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Chapter 1

Fundamental Theorem of Arithmetic

1.1 The Division Algorithm

Let Z = {0,£1,£2,...} denote the set of integers, and N = {1,2,...} denote the set
of natural numbers or positive integers. The least integer axiom, or the well-ordering

principle, states that there is a smallest integer in every non-empty subset of N.

We recall the division algorithm (Theorem 1.1). One should have seen a proof of this

result numerous times so we shall omit it.

Theorem 1.1 (division algorithm). Let a,b € Z such that b > 0. Then, there exist

unique integers ¢ and r such that
a=bg+r where(0<r<hb.

Here, ¢ is the quotient and r is the remainder.

When r» = 0 in Theorem 1.1, we have a = bq and we say that b divides a and we write
b|a. When r > 0, we say that b does not divide a and we write bt a. If b | a, we say
that b is a divisor of a and that a is a multiple of b. From here, we say that a positive

integer is a prime if it has exactly two divisors, namely 1 and itself.

We now state some elementary properties of divisibility.

Theorem 1.2. Let a, b, d, m,n be non-zero integers. Then, the following statements

hold:
(i) For every non-zero integer k, k | k

(ii) Transitivity of divisibility: if d | n and n | m, then d | m

(iii) If d | n and d | m, then d | (an + bm)

(iv) If d | n, then ad | an

(v) If ad | an and a # 0, then d | n

(vi) If d | n, then |d| < |n|
(vii) Antisymmetry of divisibility: If d | n and n | d, then |d| = |n]
(viii) If d | n, then & | n
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In Theorem 1.2, we see that if d is a divisor of n, then 7 is also a divisor of n. If d

is a divisor of n, we say that 7 if the conjugate divisor of d.

Definition 1.1 (congruence modulo n). We say that a is congruent to b modulo n
if n | (a — b). The notation is

a=b (modn).

With the notation of congruence modulo n as in Definition 1.1, we conclude using
the division algorithm (Theorem 1.1) that given positive integers a and b, there exists
a unique r with 0 <r < b such that a =r (modb). We then state some properties of

congruences (Theorem 1.3).

Theorem 1.3. Let a, b, c,d,n be integers with n > 0. Then, the following hold:
(i) For all integers k, k = k (modn)
(ii) If a = b (modn), then b =a (modn)

(iii) If a = b (modn) and b = ¢ (modn), then a = ¢ (modn)

(iv) If a=b (modn) and ¢ = d (modn), then

a+c=b+d (modn) and ac=bd (modn)

1.2 Greatest Common Divisors and Least Common Multiples

Let a,b € Z for which at leat one of them is non-zero. A common divisor of a and b is
an integer c satisfying ¢ | a and ¢ | b. From here, we define the greatest common divisor
of two integers (Definition 1.2).

Definition 1.2 (greatest common divisor). Let a,b € Z. A greatest common divisor
of a and b is an integer d satisfying the following properties:

(i) d is a non-negative integer

(i) d is a common divisor of a and b

(iii) If e is any common divisor of a and b, then e | d

The greatest common divisor of two integers a and b, of which one is non-zero,
is unique. We write it as ged (a,b) or simply (a,b). I prefer the former representation
though. Note that if b # 0 and a = 0, then ged (0,b) = |b|. In Bézout’s lemma (Lemma
1.1), we will show that the greatest common divisor of two integers exists. By our previous
discussion, it suffices to only consider the case when both a and b are non-zero.
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Lemma 1.1 (Bézout's lemma). Let a and b be non-zero integers. Then,

there exist m,n € Z such that am + bn = ged (a,b).

The conventional proof of Bézout’s lemma purely involves the Euclidean algorithm
as one would have seen in MA1100 Basic Discrete Mathematics. Here, we give a proof
using Group Theory.

Proof. Recall from MA2202 Algebra 1 that if G is a cyclic group and H < G', then H
is also cyclic. To see why, recall that every cyclic group can be generated by a single

element. Suppose G is generated by g. Since H < G, then
H:{gZ:EET} for some T' C Z.

Let 7 be the smallest positive integer in 7', where the existence of r is guaranteed by the
well-ordering principle. We claim that H is generated by ¢". Suppose otherwise. Then,
by the division algorithm,

there exists £ € T' such that ¢ =rqg+ s where 0 < s <.

Note that
glcHand g € H so ¢°=g¢""€H.

So, s € T and 0 < s < r, contradicting the minimality of . Hence, H is a cyclic group
generated by g".

Now, let
G=(Z,+) and H={am+bn:m,necZ}.

G is a cyclic group generated by 1, and H C G since H consists of all linear combinations
of m,n € Z. In fact, H < G by using the subgroup criterion. That is to say, let am +
bn,am’ + bn' € H. Then,

(am +bn) — (am’ +bn') =a(m—m') +b(n—n') € H.

Since H < G, then H must be generated by some positive integer, say d. Since d € H,
then
there exist o, 8 € Z such that d = aa + (b.

One can show that d is a common divisor of a and b. Next, let d’ be another common
divisor of a and b. Then,

there exist ki,ko € Z such that a = kid and b = kod'.

TRecall that this means that H is a subgroup of G.
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So, d =d' (ki + kof8) which implies that d’ | d. Since d > 0, we conclude that d =
ged (a, b) since d satisfies the conditions in Definition 1.2. O

Definition 1.3 (coprime). Let a,b € Z. We say that a and b are relatively prime or
coprime if and only if ged (a,b) = 1.

Theorem 1.4. Let a and b be non-zero integers. Then, ged (a,b) = 1 if and only if
there exist x,y € Z such that ax + by = 1.

We now state some basic properties of the greatest common divisor of two integers.

Theorem 1.5. Let a, b, ¢ be non-zero integers. Then, the following hold:
(i) ged(a,b) = ged (b, a)
(ii) ged (a,ged (b, c)) = ged (ged (a, b) , ¢)

(iii) (ac,bc) = |c| ged (a,b)

At this juncture, we see that we have discussed the definition of the greatest common
divisor of two integers a and b. We can extend this definition to the greatest common
divisor of m integers. Suppose d € N is the divisor of a1, ..., a,, satisfying the property
that any common divisor of ai,...,a,, divides d. The greatest common divisor of m
integers is ged (a1, . . ., an, ). For example, one can show what is known as the associativity
and commutativity of the greatest common divisor as follows:

ged (a, b, ¢) = ged (a, ged (b, ¢)) = ged (ged (a,b) , ¢) = ged (ged (a, ¢) , b)

We now define the least common multiple of two integers a and b (Definition 1.4).

Definition 1.4 (least common multiple). The least common multiple of two integers
a and b with b # 0 is defined as an integer m satisfying the following properties:
(i) m is a positive integer
(ii) a|mand b|m
(iii) a | £ and b | £ implies m | ¢

The notation for the least common multiple of @ and b is lem (a, b) or [a, b]. Similarly,
as mentioned before, I personally prefer the former representation. We finally introduce
one important identity relating ged (a,b) and lem (a, b) (Theorem 1.6).

Theorem 1.6. Let a,b € N. Then,
ged (a,b) lem (a, b) = ab.
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Recall the cancellation property for equality, which states that if ¢ # 0, then ca =
cb implies @ = b. This is not true for congruences. For example, we know that 15 =
3 (mod 12) since 15 and 3 differ by an integer multiple of 12. However, 5 Z 1 (mod 12).
Theorem 1.7 shows that the law of cancellation for congruences holds if we impose a

condition on c.
Theorem 1.7. Let a,b,c,n € Z. If
ca =cb (modn) and ged(c,n) =1 then a=b (modn).
Theorem 1.7 can be used to prove Euclid’s lemma (Lemma 1.2).

Lemma 1.2 (Euclid's lemma). Let a,b € Z and p be a prime. If

plab then plaorp|b.

Corollary 1.1. Let aq,...,a,, € Z and p be a prime. If
plai...am then p|ag for some 1 <k < m.
Theorem 1.8 (Fundamental Theorem of Arithmetic). Every positive integer n > 1

can be expressed as a product of primes, and this representation is unique apart

from the order in which the factors occur.

One can use the fundamental theorem of arithmetic to prove Theorem 1.6.
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Chapter 2

Arithmetic Functions

2.1 Arithmetic Functions and Multiplicative Functions

We now give an introduction to arithmetic functions. Simply said, any function
f:N—= C is an arithmetic function. We give some examples of arithmetic functions
(Example 2.1).

Example 2.1 (examples of arithmetic functions). For example, the constant unit function
u(n) =1 for all n € N is an arithmetic function, and the identity function N (n) = n for

all n € N is also an arithmetic function.

Let d(n) denote the sum of divisors of n and o (n) denote the sum of divisors of n
(see graph in Figures 1 and 2). Then, d and o are both arithmetic functions. In fact, we
will explore these functions in greater detail in Chapter 2.2.

Let f(n) be an arithmetic function. It turns out that we can construct a new

arithmetic function g (n) by letting

g(n)=>_f(d). (2.1)

din

Clearly, g : N — C as well. In (2.1), g is constructed by summing f (d) over all divisors

of n. In fact, with this notation, we can write

d(n)zleZu(ﬁ) and o(n):ZE.

£n £n ln

In other words, d (n) is constructed from u (n) and o (n) is constructed from N (n) via
the summation over divisors of n. Well, such an approach is analogous to constructing a

new continuous function via the integration of continuous functions in MA2002 Calculus.

Also, one should observe that there is a one-to-one correspondence between the divisors
dofn.If d| n,thenn =d (%), and this implies that 4 | n. Conversely, & divides n, then
d | n. Summing over d is the same as summing over 5 since we have seen that there is

a one-to-one correspondence between these divisors. As such,

pro-pro-E ()36

dln Zln d'|n dln
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where we have let d’ play the role of 7. Based on our discussion, we have for example
the identity

ER

din

Proof. By definition of the sum of divisors function o (n),

n 1
U(n):Zd:ZE:nZg.

dn din din

Dividing both sides by n yields the desired result. ]

Definition 2.1 (multiplicative function). An arithmetic function f: N — C is said
to be multiplicative if f (1) = 1 and for every m,n € N such that gcd (m,n) =1,

we have

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

Definition 2.2 (completely multiplicative function). An arithmetic function f : N —
C is said to be completely multiplicative if f (1) =1 and for every m,n € N, we
have

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

We see that every completely multiplicative function is also multiplicative, but we
can drop the coprime condition.

Suppose n > 1 is an integer written in the form

k
n= pr"
i=1

Say f is multiplicative. Then, f (n) can be written as

k k
f <Hp?"> =1Is @)
=1 =1

where we used the fact that prime numbers are coprime. This shows that if f is
multiplicative, then its value at any positive integer n is determined by its values at
prime powers. On the other hand, if f is completely multiplicative, then f (n) can be

written as
k

k k
(T ) =TT 00 =TT .

i=1
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Now, the values of f (n) are completely determined by the values of f (p) for primes p.

Recall our construction of g from f in (2.1). We now give a simple yet useful result
for multiplicative functions (Theorem 2.1).

Theorem 2.1. Let f be a multiplicative function. Then,

g(n)= Z f(¢) is also multiplicative.
Ln

Proof. We have g (1) = 1. Suppose m,n € N such that they are coprime. Suppose ¢ | mn.
Then, there exist £1,f2 € N such that

0 =014y with /¢ ’ m and {o ’ n.

Here, we used the fact that m and n are coprime. In particular, choosing ¢; = ged (¢, m)
and ¢ = ged (¢,n) works. As such,

g(mn) =3 f(O)=2 > f(t)f(lz) =g(m)g(n)

Lmn Lilm l2|n

which completes the proof. O

2.2 Perfect Numbers and the Sum of Divisors Function o (n)

An integer n is said to be perfect if the sum of its divisors less than n is equal to
n. The first two perfect numbers are 6 and 28. Note that by the definition of o (n), we

observe that a positive integer n is perfect if and only if o (n) = 2n.

120 500
100
400
80
300
60
40 200
=] |“ | "
LA i
0 10 20 30 40 50 50 100 150 200
Figure 1: Graph of o (n) up to n = 50 Figure 2: Graph of o (n) up to n = 200

We give a characterisation of even perfect numbers.
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Theorem 2.2. Let n € N. An even integer NN is perfect if and only if

there exists a prime of the form 2 —1 such that N = 2F~! (2’c — 1) .

Proof. O

2.3 The Mobius Function p (n)

We now introduce one of the most important arithmetic functions, the Mobius
function p (n) (Definition 2.3). The graph of x (n) is shown in Figures 3 and 4.

Definition 2.3 (Mdbius function). Suppose the prime factorisation of n is
n=pit...p*

Then, the Mobius function p (n) is defined to be

(-1)* ifay=...=ap=1;

p(n) = _
0 otherwise.

We also fix p (1) = 1.

Note that p (n) = 0 if and only if n has a square factor greater than 1. In other words,
w1 (n) = 0 if and only if n is not squarefree.

1.0 1.0
Sl
B BT I IR B Y [ Ro[ I a0l | 60 [ 80 00
10 - ~1.0-
Figure 3: Graph of p (n) up to n = 20 Figure 4: Graph of p(n) up to n = 100

Recall we mentioned multiplicative functions in Definition 2.1. We now give a
definition for additive functions.



MA4263 ANALYTIC NUMBER THEORY Page 12 of 76

Definition 2.4. An arithmetic function f:N — C is additive if for any coprime

m,n € N, we have

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

Definition 2.5. An arithmetic function f : N — C is completely additive if for any
m,n € N, we have

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

Definition 2.6 (prime omega functions). Let n € N. The prime omega functions
w(n) and Q (n) count the number of prime factors of n. The number of distinct
prime factors is assigned to w (n), while € (n) counts the total number of prime
factors with multiplicity. We set w (1) = 0 and 2 (1) = 0.

The graphs of w(n) and 2 (n) are shown in Figures 5 and 6 respectively. From
Definition 2.6, we see that if the prime factorisation of n is of the form n = p{™ ... p*
for distinct primes p; where 1 <4 < k, then

w(n)=%k and Qn)=a;+...+ ax.

3.0
25
2.0
15
1.0 5k HHILEIEEEEE THEACCHLLI
05 q L LLOE LA

N W A~ OO

20 40 60 80 100 20 40 60 80 100

Figure 5: Graph of w (n) up to n = 100 Figure 6: Graph of Q (n) up to n = 100

I Proposition 2.1. The arithmetic function w (n) is additive.

Proof. Let m,n € N be coprime. Suppose they have prime factorisations

k t
m:Hp?i and n:quj.
i=1 j=1

Then, w (mn) =k +t=w(m) +w (n). O
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I Proposition 2.2. The arithmetic function € (n) is completely additive.

Proof. Let m,n € N. Suppose they have prime factorisations

k
m = H Py
i=1

t
and n = quj.

=1

Then, Q(mn)=a1+...+ar =01+ ...+ B =Q(m) + Q(n).

Page 13 of 76

O

Let n = p ... pg*, where a; = 1 for all 1 < j < k. Then, n is said to be squarefree.

In this case, n has k distinct prime divisors so w (n) = k. Hence, for any n = p{™* ...pp*,

(—=1)*™ if p is squarefree;
p(n) =

0

otherwise.

I Proposition 2.3. The arithmetic function p (n) is multiplicative.

(2.2)

Proof. We proceed with casework. If neither m or n is squarefree, then p (m) p(n) = 0.

As mn is not squarefree as well, then p (mn) = 0. Hence, u(mn) = p(m) pu(n). Next,

if both m and n are coprime and squarefree, by (2.2) and the fact that w is additive

(Proposition 2.1),

p (mn) = (—1)°0m)

which shows that p is multiplicative.

Theorem 2.3. Let n € N and [z] denote the integer part of x (this can also be

regarded as the floor of x). Then,

> u(0)

Ln

I(n) [w 1 ifn=1;
n)= —_ =
i 0 ifn>1

Proof. From Theorem 2.1, we know that

where

(_1)w(m)+w

™) = g (m) p(n),

=1(n),

is the Kronecker delta symbol.

g(n)= Z w(€) is a multiplicative function.

Ln
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So, g(1) =1 and
g (Hp”"’> =][g ™).
p P
Since
gp?)=p1)+ppP) +0+...+40=1-1=0,

if n # 1, then g (n) = 0. The result follows. O
2.4 The Euler Totient Function ¢ (n)

We now introduce the Euler totient function (Definition 2.7), denoted by either ¢ (n)

or ¢ (n). See Figures 7 and 8 for a graph of the Euler totient function.

Definition 2.7 (Euler totient function). The Euler totient function ¢ (n) is defined
to be the number of positive integers not exceeding n which are relatively prime

to n.

We can express ¢ (n) as the following sum:

en)= > L (2.3)
1<k<n
ged(k,n)=1
400
40
300
30
200
20
.nhllllll_l“_l_l_l_l _____ AR
0 10 20 30 40 50 100 200 300 400
Figure 7: Graph of ¢ (n) up to n =50 Figure 8: Graph of ¢ (n) up to n = 400

2.5 Dirichlet Products

Definition 2.8. Let f and g be two arithmetic functions. We define the Dirichlet
product of f and g, denoted by f * g, to be

(F9)m) =709 (7).

Ln
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We will often use f * g to represent the Dirichlet product. Using this notation, we
can express identities such as Theorem 2.8 (which we will mention in due course) as

p=px*xN.

We now show that the set of multiplicative functions, which we shall denote by M,
equipped with the operation *, forms an Abelian group. There are several things we
need to prove, which are namely * being a binary operation on M (Theorem 2.4), x
is associative (Theorem 2.5), exhibit the identity function for the Dirichlet convolution,
which is the Kronecker delta symbol I (Theorem 2.6), the existence of an inverse under
* (Theorem 2.9), and Corollary 2.1.

Theorem 2.4 (x is a binary operation). Let f and g be multiplicative functions.
Then, f * g is also multiplicative.

Proof. Let h = f = g. Note that h (1) = f (1) g (1) = 1. Next, consider the expression

hmn) = 3 1 (g (")

c|mn

Since f and g are multiplicative, given that ged (m,n) = 1, there exists ¢ = ab such that

a | m and b | n. Hence,

h(mn) =S5 1 @) g (%)

alm bln

= Z Z fla)f(b)g <TZ> g (Z) since f, g are multiplicative

alm bln

Here, we used the fact that ged (2,%) = 1. This shows that h(mn) = h(m)h(n),
implying that h is a multiplicative function. O

Theorem 2.5 (commutativity and associativity of *). The Dirichlet product is
commutative and associative. That is to say, let f, g, h be multiplicative functions.
Then,

frg=gxf and (fxg)xh=[fx(gxh).

Proof. Showing that * is commutative is easy — the Dirichlet product of f and g is

given by

(f*g)(n)z%f(ﬁ)g@).
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Let di = 2 be the conjugate divisor of d. Since d runs through all divisors of n, then so
does d;. Hence,

(Fra)m) =37 () atd) = (a1 o).

diln

We then prove that x is associative. Let A = g * h. Then,

(F * g 1) (n) = (F = 4) ()
-s@a(3)

aln

= > f@) > g)h()

a-d=n b-c=d

= Z f(a)g(b)h(c)

a-b-c=n

Similarly, one can show that

(fxg)xh)(n)= > [(a (c)

a-b-c=n

so associativity of * holds. O

Theorem 2.6 (identity element for x). The function I is the identity function for
x. That is, for any multiplicative function f, we have

Ixf=f+xI=Ff.

Note that Theorem 2.6 holds for any arithmetic function f, so f does not need to be
multiplicative.

Proof. By the definition of I, we have
n
=10 f(7)=rm.
Ln

By the commutativity of * (Theorem 2.5), we conclude that fx I = f. O

Theorem 2.7 (Mobius inversion formula). If f = g*wu, where u(n) =1 is the
constant unit function, then g = f % u, where p denotes the Mobius function
(Definition 2.3). The converse also holds.
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Proof. Suppose f = g * u. Then,

frp=(gxu)*p
=g* (u*p) by associativity of *
:g*]

which is equal to g by Theorem 2.6. Note that the converse holds using a similar proof.
Here, we used the fact that v x p = I. This can be rewritten as

(usp) (n) = p(l) ( ) > u(0)

Ln Ln

where we used Theorem 2.3 in the last equality. O

Theorem 2.8. Let n € N. Then,
w(d)

ERPE S

Proof. One should recall the classic identity
doeld) =
din

from MA2202 Algebra 1 or MA3265 Number Theory. To see why this holds, for each
1 <k <n,letd=ged(k,n). Then, k = dl with ged (¢, %) = 1. For each fixed d | n, there
are exactly ¢ (%) such £. Summing over all d | n yields

=3¢ () =L@

din dn

We can interpret the desired result (Theorem 2.8) as a Dirichlet convolution. Note that
u * ¢ = N. By the Mobius inversion formula (Theorem 2.7), o = p % N, so for eachn € N,

we have
n n w(d
= h@N () =@ G
d d
dln dln
Dividing both sides by n yields the desired result. O

Theorem 2.9 (existence of inverse under %). Let f be a multiplicative function.
Then, there exists a unique function g such that f*xg=1.
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One can use induction to prove Theorem 2.9 but we omit the details. Also, Theorem
2.9 holds for any arithmetic function f with f (1) # 0, and not just for multiplicative
functions. In fact, the function g in Theorem 2.9 has a name, and it is known as the
Dirichlet inverse of f (Definition 2.9).

Definition 2.9 (Dirichlet inverse). Let f be an arithmetic function such that f (1) #
0. The unique function g satisfying the convolution f % g = I is called the Dirichlet
inverse of f, and it is denoted by f~!.

From Definition 2.9, we see that
fhef=fxft=1

Example 2.2. Recall Theorem 2.3, which states that

You@)=1I(n).
£n
As I = u * u, then the Dirichlet inverse of p is u.

As mentioned, the proof of Theorem 2.9 uses a constructive proof of f~! by induction.
However, it is not clear that the Dirichlet inverse of a multiplicative function f is also
multiplicative. To complete the proof that (M, x) forms an Abelian group, it suffices
to prove Theorem 2.10 then apply it to Corollary 2.1. The latter states that if f is
multiplicative, then f~! is multiplicative. One can prove it easily using contradiction so
we omit the details.

I Theorem 2.10. If both g and f * g are multiplicative, then so is f.

I Corollary 2.1. If g is multiplicative, then the Dirichlet inverse is also multiplicative.

1

Proof. Since g and g x g~ = I are multiplicative, the result follows by Theorem 2.10. [

Example 2.3. Suppose f is a completely multiplicative function. We first claim that

pf*f=1I

To see why,

(uf < 1)) =@ 10 £ () =X u© f (0
Ln

Ln
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where the second equality used the fact that f is completely multiplicative. So, the
expression becomes

f(n) Zu (¢) = f(n)I(n) by Theorem 2.3
£n

Since f (1) = 1, it follows that pf * f = I. From here, we infer that f~! = uf.

Example 2.4. Note that
=N xu.

In other words,
SN (0 (7;) Y t=0(n)
Ln Ln

SO

o' =N"1sxut=puNs*p=p+*uN.

Example 2.5. Recall from Theorem 2.8 that

p(n) =Y nd-= so pxN=p.
dn

1

Hence, o™ = u* uN.

2.6 The Averages of Arithmetic Functions

Let z be a positive real number. Then, of interest from this section onwards is the

sum

D F)=fO)+F@)+.. + f([z])

n<x

The mean of the function f from 1 to x is defined by

F=Y .

n<x

The purpose of studying this average is because in general, f behaves more regularly
than f ([z]) especially when z is large. For example, when f is the characteristic function
for the prime numbers, namely f (n) =1 if n is prime and 0 otherwise, the function

> fn)

is usually denoted by the prime counting function 7 (z). The prime number theorem

states that
()
T

fla) =

behaves like .
log



MA4263 ANALYTIC NUMBER THEORY Page 20 of 76

On the other hand, we cannot predict the value of f (n) for each n = [z] since we do not
precisely know the location of primes in Z. We will study this beautiful topic in Chapter 3.

We first recall the big-O notation and the notion of asymptotic. Let a € Rand g : R — R
such that g (z) > 0 whenever z > a. We write

to mean that the quotient % is bounded for x > a. That is,
there exists a constant M > 0 such that |f (x)] < M |g(z)| for all z > a.

Sometimes, we will also use the notation f(z) < g(z) to represent f(x) = O (g (x)).
For example, for large z, we have 2> = O (1'3) since % = ;—j is bounded by some positive
constant for large x. Similarly, we have 2" = O (e”) since exponential growth always
dominates power growth. This is easy to see by the power series expansion of e®, namely

O gk gn
Z— —  where x > 0.
= k! n!

As for asymptotic equivalence, if

b gy =

we say that f(x) is asymptotic to g (z) as © — oo, and we write f (z) ~ g (z). For
example, based on our discussion of the prime number theorem, we have the asymptotic

equivalence

T

™ (@)~ logz’

2.7 The Euler-Maclaurin Formula

We will present the Euler-Maclaurin summation formula (Theorem 2.12) in this
section. This formula provides a useful bridge between discrete sums and continuous
integrals. Before that, we first introduce the Abel summation formula (Theorem 2.11).
This is also known as the partial summation formula.

Theorem 2.11 (Abel summation formula). Let a (n) be an arithmetic function and
define
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Let 0 < y < x be real numbers and f : R — R have continuous derivative on [y, x].
Then,

y<n<z Y

Proof. Starting with the integral on the right side of (2.4), we have!
[awr®a=["Sawfwa=aw [ @
Y Y n<t n<z max{y,n}

This is equal to

Y a(n)[f(z) — f (max{y,n})].

n<x
FExpanding the sum yields

f@)A@) = am) fly)— Y aln)f(n).
n<y y<n<wz

The result follows with some simple rearrangement. O

We then deduce the wonderful Euler-Maclaurin summation formula (Theorem 2.12)
from the Abel summation formula (Theorem 2.11).

Theorem 2.12 (Euler-Maclaurin formula). Let 0 <y <z and f:R — R have

continuous derivative on [y, z]. Then,

T f<n>=[f<t>+[{t}f'<t> dt — f (2) {=} + £ () (v}

y<n<z

Proof. We apply the Abel summation formula (Theorem 2.11) with a (n) = 1,s0 A (x) =
[]. As such,

T

> fm) =@l - f W)~ [ B d
y<n<lz Y
Recognising that = = [z] + {z}, the result follows. 0

We give some elementary asymptotic formulae. First, we introduce the Riemann zeta
function, denoted by ¢ (s) (Definition 2.10).

"Try to understand why we can interchange the order of summation and integral and why the new
limits of integration are as such.
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Definition 2.10 (Riemann zeta function). Let s > 1 be a real number. We define
the Riemann zeta function as
o0
1
C(s) =D —-
n=1 n’
We will give a definition for the complex analogue in Definition 3.5. Next, we define
the Euler-Mascheroni constant .

Definition 2.11 (Euler-Mascheroni constant). The Euler-Mascheroni constant is
defined as
v = lim_ (Hp, —Inn)

where H,, is the n'" harmonic number. 7 carries a value of approximately 0.577.

Theorem 2.13. If z > 1, then

1 1
Zzlogm+’y+(9(>
n x

n<x

Theorem 2.13 is interesting — it states that the harmonic sum is given by an
approximation consisting of the natural logarithm log z, v, and an error term of O (%),
which means that the error is at most the order of % for large z. This fundamental result
in Analytic Number Theory gives a different proof of the divergence of the harmonic

series!

Proof. Let f(t) = % and y = 1. By the Euler-Maclaurin formula (Theorem 2.12),
1 z1] z it 1 it
Z—:/ fdt—/ {z}dt+1—mzlogm+1+(’)<>—/ {—2} dt.
e n 1t 1t x x 1t

For the integral in red, the idea is to break the interval into unit sub-intervals, i.e.
[n,n + 1] for n =1,2,.... This is a routine exercise from MA2002 Calculus so we omit
the details. O

Example 2.6. Let d (n) denote the number of divisors of n. Suppose there exist d,¢ € N
such that n = dl. Then,
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Applying Theorem 2.13 to the sum in red yields

Zzleogaﬁ+7x+(’)(1).
dgmd

It follows that

Zd(n) =zlogz + O (x).

n<z

Example 2.7. The main result we wish to gear towards is

Z#

n<x

Note that

S pud)=1. (2.6)

n<z dn

To see why, recall from Theorem 2.3 that

> u(d) =

din

Summing over all n < z indeed yields (2.6). Hence,

Su |5 =X Su)

d<zx n<z djn
since the expression [%] counts the number of n <  such that d | n. Hence,
w(d x
et - o (G}
d<z d<z

So,

" <

d<z

S }|

d<z

<1+ Z { } by the triangle inequality and Definition 2.3
d<z

which is bounded above by 1+ (x — 1) = z. This is easy to see because if d = z, then
{%} = 0 so it would not contribute anything to the sum. Dividing both sides by z yields
the desired result.
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Theorem 2.14. If z > 1, then

1 1=s 1
—=2—4C(5)+0 () (2.7)
e 1—s T
if s > 0 and s # 1, where

¢(s) if s > 1;

C(s) = 1 1—s

(#) lim( - Z ) if0<s<Ll.

T—00 n<$ns 1—s

Theorem 2.14 is the partial sum of what is known as the Dirichlet series (we will
give a formal treatment in Chapter 4) of the Riemann zeta function. It states that if
s > 1, the sum converges absolutely, and for 0 < s < 1, the infinite series diverges but

partial sums still make sense and can be approximated.

s

Proof. The proof is very similar to Theorem 2.13, but here we set f(x) = x~* where

s> 0 and s # 1. By the Euler-Maclaurin formula (Theorem 2.12), we have
I | [ {t}

— = — 1— —— dt+ 0O (z79).
nt 1l—s 1—5+ ’ 1 potl ¢ +0O(27)

n<x

Define C'(s) to be the expression in red. Then,

1 > {t}
C(S):l_l—s_s s dt.

S

If s > 1, then the left side of (2.7) approaches ( (s) as x approaches co, and both z!~
and z~* approach 0. Hence, C'(s) = ((s) if s > 1. If 0 < s < 1, then
1

lim — =0.
r—00 IS

2.8 Dirichlet’s Hyperbola Method

Here, we introduce the Dirichlet hyperbola method (Theorem 2.15) sand then apply
it to study the mean value of the divisor function d(n) as shown in Dirichlet’s divisor
problem (Theorem 2.16).
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Theorem 2.15 (Dirichlet hyperbola method). Let f be a multiplicative function.

Define

F(n)=)_ f(k).
k=1

Suppose f = g * h, where g and h are multiplicative functions, so the sum becomes

Fm)=3Y g(@)h().

k=1zy=k
Then,

a n/x b n/y a b

(2.8)

F(n)=> > g@hy)+> > gl@h(y) — > > glx)h(y) (2.9)

rz=1y=1 y=1z=1 rz=1y=1

Although technically the inner sum in (2.8) runs over all ordered pairs (x,y) € N2,

we can leave our notation as mentioned. On the zy-plane, these pairs (z,y) lie on a

hyperbola, and when the double sum is fully expanded, there is a bijection between the

terms of the sum and the lattice points in the first quadrant on the hyperbolas of the

form xy = k, where 1 < k < n is an integer.
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Figure 9: Geometric interpretation of the Dirichlet hyperbola method

Also, the geometric interpretation of the Dirichlet hyperbola method generally
involves the principle of inclusion and inclusion. Let a € R such that 1 < a < n, and
let b= 2. Then the lattice points (x,y) can be split into three overlapping regions: one
region is bounded by 1 <z < a and 1 <y < 7, another region is bounded by 1 <y <b
and 1 <z < %, and the third is bounded by 1 <z < a and 1 <y <b. In Figure 9, the
first region is the Ry U Ra, the second region is Ry U R3, and the third region is Ro. Note
that this Ry = R; N R3. By the principle of inclusion and exclusion, the sum in (2.8) is

the sum over the first region, plus the sum over the second region, minus the sum over
the third region. This yields (2.9).

Theorem 2.16 (Dirichlet’s divisor problem). For z > 1,

Y d(n)=wzlogz + (2y—1)z+ O (Va),

n<x

where 7 denotes the Euler-Mascheroni constant (Definition 2.11).
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From Theorem 2.16, we deduce that
d(z) ~logz,

or equivalently, the average order of d(n) is logn. Note that the error term O (y/x) in
Theorem 2.16 can be improved. It was Dirichlet in 1849 who first gave this estimate, and
the Dirichlet divisor problem, precisely stated, is to improve this error bound by finding
the smallest value of 8 for which the error term O <x9+5) holds for all € > 0. As of today,
this problem remains unsolved and progress has been slow. Having said that, in 1903,
Voronoi proved that the error term is O (3:1/ 3 log a:) In 1928, van der Corput improved

the error term to O (a:27/ 82) using exponential sums. The best possible error term is the

131/416 ( 26947/8320) Tt s

one given by Huxley in 2003, who showed that it is O (x log )
conjectured that inf 8 lies somewhere between % and Huxley’s estimate of 0.3149, and it

is widely conjectured to be %.

See Figure 10 for the graphs of }°, ., d(n) and the main term.

150

100
o
=
p

50

0 10 20 30 40
X

Figure 10: Graphs of Z d(n)and zlogz + (2y— 1)z

n<x

We now deduce the original bound given by Dirichlet (Theorem 2.16).
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Proof. Recall the Dirichlet hyperbola method (Theorem 2.15). Let g = h = u be the
constant unit function, which is multiplicative. Then,

gxh=uxu=d orequivalently d(n)= Z 1.
din
Then, G (z) = [z] = H (z). Let y = y/z. By the hyperbola method, we have
€ 2
Sdm=2 Y [ - [val
n<e n<va o

and the result follows by Theorem 2.13. O

We now apply the Dirichlet hyperbola method to an interesting question: if two
positive integers are randomly chosen, what is the probability that they are coprime?
To answer this question, we need the result in Theorem 2.17.

Theorem 2.17. Let ¢ (n) denote the Euler totient function. For z > 1, we have

S ) — 3;% +OE?). (2.10)

n<x

Proof. Note that ¢ = px N, where N (n) =n. By applying the Dirichlet hyperbola
method with f = N and g = p (Theorem 2.15), we have

Yo =YamF(2)+ ¥ Nm6(Z)-F(I)ew. @

n<z n<y m<x/y Y
where
72
F(x):ZN(n):?—I—(’)(x) and G(x):Zu(n):(’)(m) (2.12)

Letting y = y/x, one can deduce that

n 132
Sem =Y “(2)2+0(m3/2). (2.13)

n
n<z n<\/z

By the Mobius inversion formula (Theorem 2.7), we have

C@Y F5 =1 (2.14)
n=1
n<Vz n=1 n>\/z

The result follows. O
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Now, let N € N and S denote the set of (a,b) € N such that 1 < a,b < N. Then,
the total number of elements in S such that ged (a,b) = 1 is given by

1+2) o) = %NQ + O(N?/?), (2.16)

b<N

where we used Theorem 2.17. This shows that the probability that two randomly chosen
positive integers are relatively prime is 6/72.
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Chapter 3
The Prime Number Theorem

3.1 Chebyshev’s Functions 6 (z) and ¢ (z)

Define the number of primes less than or equal to = to be m(z). Then, we have
the prime number theorem (Theorem 3.1) which is a beautiful result on the limiting
behaviour of 7 (z).

Theorem 3.1 (prime number theorem). We have

lim T@)108T _
T—00 xT

Alternatively, we can think of this as an asymptotic equivalence, i.e.

m(z) ~ for large x.

log =

We will eventually prove this remarkable result. Historically, the behaviour of 7 (z)
as a function of x has been studied by many Mathematicians since the 18th century.
Inspection of tables of primes led Gauss and Legendre to independently conjecture in
1792 and 1798 respectively (the graph of 7 (x) is shown in Figures 12, 13, and 11) that

T

7 (x)

~ logx”

It was not until about 100 years later where the conjecture was first proved independently
by Hadamard and de la Vallée Poussin in 1896, and the conjecture, as expected, is now
known as the prime number theorem. Proofs of the prime number theorem are often
classified as either elementary or analytic. The proofs of Hadamard and de la Vallée
Poussin are analytic. As mentioned, we will give a proof of this, where the idea leans
more towards the ideas of Hadamard and de la Vallée Poussin. As such, the reader would
expect some results in Complex Analysis and a fruitful discussion on the Riemann zeta
function ( (s). Elementary proofs were discovered around 1949 by Selberg and Erdés.
Their proofs do not involve ( (s) or Complex Analysis in general and hence the name

‘elementary’.
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Figure 11: Graph of 7 (n) up to n = 1000
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Figure 12: Graph of 7 (n) up to n = 50 Figure 13: Graph of 7 (n) up to n = 200

Definition 3.1 (Chebyshev's first function). Also, known as Chebyshev’s theta
function, we represent it by ¥ (z) and it is defined by

PHx) = Z log p.

p<w

We will also study Chebyshev’s second function, but we shall first define the von
Mangoldt function (Definition 3.2).

Definition 3.2 (von Mangoldt function). Let n,a € N. Define the von Mangoldt

function A (k) as follows:

logk if k = p®;
Ak = Jlogk ik=p
0 if k £ p®



MA4263 ANALYTIC NUMBER THEORY Page 32 of 76

I Here, p is a prime number.
Now, we are ready to define Chebyshev’s second function (Definition 3.3).

Definition 3.3 (Chebyshev's second function). This is known as the Chebyshev psi
function, which is represented by 1(x). We define it to be

P(z) =) Alk)=)_ > logp.

k<z aeNpe<z

The latter representation of the Chebyshev psi function is more useful.

The graphs of ¥ (n) and ¥ (n) up to n =30 are shown in Figures 14 and 15

respectively.
20
15
10
5
5 10 15 20 25 30 T T
Figure 14: Graph of J (n) up to n = 30 Figure 15: Graph of ¢ (n) up to n = 30

Theorem 3.2. There exist positive constants ¢; and ¢y such that

azr <Y (z) < cox.
Theorem 3.3. For any real number x > 1, we have

9 (z) = (z) + O (Vo).

Proof. We note that

Y (x) =09 (x) = Z logp = Z logp + Z log p Z 1.

m<x p<Vz p<al/3 3<m< 8L
m=

m>2 2 logp
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Hence,

log x

V@) - 9@ <e (Vo) + 3 logp- & <z +aloga
p<al/3

and the result follows. O

In fact, the bound obtained in the proof of Theorem 3.3 can be strengthened. In 2010,
Pierre Dusart obtained the following estimate in his paper ‘Estimates of some Functions

over Primes without the Riemann Hypothesis’:
0.9999v/x < ¢ (z) — 9 (x) < 1.00007v/z + 1.78 /x for x > 121

From here, we obtain Corollary 3.1.

Corollary 3.1. For every x > 4, there exist positive real constants ¢; and c¢o such
that
ar <9 (x) < com.

Theorem 3.4. For every x > 4, there exist positive constants ¢; and ¢o such that

1T

<m(x) <

log = ~ logx’

We now discuss the steps required to prove the prime number theorem. Note that a
continuation of the proof will be discussed in Chapter 3.4.

Definition 3.4 (smoothing function). Define ;(x) to be the following integral:
T
@) = [ v ar

We would need to prove the following chain of implications:

562 X

1/11(33)N?:w(w)wxjﬁ(x)wxiw(x)N

1
log x (3.1)

In (3.1), we would first need to establish that 11 (z) ~ 22/2 using methods in Complex
Analysis. We break up (3.1) into several lemmas and prove each one of them individually.
Before we state and prove Lemma 3.2, we need a preceding lemma (Lemma 3.1) on an
upper bound for the Chebyshev theta function.

I Lemma 3.1. ¥(z) < zlogz
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Proof. We have
Hx) = Zlogp < Zlog:c <zlogw

p<z p<z

and we are done. O

I Lemma 3.2. ¢(z) ~z = ¥(z) ~x

Proof. First, recall the latter representation of the Chebyshev psi function in Definition
3.3. Then,

o o0
Y(@) =) logp=3 > logp=73 > logp
p*<zx a=1p*<z a=1p<gl/a

We shall find an upper bound for a. We use the fact that 2¢ < p® < z. This is obvious
since the smallest prime number is 2 and p® < x arose in Definition 3.3. It is then clear
that

log z

alog2 < alogp<logz so a<
log 2

< log, x.

As such, we have

Pl)= Y, > logp.

1<a<logy x p<gl/e

Recall that the summand

> logp

p<zl/«

reminds us of the Chebyshev theta function. In particular, it is (xl/ a), so we have

P(x) = Z v (ml/a) .

1<a<logy
Now,
9 :L'l/a ! xl/a
TACO R o ( >—lim @ i Y (=)
T—00 T—00 T T—00 T—00
1<a<logyx 2<a<logyx
1/
9 9z
TTRAC/PRIET o o)
I T—00 T
2<a<logyx

1/a 1
>1— lim Z ro o8t by Lemma 3.1
axr
2<a<logyx
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We now need to find an upper bound for

Z /% log x
2<a<logyx azr
which is obviously
22 log x
2<a<log, 2z
As such,
0 1/2]
lim G} >1— lim T 08T (loggx — 1)
r—o0 T—00 T
1 logz [(logx
=1--lim —— -1
2360 NI <log2 )
=1
so it shows that J(z) ~ . O

Before we state and prove Lemma 3.3 on the asymptotic formula for 7(z) given that
Y(x) ~ x, one should recall the Abel summation formula (Theorem 2.11).

xT

Lemma 3.3. ¥(z) ~z = 7(x) ~ gz

Proof. Define b, = logn, where n = p and p is prime. If p is not prime, b, = 0. Also,
define f(t) = 1/logt. By the Abel summation formula (Theorem 2.11), we choose y = 1.5
so that

T T 1.5 z t
> buf () = @) Y b= F15) D bu = [ 1O b it
n=1 n=1 n—=1 1.5 n—1
However, note that
1.5
f(15) 3 by =0,
n=1
SO ,
> baf(n) = f@) S bu— [0S bt
n=1 n—=1 1.5 ne1

Substituting the known expressions for b, and f at this stage, we have

logn 1 z 1
Z = Z logn—l—/ 5 Z logn dt
1<n<z IOg n IOg x 1<n<zx 1.5 t(lOg t) 1<n<t
n prime n prime n prime

oy = 22, 7000

Tlogz | Jis t(logt)?
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Multiplying both sides by log x/x, we have

n(z)logz  J(x)  logx /95 (t)
+
1.5 t(

T T T logt)*
1 1
li @logr o, V@), losw / o) g
zSo0 =00 v=o0 x Jis5 t(logt)?
1 x
=1 lim ng/ AU
=0 J15 t(logt)

For z > 4, it is a well-known fact that there exist positive c1, co such that cjz < 9(z) <
cox (Corollary 3.1). As such,

lim logx/ v(t) dt < lim log cat dt
1.5 t(

T—00 -

logt)* z=oo x Jis t(logt)?

x
= C9 lim logx/ 1 3 dt
1.5 (logt)

VT x
= cp lim log / 12dt+/ %dt
00 1.5 (log t) vz (logt)

log = z 1
< ¢9 lim t+/ —— dt
900 log2 vz (log /)
Vv —1. 5 4(z —+/x)
(log 2)? (log z)*

log T

m—>oo T

We can split this limit as

1 ! log z 1.5 . log A 1 A1 1
111 - 111 111 - 1M ———
(log 2)2 T—00 \/;E (log 2)2 T—00 z—oolog x T—¥00 \/E (log x)

and we see that each of this limits tends to 0. Therefore, we conclude that

lim m(z)logx
T—00 T

=1.
So, indeed, the implication holds. ]

2
Lemma 3.4. 11 (z) ~ % = (z) ~

Proof. Let

Z Cp, where ¢, >0 and A(z) :/ a(t) dt.
0<n<t 1

Then, for all functions a(t), if A(z) ~ Cz® then a(t) ~ Cbx’~!. Observe that this is
analogous to how the derivative works. That is to say, a(t) is the formal derivative of
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A(t). For a > 1, we have

Since A(x) ~ Cz?, then

a(x)

lim < C(ab_l).

z—o00 pb—1 a—1

By first principles of differentiation, it is easy to see that the right side is just Cb, so

We shall examine the following too:

A(z) — A(Bx) = /z a(t) dt  where <1

T

In a similar fashion, we can prove that

Cb < lim a(z)

z—oo pb—1"
By the squeeze theorem, we conclude that

a(x)

lim =Cb
z—oo pb—1 ’

so it implies that a(x) ~ Cba?~!. By definition of A, we apply this to 1, i.e. if ¥y (z) ~
22/2, then ¥(x) ~ z. O

The following integral in Theorem 3.5 looks bizarre and one might wonder what
connection it might have with the prime number theorem. We will relate this to ()

in due course.
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Theorem 3.5. Let ¢,u > 0. Then,

- m!
2701 Je—ico T'(m+ 2+ 1) ’

1 et 42 T(z) p La-w™ fo<u<l;
_— Z =
0 ifu>1.

where T'(z) denotes the gamma function and it is defined by

I'(z) :/ e 't*"1 dt  where R(2) > 0.
0

We have the following well-known result involving the recurrence relation of the
gamma function, which can be proven using integration by parts:

I'(z+1) =2I'(2) with initial condition I (1) =1

Also, note that the integral in Theorem 3.5 is absolutely convergent. We recall Cauchy’s
residue theorem from MA3211 Complex Analysis (Theorem 3.6).

Theorem 3.6 (Cauchy'’s residue theorem). Let U C C be a simply connected open
subset of the complex plane containing the points zi, z9,..., z,. Now, let Uy =
U\ {z1,22,...,2,} and C be a closed curve on Uy. Then,

7{ f(z) dz = QWiZRes (f(2),z=2).
© i=1

We are now in a position to prove Theorem 3.5.

Proof. Note that the gamma function has some connection to the factorial. As such, by
letting f(z) denote the integrand in Theorem 3.5, we have

u”*m!
(z+1)(z24+2)...(z+m)’

mif(z) =

We wish to integrate f(z) along a line in the complex plane. It would be ideal to integrate
on a closed contour so that we can then apply Cauchy’s residue theorem. We can add a
circular arc to the line z = Rcosa to get a closed contour C'. This contour will comprise
an arc v that is of radius R and centred at z = 0. We choose R > 2m so that the integral
on the circular arc 7 can be evaluated easily for 0 < u < 1.

As such,
c+iRsin«
% f(z) dz = lim f(z) dz+ / f(z) d=.
C

R—00 JC—iRsina 5
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The trick is to let R — 0o, so we have

?{Cf(z) dz = lim e f(z) dz + / f(2) dz.

R—o0 JO—ico ~

%Cf(z) dz

note that f(z) has simple poles (i.e. poles each of order 1) at z=0,z= -1,z =

To evaluate the contour integral

—2,...,2 = —m. This can be easily seen by setting the denominator of f(z) to be zero.
Note that C encloses all these points. By Cauchy’s residue theorem (Theorem 3.6),

7{0f(z) dz = 27riZRes(f(z),z =-n).

n=0

To compute each residue, we have for all 0 < n < m,

. . “#(z+n)ml!
Res(f(2),2 = —n) = Hm (z4+n)f(2) = W v )
Observe that the denominator contains z 4+ n as a factor because n < m. Then, with

some tedious but straightforward manipulations, we have

) u *m/!
lim

z=-nz(z+1)...(z+n—-1)(z+n+1)...(2+m) N <n>(_U)n

Substituting this into the residue theorem yields

?{ f(z) dz=2mi> <m> (—uw)" =2mi (1 —u)™,
c n=0 n

where the last equality follows by the binomial theorem. Hence,

c+100

27Ti(1—u)m:/ - f(2) dz+ hm /f
oo u"?*m!

= d li d

SRR s e povrag  peor ) sy P d

From here, we can parametrise v using z = Re?, where a < § < 27 — o, so

uw*m)! J 2r—« iRe —Rexp(if) "
LZ(Z-I-l)(Z—I-?)...(Z-i-m) Z_/a Re (Re® + 1) (Ret? 4 2) ... (Re +m)
ufRexp(iH)

2T—a
—im! , , 4 df
o /a (Re? + 1) (Rei® 1 2) ... (Rei® +m)
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Hence,

. 2m—a U—RGXP(iG) 20
“”'/a (Rei® + 1) (Re? + 2) ... (Re?? + m)

is equal to

2T —« u—Rexp(iG‘)
! A A A do 3.2

i /a (Re + 1) (Re®? + 2) ... (Re?? + m) (32)
We use the triangle inequality to help us with bounding. For 0 < u < 1, we have

‘u—Rexp(iO)‘ <u ¢

for some positive constant c. Then, we shall examine the denominator of the integral in
(3.2), which comprises a product of m terms. Each term is of the form Re + n, where
n € N. By the triangle inequality,

‘Rew—f—n' > ’Rew —n=R-—n.

Earlier, we stated that R > 2m and since m > n, then R > 2n. As such, R—n > R —
R/2=R/2, so

2

, R 1
0 L. .
‘Rez —+ n‘ > 5 Wthh lmphes that m < E

Now, we can properly bound our integral, so

2T —a —Rexp(if)
|m! / “ d

m 2T—a
< m! <2> u_c/ do
R o

2t (r—a)mlu¢
— o

a (Re®? +1) (Re® +2) ... (Re? +m)

As R — oo, the integral tends to zero!

Now, we can conclude that if ¢ > 0 and 0 < u < 1, then

2 Jeoivo Dm+2+1) " ml

1 /C“OO u T (2) s (1—u)m‘

If u > 0, one can show using the Cauchy-Goursat theorem (Theorem 3.7) that the integral
is 0 because f(z) has no poles inside the contour, say D, and so f is holomorphic on D.
We are done with our proof. O
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Theorem 3.7 (Cauchy-Goursat theorem). If f(z) is holomorphic on a simply
connected domain €2, then for any simply closed contour C' in 2, that contour

integral is zero, i.e.

]{Cf(z) dz = 0.

In order to study the asymptotic behaviour of the smoothing function 1 (z), we need
to derive an expression for it! We will return to this in Chapter 3.4.

3.2 Merten’s Estimates

Before returning to the prime number theorem, we pause to examine a set of classical
results due to the German-Polish Mathematician Franz Merten, which provide explicit
information about sums over the primes. He proved these results in 1874. Merten’s
estimates (Theorem 3.8) serve as some of the earliest quantitative refinements in the
theory of prime numbers, predating the full development of the prime number theorem.
They concern the asymptotic behaviour of three results on prime numbers.

Lemma 3.5. Let x be a positive real number greater than 1. Then,

ZA;mzlog:E%—O(l).

n<x

Proof. The trick is to write

:i%A(n) m +0 (i%A(n))

Observe that

A |r] =X arwm

n<x n n<x

We omit the remaining details (not much anyway). O

Theorem 3.8 (Merten's estimates). Let x be a positive real number greater than
1. Then, the following hold:
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(i) We have

1
Zﬂ =logz +0O(1)
p<z

(ii) We have

leloglogx+A+O< L )

e log
(iii) We have
1 —A 1
1 (1-3) iz (0 (552))
ola D log = log =

Here, A is a constant which will be determined.

Example 3.1. Recall from Definition 2.6 that w(n) is the number of distinct prime

divisors of n. Find an asymptotic formula for

Solution. Rewrite the sum as

Sem =Y X1=Y Y 1=% 2] =2}

1
—+0 (> 1].
n<e n<rpln  p<wi<t  p<w P p<z P p<z

By using Merten’s second estimate (Theorem 3.8), we bound the expression in red so an
asymptotic formula is

xloglogx+Aa:+O< $ )
log

3.3 The Riemann Zeta Function

In Definition 2.10, we have encountered the Riemann zeta function for real s > 1.
We now give the definition for the complex analogue (Definition 3.5) — to be precise,
we give the definition of the Riemann zeta function when s is a complex number. Note
that a contour plot of ¢ (s) is shown in Figure 16.

Definition 3.5 (complex analogue of Riemann zeta function). Let s = o + it be a
complex number such that ¢ > 1 and its analytic continuation elsewhere. That is,
R(s) > 1. Then, ((s) is defined by

)= —. (3.3)
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Figure 16: Contour plot of ¢ (s)

I Theorem 3.9. The Riemann zeta function ¢ (s) is an analytic function for o > 1.

Proof. Suppose 0 > 1+ 6. Then,

M

by

n=m

Mo Mo
<L S 2w

For every € > 0, there exists NV € N such that for all M > m > N, we have

1
ns

M

1
ZW<€.

n=m

Hence,

|
Z’E’“ for all M > m > N.

By the Weierstrass M-test, the infinite series (3.3) is absolutely and uniformly convergent
in any region o > 1+ 6 with 6 > 0. We conclude that ¢ (s) is analytic for all 0 > 1. O
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Our next step is to study Euler products. Perhaps the most famous Euler product is

for all o > 1,
1

g(s):H<1_)_1.

p ps

We omit the proof of this result as one can find many write-ups of it online.

Theorem 3.10. Let f be a multiplicative function such that the series
(0.9}
Z f(n) is absolutely convergent.
n=1

Then, the sum of the series can be expressed as an absolutely convergent infinite
product, namely

o0

Fo) =TI+r@+7(?*)+).
=1 p

n

In relation to Theorem 3.10, recall that an infinite product

o0
H (1+a,) is absolutely convergent

n=1
if
[e.e]
Z log (1 4+ a,) is absolutely convergent.

n=1

3.4 Completing the Proof of the Prime Number Theorem

The main result that we need to prove here is as follows:

Theorem 3.11.

1 () B 1 (1 B 1>2 B 1/c+i°° xz—lh(z) dz,

2 2 T 271 Je—ino

where

h(s) = s(sl—l— 1) <g((s)) " § i 1) .

We would need to study some important results first, especially some pertaining to
the Riemann-Zeta Function, ((s). We consider the following theorem first:
Consider the following theorem:

Theorem 3.12. .

xr
k<z




MA4263 ANALYTIC NUMBER THEORY Page 45 of 76

Proof. Using the Abel Summation Formula,

/xZA(’f) dt =2 A(k) = > A(k) =Y kA(k)

L p<t k<ax k<1 k<
=> (z—k)A(k)
k<z

Recall that the integral of the sum of A(k) at the start is ¢;(x), so dividing both sides
by x, the result follows. O

Corollary 3.2.

Tu(2) dz,

X

V1 (z) i /cj:o

k=1

where

omifu(z) = A(k) (i) Z<z1+1)

Proof. From Theorem 2.1, setting m = 1 and u = k/z, we have

1 ctico /N TF 1 k
— / - ——dz=1——.
278 Je—ioo \ X z(z+1) x

Multiplying by both sides by A(k) and summing over all k& which are < z,

w-he Lo 6) e

k<z

Observe that the integral vanishes if k& > x. The result follows. O

Theorem 3.13. For all R(s) > 1,

= AK) _ C(s)
D Ok

Proof. The expression on the right prompts us to consider the derivative of log ({(s)).
Using the Euler Product, it is easy to see that

1
1—p—s

I1

p prime

- T (E) -2

Qs
p prime \a=0 p
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Taking logarithms on both sides and differentiating, we have

%log (¢(s)) = (log II - )
pprlme

¢'(s) _

) " LZ log (1—p )]

prime

logp
== 2

p prime p
<logp Z ks)

and the result follows. O

p prime

We are now ready to prove Theorem 3.1.

Proof. From Corollary 3.1, we would need to change the order of summation and
integration, so we shall make use of the monotone convergence theorem to justify that
we can perform this operation. It suffices to prove that the series

Z/j 2] dz

100

is convergent, where

Consider the following N partial sum
N ctico | 1 x\? A(k‘) 1 N c+ioco T

— - —=|dz=— A(k) - —
2 [ (5) Eoml e i []G) )

1Y efico | (p\e 1
L En ) -!dz
27rk d o k z(z+1)

1 XAk /c+wo 2
_27r k¢ J.

—100 ‘Z‘

We now split this integral into its real and imaginary part. Obviously, the integral
evaluated over the real numbers is zero. We can consider setting z = ¢+ 4y, where
¢,y € R, so it is then clear that the integral becomes

/°° € d _7T£L‘C
oo € 4 y? y=—
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Thus,
N

Z/c—‘rioo 1<$>z A(/{?) ‘ zi
= Je—ico 2ri\k/) z(z+1) 2c =

and since 2¢/2c¢ is a constant, then the series

c+ioco
Z [ 1 d
c—100

is convergent. Now,
@bl(ac) _ i/c+ioo A(k) (l.)z 1 "
x = Je—ioo 2wt \k/) z(z+1)

1/)1 x) B 1 c+i00 xzfl > A(k‘)

= d
2 270 Je—ico 2 (2+1) kz:% k* i
e gl [¢ge)
= —— dz by Th 3.3
i /c_z-oo Z(z+1) [C(z)] # by Lheorem

All that is left to prove is

2 c+ioo z—1
N
x T Je—ico 2(2+1)(2—1)

This is clear by Theorem 2.1. We can set u = 1/x and m = 2 and the result follows. O

We now investigate the analytic continuation of the Riemann Zeta Function. It is of
interest to study ((s) near the line o = 1. From here, we can obtain upper bounds for
|C(s)| and [¢’(s)]. First, recall that the conventional way to write s is of the form o + it.

Theorem 3.14. For R(s) >0 and s # 1,

| N1 s o {1}
Z_: ni N s+l l’,
where {x} =z — |x| denotes the fractional part of z.

Proof. We recall Abel’s Summation Formula, so letting a(n) =1 and f(n) =1/n°, as
well as y = 0.9 and x = N, we have

1 1
Z E:st 0952 /Ogns+1zdt

0.9<n<N n<N n<0.9 n<t
N
1 1—8 t
Z E == N + 3/1 t5+1 dt

n=1
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For the integral containing the floor function, for s # 1,

s/lN ] dtzs/th_{t} dt

t5+1 ts+1
N 1 N {t}
:8/1 t—sdt—sl ppas dt
s sN1—s N ft
= — — 8 10 dt
s—1 s—1 1 tsTl

With some simple rearrangement and as t is a dummy variable, we can let it be x and

N 1— N
1 N——°
E — = - + i —s/ {z} dz
-1 s—1 1 s+l

SO

— ns S

n=1

N1 Nt  {z} s © {z}
—+—F-s o1 dr = —S o1 d

—n s—1 N Z s—1 1 x

We now need to prove that

s ) {1’}
C(S)zis_l—s/l | dx.
Observe that

o {z} 2x—1 3o —2 tr—3
) $5+1 d.’L':\/1 $5+1 dx—i—/Qde—i-/ngx—i—

s0
:ox{i}l dx:g/jjﬂz;f ]
o [ il

:jzlls(]s—l)_(j+1)31(5—1)_(J+1)S]s(s—1)]

Hence,

3j1 /loox{i}l = il_Szlsél:sl)_(yﬂtl)‘}(s—l)_(y+1)si(s—1)]
:si1_si1jooljsll siljf;(j—kll)s Siliufl)s
S sy (s )
—- i - 425:11) N S(CS(S—) 1— D s —S1zjlu ¢(s)
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Remark 3.1. Theorem 3.4 is very similar to Chapter 6 Problem 16 in Rudin’s book on
Principles of Mathematical Analysis. It asks the reader to prove that

C(s):Sil—3/100xCE_SJFLfCJ dx.

As a corollary, we find an expression for {’(s).

Corollary 3.3.

N _ .
logn o {x}logx o {x} N'=%log N Ni=s
"(s) = — § =T o dr — de — —

¢'(s) s TS v et Ty gl s—1 (s— 1)

n=1

1
Theorem 3.15. Foro > 1 — %, where o > > a>0andt>2,
og

[C(s)] < e (5 +logt)

Proof. By the triangle inequality,

N 1—s
1 N o {z}
oI = 3 5+ s [ dx‘.
= NI — —
A1 A2 A3

We first examine As. For o > 0 and t # 0,

Nl—a—it
o+it—1

Nl—s
s—1

Nl—a |N—it| Nl—a Nl—o‘
= <
Jo-12+ Jo-12+e2 M

We choose a positive constant p such that p > 1 — o. Thus,

Nl—s
s—1

i
<N 3w
Tt T2

which is our bound for As. The last inequality follows from t > 2. Now, we work on Aj.
This appears to be the N partial sum of ((s). We have

N 1 N 1 N 1 N 1 N nt N NHE N NH
2 | = |2 e fzmﬁznl—uzznﬁzn:N“<1+Zn>’
n=1 n=1 n=1 n=1 n=1 n=1 n=2

but we are not done yet. There is something that can still be done to the modified

harmonic series
N

>

n=2
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In a trick similar to proving the divergence of the harmonic series using the integral test,
it is easy to show that

N

1 N1
Z—S/ — dx =log N.
n:2n 1z

Therefore, we have constructed a bound for Ay, which is

< N*(1+1logN).

Noq
2

The bound for As is easy to establish too. For 0 >1—pu, 0 >1/2>0 and t > 2, we

have
S/N zstl d

. < 1
2 2 1
=Voc+1 /N o] dx
Vo2 +t2
~ oN°

< o+t
— oN°

-5 (1+7)
- No o

Using the fact that N > 1 and o > 1/2, it is easy to see that

1 ( t>§1+2t<1+2t

A Ne = Nl-n’

Therefore,

3 142t
I¢(s)] = N* (2 + +T +1ogN) .

Since N is an arbitrary positive integer, we canlet N <t < N + 1 and so N > 2 (because
t > 2). Consequently,

1+2(N+1
[C(s)] < ¢# (2++ (N ha )+logt) < tH (54 logt).

We shall set a = plogt and the result follows. O

1
Theorem 3.16. For 0 > 1 — %, where o > 570 >0and t > 2,
og

[¢'(5)] < e (log t +3)*
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Proof. We had an expression for ¢’(s) in Corollary 3.2. Using the triangle inequality, we

have
logn Oo{x}logx / {x} ‘ N'=%log N N1=s
/!
<
o[ S 28 o 2 o[
31 Bs By Bs

We first deal with B;. Note that NV <, so

N N
logn

57 E <1 < N*logt(l+1logN).
ns ~ 08 = ogt(l+logN)

n=1

N o1
tn;ﬁ

The last inequality was established in our proof of Theorem 3.5.

For By,
N'=%log N 1=s IN'=5|  elogt
<logt <logt <
‘ s 1 B BETTH =T 2
As for Bs, it is easy to see that
Ni=s e
3| S o
(s—1) 4

We adopted a similar method to find an upper bound for B3 in the proof of Theorem
3.5 (see the proof of the upper bound for Ag). Thus,

‘ {.17} ‘ 1 . Nl-o < Na/logt - 2fa/logt 200
Ny 1 [T gNe T oN = oN ~ oN N —
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Now, we are left to find an upper bound for Bs.

* {r}logz _ ‘<||‘/ gz ‘

‘ N

5+1 s+l
loga;
<ls /
1
= { ng} ’8’ / ) dx using integration by parts
g xT N x
|s| log N s 1
o N° o oN°
o)
= los N + —
oN° o8 T o
! (1+ t)(l N +2)
-~ — ) (o
N° o &
142t
N (log N +2)
3
< N <2+ N) (log N + 2)
7
< 5]\7“ (log N +2)
7
< 56“ (log N +2)
7
< iea (logt+2)
Therefore,
7 e%logt a
|('(s)] < N*logt (1 +logN) + N“(logt+2)+ + og +€Z

5
= NV (2logt+logtlogN+ 7) +e® <4 + 210gt>
9 5 1
<e? ilogt+ (103;75)2 + 7+ 1 + 2logt]

[ 1
= ¢ |(logt)* 4+ 5logt + 8 + 4}

<e® »(logt)2 +6logt + 9}
= ¢%(logt + 3)*

O

We are almost towards the end of the proof. We now talk about the Riemann Zeta

Function being non-vanishing on the line R(z) = 1.

Theorem 3.17. For ¢t # 0, (1 +it) #0
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We would need some lemmas to prove this result.
Lemma 3.6. For all # € R, 3+ 4cosf + cos20 > 0

Lemma 3.7. For o > 1,

C(S) - eG(S)7
where
s 1
G(s) =
(s) Ep:mZI p
Proof. Using the FKuler Product, we have
1 -1
s)= 11 (1 - S)
p prime p
Then,
Z log <1 - > G(s).
p prime p prime m= 1
The result follows. O

Lemma 3.8. For 0 > 1 and all t € R,
S [¢(o +it)[* |¢(o + 2it)| > 1

Proof. We mainly use Lemma 3.2 here.

—exp(z >

ms
p prime m=1 mp )

= exp{ Z Z —exp (log p) ms]}

p prime m= 1

prime m= 1

:exp[ Z Z —exp malogp—itmlogp)] since s = o + it
P

By applying Euler’s Formula, it is then easy to establish that

1<( \—eXp[Z Z

prime m= 1

— cos (tmlog p)]

Hence,

mpf’m [3 4+ 4 cos (tmlog p) + cos (2tm log p)] } .

C@)PI¢(o +it)[* |C(U+2lt|—exp{ > Z

p prime m=1

We set 0 = tmlogp, so it is easy to establish that |¢(0)[* |¢(o + it)[* [¢(o + 2it)| > 1
using Lemma 3.1.
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We will now prove Theorem 3.7.

Proof. We shall prove this theorem by contradiction. Suppose on the contrary that there
exists some tg # 0 such that ¢ (1 + itg) = 0. Using Lemma 3.3, by dividing both sides by
oc—1, )

3| ¢(o +it)
(0 —1)¢(o)] To—1
Because (o — 1)((0) is an analytic function, we can infer that {(o) has a simple pole at
o = 1. Its residue is 1. We see that

1
2it)| > ——.
Gl +2it)] = —

lim (0 —1)((0) =1,

o—1t
SO
lim |(o —1)¢(0) = 1.

o—1t
By using the first principles of the derivative, it is easy to see that

4

SCRRDI TSI

oc—1

lim
o—1t

Lastly,
lim (o + 2ity) = ¢(1 + 2ity).
o—1+

We have been investigating the behaviour of o as

4

Lo o 1 2]

f(o) =l(o = 1)¢(o) ]

approaches to 1 from the right. We see that as o — 17, 1/(0 — 1) tends to positive
infinity. However, by the analytic continuation of the Riemann Zeta Function, for R(s) >
0, ¢(s) and ¢’(s) have no poles except at s = 1. As such, f(o) is tending towards a finite
value. This yields a contradiction and we conclude that there does not exist ¢ # 0 such
that ¢(1+4t) =0. O

Theorem 3.18. If s is a complex number such that R(s) > 1, then

o f(n) 1

=t ((s)
In Theorem 3.8, we say that the Dirichlet Series that generates the M&bius Function
is the multiplicative inverse of the Riemann Zeta Function.

Theorem 3.19. For [t| > 2, there exists a positive constant M such that

1 7 C’(S)‘ 9
——| < M (logt)" and < M (logt
| < oo and {5 < gt
whenever o > 1 and ¢t > e.
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Proof. For o > 2, we have

)

IN

i p(n
n=1 °

n

1 1
\C(S) 3 =)

Also, as a Corollary of Theorem 3.3, we have

¢'(s)

A(n)
¢(s) 2

00
<

Theorem 3.9 holds for ¢ > 2. Now, we prove that the theorem also holds for 1 <o <2
and t > e. From Lemma 3.3, taking the fourth root,

3/4 PSS S
()Nl + 207 =

Since (0 — 1)¢(o) is bounded in the interval 1 < o < 2, then we can set (0 — 1)((0) < M
for some positive constant M. However, note that we need to find a bound for {(o), so the
restriction on the values of o now becomes 1 < o < 2. Also, it is clear that ((o + 2it) =
O(logt) for 1 < o < 2. Therefore, one can easily establish that

1 < A(logt)1/4
(o +it)] = (o —1)¥*

where A is an absolute constant. Therefore, for some positive constant B, we have

B(o —1)*/*

fl<o<2andt>e.
(logt)"/* B -

I¢(o +it)| >

The above holds trivially for o = 1. Let a be a number such that 1 < o < 2. Then, if
1<o<aandt>e, by Theorem 3.5, we have

(o +it) = Cla+it) < [ | (utit)] du
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By the triangle inequality,

|C(o +it)] = |C(a + it) + ((o + it) — ((a + it)]
> [¢(a+it)| = |C(o +it) — (o + it)]
> |¢(a +it)] — (o — 1) M(logt)?
B(a —1)%*
> W — (a— 1) M(log t)?
o —1)3/4
= ((1ogt1))1/4 B = (a = 1)"*M(log )]
B(a—1)3/4
We require )
a— 1)3/4
W = 2(a — 1)M (log t)?,

- ( B )4 1
a= — —.
2M ) (logt)’
Clearly, o > 1 and also, a < 2 if t > ¢ for some tg. Thus, if t >ty and 1 < o < 2,

C
(logt)™

The inequality holds with a different C if e <t < ty.

[¢(o +it)| =

We have gotten an upper bound for |1/((s)|. The upper bound for [¢'(s)/{(s)]
immediately follows from Theorem 3.6. O

Theorem 3.20. The function
!
1
pls) - )

¢(s) s—1

is analytic at s = 1.

Proof. This is obvious since —(’(s)/¢(s) and 1/(s — 1) each has a first order pole of
residue 1 at s = 1. Hence, their difference is analytic at s = 1. O

Lemma 3.9 (Riemann-Lebesgue Lemma). Let f € L!(R™) be an integrable function,
i.e. f:R"™ — C is a measurable function such that

£l = [ 1@ do < o,
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Let fdenote the Fourier Transform of f. That is to say,
iR C, ¢ | flx)e %" da.
RTL

Then, fvanishes at infinity.
Theorem 3.21. For x > 1, we have

Yi(z) 1 ( 1)2 1 /00 N
—— (1= = —_ 1 1z logx
. 5 - el h(1+iz)e dz,

where the integral

/OO h(1+i2)| d=

—0o0

converges.

Proof. This is actually a continuation of Theorem 3.1. In that particular theorem, we
proved that if ¢ > 1 and z > 1, then

¢1(ZL‘) . 1 <1 . 1)2 _ L erfico x'z_lh(z) dz
2 2 xT 211 Je—ico ’

where

hls) = _s(sl~|—1) (i((ss; i 511)'

To prove Theorem 4.2, we first need to show that we can move the path of integration
to the line o = 1. Let R be the rectangle bounded by the vertices (1 — iT), (¢ —iT), (¢ +
iT), (1 +4T) such that the path is traversing anticlockwise. By the Cauchy-Goursat
Theorem,

7{ 2 h(s) ds =0
R

since the integrand is analytic inside and on R. Now, we prove that the integrals along the
horizontal segments tend to zero as T' — oo. Since each integral has the same absolute
value at the conjugate points, it suffices to consider only the upper segment ¢t = T. On

this segment, we have the estimates

1
s(s+1)

1
‘§T2and

1 < 1 < 1
s(s+1)(s=1)| — T3 — T2

We now apply Theorem 3.9. There exists a positive constant M such that |('(s)/{(s)] <
M(logt)? if 0 > 1 and t > e. Hence, if T > e, we have

o 9
n(s)) < MU
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Consequently, it is easy to show that

< Maz¢=(e—1)(log T)?

¢ s—1
h(s) d
/1 x (s) ds| < T2

Hence,
c+1i00 14200
/ 257 h(s) ds :/ 57 h(s) ds.

—100 1—i00

On the line o = 1, we write s = 1 + it to obtain

1 1+i00 1 e’} .
/ 257 h(s) ds = 7/ h(1 + it)e'os® gt
1 21 J o

271 J1—ico

Since t is a dummy variable, we can replace it with z. It is easy to see that

/ h(1 +i2)| d=

converges. The integral from —oco to —e converges too, so the integral over R converges.
We can then use the Riemann-Lebesgue Lemma (Lemma 4.1) to then establish that
1 () ~ 22/2. O

Lemma 3.10. v (z) ~ x2/2
We managed to prove Lemma 4.2 at the end of the proof of Theorem 4.2. As such,

we have proven the Prime Number Theorem!
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Chapter 4

Dirichlet Series
4.1 Introduction to Dirichlet Series

Definition 4.1 (Dirichlet series). Let f be an arithmetic function. Then, a Dirichlet
series is a series of the form

where s = o + t.

n=1

20 _15 ~10 _5 0

: 1 &)
Figure 17: Contour plot of =
¢ plot of 705 = 2
4.2 Multiplication of Dirichlet Series
4.3 Conditional Convergence of Dirichlet Series

4.4 Landau’s Theorem
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Chapter 5

Dirichlet’s Theorem

5.1 Dirichlet Characters
5.2 Proof of Dirichlet’s Theorem in Arithmetic Progressions

Theorem 5.1 (Dirichlet’s theorem). Suppose k,! € N and k > 1 such that ged(k,l) = 1.
Then,

1 log(l
D Og(okgx) +0(1). (5.1)
= o(k)
p=l (mod k)

Note that Dirichlet’s theorem can be rephrased as follows: for any positive integers
k and [ such that k£ > 1 and k£ and [ are coprime, then there are infinitely many primes
of the form kn + [.

Definition 5.1. A Dirichlet character modulo k, denoted by Y, is an arithmetical function
X : N — C satisfying the following:
(i) x(mn) = x(m)x(n) for all m,n € N (i.e. x is completely multiplicative)

(i) [x(n)] = {1 H god(n, K) =1;

0 otherwise
(iii) x(n+ km) = x(n) for all m,n € N
Definition 5.2. Let x : (Z/kZ)* — {z € C: |z| = 1}.
In fact, ¥ is a group homomorphism that allows us to obtain a character xy modulo k.

There are also precisely ¢ (k) homomorphisms from (Z/kZ)* to {z € C: |z| = 1}, which

shows that there are precisely ¢(k) characters modulo k.

Definition 5.3. The principal character modulo & is denoted by xo. We have
1 if ged(n, k) =1
Xo(n) = . (5.2)
0 otherwise.

Definition 5.4. Let X denote the inverse of x.
The next part deals with the orthogonal relations.

Theorem 5.2 (Schur orthogonality relations). We have the following:
(i) Let x1,x2 be two Dirichlet characters modulo k. Then,

k {so(k‘) if 1 = X2

>_xi(a)xz(a) = (5.3)

a=1 0 otherwise.
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(ii) Let a1, a2 € Z such that ged(aj, k) =1 for j = 1,2. Then,

> x(a)x(a) = (5.4)

X (mod k) 0 otherwise.

{@(k) if a1 = az (mod k)

Definition 5.5. The L-series is an example of a Dirichlet series, and it is defined to be

Lis,x) =Y X(Z‘), o> 1. (5.5)

n>1 n

Theorem 5.3.

(i) If x = xo, then L(s, x) can be analytically continued to the half-plane y > 0, with
the exception of the point s = 1 where it has a simple pole such that Res(1, xo) =

p(k)/k-.
(ii) If x # xo, then L(s, x) can be analytically continued to o > 0.

We need some lemmas before proving Dirichlet’s theorem.

Lemma 5.1 (Merten’s estimate). For any = > 1,

3 08P _ Joga+ O(1). (5.6)

p<z

We now prove Dirichlet’s theorem.

1
Proof. 1t suffices to show that if x >3 and o =1+ logz’ then
x

> - (p(lk) log (J ! 1) +0(1), (5.7)

p=l (mod k) P
where the sum on the LHS ranges over all p that satisfy the congruence.

Let

1 1
Sl = Z -~ and SQ = Z —. (5.8)
p=l (mod k) p p<z p
p=l (mod k)
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Then,
1 1
[S1=Sl={ > == > -
p=l (mod k) p p<z b
p=l (mod k)
1 1
<X e > »
P p<z
1 1 1
= (g - > +2
o\ p) S
< 1 1 . . .
< Z ——— |+ Z — by the triangle inequality
p<a PP p>z
Now, let

5322(1—10> and 5422%.

p<z p p p>x

We claim that
S3<O(1) and Sy=0(1).

First, note that

5= 1 —exp[—(0 —1)logp]

p<z p
—1)lo
< Z w since e* > 1 + = by series expansion
p<z p
1 Z logp
~ logz D

p<xz
=0O(1) by Lemma 4.1

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)

(5.17)

(5.18)
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Next,
1
Si=> — (5.19)
p>xp
i 1
—im ¥ & (5.20)
T<py
li L L vl he Abel ion f 1
:yggo yUZl—xo_Zl—i—a/ ﬁ21dt by the Abel summation formula
P<y p<w p<t

(5.21)

1 1 o
lim — +0o / dt by the prime number theorem
y—=oo yo—llogy x°llogx « tologt

(5.22)
—0(1)+0 (10;3 /;O = dt) (5.23)
o (5.24)
Since ged(p,l) =1, for o > 1, we have
1 1|1 -
e p=l (Em:odk) P zp: I OBt X(Z)X(p)} by (4) (5.25)
_ L < x) o
- el zp: P X (modk)X(l) (5.26)

Observe that Z &f) is an L-series so we shall denote it by S(o, x). Thus, we can write
p
P

(26) as

1 _
0 ) (%dk)x(l)s(m X)- (5.27)

Next, we show that

S(0, x0) = log (1> +00). (5.28)

oc—1
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Observe that
1

SOX0) =D orme =2 D (5.29)
p m>1 P plk m>1 P
1
=— Z log (1 - p") + O(1) by series expansion (5.30)
P
1 -1
= log [H (1 - O_) +0(1) (5.31)
p p
=log((c) + O(1) by the Euler product (5.32)
Next, to show that
lim (o —1)¢(0) =1, (5.33)
o—1t

one can consider a corollary of Chapter 6 Exercise 16 in Walter Rudin’s ‘Principles of
Mathematical Analysis’ 7, for which we have

(5= 1)C(s) = s — s(s — 1) /OO w da. (5.34)

1

To deal with the floor function in the integrand, simply consider a disjoint union of the
intervals [n,n + 1), where n € N.

So for all ¢ in a sufficiently small neighbourhood of 1, we can write

(o) = —— + (o), (5.35)

-1

where g is a function analytic at o = 1. We thus see that the principal character
contributes to (7), so it remains to show that S(o, x) = O(1) for all ¢ > 1 and all non-
principal characters x (mod k).

It is clear by the steps used from (29) to (32) that
S(0,x) = n(L(0,)) + O(1). (5.36)

For all non-principal characters x, L(s,x) is analytic for all ¢ > 0. So, L(o,x) is
continuous for all o > 1. As such,

;1_>rn1 L(o,x) = L(1, ). (5.37)

It remains to show L(1,x) # 0. We consider two cases, namely when x (taken to be
non-principal) is complex, and x is real.
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e Case 1: Suppose x # xo modulo k is complex. Let

Po)= JI L(o,x). (5.38)
x (mod k)
For o > 1, we have
log(P(0)) = > log(L(0, X)) (5.39)
X (mod k)
= Z Z Z T by series expansion (5.40)
X (modk) P m>1
1 ) -
Y Y ™M) since x(1) = x() =1 (5.41)
P m>1 mp x (mod k)
1
=2 e by (4) (5.42)
I3 m>1 mp
p™=1 (mod k)
>0 (5.43)

So we infer that for o > 1, we have P(c) > 1. Suppose on the contrary that
L(1,x) =0 for some character x. Then, L(1,%) =0, which implies that P has
two zeros at 0 = 1. But we know that L(o,xo) has a simple pole at o =1 as
derived in (35). This implies that P(1) = 0, which contradicts P(c) > 1. As such,
L(1,x) # 0 when x # xo modulo k is complex.

e Case 2: Suppose x # xo modulo k is real. Consider f = x * 1, for which it is clear
that 1 is an arithmetical function and f is the Dirichlet product of y and 1.

Note that f is multiplicative. To see why, write

=Y x(d). (5.44)

din

From (i) of Definition 2.1, it is clear that x(1) = [x(1)]2. By (ii), since x(1) # 0, we
have x(1) = 1. As such, f(1) = 1. Now, consider m,n € N such that ged(m,n) = 1.
Then, if d|mn, there exists di, ds € N such that d = d;d; satisfying di|m and da|n.
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Hence,
flmn) = > x(d) (5.45)
dmn
= > > x(d1)x(d2) by (i) of Definition 2.1 (5.46)
dilm da|n
() ()
dilm da|m
= f(m)f(n) (5.48)

which shows that f is multiplicative.

Note that
m m
ZX (pl) = (X(p))l since x is multiplicative (5.49)
1=0 =0
=1 ifplk
> 1 if p does not divide k and m is even (5.50)

0 if p does not divide k and m is odd

So, f(n) > 0 for all n € N and in particular, f(n) > 1 if n is square.

Let

Flo)=3" f(n) (5.51)
Using the fact that f(n) > 1 if n is square, it is easy to see that
1
F(o) > — =((20). (5.52)
n>1 n

F' diverges when o = 1/2, and so its abscissa of convergence, o, is > 1/2. So, F(s)

must have a point of singularity at s = . > 1/2.

On the other hand, as
1

ns

e
N
Il
N
=<
=
]

= L(s,x)¢(s), (5.53)

n>1 n>1

then if L(1, x) = 0, F would be analytic for ¢ > 0 and because o, > 1/2, it implies
that F' is analytic at ¢ = o.. This contradicts the earlier claim that F' has a point
of singularity at o., so it follows that L(1,x) # 0 for all real characters x # xo

modulo k.
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We have thus proven Dirichlet’s theorem. ]

The proof of Dirichlet’s theorem hinges on the fact that L(1,x) # 0 for all non-
principal characters x modulo k. The principal character x( contributes to the log(log k)
term in the numerator of the main term in (1). We also used the second orthogonality
relation, namely (4), to invoke the 1/¢(k).

Going back to (8), (18) and (24), we infer that |S; — Sa| differ by a constant. The
absolute value sign can be removed, so we are essentially saying that the difference of

two series, S and Sy, converges.

Recall the following theorem from Real Analysis:

o0
Theorem 5.4. Let {an},o ., {bn},— be two sequences of real numbers. If Z (an — bp)
n=1
converges, then
[e.e] oo o0 o0
Z a, and Z b, converge or Z a, and Z b, diverge. (5.54)
n=1 n=1 n=1 n=1

Proof. We prove by contraposition. First, consider the sets

X = {Z an diverges} and Y = {Z bn converges} . (5.55)
n=1 n=1
and note that (X’ NY)U(XNY’)) =XnNY.
By symmetry, it suffices to show that if

Z ap diverges and Z b, converges, (5.56)

n=1 n=1

o0 o0
then Z (an — by) diverges. Suppose on the contrary that Z (an — by) converges. Then,
n=1

n=1
[e.e]
Z (an — by, + by,) converges (5.57)
n=1
o0
because the sum of two convergent series is also convergent. This implies that Z Gn,
n=1
diverges, which is a contradiction. The result follows. O

We showed that S} diverges, and we wanted to prove that Sy diverges (recall that
Sy is the LHS of (7) and Sz is the LHS of (1)). By Theorem 5.1, Sy diverges so Sp
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diverges too, asserting the infinitude of primes of the form kn + [, where k,l € N, k > 1
and ged(k,l) = 1.

In fact, we adopted the clever choice of 0 =1+ 1/logxz, where z > 3. So, for 0 > 1.92
(note that 1+ 1/log3 ~ 1.9102), Dirichlet’s theorem follows too.

Some texts would refer to Dirichlet’s theorem as the following statement. For example,
one can turn to Theorem 7.3 of Tom Apostol’s book ‘Introduction to Analytic Number
Theory’ 7. We modify the symbols too.

Theorem 5.5 (Dirichlet’s theorem). Suppose k > 0 and ged(k,l) = 1. Then, for all x >
1, we have

logp logzx
> = +0(1). (5.58)
= p ek
p=l (mod k)

In fact, Theorem 5.2 implies Theorem 1.1 by the Abel summation formula.
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Chapter 6
Sieve Methods

6.1 The Sieve of Eratosthenes
6.2 The Large Sieve
6.3 Brun’s Sieve and Twin Primes

The Brun sieve ? is a method in Analytic Number Theory for estimating the density
of sets of integers that satisfy certain congruences. It uses sieving techniques to remove
integers not meeting these criteria, allowing for approximating the distribution of primes
and almost-primes within specific intervals.

Definition 6.1. Let u(n) denote the Mdbius function, where n € N. We define it as

follows:
1 if n is square-free with an even number of prime factors;
pu(n) =< —1  if n is square-free with an odd number of prime factors; (6.1)
0 if n is divisible by some square.

Theorem 6.1. For any n € N, we have

1 ifn=1;

S () = { (6.2
din

0 otherwise.

We will also denote Z p(d) by E(n), so E(n) behaves like an indicator function.
dln

Proof. When n = 1, the result is clear because n is not divisible by any square (excluding
T
1 by definition) and 1 has no prime factors. Next, suppose n > 1. Write n = H p;*, where

i=1
r

a; > 0 but the «;’s cannot be all non-zero. Define m = H pi. By considering m,
i=1

%M(d):l— <1> - <2> +...+(—1)’”<r> =0.

In Brun’s sieve, we intend to introduce two functions p; and ps such that

px1 < E< g1, (6.3)
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In fact, the sieve of Eratosthenes is based on the identity
pwx1l=FE. (6.4)
Recall that these are simply Dirichlet products, or rather, convolutions, defined as
follows:
Definition 6.2. Let f and g be arithmetic functions. Then,
(+ 9 =3 10 (3)- > (5) st (6:5)
d|n d|n

Obviously, the identity function 1 is an arithmetic function. One should also recall
that p is an arithmetic function.

The issue with the sieve of Eratosthenes is that it is not an efficient method to sieve
primes. We have the following corollary as a result of it:

Corollary 6.1. By the sieve of Eratosthenes,
x

< 6.6
@) < log(log x) (6:6)
On the other hand, Brun’s sieve is more efficient.
Corollary 6.2. By Brun’s sieve,
xlog(log x)
< ———~, .
(o) < TE2 (6.7)
x xlog(log x)
Remark 6.1. Let f(x) = ——— and g(x) = ——=————. Then, for = > e, g(z) <
log(log x) log =
f(z).
Proof. Trivial by considering u = log x. O

Theorem 6.2. Let x; ={n € Z:w(n) <t}. Recall that w(n) counts the number of
distinct prime factors of n. Then, for all h € Z>y,

pi(n) = p(n)xont2—i(n) (6.8)
satisfies (3) for ¢ =1, 2.
Corollary 6.3. Let A be a finite set of integers and P be a set of prime numbers. Define

Ag=|{a € A:a=0 (modd)}| (6.9)
Py)=1]r (6.10)
3

S(A,P,y) =|{a€ A:ged(a, P(y)) =1} (6.11)
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Then, for all h € Z>o,

d|P(y) dlP(y)
w(d)<2h+1 w(d)<2h

We now provide a proof of Corollary 1.2.
Proof. From Corollary 1.3, set

A={neZ:n<zx}
P = all primes

P=Py)=]]r

p<y

Page 71 of 76

(6.12)

(6.13)
(6.14)
(6.15)

Thus, S(A,P,y) denotes the cardinality of the set of positive integers n which are < x

such that ged(n,p) =1 for all primes p < y.

Consider the upper bound of Corollary 1.3. We have

sarys X a3
d|P(y)
w(d)<2h

Using

d|P(y) d|P(y)
w(d)<2h w(d)<2h
Recall that
p(d) < 1>
P\ 1—- =
o =)
dn pln

which is easily justified by the definition of {(s) for s = 1.

Since

(6.16)

(6.17)

(6.18)

(6.19)

(6.20)
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and noting that u(d)/d < 1/d, it follows that (18) can be written as

1 1
xZ(l—p)—i—O >tz 3 o (6.21)
P<y d|P(y) d|P(y)
w(d)<2h w(d)>2h

In a similar fashion, the lower bound for S(A, P,y) can be written as

1 1
> - - .
S(A,Pjy)_x]_[(l p)+0 > 1tz > (6.22)
Py d|P(y) d|P(y)
w(d)<2h+1 w(d)>2h+1

Since P(y) is the product of all p which are < y, by considering the extreme case, we
obtain the following upper bound for the sum in the error term in (21) and (22):

o1, Y 1<yt (6.23)

d|P(y) d|P(y)
w(d)<2h  w(d)<2h+1

For the second error term in (21), by the multinomial theorem,

k
1 1 1

> <> 4 (Z p) : (6.24)

d|P(y) k>2h p<y

w(d)>2h

By Merten’s estimate (Theorem 1.3), we can further bound (24) to obtain

k k
3 % (Z 1) <y (log(logk!y)JrC) ’ (6.25)

k>2n o \p<y P k>2h

1
where c =8+ O <1> We will define 5 in Theorem 1.3.
og T

By Stirling’s approximation,

(log(logy) +¢)* _ 1 (elog(log y) + ce)®
> X < T T (6.26)
k>2h ' T k>2h ER+1/2 exp < )
12k+1
log(1 g
< Z <e og( oiy)+ce> (6.27)
k>2h
For all h > elog(logy) + ce, we conclude that
1 (1)2h ! 1-2h _ ol—2elog(logz)— 1
Yo < () Y=ottt <otretosllosr)mee < : (6.28)
= T = = 2
dP0) d 2 =2 (log x)

w(d)>2h
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With this choice of h, we have y?"*1 < T
(log x)?

log
In fact, let y = — .
fiack, ety eXp(lOlog(logw))

We use Corollary 1.4 (consequence of Merten’s estimate) and the squeeze theorem to

conclude that

ze” T xwe 1 x
SAPY) =+ 0 (o) + o e
( v) logy  logy \logy ((logx)2> 029
-y
_ 10ze 7 log(log ) Lo L (6.30)
log (logx)

. wlog(logz) (6.31)

log ‘

The result follows by considering S(A, P,y) > n(z) — w(y) > w(x) —y > w(x) + O(Vx)
and by our choice of y earlier. O

Theorem 6.3 (Merten’s estimate). ? There exists 5 € R such that

1 1
Z — =log(logz) + 5+ O () , (6.32)

P log x
p<z

where
e 1
=1 —log(log 2 dt. .

5=1-logllog2) + [ ;oo (6.33)

Proof. We use the Abel summation formula in our proof. Recall that if a(n) is an

arithmetic function and

Ax) = Z a(n), (6.34)

n<x

if 0 <y <z and f is a real-valued function with a continuous derivative on [y, x|, then

> an)f(n) = f(x)A(z) - f(y)Ay) — /; At)f'(t) dt. (6.35)
Set
_ logp/p if n=p; N 1
alm) = {0 otherwise and £{) = logt’ (6:36)
It is clear that
Ar) =Y a(n) =Y loip — logz + O(1). (6.37)

n<x p<zx
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It follows that

—=1 1) | s dt ,

;;p Jrlongr/g tlogt+0( )/2 t(log t)? (6.38)
o) T o1 o ] o 1

=1 1 —— dt — O(1 dt (6.

" loge +/2 tlogt ol )/2 t(logt)? o )/x t(log )2 (6.39)
_ .00 1 1

=1+ log + log(log x) — log(log 2) + O(1) (log2 logx> (6.40)
and the result follows. 0

Corollary 6.4. As a result of Theorem 1.3,

11 <1_119) B f)g; (”O(loix))’ (6.41)

p<z

where 7 is the Euler-Mascheroni constant.

Proposition 6.1. ? Let J = {p: p and p + 2 are primes} and J(z) = {p € J : p < x}|.
Then,

z (log(log a:))2

J(@) < (log z)?

(6.42)

We omit the proof as it is not important. Anyway, the proof hinges on Corollary 1.3
by setting A = {n(n+2) : n < z}.
Theorem 6.4 (Brun’s theorem). The sum of reciprocals of twin primes converges. That

is, the sum

1
> o= (6.43)
p,p+2 primes p
converges.

It is unknown whether there are infinitely many twin primes but we know that the
sum of reciprocals of twin primes is convergent by Brun’s theorem.

We now prove Brun’s theorem.
Proof. Observe that

1 if d 2 i ;
j(n) _ j(n _ 1) _ { 1 p and p + 2 are primes, (6.44)

0 otherwise.
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So,

p,p+2 primes

n(n+ 1)
(log(logn))?

Py
= 2:: (n+ 1)(log n)?
>

(log(log n))*
n(logn)?
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(6.45)

(6.46)

(6.47)

(6.48)

Let g(n) denote the summand in (48). Consider / g(t) dt and substitute u = logt. The
2

integral becomes

* (log u)?
/2 o2 du=1+log2+ - (log2)

using integration by parts. By the integral test, (43) converges.

(6.49)
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Chapter 7

Partitions

7.1 The Rogers-Ramanujan Identities

Im(q)

15 ~10 ~05 0.0 05 10 15
Re(q)

Figure 18: Domain colouring of R (q)
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