p1,p2,.-.,px}| = k = Q (n). In other words, Q) (n) = w (n).
This proves Statement 2.]

9Proof. Assume the contrary. Thus, two of these k primes are equal. In other words, there
exist two distinct elements i and j of {1,2,...,k} such that p; = p;. Consider these i and
J. Clearly, p; and p; are two distinct factors in the product p1pa - - - py (since i # j). Hence,
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Combining Statement 1 with Statement 2, we conclude that we have Q) (n) =
w (n) if and only if n is squarefree. This proves Proposition (b).

() Proposition(a) yields Q (n) > w (n). Hence, Q) (n) — w (n) > 0. Thus,
the expression “0°(")~«(1)” js well-defined. It remains to prove that u (1) =
02 =w(n) . A (n).

We are in one of the following two cases:

Case 1: The positive integer n is squarefree.

Case 2: The positive integer n is not squarefree.

Let us first consider Case 1. In this case, the positive integer n is squarefree.
Hence, Proposition 2.2.4] (b) yields that Q) (n) = w (n). Hence, Q (n) —w (n) =0
and therefore 020« (") = 00 = 1. But the definition of u yields

(since n is squarefree) .

—1)“M " if 5 is squarefree; w(n
P‘(n)Z{é ) ; = (-1
, otherwise

02—« A () = A (n) = (—1)2 (by the definition of A)

— (_1)“’(”) (since Q) (n) = w (n)),

we obtain p (n) = 020 =@ .\ (n). Thus, u (n) = 0200« .} (1) is proven in
Case 1.

Let us next consider Case 2. In this case, the positive integer n is not square-
free.

If we had Q (n) = w (n), then n would be squarefree (by Proposition 2.2.4]
(b)), which would contradict the fact that n is not squarefree. Hence, we cannot
have Q) (n) = w (n). Thus, we have Q) (n) # w (n).

But Proposition (a) yields Q) (n) > w (n). Combining this with Q (n) #
w (1), we find Q (n) > w (n). Hence, Q (1) — w (1) > 0, so that 02" -«(1) = g

Now, the definition of y yields

(since 7 is not squarefree) .

_yw(n) . . )
1 (n) = (=), ifnis squarefree, 0
0, otherwise

pipj | pip2---pe =n.
We have p; > 1 (since p; is a prime). Thus, p? is a perfect square other than 1. Moreover,

pi=pi pi =pipj|n
\’/

Thus, a perfect square other than 1 (namely, p%) divides n. In other words, 7 is not squarefree
(by the definition of “squarefree”). This contradicts our assumption that n is squarefree. This
contradiction shows that our assumption was false. Qed.

32



18.781 (Spring 2016): floor and arithmetic functions January 22, 2021

Comparing this with

we obtain p (n) = 020 =@ .\ (n). Thus, u (n) = 020()=«) . ) (1) is proven in
Case 2.

We have now proven p (n) = 0200 =«() . A (n) in both Cases 1 and 2. Hence,
1 (n) = 000)=«) . A (n) always holds. This completes the proof of Proposition

(c). N

2.3. The Dirichlet convolution

Let us now define a way to produce a new arithmetic function from two given
ones: the Dirichlet convolution.

Definition 2.3.1. Let f : N — C and ¢ : IN; — C be two arithmetic func-
tions. We define a new arithmetic function f x g : INy — C by

(fxg)(n)=)_f(d) ( ) for every n € N;.
d|n

This new function f x g is called the Dirichlet convolution of f and g.
Here is a more symmetric way to rewrite the definition of f % g:

Remark 2.3.2. Let f : N — C and g : N4 — C be two arithmetic functions.
Let n € IN4. Then,

(f*xg)(m)= ).  f(d)gle).
deN;g£§N+;

Proof of Remark Let us first show two simple claims:

Claim 1: For each d € IN satisfying d | n, we have

E§%+;8(€) =& (E) .

Claim 2: For each d € IN satisfying d { n, we have

Z g(e) =0.

€€N+;
de=n
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[Proof of Claim 1: Let d € N, be such that d | n. Then, g € Z (since d | n).

Thus, g € IN; (since n € INt and d € IN, ). Thus, there is exactly one e € IN ;.
satisfying de = n, namely e = g Hence, the sum Y, ¢ (e) contains exactly one
N+;
s
addend, namely the addend for e = —. Thus, Y. g(e) =g (—) Claim 1 is
d €€N+; d
de=n
proven.]

[Proof of Claim 2: Let d € N4 be such that d { n. Then, there exists no e € N,
satisfying de = n (since d { n). Therefore, the sum Y, g(e) is empty and thus

EEN+;
de=n
equals 0. This proves Claim 2.]
Now,
f(d)g (e)
dEN+; €€N+;
de=n
= ¥ )y
d€N+ 66N+;
de=n
=) ) fdgl)= ) fd ) g
deN, ecINy; deIN ecIN4;
de=n de=n
= ), fl@d) ) g+ ), f@d) ), g
deIN; ecIN; delNy; ecIN,;
dln de=n dtn de=n
# ‘:/0_/
=g 7 (by Claim 2)

(by Claim 1)

since each d € IN ;. satisfies either d | nord {n
(but not both at the same time)

- * f@s(§)+ T f@o= T f@s(f) =Lras(})

delNy,; delNy; delNy,; dn
d|n dtn d|n
=0
= (f*xg)(n) (because this is how (f xg) (n) was defined).
This proves Remark O

Remark 2.3.3. Here is a little digression which might make the Dirichlet con-
volution f x ¢ appear less mysterious (but might also confuse you). I claim that
Dirichlet convolution of arithmetic functions is “like multiplication of power
series, but with (some) additions replaced by multiplications”. Here is what I
mean by this:
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A power series (say, with complex coefficients) is defined as a sequence
(ap,a1,az,...) of complex numbers. This sequence is usually written in the

form ) a;X'. (For us here, “power series” means “formal power series in one
ieIN

indeterminate X with complex coefficients”; we do not care about any ques-

tions of convergence.) The product of two power series ), 4;X' and ), b; X'

ieN ieN
is defined by
(Z (ZiXi> <Z bl‘Xi> = Z CiXi,
ieIN ieIN ieN
where "
Cp = 2 Amby—m = Z a;b,. (10)
m=0 delN; ecN;
d+e=n

To every arithmetic function f : Ny — C, we can assign a power series f

with constant term 0, defined by f = ¥ f (i) X'. This assignment is a 1-to-1
i6N+

correspondence between the arithmetic functions and the power series (in one

indeterminate) with constant term 0. In other words, every power series with

constant term 0 can be written as f for a unique arithmetic function f. Thus,

we can define a “Dirichlet convolution” on the set of all power series with

constant term 0, by setting j?* g = f/*\g for every two arithmetic functions f
and g. Explicitly, this Dirichlet convolution of power series is given by

( y aiXi) *< y biXi> = Y 4,

ieN4 ieN ieN4
where
(Jln = Zadbn/d = Z adbe. (11)
d|ﬂ d€N+; EEN+,’
de=n

The similarities between the equations and should be palpable.
Roughly speaking, is a “multiplicative” variant of (10): Whereas the sum
Y. agbe in (10) runs over all decompositions of #n into a sum of two non-

deN; ecN;
d+e=n
negative integers d and ¢, the analogous sum Y agb, in (11)) runs over
d€N+,‘ e€N+;
de=n

all decompositions of n into a product of two positive integers 4 and e. (Yes,
the multiplicative analogue of nonnegative integers in this context are positive
integers.) So, roughly speaking, Dirichlet convolution is like multiplication of
power series, except that two monomials X™ and X" are taken to X" and not
to X"+,

This analogy has a consequence: It suggests that Dirichlet convolution
should be associative and commutative, and that this should be provable in
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the same way as one proves the associativity and the commutativity of the
multiplication of power series. And, indeed, this is the case: see Theorem
2.3.4 below.

See also [NiZuMo91], §8.2] for the notion of Dirichlet series, which are “for-

a.
mal expressions” of the form )’ l—sl for an “indeterminate” exponent s. If
ie]N+
a: .

we replace the term l—; by a;X’, then these Dirichlet series turn into standard

formal power series with constant term 0, but their product turns into the
Dirichlet convolution of power series.

Theorem 2.3.4. (a) We have e x f = f x& = f for every arithmetic function f.
(b) We have f * (¢ xh) = (f xg) x h for every three arithmetic functions f,
g and h.
(c) We have f x g = g« f for every two arithmetic functions f and g.

Remark 2.3.5. If you know the notion of a monoid, then you will be able
to restate Theorem as follows: The set of all arithmetic functions is a
commutative monoid under the operation * with neutral element e.

Actually, we can also define an addition operation on arithmetic functions
(namely, pointwise addition: (f +g) (n) = f (n) + g (n)). The addition oper-
ation + and the Dirichlet convolution % turn the set of arithmetic functions
into a commutative ring.

Proof of Theorem (c) Let f and g be two arithmetic functions. Let n € IN,..
Remark (applied to g and f instead of f and g) yields

§*xf)y(m)= ) gd)fle). (12)
de]N;g;g]Ng

Remark yields
(frg)(m)= )},  fldgl)= )  fl)g)

d€N+} €€N+} EEN+; d€N+,'
de=n ed=n =g(d)f(e)
—_——

= r
deN4; eeINg;
ed=n

= )y
d€N+} €€N+;
de=n
here, we have renamed the summation
indices d and e as e and d
= ), sg@f(e).

deN,; eeNy;
de=n

Comparing this with (I2), we obtain (f x g) (1) = (g* f) (n).
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Now, forget that we fixed n. We thus have shown that (f xg) (n) = (g* f) (n)
for each n € IN;. In other words, f x g = g f. This proves Theorem ().
(@) Let f be an arithmetic function. Every n € IN satisfies

(exf)(n)=)_ e (d) f (g) (by the definition of ¢ x f)
dln S~
(1, fd=1;
|0, ifd#1
(by the definition of ¢)

1, ifd=1;
:%{0, ifd£1 f@)

1, ifl1=1; n 1, ifd=1; n
=1y w120 f(G)+ G
ARV PR )
1 =f(n)  d#1 0
(since d#1)
here, we have split off the addend for d = 1 from the sum
(since 1 is a positive divisor of 1)

=f(n n = f(n).
—f()+§w0f(d) f ()

d£1
A e
=0
In other words, ex f = f. But Theorem (c) (applied to § = ¢) yields
fxe=¢exf. Thus, f xe = ex f = f. This proves Theorem (a).
(b) Let us first make a general observation: If F and G are two arithmetic
functions, and if N € IN, then

(FxG)(N) = Y. F(D)G(E). (13)
D€N+; E€N+,’
DE=N
(This is simply Remark with the letters f, g, n,d, e renamed as F,G,N, D, E.
We are playing this renaming game in order to avoid collisions between nota-
tions.)
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Now, let f, ¢ and h be three arithmetic functions. Let n € IN;. We have

((fxg)xh)(n)
= ), (f*8)(D)h(E)
DENJr; EEN+;
DE=n
(by (13), applied to F = fxg, G =hand N = n)
= ) (f*g) (d) h(e)
NSNS = T st
DelNy; E€eINy;

DE=d
(by (13), applied to F=f, G=g and N=d)

(here, we have renamed the summation indices D and E as d and e)

= X Y, f(D)g(E)|h(e)
d€N+} €€N+} D€N+; E6N+;
de=n DE=d

d€N+; €€N+; D€N+; EEN+,’
. de=n DE=d .

=L L L
deNy DelNy; EENg; eeNg;
DE=d de=n
(here, we are interchanging the order of summation)

= ) )3 Y, f(D)g(E)h(e)
d€N+ D€N+,’ EEN+; €€N+;
DE=d de=n
——
= X
€€N+;

DEe=n
(since d=DE)

= ) B Y, f(D)g(E)h(e)= ). Y. f(D)g(E)h(e)

d€N+ D€N+,’ EEN+; €€N+; DEN+} E€N+ €EN+}
o DE=d . DEe=n . DEe:rE
= = Y
DeN,; EeEN4 D€N+} E€N+; €€N+}
DEe=n

= )y f(D)g(E)h(e)
D€N+;£§H\_]+; e€Ny;

= )3 fe)g(d)h(e) (14)
ceNy; igéli;, ecINy;

(here, we have renamed the summation indices D and E as c and d) .
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On the other hand,

(fx (gxh)) (n)
= )Y f(D)(gxh)(E)
DENJr; EEN+;
DE=n
(by (13), applied to F = f, G = gxhand N = n)
= ) flo (g*h) (d)
A = & gDmE)
DelNy; E€EINy;

DE=d
(by (13), applied to F=g, G=h and N=d)

(here, we have renamed the summation indices D and E as c and d)

= ), fl Y., s(D)h(E)
ceNy; deNy; DeNy,; EEINy;
cd=n DE=d

= Y )3 f(c)g (D) h(E)

ceNy; deNy; DelNy; EENg;

R Cd:n DE:d P

=Y Y )

deNy DENy; EENy; ceNg;
DE=d cd=n

(here, we are interchanging the order of summation)

-y X Y f(c)g(D)h(E)

d€N+ D€N+,’ EEN+; CEN+}
DE=d cd=n

——
= X

C€N+;

cDE=n

(since d=DE)

= ) B Y, flogD)h(E)= ) Y. f(e)g(D)h(E)

d€N+ D€N+,’ EEN+; CGN+,’ DEN+,’ E€N+ C€N+;
o DE=d . cDE=n cDE:@
= 5 = Z
DeN,; EEN_ ceNy; DeINy; E€eINg;
cDE=n
= )3 f(c)g(D)h(E) = Y f(c)g(d)h(e)
ceNy; DEN,; EENy; ceNy; deINL; eeINy;
c¢cDE=n cde=n

(here, we have renamed the summation indices D and E as d and e) .

Comparing this with (14), we obtain (f x (gxh)) (n) = ((f xg) xh) (n).
Now, forget that we fixed n. We thus have proven that (f *x (gxh)) (n) =
((f xg)*h) (n) for every n € IN;. In other words, f x (gxh) = (f *g) = h. This

proves Theorem (b). O

39



18.781 (Spring 2016): floor and arithmetic functions January 22, 2021

2.4. Examples of Dirichlet convolutions

Let us see what Dirichlet convolution does to the arithmetic functions we know.
We start with some simple observations:

| Proposition 2.4.1. We have 1 x1 = d. (See Definition for the definitions
of 1 and d.)

Proof of Proposition For every n € N, we have

(1x1)(n) =Y

d|n

=

(d) 1 (2) (by the definition of 1% 1)
——v

=1
(by the definition of 1) (by the definition of 1)

{

= Z 1 = (the number of positive divisors of 1) -1

d|n ~
=d(n)
(since this is how d(n) was defined)
=d(n)-1=d(n).
In other words, 1 x1 = d. This proves Proposition 2.4.1] O

Proposition 2.4.2. (a) We have 1 x1 = 0.
(b) Let k € Z. Let ¢ : N — C be the function sending each n € N} to n*.
Then, Ly *l = Ok.

We leave the proof of Proposition to the reader.
Before we go on, let us show an auxiliary fact:

Lemma 2.4.3. Let n € IN;. Let D (n) be the set of all positive divisors of n.

Then, the map
D(n) — D(n), d—n/d

is well-defined and bijective.

Proof of Lemma[2.4.3} For every d € D (1), we have n/d € D (n) [ Thus, we
can define a map p : D (n) — D (n) by

p(d)=mn/d for every d € D (n).
Consider this map p. This map p is the map

D(n) —D(n), d—n/d (15)

19Proof. Let d € D (n). Thus, d is a positive divisor of n (since D (n) is the set of all positive
divisors of n). Hence, d is a positive integer and satisfies d | n. Now, n/d is an integer (since
d | n) and is positive (since n and d are positive). Hence, n/d is a positive integer. Thus, n/d
is a positive divisor of n (since n/d | n). In other words, n/d € D (n) (since D (n) is the set
of all positive divisors of n). Qed.
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(because p (d) = n/d for every d € D (n)). Thus, the map is well-defined.
We have

(pop)(d)=p|p@) | =pn/d)=n/(n/d) (by the definition of p)
S
=d=1id (d)

for every d € D (n). In other words, pop = id. Hence, the maps p and p
are mutually inverse. In particular, the map p is invertible, i.e., bijective. In
other words, the map is bijective (since the map p is the map (15)). Thus,
we have shown that the map is well-defined and bijective. Lemma is
proven. O

Here is a more interesting result:

| Proposition 2.4.4. We have ¢ x1 = 1.
Before we prove this, let us restate it in a more elementary fashion:
Proposition 2.4.5. We have

Y ¢p(d)=n for every n € IN,.
d|n

Proposition is [NiZuMo91, Theorem 4.6]. The proof we are going to give
for it here is actually the second proof given for it in [NiZuMo91]:

Proof of Proposition Fix n € N;. Let me first show that

n
1=¢(5 (16)
ke{l;..,n}; <d)
ged(k,n)=d

for every positive divisor d of n.
Proof of (16): Let d be a positive divisor of n. Define a set K by

K={ke{l1,2,...,n} | ged(k,n)=d}.

Thus, Y 1=Y 1=|K|-1=|K|.
ke{1,2,..,n}; keK
ged(k,n)=d
On the other hand, define a set F by

F = {ke {1,2,...,%} | kiscoprimetog}.
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Then, |F| is the number of all k € {1,2, cer, E} coprime to E; this number is
n n d n
¢ (E) (since this is how ¢ (E) is defined). In other words, |F| = ¢ (E)
But every u € K satisfies Yer Thus, we can define a map

d

n: K —F, u— %
On the other hand, every v € F satisfies dv € K E Thus, we can define a
map
B:F—K, v — do.

The two maps « and p that we have now defined are mutually inverse (since one
of them divides its input by d, whereas the other multiplies it by d). Hence, « is
a bijection. Thus, there is a bijection K — F (namely, «). Hence, |F| = |K|. Now,

¢ (g) = [F| = K| = Y. 1, and therefore (16) is proven.
ke{12,...n};
ged(kn)=d

Now, let D (n) be the set of all positive divisors of n. Then, the summation

sign ), means the same thing as ) (namely, a summation over all positive
deD(n) dln
divisors d of n).
But Lemma shows that the map

D(n) — D (n), d—n/d

"proof. Let u € K. Thus, u is an element of {1,2,...,n} and satisfies ged (u,1n) = d (by the

definition of K). Now, d = ged (u,n) | u, so that % is an integer. This integer % must belong
to {1,2, el g} (since u belongs to {1,2,...,n}). But Proposition|1.2.9|(applied to d, % and g
instead of g, a and b) yields d gcd (g, g) =gcd | d- %,d : g = ged (u,n) = d. Cancelling
S
=u =n
d from this equality, we obtain gcd (g, g) =1 (since d # 0). In other words, Yis coprime to
g. Thus, we have shown that % is an element of {1,2, eeey g} and is coprime to g In other
words, % € F (by the definition of F), qed.

12Proof. Let v € F. Thus, v is an element of {1,2, e, g} and is coprime to % (by the definition

of F). Now, ged (v, g) =1 (since v is coprime to ﬁ). But Proposition [1.2.9| (applied to d, v

d
n. n n
and ¥ instead of g, 2 and b) shows that d gcd (v, E) =gcd | dv,d - 2= ged (dv, n), so that
~——

=n

) =d. Also, from v € {1,2,...,%}, we obtain dv € {1,2,...,n}.

n
ged (dv,n) = dged (ZJ, 7

————

=1
Hence, we have shown that dv is an element of {1,2,...,n} and satisfies gcd (dv,n) = d. In
other words, dv € K (by the definition of K), qed.
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is well-defined and bijective. Thus, this map is a bijection. Hence, we can sub-
stitute — for d in the sum Y. ¢ (d). We thus obtain

d deD(n)
n
)3 ¢ ¢ <g> = )3 )3 1

deD(n deD(n) —— din ke{l2,..n};

N—— = Y 1 ged(kn)=d

= ke{12,...n}; N———

djn ged(k,n)=d = L
(by ) kE{l,z,...,ﬂ}

(because for every ke{1,2,...n},
the number ged(k,n) is a positive divisor of 1)

ke{12,...n}

Therefore, n = Y ¢ (d) = ¥ ¢ (d). This proves Proposition 2.4.5, O
deD(n) d|n
\/—/
T

dln

Proof of Proposition For every n € N, we have

(p*1) Z ¢ (d 1 <E> (by the definition of ¢ x 1)

=1
(by the definition of 1)

= Zcp (d)=n (by Proposition

d|n
=1(n) (since ¢ (n) is defined to be n).
In other words, ¢ x 1 = 1. This proves Proposition [2.4.4] O

Here is another important fact about Dirichlet convolution:
| Proposition 2.4.6. We have yx1 = ¢.
Again, we shall first restate it in concrete language before proving it:
Proposition 2.4.7. We have
Y u(d)=e(n) for every n € N .

d|n

Proposition 2.4.7|is [NiZuMo91, Theorem 4.7], and the book gives two proofs
for it. Let us sketch a third{®

13See [Grinbel5, proof of Proposition 2.6] for a detailed version of this proof.
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Proof of Proposition (sketched). Fix n € IN1. We must prove the identity
Yop(d)=e(n). (17)

dln

First of all, we recall that (1) = 1. (This has already been proven in our
proof of Proposition 2.2.2(f).) Hence, }_ p(d) = u (1) =1 =€ (1) (because ¢ (1)
dfl
is defined to be 1). In other words, is proven for the case when n = 1. Thus,
we WLOG assume that n # 1 from now on. Hence, ¢ (1) = 0 (by the definition
of €). Also, n has at least one prime divisor (since n # 1). Pick any prime divisor
q of n.

Let D be the set of all squarefree positive divisors d of n satisfying q 1 d.

Let E be the set of all squarefree positive divisors d of n satisfying g | d.

The map

D — E, dw— qd
is well-defined and a bijection@ Moreover, every d € D satisfies
p(qd) = —p(d) (18)
el

4Check this! (Or see [Grinbel5, proof of Proposition 2.6] for the proof.)

15Proof of : Let d € D. Thus, d is a squarefree positive divisor d of n satisfying q { d (by the
definition of D). From gq 1 d, we conclude that g is coprime to d (since g is prime). Hence,
1 (qd) = pu(q) u(d) (since the function y is multiplicative).

But g is a prime; thus, g is squarefree. Hence, the definition of y yields u (q) = (—1)“’(q) =

(=1)! (since w (q) = 1 (again since g is a prime)). Thus, u (qd) = u(q) pu(d) = —u(d),
—~—

ged.
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Now,

Lud= ) pd+ B p(d)
dln d|n; d|n; -0
d is squarefree d is not squarefree (by the definition of j,
since d is not squarefree)

= L @+ Y 0= ) @
d|n; d|n; d|n;
d is squarefree d is not squarefree d is squarefree

=0

— ). p(d) + ). p(d)
d|n; dln;
d is squarefree; d is squarefree;

qld atd
N——— —— —

deE deD
(by the definition of E) (by the definition of D)

=Y @)+ Y@=} plad) + ) ()

deE deD deD deD
u(d)

(by .)
( here, we have substituted gd for d in the first sum, since )
the map D — E, d +— gd is a bijection
=Y (—p@)+ Y p@ ==Y pd)+ Y p(d) =
deD deD deD deD
=¢e(n) (since € (n) =0).

This proves (17). Thus, Proposition is proven. O

Our proof of Proposition used a standard technique: In order to prove
that a sum is 0, we split the sum into two smaller sums, which cancelled each
other out term by term (i.e., every term of one cancelled a term of the other).
This kind of proof is widespread in combinatorics and other disciplines.

Proof of Proposition For every n € N, we have

(ux1)(n) =) u(d 1 (E> (by the definition of yu 1)
dn Hﬁl_/

(by the definition of 1)
=) u(d) =¢(n) (by Proposition 2.4.7)) .
d|n
In other words, i x 1 = e. This proves Proposition [2.4.6] O

The Dirichlet convolutions we have so far computed allow us to compute
other Dirichlet convolutions without actually working with sums, but simply by
applying Theorem Here is one result we can obtain in this way:
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| Proposition 2.4.8. We have u x1 = ¢.
In concrete language, this says the following:

Proposition 2.4.9. We have

Y ou(d) g =¢(n) for every n € N,
d|n

Instead of proving the concrete version combinatorially and then deriving the
Dirichlet convolution from it, we will go the opposite way this time:

Proof of Proposition Proposition yields 1 = ¢ x1 = 1 x ¢ (by Theorem
(c), applied to f = ¢ and ¢ = 1). Now,

V*\ll/=i4*(l*4’)= (hx1) ¢
=1x =
b (by Proposiiion

(by Theorem (b), applied to f =, g =1and h = ¢)
=exp=1¢ (by Theorem (a), applied to f = ¢).

Thus, Proposition is proven. O

Proof of Proposition Proposition yields ¢ = p 1. Thus, every n € N
satisfies

& (n) = (pxt)(n) = dZV (d) L <g> (by the definition of y * 1)
=ikt |n \;l_/

d
(by the definition of ¢)

n
=Y n(d) 7
d|n d
This proves Proposition 2.4.9] O

Proposition is [NiZuMo91, (4.1)].

2.5. Maobius inversion

A particularly useful consequence of the “calculus of Dirichlet convolution” we
have established is the so-called Mobius inversion formula:
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Theorem 2.5.1 (Mobius inversion formula). Let f : Ny — Cand F: N, — C
be two arithmetic functions. Then, we have the following logical equivalence:

(F (n) =) _f(d) foralln e IN+)

d|n

= (f(n) = %y(d)F (g) foralln ]1\T+) .

Theorem[2.5.1]is [NiZuMo91, Theorems 4.8 and 4.9]. It is merely the most well-
known of the many “Mobius inversion formulas” that appear in various parts
of mathematics; see [BenGol75] or [Rota64] or [Stanlell, §3.7] for introductions
into the more general theory of Mdbius functions (of partially ordered sets).

We shall prove Theorem by rewriting it in the following equivalent form:

Proposition 2.5.2. Let f : Ny — C and F : Ny — C be two arithmetic
functions. Then, we have the following logical equivalence:

(F=fx1) < (f=uxF).

Proof of Proposition We have f x1 = 1« f (by Theorem (c), applied to
g =1). Also, y x1 = 1 u (by Theorem (c), applied to u# and 1 instead of f

and g). But yx 1 = & (by Proposition 2.4.6). Hence, 1 xy = ux1 =e.

We must prove the equivalence (F = fx1) <= (f = pu* F). In other words,
we must prove the two implications (F = fx1) = (f =u*F)and (F = f*x1) <
(f = uxFE).

Proof of the implication (F = f*1) = (f = pxF): Assume that F = f % 1.
Then, F = f x1 = 1« f. Hence,

prx E_=px(Axf)=(px1)xf
=1xf =¢
by Theorem (b), applied to y, 1 and f
instead of f, gand h
—exf=f (by Theorem 2.3.4](a)) .

Thus, f = u % F. This proves the implication (F = f x1) = (f = u«F).
Proof of the implication (F = f%1) <= (f = puxF): Assume that f = u *F.
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=1x(u*F)= (1%u)*F
F
:y* =&

y Theorem [2.3.4] (b), applied to 1, 4 and F
mstead of f,gand h

=exF=TF (by Theorem (a), applied to F instead of f).

Thus, F = f % 1. This proves the implication (F = f x1) <= (f = u«*F).
Now, both implications are proven; hence, the proof of Proposition is

o

complete. O
Proof of Theorem We have the following chain of equivalences:
(F=fx1)

< (F(n)=(f*1)(n) forallm € Ny)

= (F (n) =) _f(d) foralln € ]N+)

d|n

(since every n € IN satisfies

n N
(fx1) Z f(d 1 (E) (by the definition of f * 1)
-
(by the deﬁrllition of 1)
=) f(d)
d|n

). Hence, we have the following chain of equivalences:

(F (n)=) f(d) foralln e 1N+)
d|n

< (F=fx*1)
< (f=ux*F) (by Proposition [2.5.2)
< (f(n)=(u*F)(n) foralln € Ny)

— ( Zy ( >foralln€]N+>

dln

(since every n € IN satisfies

(u*F)(n) =) u(d ( > (by the definition of y x F)
d|n
). This proves Theorem [2.5.1] O
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2.6. Dirichlet convolution and multiplicativity

We will now connect the concept of multiplicative functions with the Dirichlet
convolution:

Theorem 2.6.1. Let f and g be two multiplicative arithmetic functions. Then,
the arithmetic function f % g is also multiplicative.

Theorem is a generalization of [NiZuMo91, Theorem 4.4], and the fol-
lowing proof follows the same ideas as the proof of [NiZuMo91| Theorem 4.4]@

Proof of Theorem The function f is multiplicative. In other words, it satisfies
f(1) =1, and

f(mn) = f(m)f(n) for any two coprime m € Ny and n € Ny. (19)
The function g is multiplicative. In other words, it satisfies ¢ (1) = 1, and

g (mn) =g (m)g(n) for any two coprime m € Ny and n € Ny. (20)
The definition of f x g yields

a0 -Frine() -coe(() -

d|1 ™
=g(1)=1

Now, we want to prove that f x ¢ is multiplicative. In order to do so, we need
to verify that (f xg) (1) = 1 and that

(fx8) (mn) = (fxg) (m) - (f*g)(n) (21)

for any two coprime m € N4 and n € INy. Since (fxg) (1) = 1 is already
proven, it thus only remains to prove .

Solet m € N and n € N be coprime. We need to prove (21).

For any N € N, let D (N) be the set of all positive divisors of N.

Consider the map

f:D(m)xD(n)— D(mn), (d,e) — de.

This map f is well-defined (because if d and e are positive divisors of m and n,
respectively, then de is a positive divisor of mn).
Consider the map

g:D(mn)— D(m)xD(n), u— (ged (u,m),ged (u,n)).

This map g is well-defined (because if u is a positive divisor of mn, then ged (1, m)
and ged (1, n) are positive divisors of m and n, respectively).

16Note that the claim of Theorem is also the first part of [NiZuMo91| §8.2, problem 1].
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We have fog = id E| and gof = id @ Hence, the maps f and g are
mutually inverse. In particular, this shows that the map f is a bijection. In other
words, the map D (m) x D (n) — D (mn), (d,e) — de is a bijection (since this
map is precisely f).

We make two more simple observations:

1. We have

f(de)=f(d)f (e) foranyd € D(m) ande € D(n). (22)

7Proof. Let u € D (mn). Thus, u is a positive divisor of mn. Therefore, gcd (u, mn) = u.
The definition of g shows that g (1) = (ged (1, m), ged (1, 1)). Now,

(fog)(u) =f g (1) = f(ged (u,m) , ged (u,n))
—~—
=(ged(u,m),ged(u,n))
=gecd (u,m) - ged (u, n) (by the definition of f)
= ged (u, mn) (by Proposition
=u

Now, forget that we fixed u. We thus have proven that (f o g) (u) = u for every u € D (mn).
In other words, fo g = id.
18Proof. Let (d,e) € D (m) x D (n). Then, f (d,e) = de (by the definition of f), and

(gof)(de) =g | f(de) | =g(de) = (ged (de,m),ged (de, 1))
=de

(by the definition of g).

We have (d,e) € D (m) x D (n). In other words, d € D (m) and e € D (n). In other words,
d is a positive divisor of m, and e is a positive divisor of n. Thus, d | m and e | n.

Let d' = ged (de,m). Then, d’ = ged (de,m) | m and e | n. Hence, Corollary [L.2.4] (applied
to d’, e, m and n instead of a, b, ¢ and d) yields ged (4, ¢) | ged (m,n) =1 (since m and n are
coprime). Hence, ged (d',¢) = 1.

Note also that d’ = ged (de, m) | de = ed. Thus, Proposition [1.2.8| (applied to x = d’, y = e
and z = d) yields d’ | d (since ged (d',¢) = 1).

On the other hand, d | de and d | m. Thus, Proposition [1.2.3|(applied to d, de and m instead
of a, b and ¢) yields d | gcd (de, m). In other words, d | d’ (since d’ = ged (de, m)).

Now, the integers d and d’ are positive and thus nonnegative. Hence, Proposition [1.0.2]
(applied to u = d and v = d') yields d = d’ (since d | d’ and d’ | d). Thus, d = d’ = ged (de, m).
In other words, ged (de, m) = d. The same argument (with the roles of m and n interchanged,
and correspondingly also the roles of d and e interchanged) shows that ged (ed, n) = e. Now,

(gof)(de) = | ged (de,m), ged (de,n) | = (d,e).

=d =gcd(ed,n)=e

Now, forget that we fixed (d,e). We thus have shown that (gof) (d,e) = (d,e) for each
(d,e) € D(m) x D (n). In other words, g o f = id.
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©

2. We have
g (TZ_Z> = (%) g (g) foranyd € D (m) ande € D (n). (23)

&l

Y Proof of : Letd € D (m) and e € D (n). In other words, d is a positive divisor of m, and e is
a positive divisor of n. Hence, d | m and e | n. Therefore, Corollary (applied to d, e, m
and n instead of a, b, ¢ and d) yields ged (d,e) | ged (m, n) = 1 (since m and n are coprime).
Hence, gcd (d,e) = 1. In other words, d and e are coprime. Hence, (applied to 4 and ¢
instead of m and n) yields f (de) = f (d) f (e), qed.

20Proof of : Letd € D(m) and e € D (n). In other words, d is a positive divisor of m, and

e is a positive divisor of n. Hence, d | m and e | n. This shows that 7 and — are integers.
e
m n . . . m
Furthermore, the numbers 7 and — are positive (since m, d, n and e are positive). Hence, 7
e

n e
and — are positive integers.
e

Moreover, % | m and 1 | n. Hence, Corollary |1.2.4] (applied to %, g, m and n instead

of a, b, c an ields gcd ( —, — cd (m,n) = 1 (since m and n are coprime). Hence,
fa,b dd)yldgd’;’z ged ( d prime)

m n m n , . m n
ged <E' ;) = 1. In other words, 7 and - are coprime. Hence, (applied to 7 and >

instead of m and n) yields g (% . g) =g (%) g (g) Hence, g izg/ =g (% . E) =

()5 (2). e
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Now, the definition of f x g yields

(f &) (mn)
mn mn here, we have renamed the
=) fld)g (7) = L flug (7) ( summation index d as u )
d|mn ulmn
—~—
= X
ueD(mn)

= ¥ fwe(%) = (d,e)@@(zmxmmf(de)g (%)

(. J
~

= L L

deD(m) e€D(n)

here, we have substituted de for u in the sum, since the
map D (m) x D (n) — D (mn), (d,e) — de is a bijection

i mn
- de;m) f%@ :%%lff%e) iée_z
T T e o ()(Y)

d|m eln

(by @3))
- L Droses(§)s(;) - (dszg(%)) (D@g(@)

. (gf(d)g(g)) (d>:nf<d>g<§))

(here, we renamed the summation index e as 4 in the second sum). Comparing
this with

U - Ur9)0)
-z sg(5) -r sig(5)

(by the definition of fxg) (by the definition of fxg)

= (;nﬂd)g(%)) (Ef(d)g(g))/

we obtain (f xg) (mn) = (fxg) (m) - (fxg) (n). Thus, is proven. As we
have said, this completes the proof of Theorem [2.6.1} O

Notice that Theorem [2.6.1has no analogue for totally multiplicative functions:
The Dirichlet convolution f x g of two totally multiplicative functions might not
be totally multiplicative.

We can use Theorem to prove (and sometimes reprove) parts of Proposi-
tion 2.2.2

52



18.781 (Spring 2016): floor and arithmetic functions January 22, 2021

Proof of Proposition 2.2.2] (b). The arithmetic function 1 is clearly multiplicative
(and totally multiplicative). Thus, Theorem (applied to f =1 and g = 1)
shows that 1« 1 is multiplicative. But since 11 = d (by Proposition [2.4.1)), this
shows that d is multiplicative. This proves Proposition (b). O

Proof of Proposition[2.2.2) (e). Let k € Z. Define the arithmetic function ¢ as in
Proposition (b). This ¢ is clearly multiplicative (and totally multiplicative).
We also know that the arithmetic function 1 is clearly multiplicative. Thus,
Theorem [2.6.1] (applied to f = 4 and g = 1) shows that 1 x 1 is multiplicative.
But since 1 x 1 = o0 (by Proposition 2.4.2| (b)), this shows that o} is multiplicative.
Applying this to k = 1, we conclude that o is multiplicative (since 07 = ). This
completes the proof of Proposition (e). O

Second proof of Proposition (a). The arithmetic function y is multiplicative (by
Proposition (f)). The arithmetic function ¢ is clearly multiplicative (and to-
tally multiplicative). Hence, Theorem (applied to f = pu and g = 1) shows
that p % ¢ is multiplicative. But since y x ¢ = ¢ (by Proposition [2.4.8), this shows
that ¢ is multiplicative. This proves Proposition (a) again. O

As an easy consequence of Theorem we can obtain [NiZuMo91| Theorem
4.4]:

Corollary 2.6.2. Let f : N — C be a multiplicative arithmetic function. De-
fine an arithmetic function F : Ny — C by

=) f(d) for every positive integer n. (24)
d|n

Then, the function F is multiplicative.

Proof of Corollary2.6.2} The arithmetic function 1 is clearly multiplicative (and
totally multiplicative). Thus, Theorem 2.6.1| (applied to ¢ = 1) shows that f 1
is multiplicative. But every positive mteger n satisfies

n

(fx1) Z f(d 1 (E) (by the definition of f % 1)
——r

=1
(by the definition of 1)

=) f(d)=F(n) (by 9)

dn

Hence, f x1 = F. But recall that f %1 is multiplicative. In other words, F is
multiplicative (since f x 1 = F). This proves Corollary O

53



18.781 (Spring 2016): floor and arithmetic functions January 22, 2021

2.7. Explicit formulas from multiplicativity

One of the nice things about multiplicative arithmetic functions is that, in order
to compute their values, it suffices to compute their values on prime powers:

Proposition 2.7.1. Let f : Ny — C be a multiplicative function. Let n € IN_.

Then,
fom =TT f(r™).

pEePFn
(See Definition for the definition of PFn.)

Applying this proposition to f = ¢, f = d and f = 0}, we easily obtain
Theorem Theorem and Theorem respectively (once we compute
the values f p”P(”)) , but this is easy in all three cases).

Proposition follows from the following fact:

Proposition 2.7.2. Let f : Ny — C be a multiplicative function. Let
ai,az,...,a be finitely many pairwise coprim@ positive integers. Then,

flaaz---ag) = f(ar) f (a2) -+ f (ag).

Both the proof of Proposition (by induction over k) and the proof of
Proposition (using Proposition [2.7.2) are rather straightforward:

Proof of Proposition The function f is multiplicative. In other words, it sat-
isfies f (1) =1 and

f(mn) = f(m)f(n) for any two coprime m € Ny and n € Ny (25)

(by the definition of “multiplicative”).
The integers ay, 4y, ..., ax are pairwise coprime. In other words,

a, is coprime to a, (26)

for any integers u and v satisfying 1 < u < v <k.
We shall show that

flaaz---a;) = f(m) f (a2) - f (a;) (27)

for every i € {0,1,...,k}.

Proof of (27): We shall prove by induction over i:

Induction base: We have aja; - - - a9 = (empty product) = 1. Applying the map
f to both sides of this equation, we obtain

f(mag---a9) =f(1)=1.

21We say that k integers a1, a, ..., a; are pairwise coprime if they have the property that a, is
coprime to a, for any integers u and v satisfying 1 <u < v <k.
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Comparing this with f (a1) f (az) - - - f (ag) = (empty product) = 1, we obtain
f(arap---ag) = f(a1) f(a2) - - f (ap). In other words, holds for i = 0. This
completes the induction base.

Induction step: Let j € {0,1,...,k} be positive. Assume that holds for
i = j — 1. We must prove that holds for i = j.

We have assumed that holds for i = j — 1. In other words, we have

flmaz---aj_1) = f(m) f (a2) -+ f (aj-1) -

But a, is coprime to a; for every u € {1,2,...,j—1} Hence, Corollary
(applied to n = j—1, ¢, = a, and m = a;) shows that aja---a;_; is
coprime to a;. Therefore, (applied to m = ajaz - - -a;_1 and n = a;) yields
f(maz---aj1)aj) = f(maz---ai4) f(a))

[\ J/

=f(a1)f(a2)-f(a;-1)
= (f(a1) f(a2) -~ f(aj-1)) f (a;) = f (1) f (a2) -~ f (a)).

Comparing this with f ((a1az - - - aj_1) aj) = f (a1a2 - - - a;), we obtain f (aya - - - aj) =

f(a1) f (a2)--- f (aj). In other words, (27) holds for i = j. Thus, the induction

step is complete, and so (27) is proven.
Now, we can apply (27) to i = k. As a result, we obtain f (ayay---a;) =

f(aq) f (a2) - - - f (ax). This proves Proposition O

Let us restate Proposition [2.7.2|in a more convenient form before we come to
the proof of Proposition 2.7.1}

Corollary 2.7.3. Let f : N, — C be a multiplicative function. Let S be a finite
set. Let m; be a positive integer for each s € S. Assume that the integers i,
and m; are coprime whenever s and t are two distinct elements of S. Then,

f (Hm5> :Hf(”%)
seS seS

Proof of Corollary Let (s1,5p,...,sk) be a list of all elements of S (with each
element appearing exactly once in the list). Then, [] ms = ms ms, - --mg_and

Slgsf(ms) — f(mg,) f (ms,) - - f (ms,). s€8

Also, if i and j are two distinct elements of {1,2,...,k}, then the integers
and ms; are Coprimelﬂ In other words, ms,, ms,,..., ms are pairwise coprime

k

k

22Proof. Let u € {1,2,...,j—1}. Thus, u is an integer satisfying 1 < u < j—1. Now, 1 < u <
j—1<j<k(sincej€ {0,1,...,k}). Therefore, (applied to v = j) shows that ay is
coprime to 4;. Qed.

23Proof. Let i and j be two distinct elements of {1,2,...,k}.
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integers. Hence, Proposition (applied to a; = my,) yields

f (m51m52 T msk) =f (ms1)f (msz) o 'f(msk)'
Thus,

f Hms :f(mslmsz ’ "mSk) :f(m51)f(m52) e 'f(msk) = Hf(ms)

s€eS s€S
~——
:mslm52...msk
This proves Corollary O
Proof of Proposition The prime factorizationof nisn = [ p%( = T[] s
pEPFn sePFn

(here, we renamed the index p as s in the product). Clearly, s%(") is a positive

integer for each s € PFn. Furthermore, the integers s%(") and t*(") are coprime
whenever s and t are two distinct elements of PFn EL Hence, Corollary
(applied to S = PFn and ms = s0s(n)) yields

f (Selgn Svs(n)) = Sel;ﬂf (svs(”)> _ pel;llznf <pvp(n))

(here, we renamed the index s as p in the product). Thus,

f n = f ( Svs(”)> - f pvp(”) _
_ 1?,:215(}4) 561;113:11 pgn < >
s€PFn

This proves Proposition O

The list (s1,2,.-.,5¢) contains no element more than once (because of its definition). In
other words, the elements sq,sy, ..., s, are pairwise distinct. Hence, s; # S (since i # j). In
other words, the elements s; and sj are distinct.

But the integers m; and m; are coprime whenever s and t are two distinct elements of S.
Applying this to s = s; and { = s;, we conclude that the integers s, and m;; are coprime
(since s; and s; are distinct). Qed.

24proof. Let s and t be two distinct elements of PF . We must prove that the integers s%(") and
t2:(") are coprime.

All elements of PF n are primes. Hence, s is a prime (since s is an element of PF 7). Similarly,
t is a prime. Hence, s and t are two distinct primes (since s and t are distinct). Thus, Corollary
(b) (applied to vs (1) and v; (1) instead of n and m) yields that the integers s%(") and
21" are coprime. Qed.
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2.8. Pointwise products

Let us briefly discuss a much simpler way to “multiply” two arithmetic functions
than Dirichlet convolution: the pointwise product.

Definition 2.8.1. Let f : N, — C and g : Ny — C be two arithmetic func-
tions. We define a new arithmetic function f - ¢ : N, — C by

(f-8)(n) = f(n)g(n) for every n € N .

This new function f - g is called the pointwise product of f and g.

We have the following (much simpler) analogue of Theorem [2.3.4;

Theorem 2.8.2. (a) We have 1- f = f -1 = f for every arithmetic function f.
(b) We have f - (g-h) = (f - g) - h for every three arithmetic functions f, g
and h.
(c) We have f - ¢ = g f for every two arithmetic functions f and g.

Proof of Theorem (c) Let f and g be two arithmetic functions. Let n € IN..
The definition of f - g yields (f-g) (n) = f(n)g(n) = g(n) f (n). But the def-
inition of g - f yields (g- f) (n) = g(n) f (n). Comparing these two equalities,
we obtain (") (n) = (3 f) (1),

Now, forget that we fixed n. We thus have shown that (f - g) (n) = (g f) (n)
for each n € IN. In other words, f - ¢ = ¢ - f. This proves Theorem (0).

(@) Let f be an arithmetic function. Every n € IN_ satisfies

(L-f)(n) = 1(n) -f (n) (by the definition of 1 - f)
~—~—
(by the Eéﬁnition
of 1)
=f(n)
In other words, 1- f = f. But Theorem (c) (applied to g = 1) yields

f-1=1-f.Thus, f-1=1-f = f. This proves Theorem 2.8.2) (a).
(b) Let f, g and & be three arithmetic functions. Let n € IN,.. The definition of
(f -g) - hyields
((f-8)-h)(n)= (f-g)(n) h(n)=f(n)g(n)h(n).
=f(n)g(n)
(by the definition
of f-8)

But the definition of f - (g - h) yields
(f-(g-m)(m)=f(n)- (g-h)(n) =f(n)gn)h(n).

=g(n)h(n)
(by the definition
of g-h)
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Comparing these two equalities, we obtain (f - (g-h)) (n) = ((f-g) - h) (n).
Now, forget that we fixed n. We thus have proven that (f-(g-h))(n) =

((f-g)-h)(n) for every n € N4. In other words, f-(g-h) = (f-g) - h. This

proves Theorem (b). O

We also get the following essentially obvious analogue of Theorem [2.6.1}

Theorem 2.8.3. Let f and g be two multiplicative arithmetic functions. Then,
the arithmetic function f - g is also multiplicative.

Theorem is just Proposition (a) with different notations, but let us
prove it again:

Proof of Theorem The function f is multiplicative. In other words, it satisfies
f(1) =1, and

f (mn) = f(m)f (n) for any two coprime m € N, and n € INy.  (28)
The function g is multiplicative. In other words, it satisfies ¢ (1) = 1, and

g (mn) =g (m)g(n) for any two coprime m € Ny and n € INy.  (29)
The definition of f - g yields

(F8) (1) = f(Dg)=1.
=1 =1

Now, we want to prove that f - ¢ is multiplicative. In order to do so, we need
to verify that (f - g) (1) =1 and that

(f-&) (mn) = (f-g)(m)-(f-g)(n) (30)
for any two coprime m € Ny and n € IN;. Since (f-g) (1) = 1 is already
proven, it thus only remains to prove (30).

Solet m € N and n € N be coprime. We need to prove (30).
The definition of f - g yields
(f-8) (mn) = f(mn) ¢(mn) = f(m)f(n)g(m)g(n).
e —

-

=f(m) f(n) =g(m)g(n)
(by @) (by @)

Comparing this with

(f-g)(m) - (f-8)(n) = f(m)g(m)fn)gn)
~— ~—
=f(m)g(m) =f(n)g(n)
(by the definition of f-g) (by the definition of f-g)
= f(m)f(n)g(m)g(n),
we obtain (f - g) (mn) = (f-g) (m) - (f -g) (n). Thus, is proven. As we have
said, this completes the proof of Theorem [2.8.3| O
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2.9. Lowest common multiples

Let us next define yet another way of multiplying two arithmetic functions, the
so-called Icm convolution. We begin by introducing lowest common multiples of
two positive integers:

Definition 2.9.1. Let a be an integer. A multiple of a means an integer that is
divisible by a.

For instance, 12 is a multiple of 3, since 3 | 12.

Definition 2.9.2. Let b and ¢ be two integers. A common multiple of b and c
means an integer that is both a multiple of b and a multiple of c.

For example, 12 is a common multiple of 4 and 6, since 4 | 12 and 6 | 12.

Proposition 2.9.3. Let b and ¢ be two positive integers. Then, there exists a
smallest positive common multiple of b and c. (In other words, the set of all
positive common multiples of b and c has a smallest element.)

Proof of Proposition[2.9.3) We know that b and ¢ are positive integers. Hence,
their product bc is a positive integer as well. Moreover, this positive integer bc is
clearly a multiple of b (since b | bc) and a multiple of ¢ (since ¢ | bc); thus, it is a
common multiple of b and c. Hence, bc is a positive common multiple of b and
c. Therefore, the set of all positive common multiples of b and c has at least one
element (namely, the element bc). Thus, this set is nonempty. Therefore, this set
is a nonempty set of positive integers.

But it is well-known that any nonempty set of positive integers has a mini-
mum element. Hence, the set of all positive common multiples of b and c has
a minimum element (because this set is a nonempty set of positive integers). In
other words, there exists a smallest positive common multiple of b and c. O

Definition 2.9.4. Let b and ¢ be two positive integers. Then, lem (b, ¢) is de-
tined to be the smallest positive common multiple of b and c. (This is well-
defined, because Proposition shows that there exists a smallest positive
common multiple of b and c.)

This number lem (b, ¢) is called the lowest common multiple of b and c or the
least common multiple of b and c or, briefly, the lcm of b and c. Clearly, it satisfies
lem (b, ¢) =1lem (¢,b) and b | lem (b, ¢) and ¢ | lem (b, ¢). Notice that lem (b, ¢)
is a positive integer (by its definition).

We have been slightly lazy here and only defined the lowest common multiple
of two positive integers. We could extend this definition to two arbitrary inte-
gers, or even to several integers. But we will not need this generality in what
follows.
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Older books such as [NiZuMo91] often denote the lcm of two integers b and ¢
by [b, ¢] (rather than by lem (b, ¢) as we do).

The most important property of lems is the following fact, which is in a sense
a mirror image of Proposition

Proposition 2.9.5. Let b and ¢ be two positive integers. Let a be an integer
such that b | 2 and c | a. Then, lem (b, ¢) | a.

In words, Proposition says that any common multiple of two positive
integers must be divisible by the lcm of these two integers.

Proof of Proposition Let £ = lem (b, c). Then, ¢ is the smallest positive com-
mon multiple of b and c (by the definition of the lcm). Hence, ¢ is a positive
integer.

Let g and r be the quotient and the remainder obtained when dividing a by
¢. Thus, we have g € Z,r € {0,1,...,¢—1} and a = gq{ + r (by the definition
of division with remainder). From a = g¢ 4 r, we obtain a — g/ = r. From
re{0,1,...,0 —1},weobtainr >0andr < /¢ —1< /.

Wehave b | aand b | lem (b,c) = £ | —gf. In other words, the two integers a
and —g/ are both divisible by b. Hence, the sum a + (—g¥) of these two integers
must also be divisible by b (by Proposition[1.0.1} applied to b, a and —q/ instead
of a, u and v). In other words, b | a+ (—qf). In view of a + (—qf) =a—gl =,
this rewrites as b | r. The same argument (applied to ¢ instead of b) yields ¢ | r
(since ¢ | lem (b, c) = ¥).

Now, r is an integer that is both a multiple of b (since b | r) and a multiple of
¢ (since c | r). In other words, r is a common multiple of b and c.

Recall that / is the smallest positive common multiple of b and c. Hence, each
positive common multiple of b and ¢ must be > ¢. Thus, if r was positive, then r
would be > /¢ (because r is a common multiple of b and ¢, and therefore would be
a positive common multiple of b and c); but this would contradict » < ¢. Hence,
r cannot be positive. In other words, we must have r < 0. Combining this with
r > 0, we obtain r = 0. Thus, a = g/ t = gl. Now, lem (b,c) = ¢ | g = a.

=0
This proves Proposition [2.9.5 O

Corollary 2.9.6. Let b and ¢ be two positive integers. Let a be an integer. Then,
we have the logical equivalence

(b|aand c|a) < (lem(b,c) | a).

Proof of Corollary We have the logical implication

(lem (b,c) |a) = (b|aandc|a) (because if lem (b,¢) | a holds, then we
have b | lem (b,c) | a and ¢ | lem (b,¢) | a, and therefore (b | a and ¢ | a)). But
we also have the logical implication (b |aandc|a) = (lem(b,c) | a) (by
Proposition[2.9.5). Combining these two implications, we obtain the equivalence
(blaandc|a) <= (lem(b,c) | a). This proves Corollary 2.9.6] O
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The gcd and the lem of two positive integers b and ¢ are connected by the
equality ged (b, c) - lem (b, c) = bc (see, for example, [NiZuMo91, Theorem 1.13]
or [Conradl9, Theorem 7]). We will not have any use for this connection, how-
ever. Most texts on number theory study the lcm as an afterthought of the ged;
however, as Keith Conrad shows in [Conrad19, Theorem 7], it is actually easier
to build up the theory of gcds and lcms (of two positive integers) by starting
with lems first.

For future use, let us state a trivial property of lcms:

Lemma 2.9.7. Let n € IN;. Then, the set {(d,e) € N x N | lem(d,e) =n}
is finite.
Proof of Lemma2.9.7} 1If (d,e) € Ny x IN, satisfies lem (d,e) = n, then (d,e) €
{1,2,...,n}? % other words, the set {(d,e) € N;. x N | lem (d,e) =n}is
asubsetof {1,2,...,n}2. Therefore, this set {(d,e) € N, x N | lem (d,¢) = n}
is finite (since the set {1,2,..., n}2 is finite). This proves Lemma O

2.10. Lcm-convolution

We can now define another way of “multiplying” two arithmetic functions:

Definition 2.10.1. Let f : N, — C and ¢ : N — C be two arithmetic
functions. We define a new arithmetic function f x ¢ : N, — C by

(f*g)(n) = Z f(d)g(e) for every n € IN4.
deINy; eeINy;
lem(d,e)=n

(This is well-defined, because the sum on the right hand side of this equality
is finite?®])

This new function f % g is called the lcm-convolution of f and g.

BProof. Let (d,e) € N4 x Ny be such that lem (d,e) = n. We must prove that (d,e) €
{1,2,...,n}%

We have (d,e) € Ny x INy; thus, d € N and e € IN... In other words, d and e are positive
integers. Also, 1 is a positive integer (since n € IN,); thus, n > 0. Now, d | lem (d,e) = n. In
other words, there exists an integer z such that n = dz. Consider this z. If we had z < 0, then
we would have n = d \z/ < d0 (since d is positive), which would contradict n > 0 = d0.

<0
Thus, we cannot have z < 0. Hence, we have z > 0. Thus, z > 1 (since z is an integer). Now,
n= d\z/_/ > d1 (since d is positive), so that n > d1 = d. In other words, d < n. Hence, d €
>1
{1,2,...,n} (since d is a positive integer). Similarly, e € {1,2,...,n} (since e | lem (d,e) = n).
Combining d € {1,2,...,n} withe € {1,2,...,n}, we find (d,e) € {1,2,...,71}2. Qed.

26Proof. Let n € IN+. We must prove that the sum Y f (d) g (e) is finite. In other words,
d€N+; €€N+;
lem(d,e)=n

we must prove that there are only finitely many pairs (d,e) € IN; x N, such thatlem (d,e) =
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Example 2.10.2. Let f : Ny — C and g : N4 — C be two arithmetic functions.
Then,

Fre) M= ¥ fdgle)=Ff(1)g);
A

fFe)(p)= )  fldgle)
deN+,’ €€N+,’
lem(d,e)=p

=fMgp)+f(p)g)+f(p)g(p) for any prime p;
(fxg)6)= ),  f(d)gl(e)

deINy; eeINy;
lem(d,e)=6

=f(1)g6)+1(2)gB)+f(2)g(6) +f(3)g(2) + f
+f(6)g(1)+f(6)g(2)+f(6)g(3)+f(6)g(

The operation * on the set of arithmetic functions appears in [Lehmer31, The-
orem 1] (where f x g is denoted by /) and in [Ioth14, §4.4] (where this operation
* is denoted by @, and generalized to functions of r arguments). It is also known
as the Lehmer convolution (or Lehmer product) or von Sterneck convolution. We shall
prove the following of its properties (analogues of Theorems [2.3.4] and 2.6.1}
respectively):

Theorem 2.10.3. (a) We have e x f = f x & = f for every arithmetic function f.
(b) We have f % (g% h) = (f xg) *x h for every three arithmetic functions f,
g and h.
(c) We have f x g = g * f for every two arithmetic functions f and g.

Theorem 2.10.4. Let f and g be two multiplicative arithmetic functions. Then,
the arithmetic function f % g is also multiplicative.

The proofs will rely on the following result of von Sterneck and Lehmer
(see, e.g., [Lehmer31, Theorem 1]), which connects the lcm-convolution with
the pointwise product and the Dirichlet convolution:

Theorem 2.10.5. Let f : N; — Cand g : N+ — C be two arithmetic functions.
Then,
Lr(fxg) = 1xf) (1%g).

Proof of Theorem 2.10.5| Define three arithmetic functions F, G and H by
F=1xf, G=1xg and H=1%(f*g).

n. In other words, we must prove that the set {(d,e) € Ny x N} | lem (d,e) = n} is finite.
But this follows immediately from Lemma Qed.
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Letn € Ny. Then, H =1 (f*g) = (f xg) 1 (by Theorem (c), applied
to 1l and f * g instead of f and g). Applying both sides of this equality to n, we
obtain

H(n) = ((f*g)*1) (n)

=Y (fFo@  1(5) (by the definition of (f%g) 1)
d|n ——
(by the deﬁrllition of 1)

=) . (f*g)(d) = ) (f*8) (5)

d|n s|n ~—
~— = L f(d)g(e)
= Y deN4; eeINg;
s is a positive lem(d,e)=s B
divisor of n  (by the definition of f%g)
(by Definition [2.1.3)

(here, we have renamed the summation index d as s)

= L Y. fd)gle)

s is a positive de€IN,; e€IN;;
divisor of n lem(d,e)=s

. 7
-~

)y
d€N+,' €€N+;
lem(d,e) is a positive
divisor of n

= Y fdg(e). (31)
d€N+; €€N+;
lem(d,e) is a positive
divisor of n

Now, let 4 € IN; and e € IN be arbitrary. Then, d and e are two positive
integers. Hence, Corollary (applied to d, e and n instead of b, ¢ and a)
shows that we have the logical equivalence

(d|nande|n) < (lem(d,e) | n). (32)
Also, lem (d, e) is positive (by the definition of lem (d, e)). Thus, lem (d, e) is a
positive divisor of n if and only if lem (d, e) is a divisor of n. Hence, we have the

following chain of logical equivalences:

(Iem (d, e) is a positive divisor of 1)
<= (lem (d,e) is a divisor of n) <= (lem (d,e) | n)
<= (d|nande|n) (by (32)) .

Now, forget that we fixed d and e. We thus have proven the logical equivalence
(lem (d, e) is a positive divisor of n) <= (d |nande | n)

for every d € IN; and e € IN;. Hence, we have the following equality of
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summation signs:

- ¥ - ¥ Yy -Lx

deN+,’ €€N+,’ deN+,’ EEN+,’ d€N+ €€N+ d‘?’l 6‘7’1
lem(d,e) is a positive d|n and e|n dln eln
divisor of n N—— N——"
= L = B
d is a positive e is a positive
divisor of n divisor of n
dln eln

(by Definition [2.1.3) (by Definition [2.1.3)

Thus, becomes
H(n) = ). f(d)gle)=), ) f(d)g(e). (33)

deNy; eeINy; dln e|n
lem(d,e) is a positive
divisor of n
=L L

dln eln

On the other hand, F = 1« f = f 1 (by Theorem [2.3.4(c), applied to 1 and f
instead of f and g). Applying both sides of this equahty to n, we obtain

F(n)=(fx1)(n)=)_f(d 1 (g) (by the definition of f * 1)
d|n ———
(by the deﬁrlﬁtion of 1)
=) f(d). (34)

dn

The same argument (applied to G and g instead of F and f) yields G (n) =

Y. g (d). Hence,
d|n

= ng(d) =Y g(e) (35)

eln

(here, we have renamed the summation index d as e¢). Now, the definition of

F - G yields
(F-G)(n)= Fln) G (%f ) (;m)
—d%qf(d) —Zg( )

oy B Gy G
Sy VSl =Hm)  (by @).

dn eln

Now, forget that we fixed n. We thus have proven that (F - G) (n) = H (n) for
each n € N;. In other words, F- G = H.
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Comparing this with F - G = (1 f)-(1%g), we obtain

=lxf =1xg
(Ixf)-(xg) = H=1x(f*g).
This proves Theorem [2.10.5 O

An easy consequence of Theorem [2.10.5|and Proposition we now obtain
the following:

Corollary 2.10.6. Let f : N — C and g : N; — C be two arithmetic func-
tions. Then,

frg=pux((Axf)-(1xg)).

Proof of Corollary[2.10.6] Define an arithmetic function H by H = 1« (f *g).
Then,

H=1x(f¥g)=(1f)-(1xg) (by Theorem 103).

Also, H = 1% (f*g) = (f ¥¢) 1 (by Theorem (c), applied to 1 and f* g
instead of f and g).

But Proposition (applied to f * ¢ and H instead of f and F) yields that
we have the following logical equivalence:

(H=(fxg)x1l) < (f*xg=puxH).

Hence, we have f * ¢ = yx H (since we have H = (f * g) % 1). Thus,

freg=ux H = =pux(Axf) (1xg)).
=(1xf)- (1)

This proves Corollary [2.10.6 O
We also have the following simple corollary of Proposition m

Corollary 2.10.7. Let f : N, — C and g : N+ — C be two arithmetic functions
such that 1 x f =1xg. Then, f = g.

Proof of Corollary|2.10.7} Define an arithmetic function F by F = 1 f. Thus,
F=1xf = f«%1 (by Theorem (c), applied to 1 and f instead of f and g).
But Proposition yields that we have the following logical equivalence:

(F=f*1) < (f=pxF).

Hence, we have f = y x F (since F = f % 1).

65



18.781 (Spring 2016): floor and arithmetic functions January 22, 2021

On the other hand, F = 1x f = 1x¢ = ¢+ 1 (by Theorem (), applied
to 1 and g instead of f and g). But Proposition (applied to g instead of f)
yields that we have the following logical equivalence:

(F=gx*1) < (g=uxF).

Hence, we have ¢ = yu % F (since F = g« 1).
Comparing f = pu % F with ¢ = u % F, we obtain f = g. This proves Corollary
O

Now, proving Theorem [2.10.3|and Theorem [2.10.4|is a child’s play:

Proof of Theorem|2.10.3| (c) Let f and g be two arithmetic functions. Then, Theo-
rem[2.8.2)(c) (applied to 1+ f and 1 x g instead of f and g) yields (1% f)- (1xg) =
(1xg)- (1 f). But Corollary[2.10.6| (applied to g and f instead of f and g) yields

gxf=px((1*g) (1xf)). (36)
On the other hand, Corollary yields

frg=pux((Lxf)-(Axg)) =pux((1xg) - (Lxf))=g*f (by (39)) -

. J/

—(1xg)-(1%f)

This proves Theorem (c).

(@) Let f be an arithmetic function. Theorem (a) (applied to 1 instead of
f) yields ex1 = 1x¢ = 1. Theorem (@) (applied to 1 « f instead of f) yields
1- (1 f) = (1xf) 1= 1.

Now, Theorem (applied to g = ¢) yields

Lx(f%e) = (1xf) (1x€) = (1xf) 1 =1,

=1
Hence, Corollary[2.10.7)(applied to f ¥ and f instead of f and g) yields f %e = f.
But Theorem (c) (applied to g = ¢) yields fxe = ¢* f. Hence, ¢ * f =
f ¥e = f. This proves Theorem (a).
(b) Let f, ¢ and h be three arithmetic functions. Theorem (applied to
g x h instead of g) yields

Ix(fx(gxh)) = (1Lxf)- (Lx (g% h)) =A% f)-((Axg)-(Axh))

—(1xg)-(Lh)
(by Theorem
applied to g and / instead of f and g)

= (@Lxf)-(1xg))-(1xh)

(by Theorem [2.8.2)(b) (applied to 1 f, 1x ¢ and 1 « h instead of f, ¢ and h)). On
the other hand, Theorem (applied to f* ¢ and / instead of f and g) yields
1x((fFrg)*h) = (Ax(fxg)) -(Axh) = ((Axf)-(1xg)) - (Lxh).

—

N—

=(1xf)-(1xg)
(by Theorem
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Comparing these two equalities, we obtain 1% (f*(g*h)) = 1% ((f*g)*h).

Hence, Corollary (applied to f* (¢* h) and (f ¥ g) * h instead of f and g)
yields f % (g% h) = (f *g) * h. This proves Theorem [2.10.3| (b). O

Proof of Theorem 2.10.4, The function 1 is multiplicative (by Theorem (0)).
Also, the function y is multiplicative (by Theorem (f)). Now, the functions
1 and f are multiplicative. Hence, Theorem (applied to 1 and f instead of
f and g) yields that the arithmetic function 1 x f is also multiplicative. The same
argument (applied to g instead of f) yields that the arithmetic function 1« g is
also multiplicative. Hence, Theorem (applied to 1 x f and 1+ g instead of f
and g) yields that the arithmetic function (1 f) - (1% g) is also multiplicative.

Now, the arithmetic functions p and (1 * f) - (1 x ) are multiplicative. Hence,
Theorem (applied to p and (1 f) - (1xg) instead of f and g) yields that
the arithmetic function px ((1 % f) - (1 xg)) is also multiplicative.

But Corollary yields that f *¢ = u* ((1x f) - (1x¢)). Hence, the arith-
metic function f x g is multiplicative (since we know that the arithmetic function

px ((L*f)-(1xg)) is multiplicative). This proves Theorem [2.10.4 O

3. Appendix: a proof of Bézout’s identity

Let me finally give a proof of Theorem which was used several times
above. Proofs of this theorem abound in the literature; yet I have never seen the
following proof written up. I believe that this proof has the advantage of being
constructive (unlike the proof in [NiZuMo91, proof of Theorem 1.3], which starts
out by choosing the least positive integer in a potentially infinite set) and yet not
too messy (unlike some proofs using the extended Euclidean algorithm). Of
course, all the standard proofs of Theorem are “essentially the same”, in
the sense that they offer different points of view on one and the same idea (viz.,
that of the Euclidean algorithm).
We first prepare for our proof by showing some simple lemmas:

| Lemma 3.0.1. Let b and ¢ be two integers. Then, ged (b, c) = ged (¢, b).

Proof of Lemma If (b,c) = (0,0), then Lemma is obvious. Hence, for
the rest of this proof, we WLOG assume that (b,c) # (0,0). Thus, (¢, b) #
(0,0). Hence, ged (¢, b) is the greatest of all common divisors of ¢ and b (by the
definition of gcd (c,b)). In other words, ged (¢, b) is the greatest of all common
divisors of b and c (since the common divisors of ¢ and b are the same as the
common divisors of b and c). On the other hand, gcd (b, c) is the greatest of
all common divisors of b and ¢ (by the definition of gcd (b, c)). Hence, the two
numbers ged (¢, b) and ged (b, ¢) have been characterized in precisely the same
way (namely, as the greatest of all common divisors of b and c). Therefore, these
two numbers are equal. In other words, gecd (b,¢) = gcd (¢, b). This proves
Lemma 3.0.11 O
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Lemma 3.0.2. Let b and ¢ be two integers. Then:
(a) We have ged (b, c) = ged (—b,¢).
(b) We have gcd (b, c) = ged (b, —¢).
(c) We have ged (b,¢) = ged (|b], |c]).

Proof of Lemma If (b,c) = (0,0), then Lemma is obvious. Hence, for
the rest of this proof, we WLOG assume that (b,c) # (0,0).
(a) We make the following two observations:

Observation 1: Every common divisor of b and ¢ is a common divisor
of —b and c.

Proof of Observation 1. Let d be a common divisor of b and c. We must prove that
d is a common divisor of —b and c.

We know that d is a common divisor of b and ¢; hence, d | b and d | c. Now,
d|b|(—1)b= —b. So we know that d divides the two integers —b and ¢ (since
d| —band d | c). Hence, d is a common divisor of —b and c. This completes the
proof of Observation 1. O

Observation 2: Every common divisor of —b and c is a common divisor
of b and c.

Proof of Observation 2. Observation 1 (applied to —b instead of b) shows that ev-
ery common divisor of —b and c is a common divisor of — (—b) and c. In other
words, every common divisor of —b and c is a common divisor of b and ¢ (since
— (—b) = b). This proves Observation 2. O

Combining Observation 1 with Observation 2, we conclude that the common
divisors of b and c are the same as the common divisors of —b and c.

Now, (—b,c) # (0,0) (since (b,c) # (0,0)). Hence, gcd (—b, c) is the greatest
of all common divisors of —b and c (by the definition of ged (—b,c)). In other
words, gcd (—b,¢) is the greatest of all common divisors of b and ¢ (since the
common divisors of b and c are the same as the common divisors of —b and c).
On the other hand, gcd (b, c) is the greatest of all common divisors of b and ¢ (by
the definition of ged (b,c)). Hence, the two numbers ged (—b,¢) and ged (b, c)
have been characterized in precisely the same way (namely, as the greatest of all
common divisors of b and c). Therefore, these two numbers are equal. In other
words, ged (—b,¢) = ged (b, ¢). This proves Lemma (a).

(b) Lemma (b) can be proven in the same way as Lemma (@) (but
now we must use the fact that the divisors of ¢ are the same as the divisors of
—0).
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[An alternative proof of Lemma (b) proceeds as follows: We have

ged (b,c) = ged (¢, b) (by Lemma
— gcd (—c,b) by Lemma. (a), applied to
c and b instead of b and ¢

—c and b instead of b and ¢

= gcd (b, —c) ( by Lemma applied to ) ;

thus, Lemma (b) is proven.]

(c) Lemma (c) can be proven in the same way as Lemma (@) (but
now we must use the fact that the divisors of b are the same as the divisors of
|b|, and that the divisors of c are the same as the divisors of |c|).

[Here is an alternative proof of Lemma (c): Using Lemma (a), we can
find that ged (|b],¢) = ged (b,c) P} Using Lemma (b), we can find that
ged (bl |c]) = ged (|b],¢) [P Hence, ged (Jb],[c]) = ged (Jb], ¢) = ged (b,c).
This proves Lemma (c).] O

Lemma 3.0.3. Let b, ¢ and u be three integers. Then:
(@) We have ged (b, ¢) = ged (b + uc, c).
(b) We have gcd (b, ¢) = ged (b, ub+c).

Proof of Lemma[3.0.3} If (b,c) = (0,0), then Lemma is obvious (because if
(b,c) = (0,0), then all four integers b, ¢, b + uc and ub + c are 0). Hence, for the
rest of this proof, we WLOG assume that (b,c¢) # (0,0).

(a) We make the following two observations:

Observation 1: Every common divisor of b + uc and ¢ is a common
divisor of b and c.

Proof of Observation 1. Let d be a common divisor of b 4 uc and c. We must prove
that 4 is a common divisor of b and c.

We know that d is a common divisor of b + uc and ¢; hence, d | b+ uc and
d|c. Now,d |c| —uc. Sowe know that d divides the two integers b + uc and

27Proof. We must prove that ged (|b|,c) = ged (b, ¢). If |b| = b, then this is obvious. Hence, for
the rest of this proof, we WLOG assume that |b| # b.

Clearly, |b| is either b or —b. Thus, |b| = —b (since |b| # b). Hence, gcd ( b] ,C) =
—~

b
ged (—b,c) = ged (b, ¢) (by Lemma 3.0.2] (a)), qed.
2Proof. We must prove that ged (|b|, |c]) = ged (|b],¢). If |c| = ¢, then this is obvious. Hence,
for the rest of this proof, we WLOG assume that |c| # c.
Clearly, |c| is either c or —c. Thus, |c| = —c (since |c| # c).
But Lemma (b) (applied to |b| instead of b) yields ged (|b|,c) = ged (|b], —c). Com-

pared with ged | |b], |c| | = ged (|b], —c), this yields ged (|b], |c|) = ged (|b],¢), qed.
—~

=—c
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—uc (since d | b+ uc and d | —uc). Hence, d must also divide the sum of these
two integers. In other words, we have d | (b + uc) + (—uc) = b. Now, d divides
both b and ¢ (since d | b and d | ¢). Hence, d is a common divisor of b and c. This
completes the proof of Observation 1. O

Observation 2: Every common divisor of b and c is a common divisor
of b+ uc and c.

Proof of Observation 2. Let d be a common divisor of b and c. We must prove that
d is a common divisor of b + uc and c.

We know that d is a common divisor of b and ¢; hence, d | b and d | c. Now,
d | c | uc. So we know that d divides the two integers b and uc (since d | b
and d | uc). Hence, d must also divide the sum of these two integers. In other
words, we have d | b+ uc. Now, d divides both b + uc and ¢ (since d | b + uc and
d | ¢). Hence, d is a common divisor of b 4 uc and c. This completes the proof of
Observation 2. n

Combining Observation 1 with Observation 2, we conclude that the common
divisors of b + uc and c are the same as the common divisors of b and c.

But (b + uc,c) # (0,0) Hence, ged (b + uc, c) is the greatest of all com-
mon divisors of b + uc and c (by the definition of ged (b + uc, ¢)). In other words,
ged (b + uc, c) is the greatest of all common divisors of b and ¢ (since the com-
mon divisors of b 4 uc and c are the same as the common divisors of b and c).
On the other hand, ged (b, c) is the greatest of all common divisors of b and ¢ (by
the definition of ged (b, ¢)). Hence, the two numbers ged (b + uc, ¢) and ged (b, ¢)
have been characterized in precisely the same way (namely, as the greatest of all
common divisors of b and c). Therefore, these two numbers are equal. In other
words, ged (b + uc,c) = ged (b, ¢). This proves Lemma (a).

(b) One way to prove Lemma (b) is by arguing similarly to how we
argued in our proof of Lemma (a). Let us, however, proceed differently:
We have

ged (b, c) = ged (¢, b) (by Lemma [3.0.1))
_ by Lemma (a), applied to c and b
= ged ﬁfib/ b ( instead of b and ¢
=ub+c
=gecd (ub+¢,b)
B by Lemma applied to
= ged (bub+c) ( ub+cand b instead of band ¢ /-

Thus, Lemma (b) is proven. O

2 Proof. Assume the contrary (for the sake of contradiction). Thus, (b+ uc,c) = (0,0). Hence,
b+uc=0and c =0. Now, 0 =b+u ¢ = b, sothat b = 0. Combined with ¢ = 0,
=0
this yields (b,c) = (0,0), which contradicts (b,c) # (0,0). This contradiction shows that our
assumption was false, qed.
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Lemma 3.0.4. Let a € IN.
(a) We have gcd (a,0) = a.
(b) We have gcd (0,4) = a.

Proof of Lemma (a) We have ged (0,0) = 0. In other words, Lemma (@)
holds for a = 0. Thus, for the rest of the proof of Lemma (a), we can WLOG
assume that a # 0. Assume this. Thus, a is a positive integer (since 2 € IN and
a # 0). Hence, every divisor of a is < a. Thus, the greatest of all divisors of a is
a itself (since a itself is a divisor of a).

We make the following two observations:

Observation 1: Every divisor of a is a common divisor of a and 0.

Proof of Observation 1. Let d be a divisor of a. We must prove that d is a common
divisor of a4 and 0.

We have d | a (since d is a divisor of a) and d | 0 (obviously). Thus, d divides
both a and 0. Hence, d is a common divisor of a and 0. This completes the proof
of Observation 1. O

Observation 2: Every common divisor of a2 and 0 is a divisor of a.

Proof of Observation 2. Observation 2 is obvious. O

Combining Observation 1 with Observation 2, we see that the common divi-
sors of a and 0 are the same as the divisors of a.

We have (a,0) # (0,0) (since a # 0). Thus, gecd (a,0) is the greatest of all
common divisors of 4 and 0 (by the definition of gcd (4,0)). In other words,
gcd (a,0) is the greatest of all divisors of a (since the common divisors of a and
0 are the same as the divisors of a). In other words, ged (a,0) is a (since the
greatest of all divisors of a is a). This proves Lemma (a).

(b) We could prove Lemma (b) similarly how we proved Lemma [3.0.4]
(a). But we can just as easily derive Lemma (b) from Lemma (@): We
have

by Lemma -3.0.1, applied to 0 and a
ged (0,2) = ged (4,0) ( g instead ofpgand c )

=a (by Lemma @)).
This proves Lemma (b). O

Now, we prove the (trivial) particular case of Theorem when b and c are
nonnegative integers one of which is 0:

Lemma 3.0.5. Let b € IN and ¢ € IN be such that either b = 0 or ¢ = 0 (or
both). Then, there exist integers x and y such that ged (b, c) = bx + cy.
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Proof of Lemma We have either b = 0 or ¢ = 0. Thus, we are in one of the
following two cases:

Case 1: We have b = 0.

Case 2: We have ¢ = 0.

Let us first consider Case 1. In this case, we have b = 0. Thus, gcd ( b, c) =
=0
ged (0,¢) = ¢ (by Lemma (b), applied to a = c). Compared with b0 + c1 =
cl = ¢, this yields gcd (b, c) = b0 + c1. Hence, there exist integers x and y such
that ged (b, c) = bx + cy (namely, x = 0 and y = 1). Thus, Lemma is proven
in Case 1.

Let us now consider Case 2. In this case, we have ¢ = 0. Thus, gcd | b, | =
=0
gcd (b,0) = b (by Lemma (a), applied to a2 = b). Compared with b1 + c0 =
bl = b, this yields ged (b, ¢) = bl + c0. Hence, there exist integers x and y such
that ged (b, ¢) = bx + cy (namely, x = 1 and y = 0). Thus, Lemma[3.0.5|is proven
in Case 2.
Hence, Lemma is proven in each of the two Cases 1 and 2. Thus, Lemma

3.0.5| always holds. O]
y

Next, we prove the particular case of Theorem when b and c are nonneg-
ative:

Lemma 3.0.6. Let b € IN and ¢ € IN. Then, there exist integers x and y such
that ged (b, ¢) = bx + cy.

Proof of Lemma We shall prove Lemma by strong induction on b + c:
Let N € IN. Assume that Lemma holds in the case when b + ¢ < N. We
must prove that Lemma holds in the case when b + ¢ = N.
We have assumed that Lemma holds in the case when b+ ¢ < N. In
other words, the following holds:

Observation 1: If b € IN and ¢ € IN satisfy b + c < N, then there exist
integers x and y such that ged (b,¢) = bx + cy.

Let now b € IN and ¢ € IN be such that b + c = N. We are going to show that
there exist integers x and y such that ged (b, c) = bx + cy. (37)

If we have either b = 0 or ¢ = 0 (or both), then is true (by Lemma [3.0.5).
Thus, for the rest of this proof of (37), we can WLOG assume that we have
neither b = 0 nor ¢ = 0. Assume this.

We have neither b = 0 nor ¢ = 0. In other words, we have b # 0 and ¢ # 0.
Thus, b > 0 (since b € IN and b # 0) and ¢ > 0 (since ¢ € IN and ¢ # 0). Now,
we are in one of the following two cases:
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Case 1: We have b < c.

Case 2: We have b > c.

Let us first consider Case 1. In this case, we have b < ¢. Thus, b < ¢, so
that c — b € IN. Moreover, ¢ = (c—b)+\b// > c—b,s0that c—b < c and

>0
thus b + (¢ —b) < b+ c = N. Therefore, we can apply Observation 1 to ¢ — b

——
<c
instead of c. As a result, we conclude that there exist integers x and y such that
ged (b,c —b) = bx + (c — b) y. Denote these x and y by xy and y. Hence, xy and
Yo are integers satisfying ged (b, c — b) = bxg + (¢ — b) yo.
Lemma (b) (applied to u = —1) yields

ged (b,c) =ged | b, (—1)b+c | =ged (b,c —b) = bxg+ (c —b) yo
b
=Cc—
= bxo + cyo — byg = b (x0 — yo) + cyo.

Thus, there exist integers x and y such that ged (b,¢) = bx + cy (namely, x =
xp — Yo and y = yp). Therefore, is proven in Case 1.

Let us now consider Case 2. In this case, we have b > ¢. Thus, b — ¢ € IN.
Moreover, b = (b—c)+ _c > b—c,sothat b —c < b and thus (b —c) +c <

:6/ ifb_/
b+ c¢ = N. Therefore, we can apply Observation 1 to b — ¢ instead of b. As a
result, we conclude that there exist integers x and y such that ged (b —c,c) =
(b — ¢) x 4 cy. Denote these x and y by xp and y. Hence, xg and yg are integers
satisfying gcd (b —¢,c) = (b — ¢) xo + cyo.

Lemma (a) (applied to u = —1) yields

ged (b,c) =ged | b+ (—1)c,c | =ged (b—c,c) = (b—c)xo+ cyo
b
=b—c
= bxog — cxo + cyo = bxog + ¢ (Yo — Xo) -

Thus, there exist integers x and y such that ged (b, ¢) = bx + cy (namely, x = xg
and y = yo — xp). Therefore, is proven in Case 2.

We have now proven (37) in each of the two Cases 1 and 2. Thus, always
holds (since Cases 1 and 2 cover all possibilities). So we have proven that there
exist integers x and y such that ged (b, c) = bx + cy.

Now, forget that we fixed b and c. We thus have shown that if b € IN and
c € N are such that b+ c = N, then there exist integers x and y such that
ged (b, c) = bx + cy. In other words, Lemma holds in the case when b +c =
N. This completes the induction step; thus, Lemma is proven by strong
induction. O
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Now, we can finally deliver the coup-de-grace to Theorem [1.2.2}

Proof of Theorem [1.2.2, We have |b| € IN and |c| € IN. Hence, Lemma (ap-
plied to |b| and |c| instead of b and c) yields that there exist integers x and y
such that ged (|b], |c|) = |b| x + |c|y. Denote these x and y by x( and yo. Hence,
xo and yo are integers satisfying gcd (|b], |c|) = |b| x0 + |c| yo.

But || is either b or —b. In either case, |b| is divisible by b (since both b and
—Db are divisible by b). Hence, there exists a f € Z such that |b| = Bb. Similarly,
there exists a v € Z such that |c| = yc. Consider these  and . Now, Lemma

(c) yields

ged (b, c) = ged ([b], [c[) = |b] xo+ |c| yo= Pbxg + 7ycyo =b(Bxo)+c(vyo)-
—~— —~— —~ =~

—Bb =yc =b(Bxg)  =c(vyo)

Hence, there exist integers x and y such that ged (b,c) = bx 4 cy (namely, x =
Bxg and y = yo). This proves Theorem [1.2.2 O
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