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Abstract

The goal of this thesis is to provide a self-contained proof of Rademacher’s
formula for the partition function p(n), based on a powerful analytic tool devised
by Hardy, Ramanujan and Littlewood known as the circle method.
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0.1 Introduction 1

0.1 Introduction

Historical overview of the circle method in integer partitions

The circle method originated in the investigations by Hardy and Ramanujan
on the partition function p(n), which counts the number of ways to express a nat-
ural number 7 as a sum of positive integers in non-decreasing order.

Example: p(4) = 5, since
4=3+1=24+2=2+4+1+1=1+1+1+1.

In 1918 [3], using the method, Hardy and Ramanujan established the asymp-
totic formula

2n
e"vV3

p(n) ~ 3

This result was independently discovered by James Victor Uspensky in 1920. In

as n — oQ.

1937 [5], Hans Rademacher refined this result by improving the method’s analysis,

deriving the convergent series
1 & 4 [sinh{F\/3(n— %)}
pn) = —= ) Au(n) V- :
V2 o n Jn— 4

where Ag(n) is a Kloosterman sum. An easy computation shows that the formula

has the former asymptotic behavior.

Thesis summary

The thesis comprises four main chapters and an additional annex section that
provides a proof for all assumed results, thus, it remains self-contained.

In chapter 1, we explain the circle method and we discuss a remarkable ap-
plication related to Goldbach’s weak conjecture. The method elaborates on using
Cauchy’s integral formula by choosing a suitable contour of integration, where we
integrate a given generating function.

In chapter 2, we define the partition function and its generating function. Ad-
ditionally, we provide a deduction of Euler’s pentagonal number theorem from
Jacobi’s triple product identity, which in turn, provides a formula for recursively
computing p(n). Chapter 3 elaborates on the analytical results required to un-
derstand Rademacher’s proof. The first is a functional equation for Dedekind’s
1 function, closely related to the generating function of p(n). The other results



2 Introduction

relate to Rademacher’s refinement of the analysis, where the key idea is a brilliant
choice of the path of integration using Farey fractions and Ford circles, generat-
ing the contour by tangencies on the upper half plane. Finally, in chapter 4, we
provide a proof of Rademacher’s convergent series for p(n), and a deduction of
Hardy and Ramanujan’s asymptotic formula.

Some of the diagrams are made with the graphic calculator Desmos, while the
others are borrowed from [1], [2] and [5].

Prerequisites

We assume the reader is familiar with basic notions of complex analysis (e.g.
residue theorem, contour integration, Cauchy’s integral formula) and analytic number
theory (e.g., generating functions, Dirichlet series), but a deep knowledge of advanced
identities is not required. For example, we do not consider Euler’s reflection for-
mula or the integral representation of the Gamma function as advanced identities. On
the other hand, results like the analytic continuation of Hurwitz’s zeta function, the
Fourier expansion of the nth Bernoulli polynomial or an integral representation of hyper-
bolic Bessel functions of first kind (among many others) are considered as such and
for this reason all of them will be proven. The criteria are based on the results seen
in the courses of Complex analysis and Analytic methods in number theory, in
the sense that any result covered in one of these courses will be assumed to be
known to the reader.

Notation

We employ the usual notations from complex analysis and number theory.
Given two functions f, g : X — R where X is a subset of R, we write:

1. f=0(g) <= (AM>0,MecR,xo€R):|f(x)| < M|g(x)], Vx> xp.

~n

o) — 1.

2. f~vg = limy )

2|

3. f=0(g) < limy e % =0.

~



Chapter 1

The circle method

Aside from the partition problem, the circle method has been used in several
other problems regarding addition of integers, all of them part of what is known
as the additive theory of numbers. In this sense, the method is generally used to
answer the following:

Question: Let A C IN. In how many ways can we express an integer as a sum of
a given number of elements of A?

Construction of the method

Let’s start with a set A = (a;); consisting of positive integers and assume is
not finite. In order to work with A, create a formal power series f encoding it; for
example one could take

fla) = Yt

k>1

On that note, let’s now address the previous question and denote by P(n) the
number of ways n € IN can be expressed as a sum of a given number of elements
ax € A. By means of f we create a new power series F which will be the generating
function of the sequence (P(n)),

Assume F has a radius of convergence equal to 1 and observe that
F"(0) = n!P(n),

3



4 The circle method

which naturally makes us think of Cauchy’s integral formula in order to have an
expression of P(n) alone
1 [F@)
P(n) = TM/cz”+1dZ'

where C is any positively oriented contour enclosing the origin and inside the unit
disk. But a very big problem arises now, we do not have a closed expression of
F(z). And even if we did, how sure are we of solving the integral? Since in general
this is not a solvable problem we do the following: first, consider C and divide it
into two parts

C=RUr,

which are respectively known as the major arcs and the minor arcs. In this sense,
we partition the integral to obtain

1 F(z), 1 F(z) 1 [F(z),
P(n) =5 /C 4= 5 /m L /t a1z = An(n) + ax(n),

resulting in an expression of the form
P(n) = An(n) + ax(n)

where Ag(n) acts as the main term and a.(n) as the error term. The choice of
the arcs is made base on the behavior of F over them. That is, we choose 93 and
v where F can be arbitrarily well approximated by a simpler function or, at least,
fairly well approximated. This implies that in many cases only an approximation
of P(n) can be reached, but in many cases this is more than enough.

There are many interesting applications of this method. A very canonical one
relates to finding the minimum integer g(k) such that every positive n can be
expressed as g(k) k-th powers, known as Waring’s problem. As for the case k = 2
it was Lagrange who proved that every n € IN can be written as a sum of four
squares by means of his four-square theorem, showing that ¢(2) = 4. Some time
later, by means of the circle method it was proved for larger exponents. The first
values are

$3)=9, g(4)=19, g(5)=37, g(6)=73.

Additional information regarding Waring’s problem can be found in [6].

Another application is due to Ivan Vinogradov, who proved that every suffi-
ciently large odd integer can be expressed as a sum of three primes. Remarkably;,
this fact comes as an immediate consequence of a theorem. In order to state it, let
us define the following formulas

V(N) = Z A(kl)A(kz)A(kg) ki € N,
ki+ko tks=N



where A is the Von Mangoldt function, defined as

A

4

(n) {logp if n = p* for a prime p and k > 1
n)—

0 otherwise

and

o~ (111 520) ) (0 52))

Theorem 1.1. (Vinogradov) There exists 0 < A € R such that
1 2 210~ A
r(N) = 5G(N)N*+0 (N*1og™* ). (1.1)
We are interested in

r'(N) :=#{(p1, p2,p3) : pr+ p2+ p3s = n}.

More specifically, in showing that for a sufficiently big odd N, '(N) # 0. Instead
of 7/, Vinogradov considered (1.1), which encodes every representation of N as a
sum of three primes or prime powers, each of them weighted by log(p1) log(p2) log(ps).
By partial summation he showed that the sums involving prime powers contribute
significantly less than the sums involving only primes, which means that a bound
of r(N) is enough to prove that #'(N) # 0. And this can be seen from (1.4), since
for a sufficiently large N the dominant overlaps the error term to ensure r(N) > 0.
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Chapter 2

Partitions

This chapter contains the first of the two steps needed to properly understand
the solution of the partition problem described at the introduction. Additionally,
interesting properties regarding the partition function will be featured.

Definition 2.1. A partition of an integer n is a way of expressing it as a sum of non-
negative integers in non-decreasing order, also called unrestricted partition.

Example 2.2. The partitions of 5 are the following:
5=4+1=3+2=3+1+1=2424+1=241+141=1+1+1+1+1.

Definition 2.3. The partition function p(n) counts the number of unrestricted partitions
of an integer n. Following example 2.2, we have p(5) = 7.

Here are some of its values:

p(40) = 37338
p(50) = 204226
p(100) = 190569292
p(163) = 142798995930
p(200) = 3972999029388

7



8 Partitions

2.1 Euler’s formula

The following theorem characterizes the generating function of p(n) which, in
hand, will be the first step towards finding a closed formula for p(n)

Theorem 2.4. (Euler) For x € C and |x| < 1 we have

[e0] 1 [e0] "
e E o

n=0

where p(0) = 1.

Proof. Observe that we can get p(n) as all the solutions of the equation

n:k1+2k2+3k3+...

for strictly positive integers k;. Note that for i > n, k; will always be zero. Now
let’s expand the left hand side, which can be seen as a product of power series

[T =1L =1+ an"
m=1 m=1 k=0 n=1

From here p(0) = 1 and our goal is to show that p(n) = a, for all n. But fol-
lowing the upper observation it is clear. Take a solution of that equation, namely
(k1,k2, ..., ky,0,0,...,), and take the respective exponents in the series. That is, for
the first summand, which is Y7, x*, take the term ki. For the second, take k»
and so on. Note that once we reach the n + 1 summand, we will have to take
ki = 0,Vi > n 41, which is basically multiply by 1, ever since ¥ = 1. If we
multiply we get
xFixZke Bk ymkn 1. = x".

Taking every possible way of expressing n as a sum of positive integers yields the
number of ways we can pick the terms in the series, so a, = p(n). But the proof is
incomplete. In order to get the n-th exponent, we have treated the infinite power
series as if they were polynomials, ignoring all convergence issues. This need to
be corrected. For this purpose let’s take 0 < x < 1 and introduce the functions

o1 = 1 .
Fm(x)znm, F(x): H 1_xm - ].lm Pm(x).
m=1

k=1 m—0o0

The product defining F(x) converges absolutely (since " x* converges absolutely).
Also, for a fixed x, we get F,+1(x) > F,(x), so the sequence {F,(x) } is increasing
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with F,(x) < F(x) for every fixed 0 < x < 1. Now take F,(x) and expand it as a
power series, which we know it’s absolutely convergent. We get

Fu(x) =1+ ipm(n)x”

for a certain sequence {py (1)}, which is the number of partitions of n in parts
not exceeding m. For this reason, p,(n) < p(n) with equality when m > n. In
other words, we have

lim p(n) = p(n).

m—y00

Now we decompose F,(x) in two parts

Fm<x>:i0pm<n>x”+ Y pu()r =Y pm + Y pu(m)”.

n=m+1 n=0 n=m+1

Since x > 0 we have

implies that (for a fixed x) the series {)_ p,u(1)x" },, converges uniformly. Making
m — oo we get the equality:

[ee]

F(x) = lim Fu(x) = lim 3" pu(n)x" = Y lim py(n)x" = Y p(n)x”,
n n=0

m—00
=0

which proves Euler’s identity for a real valued 0 < x < 1. Analytic continuation
allows us to extend all the possible values to the unit disk |x| < 1. O

From now on we refer to F(x) as the generating partition function.

The number of ways a number can be partitioned as a sum of positive integers
was studied way before the era of Hardy and Ramanujan. The previous theorem
was due to Euler, who lived roughly 150 years before them and yet had a very
strong input on the subject. The goal of the following sections is to provide a
recursive formula for p(n) using generalized pentagonal numbers, given that the
generating function for these numbers is F~1.
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.aﬁ?@@@

Figure 2.1: The first six pentagonal numbers: 1,5,12,22,35 and 51.

2.2 Pentagonal numbers

A pentagonal number is a number of the form 3”27*” forn > 1,n € Z. The
sequence this numbers generate relates to the number of dots that appear when
we overlap n regular pentagons by one of its vertices

From the picture it can be deduced that the n-th pentagonal number will con-
sist in the n-th partial sum of the progression

1,4,7,10,13,16,..,3n +1, ...

We will use w(n) to refer to the n-th pentagonal number. If we allow 1 to have
negative integer values we obtain the generalized pentagonal numbers:

3n2Fn

w(£n) = 5

Theorem 2.5. (Euler’s pentagonal number theorem) If |x| < 1 we have

H -2 =1-x—224+20+x —x2 x4 = ) (—=1)"x@),
m=1 n=—oo
There are several proofs for this theorem. Euler proved it in 1750 via induction
methods. Almost 100 years later both Legendre and Jacobi provided their own
proofs as well. We will do it by means of the following identity.

Theorem 2.6. (Jacobi’s triple product identity) For x,y,z € C with |x| < 1and z # 0
we have -
Hl—x Y1+ 22122 (14 27 1272) = Z X Z2m (2.1)
n=1 m=—oo
Proof. The restriction |x| < 1 implies the absolute convergence of the three prod-
ucts on the left hand side of (2.1). Also, for every x with |x| < 1 the series
expansion and the products converge uniformly over compacts in C excluding
z = 0, which means that every member of (2.1) is, on its own, an analytic function
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in terms of z for z # 0. Similarly, for a given z # 0 the products and the series
converge uniformly for |x| < 1, which means that the members can also be seen
as analytic functions in terms of x, but this case at the unit disk |x| < 1.

In order to prove (2.1), fix x and consider this products as a function in terms
of z:

H(z) = [J(1+x*122)(1 + x> 1272).
n=1
Let’s show that H satisfies the functional equation
xz*H(xz) = H(z).

From the definition of H, we get

(oo

H(XZ) _ H(l +x2n+122)(1 +x2n—3z—2) — H 1 _|_x2m 1 2 H 1 +x2r 1
n=1 m=2 r=0
We need to add the factor (1 + xz?) to the first product and subtract the factor
(1+ xilzfz) to the second product in order to reach the functional equation, so
we multiply
(1+ xz2)

(1+x"1z72)

and we are done. Now let’s take the full left hand side of (2.1)

H(xz) = xz*H(xz) = H(z),

ﬁ 1— (2.2)

It is clear that G(z) also satisfies the functional equation since the new term de-
pends only on x, which means that

xz°G(xz) = G(z). (2.3)

On the other hand, G(z) is analytical everywhere except at z = 0, but it is also an
even function so it admits a Laurent expansion of the form

Z a,z>", (2.4)

n=—oo

where the coefficients a,, depend on x, and also a,, = a_, since G(z) = G(z1).
Using (2.3) we can recursively calculate a,, as follows:

G(z) = xz2°G(xz)

i amZZm 2 Z am XZ 2 Z amx2m+l 2m

m=—0oo m=—oo m=—0o0
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Equalizing the coefficients we get the recursive expression

_ 2m+1
Amy1 = Ay X .

If we start at ap and keep iterating we get
Ay = aoxmz,Vm >0,

ever since 1 +3 +5+ ... + (2m — 1) = m?. The same result applies for m < 0. So
(2.4) can be written as
Gelz) = ap(x) Y ™22,
m=—oo
where G, and ap(x) denote the x dependency. Observe that this last expression

implies that ag(x) — 1 as x — 0. We need to prove that ao(x) = 1 for all x in order
to complete the proof.

Let’s evaluate Gy at z = ¢™/4,
G e7‘(i/4 o) ‘ S
M — Z xmzlm — Z (_1)nx4n2.
aO(x) m=—0oo n=-—coo
The last equality results as a simplification because i = —i~™ for odd m, and the

reason is put this way is to compare it with the main expression of G(z). It can
be deduced that the rightmost expression is actually G, (i)/ag(x*) which means
that we get
Gx(e™*) _ Gul(i)
ap(x)  ap(x*)’

If we think think about our goal, we need to show that ay(x) = 1 for all x at the
unit disk. So a coherent start could be to show that Gy(e™/%) = G,4(i), because
that would mean that ag(x) = a9(x*) and we would almost be done. In order to
prove Gy(e™/*) = G,4(i) we must get rid of any unknown coefficient ag, so the
proper thing is to work with (2.2)

Gx(eni/4) — lo—OI(l . x2n)(1 + x4n—2) — lo—OI(l . x4n)(1 . x4n—2)(1 + x4n—2)

n=1 n=1

= H(l —x¥) (1 — ¥4 = H(l — X8 (1 — x4 (1= 287 = Gu(i),
n=1 n=1

so ag(x) = ap(x*) and iterating x — x* we get ag(x) = ao(x*) for all k > 1. Note

that x* — 0 as k — oo and ag(x) — 1 as x — 0 implies that ap(x) = 1 for all x at

the unit disk. O]
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Proof of Euler’s pentagonal number theorem. Substitute x by x3/2 and z by ix~/* in

(2.1). The product expansion becomes
-~ (3n—2 3 1 -~
H (1— %" (1 - x0T n (1—x"
On the right hand side, the series are rewritten as

i (x3/2)m2(_1)mx—m/2: Z (_1)mx3’”T"”: Z (_1)mxw(m)'

m=—o0 m=—oo m=—oo

2.3 Recursive formula for p(n)

We are now ready to state a recursion for p(n) based on the pentagonal num-
bers.

Theorem 2.7. Let p(0) = 1 and define p(n) = 0 if n < 0. For n > 1 we have
p(n)—pn—1)—pn—=2)+pn—-5)+pn—-7)—..=0, (2.5)

or equivalently

p(n) = Y (1) {p(n — w(k)) + pln — w(—K)}.

(1 T x5 ) -

which is a product of power series. The n-th coefficient on the left hand side
will be equal to that of the same order in the right hand side. The outcome of this
identity is clearly (2.5). O
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Chapter 3

Analytic tools

Before proceeding with Rademacher’s proof, preliminary results shall be ad-
dressed. In section 3.1 a proof of Dedekind’s functional equation will be delivered.
Sections 3.2 and 3.3 feature the tools required to construct our path of integration,
consisting of joint Ford circles of sets of Farey fractions. During a first lecture, the
reader might prefer to assume the proof of Dedekind’s functional equation due to
its complexity.

3.1 Dedekind’s functional equation

Even Hardy and Ramanujan used Dedekind’s functional equation in their
work on partitions. It plays a central role since it help us approximate F(x) with
enough precision near the roots of unity, where it has its peaks.

Definition 3.1. (Dedekind’s n function) Let T € H L H = {z € C : ¥(z) > 0}.
Dedekind'’s v function is defined as follows:

W(T) — em‘r/lZ 1—.[(1 o eZm‘nT). (3.1)
n=1

It makes sense to consider this function. Note that the product is of the form
[T,>1(1 — x") where x = ¢2™". There is a very obvious connection between (1)
and F(x). Indeed,
emiT/12

(1)
Observe that if T € H then [¢¥™7| < 1, so the product converges absolutely and it
is nonzero. Additionally, the convergence is uniform on compact subsets in H, so

F(e2m’T) —

7 is analytic on H.
The following subsection is a brief review of a special case of transformations,
needed to state Dedekind’s functional equation.

15
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3.2 The modular group I

Definition 3.2. A Mobius transformation is a rational function of the form

az+b
f(z)—mr

where a,b, c,d are arbitrary complex numbers satisfying ad — bc # 0.
We can add a couple of restrictions in order to get a group under composition.

Definition 3.3. The modular group I is the set of all Mobius transformations such that
a,b,c,d are integers and ad — bc = 1 with the composition operation.

This modular group has a nice property; every function f € I' can be asso-

. . . [a b : : . . .

ciated with a matrix p with determinant equal to 1, provided we identify
c

every matrix with its negative (since both represent the same function). In this

representation, the composition is just the product of matrices. From now on,

I' will represent the modular group and essentially we will use the determinant

property for our purposes.

3.3 The functional equation

Theorem 3.4. (Dedekind’s functional equation) Let Lcl Z € I'and ¢ > 0. We have

cT+c
where s(h, k) is a Dedekind sum, defined as

1 (5ie) = ew (i (S s, ) ) (iler + ) 2n(e), (32

s(h k) i= ; (F-15-3) (33)

The proof is not straightforward. We will rearrange (3.2) i a way where we can
deduce Dedekind’s functional equation using yet another transformation formula
due to Sho Iseki. Let’s start by taking logarithms on both sides of (3.2)

o8 <aT—|—b) _ (al—lz—cd —l—s(—d,c)) +logn(T) + %log{—i(c’t%-d)} (3.4)

cT+c¢

Taking logarithms on both sides of (3.1) we get

logy(t) = 8 4 Zlog 2Ty = s Z M—inT), (3.5)

n=
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where

Alx) = —log(1 — e 2™) = i , (3.6)

defined for R(x) > 0.

Lemma 3.5. (3.2) is equivalent to

> ) ad . at+b 7Tl at+b
Y A(—int) = ng;l/\ (—anT+d> +3 (T— c1—|—d>

n=1

+71i (al;j +s(—d,c)> + %log(—i)(chrd). 3.7)

(3.7) will be proved as a consequence of Iseki’s transformation formula. In
order to do so we will slightly rearrange it by means of the next lemma.

Lemma 3.6. Let z € C with R(z) > 0, and h, k € Z satisfying (h,k) =1,k > 0,hH =
—1( mod k). Then (3.7) is equivalent to

;A (%(Z— ih)) = i A <Z(i_ — ZH)> + %logz — 1—7;]{ (Z - i) + mis(h, k).
(3.8)

Proof. It comes down to choose a suitable (25) € I' with ¢ > 0 and substitute
certain expressions in (3.7) and (3.8). Given 7 with (1) > 0, let’s choose H, z, h, k
as follows:

k=c, h=—d, H=a, z = —i(ct +4d). (3.9)

The condition ¥(7) > 0 yields #(z) > 0, and using that the matrix is an element
of the modular group we have ad — bc = 1, or equivalently —hH — bk = 1. Clearly
(h,k) =1and hH = —1 mod k. Also b = % and using the condition on z,

iz—d iz+h

= = 3.10
T c X (3.10)
From here we come up with an equivalent expression of ZIIZ
iz+h hH+1 iz i
at+b=H PR —h<H—|—Z), (3.11)

therefore

at+b 1 i
a+d_k<H+z> (3.12)
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Finally

at+b 1 i 1 a+d i 1
T—CT+d—k<h—H)+k<Z—Z)—_ c +k<Z—Z) (313)

7Tl at+b Sfa+d 7T 1
W (’“m) = <12c> ~ ok (Z_z>' (3.14)

and substituting them in (3.7) yields (3.8). In the same way (3.8) implies (3.7). [

Theorem 3.7. (Iseki’s transformation formula) Take z € C such that R(z) > 0 and
a € [0,1], B € [0,1] and define

Aw, B,z) == 000{/\((1’ +a)z—if)+A((r+1—a)z+ip)}. (3.15)

r

Then if either 0 < &« < 1and 0 < <1or0<a <1land0 < B < 1 we have the
following functional equation for A:

2 /2
Aw, B,z) = A1 —B,a,z7 ) — mz Zb <n> (iz) "By_n(a)By(B), (3.16)

where By, (x) is a Bernoulli polynomial and A is defined in (3.6).

Proof. First note that the sum on the right of (3.16) is equal to
7z (a2 = +1/6) + = (B2 — p+1/6) +27i (k= 1/2) (B=1/2).  (317)

This results from the fact that we’re only using Bernoulli polynomials of order at
most 2, defined as follows:

Bo(x) =1, Bi(x)=x-1/2, By(x)=x*>—x+1/6. (3.18)

Let’s start with the first part of the sum appearing in (3.15) and assuming that
0 <a <1,0< B <1 Sowe have to deal with

[oe]

Y A(r+a)z —ip). (3.19)

r=0
By the definition of A we obtain

00 © oo 2mimfB
Y AM(r+a)z—ip) =Y ¥ S 2tz (3.20)
r=0 r=om=1 M
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Note that R(27tm(r + a)z) > 0. This condition allows us to use a special case of
Mellin’s inversion formula over e 27"("+®)z_ This formula states that for ¢ > 0 and

R(x) > 0, we have
s 1 c+o0i r sy
et = /C_OOi (s)x~%ds,

where I is the Gamma function, defined for R(z) > 0 by

I'(z) :/ - le~tdt.
0

The special case of Mellin’s inversion formula will be proven in the annex
section. Applying it to (3.20) by taking x = 27tm(r + a)z and ¢ = 3/2 we obtain

%) N o 00 27'(imﬁ 1 3/2+o00i Sd
+ — — / T 27T +wa)z)} ™
LAMrz—ip) = 1 Y S g [T 2l wz)) s

1 3/2+0i T(s) & 1 2, e27imp
Y /3/2001‘ (27z)s r;:) (r+a)s = mits

1 /33/2+°°i [(s) Z(s,0)F(B,1+5), (3.21)

T 271 J3/2 i (27tz)

where we have used both Hurwitz zeta function and the periodic zeta function,
defined as

[o0] 1 [o°]
I(s,a) := r;) I and  F(x,s):= )
for R(s) > 1,x € Rand « € (0,1].
By applying the exact same steps to the other part inside the sum of (3.15), we
obtain

S A1)z +if) = = /33/2+°°i HE) 75,1 - a)F(1— p,1 4+ 5)ds, (3.22)

= 270 J3/2-0i (2712)

and (3.15) becomes

Aa, B, z) = ! /33/2+00izsd>(oc,ﬁ,s)ds (3.23)

27 /2—coi

where

D0 s) = ({65 RIF(B1+9)+ 205, 1~ )F(1— B,1+9))
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We want to reach (3.16), which means that at some point we have to get rid
of the integral of (3.23). In order to do so a very nice argument comes in, where
we will try to be resourceful with the symmetries of ® by means of the following
lemmas.

Lemma 3.8.
P(a, B, —s) =D(1—B,a,s). (3.24)

Proof. We use Hurwitz’s formula, which will be proven in the annex section

r . .
{(1—s,a)= (Z;S_))S {e7T5/2F(q,5) 4 €™5/2F(—a,s)}.

First we isolate F(a,s) in the expression, and we keep it. Next we do a change
of variable; we put 1 — a instead of a. Using the periodicity of F and Euler’s
reflection formula, by adding both expressions (the one in terms of a and the one
in terms of 1 — a) we obtain

['(1-s)

F(a,s) = = {eni(l—s)/Zg(l —s,a) + em’(s—l)/Zg(l —s5,1—a)}.

Now it’s just a matter of substituting directly at ®. We end up with the follow-
ing expression:

m = Eﬂis/Z{g(—S,l —B)C(s, ) +(—s,B)C(s,1 — )}
+e T (=51 = P51 - )+ L(=5, B)C (5, )}

By isolating the term ®(a, B, s) and making the substitutions
(a,B,8) = (a, 8, —5) and (a,B,8) = (1—B,a,s),

the obtained expressions are the same. O

Lemma 3.9.

A L[ e ds+ R
(,B,z) = 27Ti/_3/2_ooi z (a,B,s)ds + R,

where R is the sum of the residues at the poles of the integrand inside {o + it € C :
-3/2<0<3/2}
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Proof. Consider

/RZ’SCD(IX, B,s),

Where R is the rectangle in the complex plane formed by the segments
L={3/24ix:-T<x<T}
={y+iT:-3/2<y<3/2}

L={-3/24ix: -T<x<T}
Li={-y+iT:-3/2<y<3/2}

-3 +iT 3+IT

-3-iT 3-iT

and the path of integration is considered to be anti-clockwise. Note how when
we make T — oo we get (3.23) when integrating over I;. Using this fact and
Cauchy’s theorem, it is clear that

/1 (aﬁsds+/ ocﬁsder/ aﬁsds+/ D(a, B,s)ds = 2miR,

hence lemma 1 is equivalent to the fact that [, and [, tend to 0as T — o0. To
show that do the following. From the proof of lemma 3.8 we have

—7tz"8

"D (a, B,5) = ){e_ms/z[é(w)?(—srﬁ) + (s, 1 —a)f(—s,1—p)]

ssin(7ts)
+e™27 (s, )0 (—s,1— B) + {(s,1 — a){(—s, B))].

Now, for a fixed z with | arg(z)| < 71/2 choose 6 > 0 such that | arg(z)| < m/2+9,
and let s = ¢ + it with o > —3/2. A simple bounding chain leads to

|Z—s| < |Z—0" |e|t|(71/2—5) |

For the sine part, note that for |t| > 1 we have
1 1 B 2
|ssin7ts| = |t||sinzts|  |t|e~7titmio — eni—ric|

2 - 2 e
— ’t|e—nt+m'a_ent+71ia| — ‘efnt_ent| - ( ‘t| )
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and

‘em's/2| — O(en\t\/Z)/ |e—m's/2‘ — O(en\t|/2).
Now, |{(s,a)| = O(|t|°) for some ¢ > 0 (proof in the annex section). Applying
the bounds we obtain
27 ®(w, B,5)| = O(|t]* e 0,

which proves that [, and [; tend to 0 as T — co. O

Lemma 3.10.
Aa, B,z) = A(1—B,a,z 1) +R,

where R is the same as in lemma 3.9.

Proof. We start from lemma 3.9 and make the change of variable u = —s to obtain

A 1 3/2+ic0 i P R
(D‘/,B/Z) - H /3/2100 z (ﬂé,ﬁ/ _M) u + .

By applying lemma 3.8, the result follows. O

In order to complete the proof of Iseki’s transformation formula, from lemma
3.10 we need to show

R=rnz ZO (2) 6B n@Bap)

Recall that the integrand is

r
25D(a, B,5) = 2° (ng (C(s,)F(B,1+5) +(s,1—a)F(1—B,1+5)).
Inside {c +it € C : —=3/2 < ¢ < 3/2}, T has two simple poles at s = 0
and s = —1 with residues 1 and —1 respectively. Additionally, the Hurwitz zeta

function has a pole at s = 1 with residue 1.
Let’s denote this residues R(0), R(1) and R(—1). We have

o 2minp e—2minp
R() = S r(2) + PO g2y = 5 (T

27z nz =

n? n?

1 > b1 —(2mi)?

2
ne—oonto M 27z
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where we used the Fourier expansion of the n-th Bernoulli polynomial. A proof
will be delivered in the annex section.
For R(0) we recall that {(0,&) =1/2—w,s0(0,1—a) =a—1/2and

o S2minf _ p—2minf

R(0) =2(0,&)F(B,1)+ (0,1 —a)F(1—B,1) =(1/2—a) Z
n=1

o e2minp

=(1/2—a) ),

n=—o0,n#0

7 = —27TiBl (IX)B1([B),
where again we have used the same theorem to express everything in terms of
Bernoulli polynomials. For R(—1),

R(—-1) = lim (s + 1)z °®(a, B,s) = lim(—s + 1)z°®(a, B, —5)

s——1 s—1
Using (3.24) we have
R(-1) = hrrllz ®(1—B,a,s) = —Ress—12°P(1 — B,a,s),
5—

so it is actually the same as R(1) but replacing z by —z~!, a by 1 — g and B by a.
So R(—1) = —mzBy(«). Thus

R = R(—1) 4+ R(0) + R(1 :—nzz< > “"By_(a)B,(P).

We are almost done. This proves Iseki’s transformation formula for 0 < a <1
and0 < <1

A limiting argument will be used to show that Iseki’s formula is valid if 0 <
x<land0<B<lor0<a<landO <p <1 We will do one case and show
that the rest will follow from the same argument. Consider the series

00 0o 00 me

Y Mr+a)z—ip) =) Z —2mm(rta)z

r=0 r=0m=
i e2mimp 72nmazi672nmrz: i e2mimp p—2mmaz
m=1 r=0 oy m L—en

i meﬁ
Where
6727'(m1xz

fu(m) = 1 o—2nmz
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for0 <wa <1,as m — oo, f,(m) — 0 uniformly in «. Therefore, the series

Z mmﬁf

converges uniformly provided 0 < B < 1, so what we do is pass to the limit
as « — 07 term by term. This allows us to let &« — 0" for 0 < f < 1 in the
functional equation. The other limiting cases follow from the invariance under
these replacements:
x—=1—-a and B—=1-5,
x—p and B—1-—u,
x—=1-8 , B—a and z—z .

And his completes the proof of Iseki’s transformation formula. O

3.4 Proof of (3.8) using Iseki’s transformation formula

Proof. Equation (3.8) deals with integers / and k with k > 0. We split the deduction
in two cases, k = 1 and k > 1. Considering the first, (3.8) becomes

i Mn(z—ih)} = i Mn(z™t —iH)} + %logz — E(z —z 1.

We can simplify this by means of the periodicity of A(x), which has period i. Since
h,H € Z, we can get rid of them and get

Z Mnz} = Z Mnz™ 1} + 2 logz — —(z —z 1), (3.25)

and this can be deduced from Iseki’s formula. Indeed, start with (3.16) by taking

p=0,
A(,0,z) = A(l,oc,z’l) — 7Tz(oc2 —a+1/6)+ 6% —mi(a—1/2),

where
A(a,0,z) Z{A r4+a)z) +A((r+1—-a)z)} (3.26)

and
Al a,z” Z{A r+ 1Dz —in) + A(rz 7 +in) ). (3.27)
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Now we want to make &« — 07 but there are two conflictive terms in the series; in
(3.26), the first term in the summand at » = 0 which is A(az) and then the second
term at r = 0, A(ia). Each of these tend to oo as « — 07 but their difference does
not, so we can compute the limit. First note that

1— e—2m’zx
Alaz) — A(in) = log T

e—2mxz )

Taking what'’s inside the logarithm, by I’'Hopital’s rule we get

lim 71 —em = lim @ = 1
w0t 1—e=2mz ot 2wz 72
SO
lim (A(az) — A(ia)) = log - = = _logz (3.28)
a—0t o gZ - 2 &2 '

Now observe how a affects both (3.26) and (3.27). If we make a« — 0 the remain-
ing terms in each series double up, so by putting (3.28) aside we get

7Ti w4

5 logz—l—Zr:ZlA(rz):Zr:ZlA(r/z)— g +

n
6z 2’

which reduces to (3.25) and it proves (3.8) for the case k = 1. The case k > 1
is more tedious due to the fact that it does not cancel out Dedekind’s sums. We
again start with Iseki’s formula, and this time we choose « and p as follows

(x:% for 1<u<k-1,

B =

This means that v = hy mod k. In turn, this implies —Hv = —Hhy = p mod k,
so —Hv/k = u/k mod 1. Hence, by the definition of x and  we get

where hy=gk+v and 1<v<k-1

=<

= —Hv/k mod 1 and B=hu/k mod 1.

We substitute in Iseki’s formula and divide by two to get this

L (D) o (O )= )
(-t ea (=g it
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The key idea is to rewrite it in a way where we can add these expressions for
different possible values of i so that Dedekind’s sum appears. One needs to be
careful when dealing with such expressions. We rewrite it in the following way

1y {/\<(rk+ﬂ)(2—ih)>+A<(Vk+k—i‘)(z_ih)>}

24 k k
© rk+v) (L —i rtk+k—0) (L —i
:;rzo{AC + )k(z H))M<( + k)(z H))}

_E &Z_E+1 +£ 072_2_}_1 + 7Tl E_l 9_1
2 \k k 6/ 2z\k» k 6 k 2)\k 2)°
Add both sides by making y = 1,2,..,k — 1. These choices for y make the ex-
pression rk + u never a multiple of k. The same with the expression rk + k — p.

Additionally, since v = hy mod k, as p runs trough 1, ...,k — 1, v runs trough the
same numbers but in a different order. So we end up getting

EoaGem)- £ (f(E-m)-5(-) 5k

n=1 n=1
n=0 mod k n=0 mod k
(1 = e
_Z(Z_Z> Ek+u<_z>(k_l>
k-1 k=1
plo 1N _mix~vo  m,
+mzk<k 2) 2Zk+4(k 1)
u=1 u=1
= n(l . (1
- L (i Gm) i)
n=0( mod k)
(k—1D)(@2k-1) .. B (o 1
><< = 3(k—1)+ (k—1) —l—m;;k 7 3
-y <ﬁ) o))+ 2 (=N (-1 er'ki1E v_1
] k) \z 12 z k =k \k o 2)7
n#0( mod k)

Remember that v was defined by hy = gk + v, so we can rearrange it in order to

get
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L A
Pk Al bl Ul bl
Therefore ; ,
—1 —1
p(o_1 Bo(hp b 1N
Zk(k 2)‘ k<k Gl =3) =stk).

Putting everything together yields

Gew)- £ ()

n=1n70( mod k) n=1n#0(

“ (Z _ i) (1 _ }() + reis (I, k), (3.29)

and we’re almost done. We only need to add the terms of the form n =0 mod k,
so we add (3.29) to (3.25), which corresponds to the case k = 1, and write n = mk
there. Combining both expressions results in

(o]

]i)\ (%(Z - ih)) = nil/\ <Z (i - 1H>> — 1—7sz (z— l) + %logz%— mis(h, k).

And this proves (3.8), which in turn completes the proof of Dedekind’s functional
equation. ]

3.5 Farey fractions

A very natural way of classifying reduced fractions consist on ordering them
by the magnitude of its denominator. For example, all reduced fractions with
denominator at most 2 are of the form 23! for an integer k (at the moment and
for obvious reasons we are not considering fractions with denominator 1). If we
keep going, the set of fractions with denominator at most 3 would consist on the

fractions of the form

2K ; ! 3q3+ 1 ang 322 3+ 2 (3.30)
for integers k, g, p. We immediately observe that all reduced fractions with denom-
inator at most 2 are included in the set, and we expect (3.30) to be included in the
set of all reduced fractions with denominator at most 4. To simplify we can pick
an element of each class of reduced fraction; the most natural element to choose in
every class is the reduced fraction inside the interval [0, 1]. With this idea in mind

we jump into the definition
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Definition 3.11. We denote F, as the set of reduced fractions in the interval [0,1] with
denominator at most n, also known as the set of Farey fractions of order n.

P12 {%,%}

Fy: 0{%%/%}1
. 1 2

ST -2 g1
. 1

F4' {T/ 4’37273/ %/ T}

B {0,1,11213354 1
: 175747375727 5737475/1

Looking at these first values of F, several properties seem to arise. For instance
F, C F,41. Additionally, if we have a look at the fractions in F, 1 which are not
contained in F, it might seem that each new term is the mediant of two (previ-
ously) consecutive terms (the mediant of two fractions a/b and c/d is the fraction
(a+c¢)/(b+d)). Let’s rigorously prove our claims.

Lemma 3.12. If a/b < c/d are positive fractions then their mediant lies between them.
a-+c a b c d

b+d‘(5) <b+d>+(d> <b+d>’ (3:31)
a a b c d c

5 < (5) <b+d> +(3) <b+d) <

because (3.31) is a weighted average of a/b and c/d so it must be between them.
O

Proof.

where

Theorem 3.13. Let 0 < a/b < ¢/d < 1. If bc —ad = 1, then a/b and c/d are
consecutive terms of F, for
max(b,d) <n < b+d.

Proof. bc —ad = 1 implies that (a,b) = (¢,d) = 1 which means that both are
reduced fractions. The first inequality (max(b,d) < n) implies that both a/b and
c/d are in F, so we just need to check that these two are consecutive terms. Let
h/k with
a/b<h/k <c/d.
This implies
ck —dh >1 and bh —ak > 1.

Finally, making use of the unimodular relation between a/b and c/d we obtain

k = (bc — ad)k = b(ck — dh) +d(bh — ak) > b+d,
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and a contradiction arise if we allow h/k € F, due to the assumption n < b +d.
Therefore a/b and c/d are consecutive terms in F,. ]

Corollary 3.14. Let 0 < a/b < c/d < 1 such that bc — ad = 1 and h/k their mediant.
Then, h/k satisfies the unimodular relation with both a/b and c/d.

Proof. (3.5) shows that

k=b+d < bh—ak =ck—dh=1.

Theorem 3.15. F, C F,y1. Each p/q € Fy41 \ Fy is the mediant of some consecutive
terms in F,. Moreover if a/b < c/d are consecutive terms of F,, then they satisfy the
unimodular relation bc —ad =1

Proof. We will use induction on n. For n =1, 0/1 and 1/1 satisfy the unimodular
relation. Additionally, we construct F, by inserting their mediant, 1/2. Suppose
now that a/b and c¢/d are consecutive terms in F,, such that bc — ad = 1. Theorem
3.13 tells us that these fractions will be consecutive in F,, for m satisfying

max(b,d) <m < b+d.

By corollary 3.14, their mediant //k satisfies the unimodular relation with both
fractions; that is, we have

bh—ak =1 and ck —dh =1,

which tells us that (k,k) = 1, and so h/k will be a term in some F,. But g = k
clearly, since for smaller values we have that a/b and c/d are consecutive terms
in each Farey set. So in F, a/b and h/k are consecutive, as well as //k and c/d.
Additionally we have shown that satisfy the unimodular relation between them.
With this we have proved that passing from F, to F,;1 we only need mediants
of two consecutive fractions of F,, and the new consecutive terms also satisfy
unimodular relations, so F,41 has these properties only if F, does. O
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3.6 Ford circles

Before formally introducing the Ford circles let’s play with Farey fractions in
the following way. Consider the complex plane C and F; = {9,1}. Start by
constructing two circles with radius 1/2 such that their lowest points are 0/1 = 0
and 1/1 =1:

As it turns out, the circles are tangent to each other. Let’s now iterate in the
following way: at each step we will add circles tangent to the ones already on the
picture, while also to the real axis, with the condition that every added circle is
equally big. In this iteration we only add one circle

01 11

It lands at 1/2. Let’s iterate again

on n
13 23

Only two circles have been added and they land at 1/3 and 2/3. At this point
we can already expect the outcome of the next iterations.
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on 13 12 23 n

114 3/4

Each one of them generates the k-th Farey sequence. We could do it indefinitely
and end up with a curious circle packing. This will turn out to be the "shape" of
our integration path.

Definition 3.16. Take h/k € Q with (h,q) = 1. The Ford circle associated with h/k and
denoted by C(h, k) is the circle on the complex plane with radius 21? and center % + 21?

Theorem 3.17. Two ford circles C(a,b) and C(c,d) are tangent to each other if and only
if bc — ad = £1. Otherwise they do not intersect.

Following Theorem 3.15, Ford circles of two consecutive elements of F, will be
tangent to each other.

Proof. We will do it by comparing two magnitudes; the distance between the cen-
ters of C(a,b) and C(c,d) (namely D), and the sum of their radii, r and R respec-
tively.
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C(a,b) and C(c,d) will be tangent if and only if
D =r+R,

or equivalently
D? = (r + R)%.

By means of definition 3.16 we know the centers of both circles, which means that

2
R RTINS

11
o 1 1
(r+ R =25+ op

we can calculate D?

Also,

We calculate their difference

2R (P ( L LY (1Y
D~ (r+ R = (5 d>+<2b2 2d2> 2w o

(ad — bc)? — 1
7
with equality if and only if ad — bc = +1. O

We will refer to the bottom page diagram for the next two theorems

Theorem 3.18. Take three consecutive Farey fractions, h1/ki < h/k < hy/ky. The
points of tangency of C(h, k) with C(hy,kq) and C(hy, ky) are the points given by

Ch k i
k) =t e T e

Ch ks i
k) =1 e TeeR
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Proof. Following the diagram we can obtain «; in terms of a and b

— ﬁ_ _|_‘ i_b
Nl = X a 1 K2 .

The values a and b can be reached by means of triangle similarity

1 2
a K2 kl k1
h I 1 1 2 | 12 2 1 2\’
e mtmz Ktk k (k> + k%)
b o mr k2— 1 k2 — k2

1 b=

S 2R

An analogous process can be made to obtain the value w,(h, k) stated at the
theorem. O

- k12—|—k2

Theorem 3.19. Given two consecutive Farey fractions hy/ki < h/k, their point of tan-
gency lies on the semicircle whose diameter consists on the interval [hy/k1, h/k].

Proof. Consider 6 defined at the previous diagram. In order to prove the theorem
it suffices to show that & = 77/2. One could show the theorem by working with
the right triangle formed by h/k, h1 /k; and a1 but there is a cleaner way consisting
in the following: we break the segment [%, "1 in two parts, a’ and 4, by cutting it

at the projection of a; over the real axis

6 = /2 means that the height of the triangle has to be the geometric mean of

a and a’. The height is the imaginary part of a4, kzlﬁ Also,
1
k1
g =
k(k? 4+ k%)
L P S
k ki kk;

so multiplying both terms result in

ad — k1 1 k1 B k1 k? B 1
TEER) \ k@R T RErR) \RRrR)) T era
O
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Chapter 4

Rademacher’s proof

We are now capable of proving Rademacher’s exact formula for p(n), stated
as the following theorem

Theorem 4.1. (Rademacher’s formula for p(n)) For n > 1, we have

d (sinh{z\/éwza)})

1 (e )
p(n) = mk;flk(”)\@% 1 1

Ag(n) = Y prtis(hk)=27inh/k
0<h<k(hk)=1

and s(h, k) is a Dedekind sum, defined in Theorem 3.4.

where

4.1 Sketch of the proof

We start with

By Cauchy’s integral formula, we get

p(n) = ! /C i,gﬂdx, (4.1)

T 2mi

where C is a positively oriented simple closed contour inside the unit circle and
enclosing the origin. There are now two considerations to be made; the choosing
of the contour C and an approximation of F(x). The first one will be due to a
change of variable in a path formed by upper arcs of joint Ford circles, and the
second will result as an application of Dedekind’s functional equation.

35
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Start with the Farey sequence of order N, Fy, and construct a path using its
corresponding Ford circles as follows: take three consecutive Farey fractions of
Fn, hi/k1 < h/k < hy/ky. By Theorem 3.17 and Theorem 3.18 we know that their
respective Ford circles are tangent to each other (in order) with known tangency
points a1 and ay. These two points divide the Ford circle C(h, k) into an upper arc
and a lower arc. We shall take the upper arc of every Ford circle generated by Fy
and name P(N) the path formed by the joint upper arcs.

V% N
= o
L] L]
1 2
3 3

[
[

As for 0/1 and 1/1, we only take the part of their upper arcs lying above the
interval [0,1]. P(N) will be defining our path of integration thanks to the following
idea. This change of variable

x = 2T 4.2)

maps the unit disk |x| < 1 onto a vertical strip in the T plane of width 1

x-plane

7-plane

A straight line in the T-plane starting at i and ending at i + 1 defines a contour
at the x—plane (more specifically the contour is a circle centered at the origin of
radius e~27). By applying this change of variable at (4.1) we obtain

i+1 . .
P(Yl) — / F <62mr) e—2mnrdT/
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and now a key idea comes in: we can change the path [i,i + 1] by P(N)
n) = F (e¥17) e~ 2minTgr, 4.3
po = [ F (&) @3

This change can be done because the image of P(N) by (4.2) is a closed connected
contour enclosing the origin. Observe that

P(N) = J(hk)

where y(h, k) is the considered upper arc corresponding to the Ford circle C(#, k).
This allows us to fragment the integral
[Y(h,k)

and work separately with each of the terms dependent on k

k-1

hgo /wuc) '

(hk)=1

Then, a suitable change of variable will be made to transform - (k, k) into an arc
on a circle centered at z = 1/2 with radius 1/2, in such a way that will allow us
to approximate F(x) arbitrarily good by means of Dedekind’s functional equation.
With this sketch in mind we state three theorems and then get to the proof.

4.2 The last theorems

Theorem 4.2. (Dedekind'’s functional equation in terms of F) Let F(t) = [Tir—1 1 and

2mtih 27z
X=ep (T

, <2m’H 27t>
X = exp - —

k z
where R(z) > 0,k >0, (h, k) =1and hH = —1 mod k. Then,
_ mis(hk) (% 172 T Nz /
Fx)=e <k) P <122 12k2> F(x). @4

Note that if |z| is small, then in (4.4) x lies near the root of unity e*™*/k whereas

x' is close to 0. Which means that aside from a constant factor, for small |z| we get

F~z2exp <177;z> .
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Proof. Take i Z € T'withc >0andlet v = ‘gig By Theorem 3.4 (Dedekind’s

functional equation) we obtain

17(1T):;7(1T/){—i(cr+d)}l/zeXP{m<a1J2rcd+S(_d’C)>}'

where 77 is Dedekind’s eta equation. A quick observation at the function allows us
to rewrite it in terms of F, since

F(EZm’T) — L’mT/lz/I’](T),

SO
F (ez’m) =F (62”“,) ex mi(T=7) {—i(ct+d)}/* x exp { 7i atd +5(—d,c)
p 12 p 12C 7 .
(4.5)
Now we make
p=He—kde—nb—_HEL g - ZEh
k k
to obtain
o iz7' 4+ H
=

Note that the condition "H = 1 mod k makes b an integer. We then put
everything together and (4.5) becomes

2ih - 2wz 2miH 27 1/2 T iz ,
F(exp( p —k>>— (exp( p _kz>>z xexp{@—ﬁ—l—ms(h,k)}.

Finally, replacing z by z/k we get (4.4). O

Theorem 4.3. The transformation

h
_ 12 "
z = —ik (T k)

maps C(h,k) in the T-plane onto a circle K of radius 1/2 and center z = 1/2 at the
z—plane. By this transformation, the points a1 (h, k) and ay(h, k), which are the tangency
points of C(h, k) with its neighbor Ford circles (see Theorem 3.18), are mapped onto the
points
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k2 kk
Z1 (h, k) = +1i
+k k4K
2
2 k) = — kky

= —1
+k ek

in such a way that the upper arc joining wq (h, k) and ay(h, k) maps onto the arc of K that
does not touch the imaginary z—axis.

zy(h, k)
//"_\,\
0 1 o
z,(h, k)
z-plane

Proof. The Ford circle C(h, k) is the circle of center at % + 21? and radius 21? The
translation T — h/k moves C(h, k) to the left a distance h/k placing its center at
-
rotating it —7t/2 radians, placing its center at z = 1/2. The mapped arcs will
never touch the z—imaginary axis as the only point of the circle touching it is the
lowest (and no Ford circle has that point as a member of its generated upper arc).

The expressions for z1(h, k) and z,(h, k) follow at once.

Multiplying by —ik? expands the moved circle to one of radius 1/2 while

O

Theorem 4.4. For the points z1 and z, of theorem 4.3 we have
200 = = [0 = ——— w

11, = ’ 2\, = . :
\/ K2+ k3 \/ K2+ k3
Additionally, if z is on the chord joining zq and zo, then
kv/2

2] < kva 4.7)

N

for consecutive terms hy/ky < h/k < ha/ky of Fx. Moreover, the length of the chord does
not exceed %ﬁ
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Proof.

A
1 pum— pu— .
CRIRET

The same applies to |z;|? and this proves (4.6). As for (4.7), note that if z is on the
chord then |z| < max{|z1],|z2]}, so it suffices to prove

kv2

‘Zl'| < T for i= 1,2 (48)

This can be seen using the inequality relating arithmetic and root mean square.
Fori=1,2:

1/2
ktki _ K+ k2
2 - 2

SO
k+ki>N—|—1 N

V2 < vz oV

The inequality k + k; > N + 1 arises from Theorem 3.13 since k and k; are consec-

(K +k2)"2 >

utive denominators of Fy. By this inequality (4.6) proves (4.8), which immediately
proves (4.7). Finally, by the triangle inequality, the length of the chord is at most
21] + |22l = 22, =

4.3 Proof of Theorem 4.1

Proof. We start at (4.1)

_ 1 [ F(x)
p(n) = E/c RS dx,

P = T = = X plm)

and C is a closed curve, positively oriented inside the unit circle and enclosing
x = 0. We then apply the change of variable (4.2)

where

X = eZmT

7

converting (4.1) in (4.3)

p(?’l) — /P(N) r <62m'1') eme‘anT
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by considering the path P(N). We fix n and later we will allow N to approach
infinity. We can write

omit ,—2mi e omit ,—2mi

F (7™ ) e T = / F (&7 ) e Mg, (4.9)

/P(N) ( ) k; hg) y(hk) ( )
(hk)=1

We apply the change of variable provided by Theorem 4.3

z = —ik? (T—Z) — T:E-i—ii (4.10)

ko k%

By that same theorem, we know that the arc y(h, k) is mapped onto an arc
joining z1(h, k) and z;(h, k) where

k? kky
Z1 (h, k) = +1 ,
K2+k2 k24K
2
2a(h, k) = k kko

= —1i .
+ky 4k

By (4.9) we have

1 za (k) 2mih 27z i ominh/k 2mnz/ k2
/zl(h,k) F <eXp< ko k2>> ¢ e dz. (4.11)

™

o

N k

p(n) =Y
k=1 h
(hk)=1

=
Il

This is highly convenient since it allows us to explicitly apply Theorem 4.2 by
making the substitution

2mih 271z \ '\ _ s (2) V2 T nz 2miH  2m
F<eXp( kK )) —¢ (k) eXp(uz 12k2)P CP\"kx T2 ))

(4.12)

where hH = —1 mod k. In order to simplify what's left at the integral, let us

denote

_ 172 Nz
Yz =z"ep (122 12k2) '
Additionally observe that after applying (4.12) to (4.11) the factor

Z'ka/ZEm's(h,k) eme'nh/k

does not depend on z, so we move it out of the integral. We then have
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Zz(h,k)

N k-1 ' .
p(n) = Z Z ik*S/Zems(h,k)efbrznh/k/ \P(Z)F(x/)ezmlz/kzdzl (4.13)
k=1 h=0 z

(hk)=1

l(h/k)

where

Y — ex 2miH 27
— P Tk z )

Now a simplification process begins. We will use a trick consisting in parti-
tioning the integral of (4.13) into two, by splitting F(x’) as

F(x') =14 (F(x') = 1) (4.14)

so (4.13) becomes

N k-1 , .
p(n) =Y Y ik5/2emsh)em2minh k(1 (k) + I (h, k), (4.15)
k=1 h=0

(hk)=1

where
Z (h,k)

Il(h,k) :/(hk) \Fk(z)eZan/kde/
z1(n,

z(hk) .
Iz(h,k) = / ’ 1Fk(z) {F <exp <27TkZH _ 27()) _ 1} eZnnz/kde.

Z1 (h,k) zZ

This allows us to get rid of the term F(x’) by showing that as N grows,
vanishes. But before proving it analytically let’s intuitively see why this works.
The idea behind it is marvelous; let’s fix a fraction h/k. As N grows, more Farey
fractions appear. In particular, the consecutive Farey fractions of h/k, namely
hi/k1 < h/k < hy/k,, become closer and closer to h/k. For instance let h/k =1/2
and imagine it’s Ford circle at the T-plane. As N grows, more Ford circles emerge
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so that the arc formed by the tangency points a;(1,2),a2(1,2) is almost the
whole Ford circle. But what happens with the chord between «a1(1,2),a2(1,2)?
Not only gets smaller as N grows. It also gets closer and closer to 1/2!

Now looking at the transform (4.10),

h
2 "
z = —ik (T k>'

as T gets closer to h/k (in our exemplification h/k = 1/2), z gets closer to 0.
As for x/,

x| =

-2
exp (;) ‘ -0 as |[z| =0,

hence
F(x') — F(0) =1,

which implies
F(x')—1—0,

and this is the reason behind (4.19).

Now, this chain of implications is possible because we are considering the
chord between a;(1/2) and a3(1/2), which after (4.10) becomes the chord between
z1(1/2) and z(1/2). But we are integrating not over the chord, but over the arc
formed by z; and z;. Nevertheless the integration happens inside the unit disk,
where the function is analytic, so we can replace the arc by the chord in the path
of integration
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Now that we have the idea in mind, let’s analytically show that the integrals
I (h/k) vanishes as N grows. In relation to our previous observation, for a given
N, Theorem 4.4 gives us a bound for z in the chord between z; (h, k) and zp(h, k)

k2

|z| < N

Additionally the length of the chord is smaller than %ﬁ The integrand of I, (h, k)

is
1/2 Tz 2miH _ 27 B 2nmz/K
z ' “exp (—122 712k2) {F (exp ( . - lse . (4.16)

Before bounding it, observe that there is a term of the form 1/z at the first
exponent. Since we are now considering z to be on the chord, we have that
0 < R(z) <1,s0 RN(1/z) > 1. In addition we will make use of the identity
le?| = e™(®), We can now do estimates for (4.16)

Z1/2 T U 2miH i 2£ B 2nmz/k?
P (122 12k2) {F (eXp< k2 Tye
(e (- 2)) 1}

(4.17)
We can expand F as its power series and note that the subtraction —1 accounts for

the term m = 0 in the summand

= [212 x [exp (5 R(1/2) = S R() )| x |2 REF

P 2) ) o
m=1
i 72mn8? 1/z)

The third term in (4.17) can be simplified as

‘eZnné}E(z)/k2’ < lem/kZ,
and the second one by
‘eXp (12 (1/2) = 1;22%(2))‘ < eBR1/2)p e < BR(1/2),
So (4.17) is bounded by
’Z|1/261’;m (1/z) 2men/k* Z p(m o~ 2rmR(1/z)

< |Z’1/2€27m E p(m)e—ZH(m—l/Zél)%(l/z).

m=1
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We can get rid of the term R(1/z) since the exponent is negative

< |Z|1/2€27m i p(m)e—Zﬂ(m—l/M)

m=1

< |Z’1/2€27m i p(m)efzn(24m71)/24
m=1

e}
< |Z’1/2€27m 2 P(24m - 1)6—271(24m—1)/24 _ ‘Z|1/2C.
m=1
where c only depends on n. So far

2y (h,k)
(1K) </( | c|z|V/2dz.
k

21 (h,

We are integrating over the chord, where |z| < % and |z2(h, k) — z1(h, k)| <

%ﬁ so altogether we get

|L(h, k)| < CK3/2N—3/2

for a constant C. Adding every I, integral in (4.15) we obtain the bound

N
<Y Y ckIN2
k=1 0<h<k
(hk)=1

Y ik 2gisk) g 2minh K, ()
h.k

N
<CN32Yy 1=CcN V2

k=1
So (4.15) can be written as
N . .
p(n) = Z 2 ik—5/zems(h,k)E—Zmrzh/kll(h’k) +0 (N—1/2> . (4.18)
k=1 (ohgk};<k
k)=1

This means that the error term gets smaller as N grows. By working with I;, we
can modify it in a way that generates error terms of order O(N~1/2) as well.

The integration path of I (h, k) is the arc from z;(h, k) to za(h, k). Instead of
just the arc, consider the whole circle K and put [; in terms of an integral around

the full circle
21 (k) 0
I (h, k) :/ —/ —/ :/ ~J1i— 2
K(-) 0 za(hk) K(-)
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Here K(—) denotes integrating around K in negative direction and Jj, ], are inte-
grated over the arcs joining 0 and their respective integration limit. Note that the
length of the arc joining 0 and z; (I, k) is bounded by

k2
N

nt|z1(h, k)| <

The same bound applies for the length of the arc joining 0 and z»(h, k). Both J;
and ], have the same integrand

7T 7z 27tnz /k?
“exp (122 12k2>e ’

where we are integrating over the circle K, in which we have R(1/z) =1, 0 <
R(z) <landz < 2—# The bounding yields

1

< ‘Z|1/Ze7r/12627m < CN1/2'

1/2 7T 7tz ) 27nz/k?
‘Z eP(]Zz 12k2) €

so we get
il < Ck*2N—372

2| < Cok*/2N3/2

for some constants Cq, C,. This turns (4.18) into

TZ) — Z ik~ 5/2 tis(h,k) —Zmnh/k/

k=1 0<h<k K(-)
(hk)=1

22 exp (55~ 13) €7/ O (N717).

Allowing N — oo it results in

_iy T3 RV Y B S
n)—zk;Ak(n)k /K(_)z exp{lzz—i— 2 (n 24>}dz,

Ax(n) = Z ptis(k)—2minh/k_

0<h<k
(hk)=1

where

We enter now at the final stage of the proof, where we are left with an integral
that can finally be solved.

Observe that Vz € K, R(1/z) = 1 and —o0 < $(K) < oo, so the change of
variable w = 1/z allows us to get a line integral. We obtain

_1 0 _5/2 /1+ooz' 5 TTWw 27T _i l
= Z_k;Ak(rz)k e o T 1) w dw.



4.3 Proof of Theorem 4.1 47

By making t = 7rw /12 the formula becomes

3/2 *® 1 7T/ 124000 2 1
=2 Ax( —5/2—/ t5/2 t4 dt,
p(n) =2m ( ) Z 271 /12— PVt e \" "

where the integral is a representation of a modified Bessel function. In the annex
section we will provide a deduction of this representation

1% ot
I,(z) = (22)/ o1 (A0 g for ¢ > 0,R(v) >0
27t Je—coi

0 1 7\ 2m+v
lo(z) = mgo mT(m +v+1) (E)

is known as a modified Bessel function of first kind (or hyperbolic Bessel function).

In our case we take
z 2 1 1/2
s~ (6 (- 21))

v=23/2
to obtain

1) 3

3/2 (1734
p(n) = (27) ({;)3/2]{:21Ak<n>k5/2” = (3/4k £ IR (Z\/ﬂ)
o) (n— 1) n

Now, this modified Bessel function is of order 3/2, which is a half integer. This
fact allows us to write it in terms of elementary functions as follows

|2z d (sinhz
I = .
3/2 (Z) d = ( z >
Finally, introducing this representation in (4.19) we obtain Rademacher’s formula
i (smh{ 3=} )
k=1 v 2
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Corollary 4.5.

2n
V3

~ 4n+\/3

Proof. The idea is to progressively get rid of the terms that get small as n — oo.
First we deal with the derivative

Kl (smh{z\/émzb})
V-

dn
_ 1)3/2 (4\@ (n\/Wcosh <7T\/m) — Gksinh <m> >> '

p(n)

as mn — oQ.

k(24n —1 6k 6k
Using
V 24 — 1 1 T n— T n—
sinhin 6: =5 (e o —e ¢264k71)
2dn—1 1 / =voan— VEITT
coshﬂ\/6kn7:2(e o 1+e_ o 1)
we are able to simplify. As n — oo, we have
sinh mv24n — 1 leﬂ 21
6k 2
7T\/ 24:7’1 — 1 1 mv/24n—1
cosh—— ~ —¢ &
6k 2
SO
1 © 1 1 »vain—1 1 »voin—1
~——3Y A k|l——————= [4V6 | TV24n —1-¢ & —6k=e o
p(n) 7T\/§l<:Z1 0V [k(24n—1)3/2 ( \f<7r Tt 2° >>]

! §°° 1 1 ~v2an—1 1 »om=1
=— 5 LA 5 | 4 A — 1o _ ks .
”\/Ek:1 k(n)\/lz [k(24n—1)3/2 ( \@(7{\/726 2 6k26 21 >)}

Let’s denote by Qi (n) the k-th term of the series and separate the first from the
rest, so that
p(n) ~ Qi(n) +(Qa(n) + Qs(n) + ...).
Divide both terms by Q;(n) to get

p(n)
Q1 (n)

Q2(n) +Qs(n) + ...

L o ) B

where
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Q2(n) +Qs(n) +... & A(n) 1 (1 VT (1_q)
G L Am) v (3¢ -0
as n — 00, SO we have
DOt — i)~ Qa(o),
where
_ 26 T 6 /21 23 i 11
Qu(n) = /2 <24n—1 (24;1—1)3/2) ¢ T <Z4n—l) ¢

~ 72\/56%\/247 ~ 71 en Z:Tn.
24n 4n\/§
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Chapter 5

Annex

5.1 Results used at chapter 3

5.1.1 Proof of Hurwitz’s formula

During the proof of Iseki’s functional equation we made use of Hurwitz’s for-
mula

{(1—s,a)= (1;(7j))s{e_”is/21-"(a,s) + e”is/zF(—a,s)}.

In this subsection we deliver a proof by a sequence of theorems.

Theorem 5.1. (Analytic continuation) For 0 < a < 1. Let

z—1,az
I(s,a) 1/Z ° iz (5.1)
C

T omiJe 1—er

where C is the following positively oriented contour and Cy is a circumference of radius

€y i

—e0))

¢ : G

¢ < 2mt. The function I(s,a) is an entire function of s. Additionally, for R(s) > 1 we
have

{(s,a) =T(1—s)I(s,a). (5.2)

Proof. We will use an abuse of notation; here, z° will mean r*¢e~™° over C; and

r°e™ over Cs. Let’s consider an arbitrary compact disk |s| < M and show that the

51
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integrals along C; and C3 converge uniformly on that disk. Along Cy, for r > 1 we

get

mi(o—1+it) o1t < W M=1,mM
7

=r e

e

71} — o1 ‘
because |s| < M. Along Cs, for r > 1 we get

mti(o—1+it) o1 -t < pM=1,mM

71}27071‘ —

e
Now we can bound the integrand for » > 1 along C; and C»:
5 -1 etz

1—e%

yM=1,M —ar pM=1,mMp(1—a)r

1—e7 - er —1

When r > log?2 we have ¢" — 1 > ¢’ /2, so the integrand is bounded by ArM~1e=

for a constant A that depends on M bur not on r. Now, since
[0
/ ArM=le=r gy
c

converges if ¢ > 0 we have proved that the integrals along C; and Cz converge
uniformly over every compact disk |s| < M, hence I(s,a) is an entire function of
s.

In order to prove (5.2), let

eﬂZ

8(z) =1

and rewrite (5.1) as

it = ([ + [+ [ )#7s

Now, over C; and C;3 we have g(z) = g(—r). Over C, we write z = ce® where
—7t < 6§ < 7. This yields

27il(s,a) = /C rlem Mg (—y )dr+1/

—7T

+/ s—1 ms )d?’ (53)
—21sen(7rs)/ rlg(— r)dr+ics/ elseg( )d@.

c —

7T

¢ lels Dbl o <cei9) dae

Renaming these two integrals by I; and I, respectively and dividing by 2i we
obtain

ntl(s,a) = sen(ms) (s, c) + Ix(s, c).
Making ¢ — 0 results in

) rs—le—ar

li—% Li(s,c)= /0 = dr =T(s)((s,a),
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and we are almost done. It lacks showing that if ¢ > 1, then lim._,o I(s,c) = 0.
First observe that ¢(z) is meromorphic in |z| < 271 with a single pole of first order
at z = 0. For this reason zg(z) is holomorphic everywhere inside |z| < 27, hence
bounded by a constant. So in that disk we get |¢(z)| < A/|z| for some constant
A. Consequently we have

oo A
|L(s,c)| < %/ e‘te?de < Ae™ltleo—1
—7T

so for o > 1 and ¢ — 0 we get I(s,c) — 0. In order to reach (5.2), we apply
Euler’s reflection formula at (5.3). O

While needed to prove Hurwitz’s formula, the following theorem also provides
a result used at (3.3)

Theorem 5.2. The {(a,s) is meromorphic in the whole complex plane with a simple pole
at s = 1 with residue 1

Proof. We start with the more general expression for {(s,a) obtained in the previ-
ous theorem

{(s,a) =T(1—s)I(s,a).
Given that I(s,a) is an entire function, the only possible singularities of {(s,a)
are the poles of I'(1 —s), that is, the points s = 1,2,3,... But {(s,a) converges
absolutely for ¢ > 1. Indeed, for every 6 > 0 we have

il‘(”“l)_s‘ = i(nﬂl)_" < i(n+a)—(1+5),

n=1 n=1
so s = 1 is left as the only possible pole. Let’s show it has residue 1. For that
we can rely on the symmetry of the contour C of I(s,a) since, if s is an integer, the
integral takes the same values over C; and C3 so we can simplify that part and get

1 n—1,ax n—1,ax
I(n,a):—/ 2 € dz=Res-° .

Making s = 1 we obtain

et ze™ Z -1
pu— — —_— 1 p— 1 prm— i _— = —1,
I(1,8) = Res. 1—e2 il—r% 1—e2 ll—% 1—e2 lli% ez

Now we can explicitly compute the residue at s = 1 of {(s,a)

lim(s — 1){(s,a) = —lim(1 —s)['(1 —s)I(s,a) = —1(1,a) im (2 —s)

s—1 s—1 s—1

=T(1) =1
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Lemma 5.3. Let S(r) := C\{D(27ni,r) }pcz where 0 < r < 7. For 0 < a < 1, the

function
eaz

8(z) =1

is bounded at S(r) with a bound depending on r

Proof. We write z = x + iy and consider a rectangle around one of the open disks
of the set {D(27tni, r) },ez. In particular the disk at n = 0, where the rectangle is
defined in terms of r as

Rec(r) :=={z:|x| <1,|y| <7, |z| >},

¢ is bounded over Rec(r) since it is compact. Moreover we can bound g over the
strip
{z:|x| <1,|z—2nmi| >r,n=0,+1,+2,...}

because |g(z + 27i)| = |g(z)|. The proof will be complete once we bound g outside
the strip. Suppose |x| > 1 and consider the absolute value of g

a ax ax
e z

5] = |1

e o e
1 —er] T 1 —ex|

For x > 1 we have |1 — | = ¢* — 1 and ™ < €%, yielding

e~ 1 1 e

< = < .
‘g(zﬂ_e"—l l—e* " 1—el1 e—1
On the other hand, for x < —1, |1 —¢*| = 1 — ¢*, obtaining

e’ 1 1 e
< < < = .
‘g(z)’_l—e"_1—695_1—6*1 e—1

Theorem 5.4. (Hurwitz formula) for 0 < a < 1 and R(s) > 1 we have
g(l — s/g) = (I;(;))S{EMS/ZFW;S) + e”iS/ZF(—a,s)}.

Proof. Let’s start with the function

1 Zsfleaz
I 7 - = d 7
N(sa) 27 /C(N) 1—e "

where C(N) is the contour defined by the diagram. If we show that the integral
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o (2N + 2)wi

o0 R=(2N+1)x

over the exterior circle vanishes as N grows, we will have

lim Iyn(s,a) = I(s,a).

N—oo

Let’s first show it for o < 0. Over the greater circle we have z = Re? and —7r <
0 <, so

Zsfl‘ _ ‘Rsfleie(sfl)‘ — RV 180 < RO-1p/ 1],

From the previous lemma the integrand is bounded by Aern|t|R°~!, where A is
the bound of |g(z)| =

, which means that the integral will be bounded by

1 ez
Tt PO
27mae ||R,

which tends to 0 as R grows since ¢ < 0. Making the substitution s — 1 — s we
have
lim In(1—s,a) = I(1—s,a).

N—oco

To obtain Hurwitz’s formula we explicitly compute the residues of In(1 —s,a)
using Cauchy’s residue theorem. We have

N
In(1—s,a) Z R(n) = — Zl{R(n) +R(=n)},
n;éO "

7~ SphZ
R(Tl) = Res;—ouni (1_) .

where

eZ
By definition,

=502 eana 7 — 2Nt

z
(n) z—glem(z i) 1—ez (2nmi)? i 1 — e (2n7ti)?

eZn mtia
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so we end up with

N 2nrmia N ,—2n7ia
In(1=s,a) = ’; (2n7ri)s +r; (—2n7i)s’
p-is/2 N nmia  ,mis/2 N ,—2uria
Wl=s0) = s LS Y o
Allowing N — oo we obtain
e~ is/2 Ttis /2
I(1—s,a) = Gy F(a,s) + (stF(—a,s),

from which the Hurwitz’s formula follows

l(1—=s,a) =T(s)I(1—s,a) = [(s) {e‘”(S/S/ZF(a,S) + esis/zF(—a,s)} :

(27)*
O
5.1.2 Bound for |{(s,a)|
The following result was used at lemma 3.9:
1C(s,a)| =O(]t|°)  for ¢>0, (5.4)

where s = 0 +it, 0 € [-3/2,3/2] and [t| > 1. (5.4) will be a consequence of
Theorem 5.7. Two previous theorems are needed.

Theorem 5.5. For every integer N > 0 and o > 0 (where s = o + it) we have

= LN+ e x—[a]
Z:: (n+a)s s—1 _S/N (x+a)5+1dx (5-5)

Proof. Applying Euler’s summation formula to the function f(t) = (t +a)*, for
integers x, y we obtain

L__ vt
Z (n+a)s_/y (t—|—a)5_s/y Wdt

y<n<x

Now, for ¢ > 1, making y = N and x — oo we obtain

S L Sy L
n—%—&-l(n—i_a)s_/l\l (t—f—a)S_S/N W‘it
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which implies

% (N+a)1_5_s/°° t— [t] i
= (n+ay  s—1 N (t+a)st!

This proves (5.5) for ¢ > 1. In order to end the theorem, observe that if ¢ > § > 0
the integral is dominated by

/ (t+a)~°ldt,
N

which implies uniform convergence for ¢ > J hence it represents an analytic
function at the half-plane ¢ > 0. For this reason, the proof of the theorem follows
by analytic continuation. O

Observation: The integral at the right hand side of (5.5) can be expressed as a
series by splitting it onto intervals of the form [n, n + 1], resulting in

© x—] =l u
X _ d
/N (x_|_as+l HZN/ x+as+1 n;]\]/o (+ntayit

Consequently, for o > 0, (5.5) can be rewritten as

S (N+a)l=s © 1 y
_ rg) (Tl + a)s o s—1 - Sn:ZN‘/O W(iu (56)

Theorem 5.6. Let s = o +it. If o > —1, we have

N1 (N4a)ts
é(s'a>_z(n+a)5_ s—1

n=0
i 1, EN 71 (5.7)
2| é(s + ﬂ - Tl + a)s+1 .

s(s+1) & 1 u?
_ v 4
2! n;\,/o (n+a+u)+2 "

In general, if 0 > —m where m € Z~ we have

E (N—l—a)l_s_
n+a s—1

n:O

s(s+1)---(s+r—1)
(r+1)!

N 1
X {g(s—i—r,a) — EW}

_s(s+1)---(s+m)
(m+1)!
m+1

du.
XHZN/ n+a+us+m+l

1M

(5.8)
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Proof. Integrating by parts we obtain

/ udu B u? L5t 1 / u?du
(n+a+u)stl  2(n+a+u)stl 2 (n+a+u)s+?’
which means that for c > 0 we get

Z/ BN S —
SiJo (n+a+uptt 2 S (nta+1)+]

s+1 & 1 u?du
NELY Y T
2 n;\] 0o (n+a+u)st?

By means of Theorem 5.5 the right hand side sum is

N
{(s+1,a)— Z(n +a)57L,

n=0

and by (5.6) we obtain (5.7). By means of analytic continuation this result is also
valid for ¢ > —1. The more general formula (5.8) is obtained by iterating the
integration by parts. O

Theorem 5.7. for 0 < § < 1 there exists a positive constant A(6) that depends on 6 (but
not on s nor a) such that

10(s,a) —a™5| < AQ)|t° if 1-6<0c<2 and |t|>1, (5.9)
10(s,a) —a 5| < At if —6<0c<s and |t|>1, (5.10)
10(s,a)| < AQ)|t|™H° if —m—6<oc<-m+d and |t|>1. (5.11)

Observation: Taking m = 1,6 = 1/2 we obtain (5.4), that is, the required
bound for the Hurwitz zeta function.

Proof. In order to prove (5.9) we start with (5.5) assuming 1 — ¢ < ¢ < 2 to get

N (N+a)1*‘7 o dx
) ~a| S & e+ e L e

(N+a)'= s o
1 —(N
< +/1 (x+a)‘7+ |s — 1] +(7( +4)

Due to the fact that c > 1 — 6 > 0, we have

(x+a) > (x+a)l77 > 2177,
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SO
/N dx < /N dx - N?
1 (x+a) — 1 x170 " 5
Additionally, ever since |s — 1| = |0 — 1 4 it| > |t| > 1, we obtain

1-c
Uﬂiﬂ,S(N+aV§(N+lﬂ
On the other hand, by making |s| < |o| + |t| < 2 + |t| we obtain

2+ |t
1—-96

24t 1

(51
(N +a) 1—6 N1o’

5] o
N
(N +a)
And putting everything together we obtain

2+ |t N*

- N? 5
0(s,a) —a sy<1+7+(N+1) T N

where the right hand side depends only on § and N. To get rid of the N depen-
dency we make the change N = 1+ ||t|| where [.] denotes the floor function.
By applying it, all the terms containing N become terms of the form O(|t|°) and
we obtain the first part of the theorem. To prove (5.10), we will start by bounding
(5.7), obtaining

N 1—0c
‘g( ‘ Z n+a <Z\I‘S+_ai| —|—%|s||€(5—|—1,61)—51_s_1‘

n=1

1 1
+§||Z(n+a)”+1 |S|S+1|Z n+a‘7+2

Similarly to the previous bound we let N = 1+ ||t]|, getting the estimate N =
O(|t|) and being left with showing that the right hand side is of the form O(|t|1*?).
Observethat -0 <o <d§ — 1—-06 <140 <1+, so the fist term is bounded

by N 1
1 N dx (N+a)l-c
nz_1W<1+/1 (x+a)‘7<1+ﬁ
(N+1) Lo
< —
<1+ o (J¢+).

The second term is clearly O(|¢|'*?) because |s — 1| > |t| > 1. The bound for the
third term is also trivial by means of (5.9). For the fourth term we have

||Z n+aﬂ+1: ('t’/ x+a1 5)
=0 (]t\N* ) =0 (mH) =0 (\t|1+5).
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Finally, the fifth and last term is bounded by means of the following chain of
inequalities

= o0 dx
_ 2 ) = 2a7—0—1
slls+11 3 gz = © <|t| /. (Ha)m) o (|tpN—o1)

=0 (ItPN1) =0 (1),
This proves (5.10). The proof of (5.11) is analogous, starting with (5.8) instead of
(5.7) and observing that a=7 = O(1), that is, because —m — 6 <o < —m+9 O
5.1.3 Fourier expansion of B,(x)

At (3.3) we used the following theorem

Theorem 5.8. For 0 < x < 1 we have
+00 eZm'kx
kn

n!
Ba(%) = —

(5.12)
k=—

k#0
The theorem will be proven as a consequence of the shape of the residues
at the poles of {(a,s). Bernoulli polynomials arise naturally from the following
expansion

where z < 27t and x € C.

Theorem 5.9. For every integer n > 0 we have

{(—n,a) = _B:lzl_(f)‘
Proof. Using (5.2) we have {(—n,a) = n!I(—n,a). We are left with a residue calcu-
lus —n—1 0z 22
I(—n,a) = Res,— <Zl_:z> = — Res,—g (2”2 eje_ 1)
and the theorem follows. O

Finally, the Fourier expansion (5.12) is obtained by applying the change s = n
at Hurwitz’s formula and implementing Theorem 5.9.
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5.1.4 Special case of Mellin’s inversion formula

While proving Iseki’s transformation formula we assumed the following inte-
gral

—X 1 /C+00i r( ) 7Sd
e = — S)X S.
27T Jc—ooi

As previously stated, this is a special case of Mellin’s inversion formula. Neverthe-
less we can prove it without addressing any inversion and with a very elementary

idea, as follows. We move the ray of integration towards R(s) = —oco and pick up
the residues of the Gamma function, which are at 0, —1, —2, ... and are of the form

(-1)"

n!

Res(T, —n) =

Adding them up we obtain

Y Res(I'(—n)x") =) (=" _ e,

1
n>0 n>0

and this is justified as the Gamma function decays over any vertical line, so any
contour surrounding poles at —n > W is left with the rays c - coc and W =+ co.

5.2 Results used at chapter 4

In order to culminate Rademacher’s proof, at the latter part of chapter 4 we
used the integral representation

I,(z) = LZ)U

c+ooi
. / o=t (2/4) gy for ¢>0,R(v) >0, (5.13)
27t c

J c—o0i

where

lo(z) = i m!F(m:—zH-l) G)ZWU'

m=0

In this section we will provide a deduction of the integral, along the additional

result
2z d (sinhz
I =4/ ——
3/2(2) Vrcdz( z )’

which was also used at that part of the chapter.
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5.2.1 Deduction of the integral via elementary methods

The proof of (5.13) will consist on working with the integral expression and
eventually reaching I,(z). We will make the change of notation t — s. Addition-
ally, we are integrating over s, so we can consider an integral of the type

LU(Z) — %m /C:r:o vafles+z/sds
where ¢ > 0, R(v) > 0, and eventually apply a change of variable as well as
multiplying by the term (1z)2.

Before stating the first step let us denote by f_(?:) the contour consisting on
starting at —oo up until —€, go round a circle with radius € anticlockwise and
proceed then to go back to —co from the upper half plane, as the previous figure
shows. An integral having this contour is called loop integral, and the notation was
popularized by George Neville Watson.

Lemma 5.10. (Change of the integration path)

(0+)
Lo(z) = % [ s (5.14)

Proof. Since ¢ > 0 we can consider integrating over the following closed contour
And push the contour out. If we show that the outer part is negligible, then the

lemma follows by Cauchy theorem. But this is clear, since if |s| = R we can bound
the integral by means of |e+7/5| < e%e®(/R) = O(R~?) — 0, while the other part
of the integrand is os the form O(R™17%) — 0 as R — o0. Moreover the integrand
has no poles inside the contour, so by Cauchy theorem (5.14) follows.

O
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Lemma 5.11. L,(z) is differentiable and its derivative can be obtained by differentiating
under the integral sign.

Proof. Consider
Ly(z+h) — Ly(z)
h
and compare it with what we can foresee to be L/ (z), that is

L /(0+) gV 2p512/5 g
271 J -

and let’s show that the difference goes to 0 as h — 0.

Lv(z + h})l — Lv(z) _ ﬁ /(OH 57072€s+z/sd5

—00

1 (0+) 01 s eZJsrh — e% e% (0+) 2 e% -1 1
— —v - d = —o-1 S+§ —_— — — d .
2711 /—oo ° ¢ h S i /—oo s ¢ h S °

The expression inside the brackets can be expressed as

I 1 h

by expanding ¢"/s. Now, since over the path of integration we have |s| > ¢, we
obtain \

es—1 1
s

< Clh|

for some constant C > 0. Finally, by splitting the last integral form on (5.15) we
are left with

Lv(z + h) - Lv(z) 1 /(0+) vafZes+z/st

h 27T

< Clh|A(v,e) = O(h) — 0,

—0o0

where
1

e 1
A(v,e) = 2/ o e "3 e dx 4 2re
€

R(z)
e ¢
ev+1

is obtained after splitting the integral in two parts; the first consisting in the rays,
where |s| > ¢, and the other at |s| = e. We have proved that the limit w
exists. Additionally L,(z) is differentiated uniformly in circles of arbitrary size as

often as we please, since the derivative is of the same kind, in the sense that

Ly(z) = Ly (2)-
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Following the shape of the derivative of L,(z), it is clear that L is an entire
function of z. Moreover, we can compute its Taylor expansion

oo / o [} r (0+)
LU(Z) — Z LU(O) - Z Lv+7(0) o = Z Z / vaflfresds‘
r=0

! ! 12771
r! = ! =27 e

The final step is to use Hankel’s formula for the Gamma function in order to get
rid of the integral part

(0+)
I'(w) o / e’V 1ds,

" 2isin(mw) J o

where z # 0, —1, —2, .... By using Euler’s reflection formula we obtain the equiva-

lent o)
1 1 0+ s w—1
I ds,
T(1—w) ZHiLw eem

where if we replace w by —v — r we have

o gz 0+) 2 7 1
L — —v=1-r,5 3, _ il .
o2) =Y o / ; eds =) 5 T(1+v+7)

r=0 - r=0

Summing up we have so far

1 fetico >z 1
L — —v—1 s+z/sd _ “ )
o(2) 27ti /C_ioo ° ¢ ° g) rT(1+v+7)

where we make the substitution z — z2/4 to get

1 c+ioo 2 o 1 Z\ 2r
L 2 4) = 7/ —v—1,5+z /4sd — (7> ,
o(z/4) 2701 Jeieo ¢ ’ EJ rT(14+ov+7r) \2

and now we multiply by (z/2)? to obtain

v 2 (Z/2>v /C—Hoo —v—1 _s+22/4s - 1 z\2r+o
— = _—— — = I .
(2/2)°La(z3/4) = =5 | 8 ¢ T s rZ:O P+ +7) (2) o(2)

Lemma 5.12. (Hankel’s formula for the Gamma function)

1 (0+) s w—1
I'(w) ) /_OO e’sds (5.16)

T2 sin(

forw #0,-1,-2,...
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Proof. Hankel’s formula can be seen as an analytic continuation of Euler’s integral
representation of the I' function

2) = / Y et R(z) > 0
0

this is because the integrand in (5.16) is analytic and tends to 0 as t — —oo. For
this reason it suffices to show that Hankel’s formula holds for #(w) > 0. Let

I(w) :/_(:);) s 1ds = </71 AZ /%) sV ds = I (w) + L(w) + (w),

where the paths «; are given by

’yl:t:xe”T , e<x <o
Yo it =xe i o>x>¢

y3:ee? , —m<O<m

where we collapsed the contour onto the branch cut. So, as ¢ — 0 we have

Il(ZU) — (ein)w/ e—xxw—ldx,

0
. 0
L(w) = (e’m)w/ e *xV1dx,
T . . .
I(w) = / ¢ (e¢) " 1d(ee®) < 0 since R(w) > 0.

—7T

If we add the integrals we obtain
I(w) = 2isin(mrw)T(w)

and Hankel’s formula follows. O

5.2.2 I3,(z) representation as an elementary function

o) = 2 4 (9) 6.17)

Proof. Let’s start by working with the Bessel function

Lemma 5.13.

s Z>2r+3/2

I —
2z ;)r'r 1—|—3/2+r) (2



66 Annex

The denominator is simplified by

T(r4+1T(1+3/2+7)27 32 =T(r+1)(r + %)F(r + %)22”3/2

= 2172040 (2r 4 2) /7t (r + 2)22”3/2 2V2T (2r 4+ 2) /7 (r + %)

where we have used Legendre duplication formula
T(z)T(z+1/2) = 2172T(22) /7.

Let’s now multiply both sides of (5.17) by /5. The left hand side becomes

00 2r+1 00 2r+1
\/2 l/2(z ZO 2r + 1)12(m +3/2) r20(2r+1)!(27+3)

r

0 27+1 21’ 4 2)
, 5.18
; (2r + 3)! ( )

while the right hand side is
d sinh(z)  zcosh(z) — sinh(z)

dz  z z2
Now, using
[eS) 2r+l
sinh(z
rgo (2r +1)!
cosh(z
r:O

we obtain (5.18).
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