On the Arithmetic Nature of the Zeta Function and Its
Generalizations

P. Y. Cruz

August, 2026

Abstract

In this paper, we present an exposition of the arithmetic nature of the Riemann zeta function, motivating
our analysis through the study of Fourier series and the Basel problem. We develop the analytic properties
of the zeta function, leading to an explicit formula for its values at even positive integers. We discuss
irrationality results such as Apéry’s theorem and Beukers’ re-interpretation via multiple integrals. We
consider results and directions following Apéry’s theorem, specifically, we cover Zudilin’s result that
at least one of £(5),£(7), ..., (25) is irrational, then propose refinements to the method. Finally, we
discuss generalizations of the Riemann zeta function, including the Hurwitz zeta function and Dirichlet
L-functions, with a particular emphasis on the Dirichlet beta function. The exposition is intended to be
largely self-contained and accessible to an advanced undergraduate or graduate audience.
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1 Introduction

The study of infinite sums dates back to the Greeks, around 300 BCE. A most well known account
of this is sometimes called ‘“Zeno’s Paradox,” named after Greek philosopher Zeno of Elea (c. 490 BCE —
c. 430 BCE). The idea is as follows:

Remark 1.1: Zeno’s Paradox

In order to traverse any distance, one must travel half-way there, then they must travel half the remaining
distance, then another half and so on. That is, in order to get from point A to point B, one must
travel half-way from A to B, then within this half, they must again travel half or 3/4 in total, and this
continues on forever. A diagram helps to visualize this.
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Figure 1

This is not immediately an infinite series, and at the time, such an object was unknown. However, if we
consider the total amount of distance traveled as the sum of each step, this problem clearly becomes

the evaluation of
! + ! + ! +
2 4 8 '

The paradox that lies in Zeno’s Paradox is that it is therefore impossible to get from point A to point B
since there is an infinite number of steps required to be taken and we have only finite time. That is to
say, the idea of an infinite sum evaluating to a finite value was paradoxical at the time.

This is, of course, however, not true, so what’s going on here? This is where the study of infinite series
comes in and the idea of convergence. It can be quickly shown that Zeno’s Paradox is a specific case of
what is regarded as a geometric series, which in particular converges for this case. One particularly famous
instance of an infinite sum other than the geometric series being written in closed form was the so-called
Basel problem.

Theorem 1.1: The Basel Problem

The sum of the squared reciprocals of positive integers is equal to the number  squared divided by six.

That is,
— 1 1 1 n
_:1+_+_+...=—. 11
Zlnz 22 32 6 ( )
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This problem was posed by the Italian mathematician Pietro Mengoli (1626 — 1686) sometime in the mid
1600’s and it was not until nearly a century later in 1734 that Swiss mathematician Leonhard Euler (1707 —
1783) solved it. As Zeno did, and many other mathematicians have, we can of course consider the structure of
different infinite series, however we will restrict ourselves to the kind seen in Equation (1.1) until § 7 where
we will consider its natural generalizations. A defining characteristic of infinite sums is the difficulty in
finding their closed form. For example, the problem of evaluating Equation (1.1) with the exponent of n to
be 3 rather than 2 was even elusive to Euler. In fact, almost three centuries later, current day, a closed form
continues to be elusive. Unlike other well known Calculus concepts such as differentiation and (elementary)
integration, there is no specific “method” to finding the closed form of a summation and there are typically
numerous ways to find such a sum. For example, Euler solved the Basel problem in a rather intricate way,
utilizing the so-called product formula for the sine function, which at the time, was actually yet to be proven',
and we will use a completely different more elementary method.

Due to the difficulty in finding a closed form for these infinite series, mathematicians have turned to
investigating the arithmetic nature of them, which is still rather difficult, but perhaps more accessible than a
closed form. The Basel problem, was just one instance of a particular series, as it turns out Euler was able to
generalize this result to any even positive integer. All of these evaluations happen to be rational multiples of
powers of w. The first advancement in the arithmetic nature of infinite series of this form was due to French
mathematician Adrien Legendre (1752 — 1833), who proved that 7% was irrational in 1794. Using the closed
form for our summation coupled with the fact that the product of a rational and irrational number is irrational
proves that the sum in Equation (1.1) is irrational. However, since, in general, the product of two irrational
numbers need not be irrational, this irrationality result does not imply anything further. Then, nearly a century
later, in 1882, German mathematician Carl Lindemann (1852 — 1939) proved that  was transcendental. This
result implied the transcendence and subsequent irrationality of all sums of the form (1.1) with exponent 2k
for k € Z+y.

It was not until another near century later that we received our most recent piece of information on the
behavior of infinite series of this form due to the French mathematician Roger Apéry (1916 — 1994) in 1979,
who proved the irrationality of both Equation (1.1) and the case of n cubed. His first result was already
known and in fact superseded by the result of Lindemann, however, the main surprise lied in the novelty of
his method.

As of current day, there has not been any success in further generalizing the results of Apéry to exponents
of higher degree. Although the study of series of this form has not remained entirely stagnant. However, due
to its evasive behavior, we have instead begun to consider non-constructive results. That is, instead of showing
a specific power of our series is irrational, the most prominent results have been proving that infinitely many
are or that at least one of a small set is.

1.1 Organization

The paper is organized as follows: In the proceeding subsection, we discuss some preliminaries to the
method in which we solve the Basel problem and the reader comfortable with Fourier series may skim this.
We then solve the Basel problem in § 1.3. Then, in § 2, we discuss the Riemann zeta function, drawing from
ideas which may be found in [ ,$12] and [ , § 15.3]. In particular, we discuss the analytic
properties of the Riemann zeta function, analytically continuing it and deriving its functional equation, which
is then used to evaluate it at any even positive integer. In § 3 we consider the irrationality of £(3), otherwise
known as Apéry’s Theorem, following a detailed exposition [ , § 4]. This is then followed up by Beukers’
reinterpretation via multiple integrals in § 3.2. A detailed account of the story for £(2) is given in the
following section. We then consider the concept of measuring how irrational a number may be, discussing

1. This identity was assumed by Euler in his solution to the Basel problem. It was, however, not proven until 1876 by German
mathematician Karl Weierstrall (1815 — 1897).
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Dirichlet’s Approximation Theorem, giving us a definitive lower bound of the irrationality exponent for
any irrational number. We proceed to determine an upper bound of the irrationality exponent for £(3) and
Z(2). We close the section by determining the exact irrationality exponent of V2 and then study the natural
logarithm evaluated at two. We proceed to discuss Wadim Zudilin’s result [ ] on the irrationality of at
least one of the numbers {£(5), £(7),...,(25)}in § 6. Thenin § 6.1 we give a brief and informal discussion
on possible ways to use Zudilin’s result to remove some items from the above set. In our last official section,
§ 7, we discuss natural generalization to the Riemann zeta function, and provide a similar, but less detailed
story of these generalizations. In particular, we give special interest to the arithmetic of the so-called Dirichlet
beta function. Finally, in § 8 we provide closing remarks and outline potential directions for further study.
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1.2 Fourier Series

In this section, we develop the necessary machinery to solve the Basel problem in one of many possible
ways. We will utilize the ideas of the French mathematician Joseph Fourier (1768 — 1830).

First, recall that we say a sequence of complex-valued functions (f;,) on a set S converges uniformly to
f on S if for all £ > 0 there exists some N such thatif n > N, then forall z € S,

1fn(2) = f(2)] <e.

Furthermore, if }’ g, (z) is a series of complex-valued functions on a set S, we say the series converges
uniformly on S if the sequence of partial sums (S, (z)) converges uniformly on S. Moreover, we have the
following standard theorem on uniformly convergent sequences.

Theorem 1.2: Integrating term by term

Let (g,,) be a sequence of integrable functions on [a, b]. If the series Y, g,,(z) converges uniformly on

[a, b], then
/a (Zgn(Z)) dz = Z (/a

Fourier series are quite similar to the study of Laurent series. We define a complex Fourier series to be
the two-tailed series

b
gn(2) dz) )

Z cne™ =t e 117 v cp+ 1 + el 4

nez
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Example 1.1: Laurent Series Are Related To Fourier Series

If the Laurent series

f@) =) anz"

nez
converges uniformly on the unit circle {z € C : |z| = 1}, then the Fourier series expansion of f(e'?) is
f(eie) — Zaneinb”
nez

treated as a function of 6. Hence, the Fourier coefficients of this expansion are ¢, = a,,.

Now, to solve for the coefficients of the series, suppose our Fourier series from above converges uniformly

to f(e'?), writing
f(eza) — Z Cnemﬁ
nez

to denote this. Then notice that if n # k,

2n
2 2 i (n— i(n—
/ ﬁeinee—ike ’ / ne(i(n—k))ﬂ ’ el(n k)6 el(n k)2n 1 0
0 0 i(n—k) o i(n—k)

Then in the case where n = k, the integral becomes quite trivial and is simply

2n ) ) 2
/ 0o k0 g = / do = 2n.
0 0

Since we are looking for the coefficients of our series, this motivates introducing a factor of 1/2x to make
computations cleaner, whence it follows that

‘/27r oin0,-iko 40 _ |0, n#k
0 2r 1, n=k
Using this, we have

2n 2r 2r
0\ —ik6 — in0 —ik6 — in0 —ik@ —
5 f(e')e 7 L E cpe'e 7 nEEZ Cn /0 e'"e o Cks

nez

where switching the order of summation and integration is justifiable, as we have assumed uniform convergence.
We gather these ideas in a definition.

Definition 1.1: Fourier Coefficients

The Fourier coefficients of any integrable function f(e'?) are

)8

2n ) )
Cn = f(ele)e_m )
0 v/

We then use the notation

f(eie) - Z Cneine

nez
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to say that f(e’?) is associated to the given Fourier series, being careful to use a tilde as opposed to an equal
sign to acknowledge that the series doesn’t necessarily converge to f(e'?) for all 6.

With all of these definitions, we are ready to tackle our first result, which is referred to as Parseval’s
identity, named after French mathematician Marc Parseval (1755 — 1836).

Theorem 1.3: Parseval’s Identity

If (%) ~ X c,e™? and the series converges uniformly to f(e'?), then

2 ) d
| ienrg = S ek

nez

Proof Since f(e'?) = 3, 7 c,e™? converges uniformly, the conjugate f(ei?) = 3, .7 éxe "% shall also
converge uniformly. Therefore we may write
2r 2 2r
0, df g —————db . g 40
[urenrsl = [T reneans = [ e Y aeos
0 2m 0 2n 0 2n
keZ
We may then use the uniform convergence to justify writing
2r ) . de 27 . . db
/ f(eze) Z C—ke—lkO_ _ Z Ek/ f(elﬁ)e—lkﬂ_.
0 keZ 2n keZ 0 2n
Lastly by Definition (1.1), it follows that
2
N1 _
/ |f(€lg)|22— = Z CkCk = Z [
0 d keZ keZ
as desired. [ ]

However, note that although we stated and assumed uniform convergence in Theorem (1.3), it is not
strictly necessary. In fact, as long as f(¢'?) satisfies [ | f(e'?)|* df < oo (or for those comfortable, f is L),
Parseval’s identity holds.

1.3 The Basel Problem

After building up our definition of the so-called Fourier series, we are now equipped to solve the Basel
Problem (1.1). Recall this asks for the evaluation of the sum of the reciprocals of squared positive integers.
We will now consider the following function:

1, O0<0<nm
-1, n<0<2n

f(e'%) = {

Let O = {2k + 1 : k € Z} be the set of odd integers and E = {2k : k € Z} the set of even integers. Then the
Fourier coefficients of f(e'?) are given by

c :_/zne—ineﬁ_'_/ﬂe—ineﬁ: 1- (="
" - 2m 0 2n nmin
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for n # 0. If n = 0, then we would find that

/2" d0+/” d9 2n+n+nw 0
co = — —_— — = =0,
0 < 27 0o 27 2n

and if n were even, then ¢,, = ﬁ = 0. Lastly, if n were odd, then c¢,, = % = 2/min. Therefore the Fourier
coefficients are

0, nek

Ccn = . .

2/nin, neO
Thus one can see

0 nelk

2 1)
|cn| =

4/7°n?, ne0’

and from the definition of f(e’?), we have that | f(e'%)|> = 1 for 0 < 6 < 2. Now equipped with | f(e'?)|?
and |c,|?, this suggests we should look into Parseval’s identity. First we have

2n 2n
/ |f(ei0)|2ﬁ:‘/‘ @=1<OO,
0 2r 0 2r

so we are good to use Parseval’s identity'. Then for the coefficients,

Z |Cn|2 = Z 7_[24’12'

nez neO

Due to the factor of n%, we can instead sum over the odd positive integers O-( and multiply by a factor of 2.

Hence 4
Qleal=2 ), =

nez ne0sg

Thus applying Theorem (1.3), it follows that

4
2 Z S5 =1L

nEO>0

1 2
2T

ne0x

So moving our terms around yields

This is quite an interesting result in its own right, though not what we were looking for. However, just a
little bit of algebra will reveal the result to us. Notice we can write”

(o)

I S R R
Z;—1+§+?+4§+§+§+"'

n=1

1 1 1
:(1+¥+5—2+---)+(?+4—2+@+
1 1
D)
2 2
n€©>0n ne0~g (211)
1l 1
= — 4 — J—
8 4;n2

1. This comes from the fact that f € L?[0,2x] and the comment which followed the proof of Parseval’s Identity.
2. We are implicitly assuming reordering our terms in this way is allowed. Such a reordering is however valid since our sum is
absolutely convergent. See Lemma (4.1).
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Therefore, subtracting }L > # from both sides and multiplying by 4/3 yields

1
DEEES

n=1

2

6 ’

Wi

7T
8
as desired.

2 The Riemann Zeta Function

Now, the Basel Problem was only the evaluation of the reciprocals of squared positive integers. If we
wanted to study series similar to that of Equation (1.1), but with an arbitrary exponent, it would be rather
difficult to convey what series we were studying without consistently writing it in summation notation. Thus,
it would be a significant service to give it a special name or label, that way, instead of saying “the evaluation
of the Basel Problem” or “the reciprocals of squared positive integers,” we could instead say “the evaluation
of £(2).” German mathematician Georg Riemann (1826 — 1866) did just that, where he in fact extended this
study to complex exponents. We follow the typical notation, s = o + it to denote this complex number.

Definition 2.1: Riemann Zeta Function

We define

for Re(s) > 1.

Therefore, we could re-frame the Basel Problem to instead the evaluation of £(2). As it turns out, this
mysterious function goes far beyond the evaluation of interesting series and is a fundamental concept in
numerous famous problems, perhaps most notably the Riemann Hypothesis and the Prime Number Theorem.
Now, in order to better understand this function, we consider another fundamental function.

Definition 2.2: Gamma Function

We define -
I'(s) = / 57 e dt
0

This function can be thought of as an extension of the factorial for non-integer input.

Example 2.1: The Gamma Function Acts Like A Factorial

We will evaluate I'(1). By the definition, we have that

F(l):/ e dt = —e7!
0

Therefore, we have I'(1) = 0! = 1. We could also equally say I'(1) = 1!, however, the reason we say
zero factorial will be clear soon.

for Re(s) > 0.

(o0

=1.

0

We can also find a functional equation for the gamma function.
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Theorem 2.1: A functional equation for I'(s)

If x € R, then we have
I'(x+1)=xI'(x). 2.1

Proof By definition, we have
I'x+1)= / t*e ! dt. (2.2)
0

Similarly, we have that
I'(x) :/ *le7 dt.
0

If we then use integration by parts on Equation(2.2), then we find

Cx+1)=—-et"

00 (o]
+x/ e~ 't* 1V dr = xT(x),
0 0

as desired. ]

The idea of Theorem (2.1) can further be extended to the complex plane in a similar manner. Moreover,
Equation (2.1) can be applied inductively to see that

I'(n+1) =n!, (2.3)

for n € Z~( which explains why we wrote I'(1) = 0! in Example (2.1).

Example 2.2: The Gamma Function Extends The Factorial

Now we will evaluate I'(1/2). By definition, we write
r1/2) = / 1e7 dr.
0
If we then take ¢ = r2 so dt = 2r dr, this becomes

(/2 = /_0 r_le_rz(Zr) dr = 2[) e dr = v,

where we used the standard result (which can be seen by a change of coordinates)

/ e dx = \r

[

and the fact that e"2 is an even function.

Like the Riemann zeta function, the Gamma function satisfies numerous properties and a great deal can
be said about it. We, however, will only collect what we need.

Remark 2.1: Properties of The Gamma Function

e For all s,

P =9T(s) = sin(7rs)
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* The gamma function extends to be a meromorphic function over C

* The gamma function has simple poles at s = 0, -1, -2, ...

2.1 Analytic Continuation

To start our study, we first consider a lemma.

Lemma 2.1: The M L-Estimate

Suppose vy is a piecewise smooth curve, f(z) is continuous ony, | f(z)| < M on vy, and y has length L.
Then,
/ f(2) dz
Y

We understand how to describe the Riemann zeta function for Re(s) > 1, but in order to better understand
its properties we would like to extend it to be a meromorphic function for Re(s) < 1. We do so by analytically
continuing the Riemann zeta function. We thus consider the function

<ML.

(_Z)S—l = (s~ D (log|-z|+i Arg(-2))

for z € C\ [0, c0). We can then make a branch cut along the positive real axis, and express £(s) as a contour
integral. Now let H be the contour as seen in Figure (2) made up of three parts: The top edge of our branch cut
extending from +oo to the second part, a circle of radius € < 27 centered at zero, and the last part extending
from & back to +oo.

H

C—

Figure 2

(o
I()_Zﬂ'l/ et -1 °°

an entire function of s which converges. This then leads us to our first theorem.

Then let us consider

For Re(s) > 1, we have

{(s) ==T'(1=5)I(s).

Proof In order to compute 7 (), we can write

1 & e(s—l)(logx—in) 1 (—Z)S_l 1 00 e(s—l)(logx+i7r)
T(s)=— [ ———— dr+— di+— | ———— dx.
() 27i / eX —1 2ri Jyz)=e €2 — 1 < 2ri J eX —1 o

To clean things up a bit, switch the bounds of integration and sign of the first integral to get

o (s=1)in _ ,—(s=1)in _s-1
I()_I/ ¢ ¢ Sldx+1/ ™
& € |

x_1 2mi =e €41
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Now we claim that this second integral tends to zero as € — 0. In order to see this, first notice that
|(_Z)s—1| — |e(s—l)(log |—z|+iArg(—z))| — eRe(s—l)loglzl — |Z|Re(s)—l.

Moreover, with |e* — 1| = |z]| for z small, there exists some constant ¢ > 0 such that for sufficiently small |z|,
le* — 1] > c|z|. Putting these together yields

(—z)*!

e?—1

|Z|Re(s)—l

— lllee(s)—2.
C

clz|

Then since our circle of radius & has length at most 2rg, along this path, Lemma (2.1) suggests

_\s—1 Re(s)—1
L/ —( 2) dz‘ < &
27 Jyg=e €2 — 1 c

which will tend to zero as € — 0 since Re(s) > 1. Therefore, letting € — 0 in the limit yields

I(S) = L (e(s‘l)i” — e_(S—l)in) /oo Xs_l dr = _M‘/m xs—l 0
2mi o e*—1 - N

using the fact that sin(x + ) = —sin(x). Now to evaluate this integral, express part of the denominator of the
integrand as a geometric series by writing 1/(e* — 1) as e™ /(1 — ¢™*). Doing so gives us

Sin(ﬂs) /oo ie—nx xs—l dx.
d 0 n=1

It can then be seen that series > ; e "*x* ~! converges uniformly on any compact sub-interval of (0, c0) and

the total integral converges absolutely for Re(s) > 1, so we are justified in switching the order of integration
and summation. Then using the change of variables nx +— ¢ and the definition of the gamma function, we find
that

_ _sin(rms) - C x s—1 _ _sin(xs) - L _ _sin(rs)
I(s)= ﬂ ;(/0 e "x dx)— . ;(ns/o e’'t dt)— . I'(s)(s).

Then using what we wrote down in Remark(2.1), we find that

R
Ir'(1-s)’

as desired. ]

I(s) = -

I(s)=

Since 7 () is an entire function of s and I'(1 — ) is a meromorphic function of s on all of C, we may use
this equation to extend the definition of () beyond the line Re(s) = 1. We collect this idea in a corollary.

Corollary 2.1: The Riemann Zeta Function Is Meromorphic Over C

‘We use the definition
£(s) = -T'(1-s)I(s)

for Re(s) < 1 to extend £ (s) to the entire complex plane.

2.2 Functional Equation

The previous theorem allowed us to continue the zeta function analytically throughout the complex plane,
but it lacked meaningful information on the behavior of the function for particular inputs.
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Lemma 2.2: Uniqueness Principal

If f(z) and g(z) are analytic on a domain D, and if there exists a point 7o € D such that there are
infinitely many points z # zo with z — zgo for which f(z) = g(2), then f(z) = g(z) forall z € D.

The next theorem aims to provide a more concrete equation for the zeta function.

For all s, we have
2(s) = 2°72° L sin (%) (1 - s)¢(1 - s). (2.4)

Proof First, let us fix s < 0 to be a real number. Then consider R,, to be the contour as seen in Figure (3)
where the rectangle has vertices (+n, +(2n + %)n).

B 2ni(n + 1)
R <
n v 27Tin
y
4 <
—-n ~ >
y
Figure 3
Then we define X
1 —-2)5°
I,(s) = — (-2) dz.

2ri Jg, e*—1
Now notice that on the right vertical edge when x = n,

le? =1 > |le?| = 1] =e"— 1> 1.

On the left vertical edge, when x = —n,

| =

[e?—1|=2|1—e*||=1-¢"" >

Then on the horizontal edges when y = +(2n + %)n,
le? =1 =2-e*—e 2 =2>1.

Therefore, on all edges of the rectangle, |e? — 1| > 1/2, implying that the integrand is bounded by 21°~! on
the edges. Moreover, since the length of this rectangle is 2(2n + 4nn + ), using the M L-estimates suggests
that these integrals are bounded by

(2n*~ Y (4n + 8nm + 27) = 8n° + 162n° + 4xn®~' < n*(8 + 207).

Then since we took s < 0 earlier, this bound tends to zero as n — oo, causing J,,(s) — 0 as n — co. However,
consider the difference 1, (s) — Z (s) which is the integral along the closed contour C as seen in Figure (4).
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¢ 2mi(n+1)

¢ 2rin

Figure 4

Within this contour, only the poles at the points +27ik for O < k < n of our integrand are contained. Each
pole of the integrand is simple with residue

(_Z s—1
-1

Res [ ,2ﬂik] = (=2nik)*!

ez

for positive z (the analogous case holds for negative z). Then, upon combining the results for positive and
negative k, using the residue theorem, we have

n

In(S) _ I(S) — (e(s—l)in/Z _ e—(s—l)in/Z) (Zﬂ)s_l Z ks—l

k=1
= 2sin (g) (2m)s~! Z kS~!
k=1

by the reflection property of cosine. Then letting n tend to oo, since as we established, Z,,(s) — 0, we get
_T(s) = 2sin (%) Qr) (1 - s). (2.5)

Lastly, if we utilize the result from Theorem (2.2), we obtain Equation (2.4) for s < 0. If we then let P be the
set of poles for both sides of Equation (2.5), then both sides will be analytic on the connected domain C \ P.
Then, since they agree on the set {s € C : s < 0} \ P, by the Uniqueness Principle (2.2), the equation holds
for all s. .

We also have

Z(1—s) =257 cos (%) T(5)Z(s). (2.6)
Proof This follows by plugging 1 — s into Equation (2.4) and using the cosine reflection property. [

2.3 Zeta At Even Positive Integers
If we then make the change of variables z — —z in the definition of 7 (s), we have

1 s=1,z
()= [ ==

dz.
2ri J_qq 1 — €7 ¢
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Then we can make the definition

s—1,z
j(s)::i_/ L e dz

H 1 —e?
and, as a result of this, we have

{(s) =T (1 =5)T (). 2.7

By Equation (2.3), when 7 is a positive integer, we can explicitly calculate the value of £(—n). Taking s = —n
in Equation (2.7) gives us

((—n) =T +n)J(-n) =nlJ (-n).

Moreover, it follows that

1

and the calculation of this residue is an example of an important classification of functions.

-n—-1,z
J(~n) = Res [Z - ; ,o], 2.8)

Definition 2.3: Bernoulli Polynomials

For any @ € C we define the functions B, (@) by

ze* B, (a
2 _ Z ﬂzn’ Iz| < 2x.

et —1 n!
nEZZ()

Then the evaluation of these functions at @ = 0 gives rise to an interesting class of numbers.

Definition 2.4: Bernoulli Numbers

The numbers B,,(0) are called the Bernoulli numbers and are denoted by B,,. They are defined by

z B, ,
= —_— , <27T.
e —1 Z n!Z 2

nEZZ()

However, as it turns out, we can also describe the Bernoulli numbers when o = 1 for particular n. The
next theorem covers this.

Theorem 2.4

The Bernoulli polynomials satisfy
Bu(a +1) = B,(a) = na"!
for n € Z-y. Moreover, if n > 2 we have

B,,(0) = Bu(1). (2.9)

Proof We can start by considering

(o8]

Z Bn((l + 1) — Bn((l) ) Zn

n!

(2.10)
n=0
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Then applying our definition of the Bernoulli polynomials, this becomes

Ze(a+l)z 7%

a
az § n+l
—_ :Ze — — - Z .
et —1 et —1 n!
n=0

Now comparing the coefficients of z" in this series with those of Equation (2.10) establishes that B, (« + 1) —
B, (@) = na""!. Lastly, taking @ = 0 gives us

B, (1) - B,(0) =0,

completing the proof. The reason for n > 2 should be clear by checking what happens when n = 1. [

Now that we’ve shown B, (1) = B,,(0) = B,, for n > 2, we are ready to consider the next result.

For integers n > 2, we have

{(l—n)z—ﬁ.

n

Proof If we take s = 1 — n in Equation (2.7), we obtain
{A-n)=M)IJ(-n)=m-DIIJ1-n).

Then utilizing our comment from Equation (2.8), we see

et o Bu(1 B,(1
J(1-n) =Res < ¢ 0| =Res|z! Z m( )zm,O 1)
1 —ez m! n!
m=0
Therefore it follows that
B, (1)
(n-D'gd-n)=-—-=.
n
Lastly, using Equation (2.9) gives us the desired result. [

Now equipped with a way to explicitly write down (1 — n) when n > 2, this gives us hope for writing
down £ (n). More specifically, since the formula holds for n > 2, it gives rise to a different approach in
solving the Basel problem from § 1.3. Before we do so, we will consider a result which follows directly from
Theorem (2.5) and then take a brief detour on the Bernoulli numbers/polynomials.

Forn € Z.,

BZn

£(1-2n) = -=2

As we previously said, there are many useful facts about the Bernoulli numbers/polynomials in application
to the zeta function. For example, values of the Bernoulli polynomials can be found recursively.
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Theorem 2.6

The functions B,,(«) are given by

B, (a) = Zn: (Z)Bma/"_m.

m=0

Proof We can first start with Definition (2.3). Expanding the left side, we have

(9]

Z ﬁz”) e =
n!

n=0

az n

Sl (5

n=0 n=0

ze _
e —1

Upon opening the brackets and collecting like terms, we see that the coefficient of 7" is
! —m)!
i m! (n—m)!

Therefore, equating the coefficients of z*, we have that

n—-m

Bu(e) _ zn: Bm a7
o m! (n—m)!
Finally , multiplying over n! and using the definition of the binomial coefficient will finish the proof. [

As it turns out, an analogous result holds for the Bernoulli numbers.

Corollary 2.4

For all integers n > 2,

Proof Take @ = 1 in Theorem (2.6) and use Equation (2.9). [ |

Now that we have a recursive way to determine the values of the Bernoulli numbers, it would be great if
we could actually use it. However, with our definition only being defined for n > 2, we have to do just a little
more work to find By and B;. To do so, we expand

Z Z

=1-=+...
ez —1 2

and then equate corresponding coefficients for z° and z!. Doing so yields By = 1 and B; = —%, SO we can
finally use Corollary (2.4) to determine the first few Bernoulli numbers. They are

1
By=1, B=-=, By=-, :
0 1 2 6 30

Theorem 2.7: The Bernoulli Numbers Are Rational

Foralln € Zso, B, € Q.
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Proof We will use strong induction on n. As a base case, we have By = 1 € Q. Then, suppose for some

integer n > 1 all previous Bernoulli numbers By, By, ..., B,—1 € Q. We would then like to show that B,, € Q.
First, we write
n+l n+1
By = Z ( m )Bm
m=0
which then gives
n
+1
B
m
m=0

after expanding out the very last term of the sum and subtracting it over to the left side. Then, if we again
expand out the very last term in the sum, we have

n—

(n+1)B, + (” * 1)Bm -0,
0 m

m=
or :
1 o (n+1
B, = — B,,.
" n+1 Z ( m ) "
m=0
Then since n + 1 € Z~( we have ﬁ € Q. Furthermore, we assume all B,, € Q form € {0,1,...,n— 1} and
the binomial coefficients are integers', so it follows that B,, € Q. Finally, putting all of this together proves
our claim. -

There is one last result that will be important to us later, concluding our Bernoulli detour.

Theorem 2.8

All Bernoulli numbers of the form By for k € Z~q are zero.

Proof To see this, we consider the function

()= —2 4 2o 2Fze
8= T T 2 T 2 — 1y
It can then easily be shown that g(—z) = g(z), which in particular implies g is an even function. If we then
recognize the definition of the Bernoulli numbers, we have

B z B Z
g(z) = Z n—72"+§=(30+31z+2—‘212+... +§.

n€Z>0
However, since as we previously saw, since g is even, its Taylor series shall include only even terms. In
particular, this implies B + % =0, % = 0, and generally Byy41/(2k + 1)! = 0. Therefore B,, = 0 for all odd
n > 1 and we have again confirmed B = —%. [ |

Now that we have a closed form for (1 — 2n) and understand the Bernoulli numbers better, we can circle
back to evaluations of the zeta function. We’ll start by verifying our solution to the Basel problem in § 1.3.

1. See Theorem (3.6) for a discussion of this.
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Theorem 2.9: Basel Redux

We have
b8
2) = —.
(@2)=%

Proof We can take s = 2 in Equation (2.6) to get

_% =2(27)" 21“(2)cos( )4“(2)-

Then moving everything over to isolate £(2) gives us

32(277)2

L(2) = = Byn’.

Lastly, using the fact that B, = 1/6 from earlier, we have that
2

{(2) = —
as desired. ]

To finish up this subsection, we’d like to see what the zeta function evaluated at any even positive integer
is. The next theorem does just that.

Theorem 2.10

For all n € Z~, we have
(_l)n+122n—17r2nB2n

2n) = 2.11

Proof Like Theorem (2.9), we can start with Equation (2.6) and take s = 2n. Thus,

B

—=2 = 2(27) 72" (2n) cos ( ) 2(2n).

2n

After isolating (2n), we have
(=1)"*' By, (2m)*"
2n) = ,
£en) = s -1

which proves Equation (2.11). [ |

2.4 Difficulty With Zeta At Odd Positive Integers

We have now seen a way to write down the zeta function evaluated at any even positive integer of our
choice. This naturally motivates us to further develop our understanding of the zeta function evaluated at odd
positive integers. Doing so will provide full information on the behavior of this function for positive integer
inputs. As a motivating example, let’s consider when s = 1. We have that

(o8]

1 1 1
1) = —=1l+-+=-+---.
(=) ~=l+z+7
n=1
Most will see this series and immediately conclude that it fails to converge. Such a conclusion is indeed true,
but let us remind ourselves of why it is true. There are numerous ways to go about such a problem, but what is

likely the most clear is the following.
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Definition 2.5: Partial Sum And Convergence Of An Infinite Sum

Given a series of the form

(59

Zak=a1+a2+---,

k=1

we can write S, to denote the nth partial sum so that

n
Sn=Zak:a1+a2+---+an.
k=1

If the sequence (S},) is convergent and lim S, = S, then we say that the series is convergent and write

o0
Z ar = Seo.
k=1

If instead the sequence (S,) is divergent, then we say the series is divergent.

Given this refresher, a reasonable approach would be to show that a partial sum of }; % diverges. As we
will see, the choice of powers of two is particularly useful. We have

1

S2—1+§
1 1 1 1 1 1

S22:1+§ (§+Z)>1+§+(Z Z)

S23:1+1 (1+l)+(l+l)+(l+l) 1+l+(l+l)+(l l) (1 l)
2 3 4 5 6 7 8 2 4 4 8 8 8 8
n

Szn>1+§.

If we then take n — oo, we see the sequence (S,n) diverges and thus £ (1) is divergent'. We can in fact take
this one step further with the following theorem which we will omit the proof of.

The function { (s) is a meromorphic function on the complex plane with only one pole at s = 1 which
has residue 1.

What we take from this is that at s = 1, not only can £ (s) not be written in a nice way compared to £ (2n),
but it also fails to converge. However, all hope is not lost. If we return to Definition (2.2), we see that the
zeta function was originally defined for Re(s) > 1, a property which ensures convergence; one that our last
example failed. Thus, the start of our analysis was a rather poor one; but we should be better suited for the
next one, where we take s = 3. We spent a decent amount of time developing our functional equation, so we

1. We will however see in § 5.1 that a slight modification to this infinite series will converge and is related to the natural logarithm.
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would of course like to use it. Doing so, we find that
3-1 - 371'
£(3) =2(27)°" " sin > r'(1-3)z(1-3)

B
= 872 (=1)['(=2) (—?3) .
Recall that I'(s) has a pole at s = =2 and B3 = 0, so the right hand side formally becomes 0 - co. That is to
say, we cannot naively plug in 3 and expect this to directly yield a value for £(3). Perhaps we used the wrong
formula. Using our other formula gives

{(1-3)2n)*!
21°(3) cos (37”) ,

{3 =

which is undefined. Odd, but as it turns out, we already encountered this problem. Back in Theorem (2.8), we
showed that for all k € Z. o, Box+1 = 0, which shows that the argument used to derive the explicit formula
for £(2n) does not extend to odd positive integers. A method failing for a particular case does not mean
the zeta function is ill behaved for odd positive integer input, however it may suggest that these inputs are
fundamentally different than their even relatives. In the even case, the functional equation related £ (2n)
to (1 — 2n), and the latter could be expressed in terms of Bernoulli numbers. However, for odd positive
integers, {(—2n) vanishes which causes this approach to collapse. Although there is difficulty in writing
down a closed form for zeta at odd inputs we currently do bear more information on ¢ (3) than the rest of the
odd integers; the next section covers this in detail.

3 The Irrationality Of Zeta-3

We will discuss the irrationality of £(3). This result was first introduced by Roger Apéry [ ]in
1978. Then in 1979 Dutch mathematician Frits Beukers (1953-) presented his own interpretation of the
problem [ ], providing a proof using multiple integrals. Many reference a very well-regarded exposition
of Apéry’s theorem by Dutch mathematician Alfred van der Poorten (1942 — 2010) [ 1. We however
reference [ , § 4], which in turn cites Poorten’s work.

3.1 Apéry’s Theorem

Before we begin to discuss the proof that £(3) is irrational, we will first review some core concepts and
provide some necessary definitions.

Definition 3.1: Coprime

We say that two integers a and b are coprime if their only common positive integer divisor is 1. That
is, gcd(a, b) = 1.

The next theorem will allow us to describe integers greater than one.

Theorem 3.1: Fundamental Theorem Of Arithmetic

Every integer greater than 1 is either prime or can (up to permuting factors) be uniquely expressed
as the product of primes. We refer to this unique expression as the unique prime factorization of the
number.
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Then given an integer, we would like to be able to discuss its properties by considering the exponent of
each prime found in its unique prime factorization.

Definition 3.2: p-adic Valuation

We will write v, (n) to denote the exponent of the prime p in the unique prime factorization of n.

So, for example, since 9 = 32, we have v3(9) = 2 and v5(9) = 0. Since, loosely speaking', it is just the
exponent of a given prime p in the unique prime factorization of 7, it should behave like an exponent, which
it does. We have n

vy (E) = v, (n) = v, (m) 3.1)

and
vp(n-m)=vy(n)+v,(m). 3.2)

As we will see later, the factorial of an integer ties this function together with the floor function nicely.

Definition 3.3: Floor Function

We define the floor function of a real number x to be
|x] = max{m € Z : m < x}.

In words, the floor of x is the greatest integer less than or equal to x.

Although we cannot generally “open the brackets” of the floor function to add elements, when n € Z, it
does follow that
lx +n] =|x] +n. 3.3)

In the case that n ¢ Z, we instead have the chain of inequalities

]+ 1yl <lx+y] <lx]+ 1yl +1 (3.4

which holds for all x,y € R.

We can also say that | x| = yifandonlyify <x <y + 1.

In order to describe the growth of functions, we make use of the following.

Definition 3.4: Big-Oh

We write f(x) = O(g(x)) as x — oo if there exists a constant C > 0 and K such that whenever x > K,
we have |f(x)] < C - |g(x)].

Moreover, we will use the notation f(x) < g(x) at times which is read “ f(x) is much less than g(x),”
but these may be thought of as interchangeable.

There is also a slightly stronger version of this definition.

1. The formal definition of this is indeed more concrete, but we believe this heuristic is enough to understand this function. For a
more in-depth coverage of this function and its property, see any text on p-adic analysis.
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Definition 3.5: Little-Oh

We write f(x) = 0(g(x)) asx — oo if there exists some nonnegative function 4 such that lim A(x) =0
X—00
and | f(x)| < h(x) - [g(x)].

This statement allows us to understand a very important theorem in number theory.

Theorem 3.2: Prime Number Theorem

Let n(x) be the number of primes p satisfying p < x. Then we have that
X X
+ 0 o
log x ( log x )

Example 3.1

To understand what 7(x) is more clearly, note that we have n(2) = 1, n(3) = 2, n(x) = 2, and
x(17) =17.

n(x) =

We are now ready to define the special sequences which will allow us to prove the irrationality of (3).
For n, k € Z which satisfy 0 < k < n and m € Z, consider

. ‘ i 1 . i (_1)m+1
nk = 3 Ao 3(n)\ (n+m\’
m=1 m3 m=1 2m3 (m)( ; )
n 2 2 n 2 2
n\"(n+k n\"(n+k
a, = cn,k( ) ) , b, = ( ) ( ) . 3.5)
—l k k ;) k k

Of course, with the restrictions we placed on n, m, and k, we have
=DM+ 1o
VR gyl kLR o N
> 3(n\ (n+m > 3
m=1 2m (m)( m ) m=1 m

and c0,0 = 0.
To get started, we need a way to go about showing £(3) is irrational. Our first result will give a solid
criterion to rely on in order to show a given number is irrational.

Lemma 3.1: Irrationality Criterion

If there are infinitely many coprime integers p, q such that

P
q

o —

< q—(1+5) 3.6)

for fixed § > 0, then « is irrational.

Proof Suppose there exists infinitely many coprime p and g for which Equation (3.6) holds for fixed
0>0,p €Z, and g € Z-¢. Moreover, for the sake of contradiction, let us suppose « is rational. That is,
suppose we can write @ = %, where a € Z,b € Z~(, and aq # pb. Then we have

a p|_
bq_

aq — pb
bg |’
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Now, with the numerator being a nonzero whole number, it follows that it is at least one, so

L< aq — pb

—(1+96)
bg ~| bg '

<q

This implies that g® < b, or that ¢ < b'/9 and so there are only finitely many ¢ which satisfy this condition.
Then for any particular one such g, let us write

lp—aql <q°.

This then implies that p € (ag — ¢~%, @q + q~%), which is an interval of length 2¢~° < 2. With p being

an integer in an interval of length at most two, this suggests that p can assume finitely many values for this
particular g; more importantly, p is finite for each chosen g. Therefore, it must not be the case that there exist
infinitely many coprime p and ¢, contradicting our supposition. ]

Now given a criterion to show a number is irrational, the method is clear: we will aim to show that there
are infinitely many coprime integers p and g for which

q—(1+6)

‘4(3) .
q

for some fixed 6 > 0. To start, we show the ratio of (a,) and (b,) converges to £(3).

Foralll <m < n,

Theorem 3.3

We have u
lim b—" =(3).

n

Proof If we expand the definition of (a,), we find

=0 S S S

Now, notice the first sum is the partial sum of what we are interested in and so it would be nice to estimate the
second in some way. Utilizing Lemma (3.2) allows us to make the estimate

k

( 1)m+1 1
Z 3 n n+m <=
= 2m3(;) (")

1
< —
m3  n?

M»

m=1

where we used the fact that an alternating sum with positive coefficients is less than its standard sum and a
partial sum is less than its infinite sum. If we then apply this to (a,,), it follows that

=1 bn
an:anF+0(ﬁ)
m=1
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Now in order to incorporate £ (3), write
S
(@)= ), —+ Z (3.7)
m=1 m= n+1

Notice that the first sum is already contained in (a,), so we would like to estimate the infinite sum by
something which tends to zero. We have that

1 "o
— < — du,
m3 ,/ ud

which can quickly be verified by evaluating the integral. In particular, this implies that

1 n+11
< — du.
(n+1)3_‘/n !

If we inductively carry out the process of adding an additional fraction with the denominator shifted by one
and a subsequent correction of the upper bound of integration, we see that

Z—</ —du

m=n+1

Then, by the evaluation of a simple integral, one finds

| 1 1
—3du— 2<<—2.
n U 2n n

Now, dividing through by b,, and subtracting by ¢(3) in Equation (3.7),

1
4(3)’ —+0( ) Z Z <<—

n m= n+1
Lastly, this implies that there exists some ¢ > 0 such that
Then, since lim # = 0, it follows that

lim |22 _ §(3)’ -0
by

as desired. [ ]

This result builds confidence that (a,) and (b,,) provide a good rational approximation to £(3), however
with the terms of the sequence (a,,) not being integers®, we cannot yet consider applying Lemma (3.1). For
now, we show that these sequences have more properties than just approximating £ (3) well.

2. We never explicitly showed this. However a simple application of the definition of (a,) in Equation (3.5) will reveal ag = 0,

a; =6,and a; = %,
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Theorem 3.4

For all n € Z-, the sequence (b,,) satisfies
(n+ 1)°bpe1 — B(n)by + n°by_; =0

where B(x) = 34x3 + 51x% + 27x + 5.

Proof We will start by defining
L. = n2n+k2_ (n+k)!?
mk = T k(- k)2

and
Bui=42n+ 1)2k* +k — 2n+ 1)) A4

We would then like to first show that for 1 < k < n,
Buk —Bni-1=(n+ 1> Apui gk — B) i + 124011 (3.8)

In order to motivate what may look like a random selection of items, notice that 4,, x is precisely the summand
found in the series definition of (b,). Moreover, with (b,,) being a series, this motivates summing the above
claimed equality at some point, in which one may notice that we will get some nice telescoping behavior.
Expanding the definition of B, ; will reveal

Buk—Buio1=4Q2n+ D)QRE> +k—Q2n+ D) —4Cn+ DRk -1)?+k—1-Q2n+ 1> A1

Thus if we divide out a factor of 1,, , we want to instead show the equality.

s
42n+ DK+ k- 2n+ 1)) —4C2n+ DK -1 +k-1-(2n+1)?) ﬂ’k !
n,k
Ao Ao
= (n+1)3 2251 Bn) + 3K
n,k n,k

is indeed true. If we then expand the definition of A, g, it follows that

Apk-1 k* Anrik _ (n+k+1)? An-1k _ (n=k)?
ok (n—k+1)2n+k)? Aok (n—k+1)2% Aok (n+k)?

We can then plug these into our last equality. Finally, we can multiply both sides by a factor of (n—k+1)?(n+k)?
so we only have linear factors. The problem then reduces to showing the following equation holds:

42n+ DK +k-=2n+ D) =42n+ DRk =-1D>+k-1-2n+ 1)>)k*
=+ 1>’m+)*m-k+1D)>=-Bn)n+k)?n-k+ D> +n*(n-k)?*n-k+1)?% (3.9

Finally, we will delegate this task to a machine® which will confirm we do indeed have equality. If
we then use this for £k = 0,1,...,n + 1, since (Z) = 0 whenever n < k or k < 0, it follows that
Al = An,—1 = Au—1,n+1 = An—1,n = 0. This implies that B, ,+1 = B, —1 = 0 and thus notice the beautiful
telescoping of

Bn,O - Bn,—l + Bn,l - Bn,O i Bn,n+1 - Bn,n =0.

3. In particular, if one moves all terms to one side of Equation (3.9), using your machine’s equivalent of expand or simplify to test for
equality with zero should return true.
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Therefore,
n+l n+l n+l
0=(n+1)° Z An+1,6 — B(n) Z Ani 1 Z An-1k
k=0 k=0 k=0
n n n
=(n+1)° Z Ans1,k — B(n) Zﬁn,k +n’ Z An-1 k.
k=0 k=0 k=0
Lastly, recall we said that 4,, x are precisely the summands in the definition of (b,), so we’re done. [

The same relation holds for (a,,).

Theorem 3.5

For all n € Z, the sequence (a,) satisfies
(n+ 1)3an+1 - B(n)a, + n3an—1 =0,

where B(x) = 34x3 + 51x% + 27x + 5.

Proof First note that from the definition of (¢, x), we have

o i (D™ Kl i (=m!
Cnk —Cn—1,k = — + YA —3 _ _
! ! m=1 m3 m=1 2m3 (:rll) (n:;lm) m=1 m3 m=1 2m3 (nml)(n r1n+m)
k _1\m+1 _1\ym+l1
_ Ly Sl Gl ) _ (3.10)

= A A G e G T

After some algebraic manipulation, this reduces to

k
1 (=D)™m"*(n—m —1)!
Cnk—Cn-1k=—+ .
mk T Ok TS r; m2(n+m)!

If we then let
(DR (n -k - 1)!

n?(n+k)!

n,k

a little more algebra will reveal

(=D)"™m"?(n—m—1)!

m2(n+m)!

Tn,m - Tn,m—l =

>

which is the exact summand we are interested in. Therefore,

k
1 1
Cnk — Cn-1,k = l’l_3 + Z(Tn,m - Tn,m—l) = E + Tn,l - Tn,O +-o+ Tn,k - Tn,k—l

m=1

1
= 3 + Tn,k - Tn,O
n

1. (-D*kP?(n-k-1! 1
n3 n%(n+k)! n3’
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Then a slightly easier identity is the following. By pulling the kth term out and seeing the cancellation for all

k — 1 and below terms, we have
(_1)k+1

— 3.11)
253G (")

Cnk — Cn—1,k =
‘We shall now define
3 3
Puix=(n+1) Ans1 kCns1,k — B(n) Ay kCpk + 07 Ap_1 kCp1,k-

Again, to motivate that these are not completely random selections of objects put together, recognize that
An.kCn.k 18 precisely the summand which appears in the definition of (a,). We then claim that

(=DFk?(n+ DA x(n=k)!  (=D*k2nd,_1 x(n -k = 1)!
(n+k+1)! B (n+k)! '

Pn,k = (Bn,k - Bn,k—l)cn,k +

To see this, we can start with the definition of P, ; and try and transform it into the right hand side here.
Recall Equations (3.8), (3.11), and (3.10), which give us

3 3
Pui=(n+ 1) Apst kst = (=Bpk + Bujo1 + (n+ 1) Atk + 00 Ao 1) ke + 1 Apot kCnmt
= (n+ 1) Anst kCnrik + Bk = Buk—1)Cnie — (n+ 1) At kCke = 02 At g (Crk = €t k)

(=D*k?(n+ DA x(n=k)!  (=D)*k2nd,_ 1 x(n—k —1)!
(n+k+1)! (n+k)! ’

= (Bux = Bnk-1)Cnk +

as desired. We will then make the definition

5(-D**1k(2n+1) (n) (n + k)

A =B +
mk = SnkCn.k n(n+ 1) K\ k

and claim that

B -1 (=D*!

263 () ("F)

52n+1) kel [P\ (n+ K X n \[(n+k-1
E G LS R e e |

n(n+1)
4

Ank —Anik-1 = (Buk — Bnk-1)Cnk +

This can be seen by simply writing out the definition of A, ;. We have

5-D*1k@2n+1) (n\(n+k
An,k - An,k—l = Bn,kcn,k + ( ) ( ) ( )(

nn+1) k k )_Bn,k—lcn,k_l
S(-Dkk-D@n+1)( n \[n+k-1
- n(n+1) (k—l)( k—1 )

After some simplification, this becomes

Apnk—Anik-1=Buicni—Buix-1cni-1+¢
=BuiCnk — Bujk-1¢nk + Buk—1¢nk — Bog—1Cn k-1 +1€
= (Bn,k - Bn,k—l)cn,k + Bn,k—l(cn,k - Cn,k—l) + 4,

which gives the desired result after applying the identity we found in Equation (3.11). Lastly, we claim that
Ank — Ank-1 = Py k. However, we shall again delegate this laborious algebraic check to a machine. Now,
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for a similar reason to that of the proof of (b,), we have that A, ,,+1 — A, -1 = 0 where we define ¢, x =0
for k > n to avoid division by zero. Notice the telescoping of

Pn,0+Pn,1+"'+Pn,n+Pn,n+1:An,O_An,1+"'+An,n+1_An,n

= An,n+l - An,—l~

Therefore we have ZZ:(I) P, x = 0 which is to say

n+1 n+l n+1

3 3
0=(n+1) Z An+1,kCn+1,k — B(n) Z AnkCnk + 1 Zﬁn—l,kcn—l,k
k=0 k=0 k=0

n n n
3 3
= (l’l + 1) Z /ln+1,kcn+1,k - B(n) Z /ln,kcn,k +n Z/ln—l,kcn—l,ka
k=0 k=0 k=0

which is precisely what we were looking for. [

Not only was the sequence (a,,) failing to be a sequence of integers an issue, but the rate of convergence
derived from Theorem (3.3) was not as strong as we would like. Thus our goal is to express the sequence
(ay) as an integer and to improve our estimate. We will start with the latter.

For n € Zs, the sequence (by,) is strictly increasing.

Theorem 3.6

Foralln € Z+,

< b2

an
‘5(3) s

Proof Forn = 1, adirect computation will show that g—: = 1.2. Therefore, using the fact that £(3) = 1.202... .,
we have

£(3) - 2|~ 0.002 < b2

an
by
Thus let us consider n > 2. For n within this range, we may write

¥, —B(n—1) k-1 +(n—1)>%kp_ =0, (3.12)

where (¥ ;) stands for either sequence (a,) or (b,,). The idea is to then simultaneously consider Equation (3.12)
for both sequences (a,) and (b,) and then get rid of the B(-) term by multiplying the equation in (b,,) by a
factor of a,—; and vice versa for the equation in (a,). After shifting around some terms, we will find

n3(anbn—1 - bnan—l) = (I’l - 1)3(bn—2an—1 - an—2bn—l)- (313)

Now, if we consider the substitution n +— k — 1, we will quickly find* that k3(arbr_1 — brag—1) =
(k —2)3(bx_3ax—» — ax_3by_»). Thus if we carry this out inductively, we will arrive at the result

n}(anbp-1 — bpan-1) = 1> (boas — aghy).

4. This may not be immediately clear. The idea is that if we apply this substitution in Equation (3.13), then the left hand side becomes
(k = 1)3(bx_gax_1 — ar_2by_1. But then by Equation (3.13), this is equal to k> (axby_1 — brag_1).
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This is rather pleasant, as we now have a way to relate the nth term of sequences (a,) and (b,,) to their particular
values. In this case, simply applying the definition of each sequence will reveal that ag = 0,a; = 6,bg =1,
and b; = 5. Therefore

anbp1 —bpay_1 = —3-
n
We then make the definition r,, = £(3) — a, /b, so that
, = anbp-1 —an-1by _ 6
" " bnbn_y n3bnbn—1 ‘
Moreover”,
T'n =Tn—Vpn4l T Tpel =Fpn —Tpyl T rppl — 00 = Z (rm—l _rm) (3.14)
m=n+1
and therefore . .
an 6
(-2 N ez Y
bn m:zn-l—l m:zn-ﬂ m bmbm_]

As a result of Lemma (3.3), we know that (b,) is a strictly increasing sequence, so b,,—; = b, and

bmbm-1 > bfl. Therefore,
= 6 Il —» 6
—_— < — — < b2
Z m3by,b,_1 b2 Z m3 "

m=n+1 n m=n+1

verifying the claim. [

This estimate is much better than the linear convergence we had in Theorem (3.3), but with our estimate
now depending on the sequence (b,,), this motivates us to analyze its behavior in hopes of further improving
our estimate.

Theorem 3.7

The sequence (b,,) satisfies

(1 + \/5)471 < b, <« (1 + \/E)M,

which then implies

‘{(3) - Z—" < (1 + «/5)_8" (3.15)

Proof Recall when n > 2 we had n°b,, — B(n — 1)b,_; + (n — 1)3b,,_» = 0. That is,
by — (34(n-1+51(n=1)*+27(n = 1) + 5)bp_1 + (n— 1)°by_» = 0.
Now, if we divide through by n°, we obtain
by — Apbp_1 + Byby_2 =0

where

An

34 -1 +51(n—1)2+27(n—1) +5 8 _(n—1)3

n3 n

5. Specifically, recall Definition (2.5) and Theorem (3.3), which, in particular, informs us that the convergence of (r,) justifies
Equation (3.14).
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We then have that lim A,, = 34 and lim B, = 1 and so our limiting characteristic equation is then
r?=34r+1=0

which gives us roots r; 5 = (1 + V2)*. Now heuristically speaking, since we are interested in the asymptotic
growth of (b,,), we expect this limiting characteristic equation to do just that. Furthermore, with b,, > 0 for
alln, r; = (1 +V2)*and 0 < r, = (1 — V2)* < 1, the dominant growth shall be governed by r;. Therefore,
there must exist positive constants C, C; and N such that

n n
Clrl <b, < Czrl

whenever n > N. Note that this is precisely r{' < b, < r{ and so we are done. Lastly, Equation (3.15)
follows directly from this. u

This is great as we were able to further improve on our estimate, but we have yet to address the issue of
the sequence (a,) not being a sequence of integers. To amend this issue, we will consider a modified version
of (a,). We require some intermediate steps to start.

The number of multiples of t in the list {1,2,...,n} is I_?J, wheret € Zsq.

Proof The multiples of ¢ in the list {1,2, ..., n} are of the form jt where j € Z.(. Therefore, the multiples
of t will satisfy the inequality
1<jt<n

which is equivalently
1
-<j<
;==

~ | 3

. (3.16)

Since j € Z-, it has the smallest possible value j = 1. Then its largest possible value is the greatest integer
less than or equal to 7/t by Equation (3.16). That is to say, the largest value of j which will satisfy j < n/t is
Jj = Ln/t]. Hence j may take on the values 1,2, ..., |n/t], of which there are precisely |n/t]. [

Lemma 3.5: Legendre’s Formula

For a prime number p,

Proof Recall that v, (n!) is the exponent of the prime p in the unique prime factorization of n!. Note that
since n! is the product of integers 1 to n, by Lemma (3.4) the number of integers within this range divisible by
pis |n/p]. However, each multiple of p? contributes an additional factor of p which was not previously
accounted for. The number of such multiples is |n/p?] and so we should add on |n/p?|. Likewise the
multiples of p> contributes an additional factor of p which we did not previously consider. The number of
such multiples is | #/p?| and so we should add on |n/p?|. Continuing this argument will give us the desired
result. [

The binomial coefficients are integers.
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Proof We will consider the binomial coefficient

n n!
(k) T kKm—k)

We would like to show that for an arbitrary prime number p, we have

vp(n!) > v,((n—=k)!) +v(k!).

)

Recall what we found in Lemma (3.5) to see that

n—k
pm

This shows that not only must every prime in the unique prime factorization of (n — k)! and k! show up in
that of n!, but the exponent in each subsequent prime of n! must also be greater than or equal to k!(n — k)!,
implying (}) € Z. n

For all n,m € Z satisfying 1 <m < n,

Vp (:1) <vp(lem(l,...,n)) —v,(m).

Proof First recall the factorial form of the binomial coefficients and Legendre’s formula. Thus® we have’

n - n n—m m
v = —_ - | = | — .
P(m) ;({p"J { p* J LD"J)
Now we denote N := v, (lcm(1,...,n)) as the largest integer for which pN < n, which implies pN <n<
pN*1. Then, for k > N we have p* > n > m and p* > n — m, so our infinite sum reduces to the finite sum

)= 2L -5 )

Moreover, let v, (m) = £. Now for 1 < k < ¢, pk divides m which implies m/p* € Z and so by Equation (3.3)
5= [
p* pkl p*

Sl 2))- oo

14
k=1

Therefore,

6. Noticing the slight abuse of notation.
7. Where we used Equations (3.1), (3.2).
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Of course, when k > € + 1, pk t m, however notice we can write®

{nJ_ n—m+m <{n—mJ+{m i1
p* pk 1T p* ko
Thus we find that N
5 (31713« 5n-
k=t+1 P p p k=C+1
This is precisely what we wanted to show. [

Now we are ready to consider the result which will ensure we may convert (a,) to a sequence of integers.

Theorem 3.8

For all n, k € Z satisfying 0 < k < n,

n+k

2lem(l, ..., n)°
cm( n)( L

)Cn,k € Z.

Proof We can start by expanding the definition of ¢,  to get

LN |
2lcm(l,...,n)3(n_;;k)cn,k = 2lcm(1,...,n)3(nzk) > —

k=1
skl (=D
+lem(1,...,n) ( r )m; —m3(:1)(":1m)

Then since the integers are closed under operations’, all we really need to show is that

210m(1,...,n)3("zk) - lcm(l,...,n)3("zk)

e, € Z.
m? m* () (")
For the first fraction, since m < n this implies that m? divides lem(1,..., n)3, and since the binomial
coeflicients are integers by Lemma (3.6), this must be an integer. The second fraction requires a little more

work. If we move the ("Zk) term to the denominator, then what we need to show is that the exponent of every

prime in the numerator is greater than or equal to that of every prime in the denominator. To do so, we will

first notice that'?
n+m n+k_1_ kK\(n+k)
m k S \m)\k=-m

[ [ o
m b
ml\m|\k —m

8. Recall Equation (3.4).

9. That is, the sum and product of any integer with another integer shall remain an integer.
10. Which can readily seen by writing both the left hand side and the right in factorial form.

and so our denominator becomes
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Then using what we found in Lemma (3.7), we have that

o I R B R R

<3vp(m)+v,(Iem(l,...,n)) —v,(m) +v,(lem(l,...,n)) —v,(m) +0
<vp(m)+2v,(Iem(l,...,n))

<3y,(lem(l,...,n)),

and since the binomial coefficients are integers v,, (/'**) > 0 and so we have the upper bound —v,, (/**) < 0.

This is exactly what we wanted to show and so we’re done. [

Now it may not be immediately clear how this amended our issue, however, notice

n 2 2
2lem(l,...,n)%a, =2lem(l,...,n)> (Z (Z) (n ;; k) cn,k) .

k=0

With the binomial coefficients being integers and the integers being closed under operations, this whole
expression must be an integer. This discussion motivates some of our later definitions. For now, we have
another claim which at first glance seems rather unrelated, but as we will see, is essential.

Theorem 3.9

For all & > 0, there exists some K (€) such that if n > K(g), then lem(1, ..., n) < e"1+),

Proof First note that we can equivalently write the Prime Number Theorem as 7(x) = (1 + o(l))@.
Moreover, if f(n) = o(1), then by definition, lim f(n) = 0. That is, for every & > 0, there exists some
constant K (&) for which n > K(¢g) implies o(1) < &. Now, with e* being strictly increasing, greater than one,
and € — o(1) > 0, we have e#~°(1) > 1. Therefore it follows that

ef = eo(l)es—o(l) > eo(l).
Then, the primes which divide lcm(1, ..., n) are precisely those which satisfy p < n. If we then let j be

the largest integer such that p/ < n, the inequality p/ < n < p/*! immediately follows. Upon taking the
base p logarithm of this inequality, we have j <log, n < j + 1, which holds if and only if |log, n| = j by

Remark (3.1). Therefore, the exponent of any prime p inlem(1,. .., n) is [log,, n]. From this we can write
Iem(1,...,n) = 1_[ leng nl < 1—[ n.
psn ps<n

Noticing the last product is the primes p < n copies of n, which is the 7 function from Theorem (3.2), we get
lem(1,...,n) <n” (n), Lastly, using Theorem (3.2) and our above discussion,

lem(l, ..., n) < e™Mlogn o gn(l+e)
completing the proof. .

We are finally ready to discuss the irrationality of £(3).
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Theorem 3.10: Apéry’s Theorem

The number {(3) is not rational.

Proof To set the stage, recall our Irrationality Criterion (3.1), which in short, told us that if we can find two
integer sequences such that Equation (3.6) holds, then our constant of interest must be irrational. Therefore,
to satisfy this integer sequence requirement, we are motivated to make the definitions

gn =2bylem(1,...,n), pn = 2aylem(l, ..., n)°
so that p,,, g, € Z and a,/b,, = p./qn. Therefore, the strategy is clear; show

‘as) S R
qn

for some fixed 6 > 0. If we then use Theorems (3.7, 3.9), and simplifying the exponential term asymptotically,
we have

n 1+13f6
Gn < rifen(3+s) — ’"1( %rl)

This then tells us that

3+e
_n(1+logr1 )

-1
. <q, .

r

Then considering what we found in Equation (3.15), this motivates us to find the values of 6 > 0 for which

—n(1+3222 ) (1+6) _
it <, ( °g”) < g, 19,

That is, we are looking for the 6 where

2n2n(1+ 3+‘9)(1+5).
lo r

After moving some terms around to isolate the ¢, we find

<logr1—3—s
T logri+3+¢&’

Then since € > 0 is arbitrarily small, the acceptable values of ¢ can be arbitrarily close to

_logri =3 _ o0, (.17)
logr; +3

Therefore we can choose § = (logr; — 3)/(logr; + 3) > 0 in order to satisfy rl‘z" < q;(lﬂs), proving that
£ (3) fails to be rational by our Irrationality Criterion. [ ]

3.2 Beukers’ Idea

The idea of this proof is distinct from that of Apéry although the central method remains unchanged.
We will consider a sequence which is related to £(3) in some “nice” way. We then study the behavior of
said sequence with hopes of controlling the denominators, suppose £(3) is irrational, and derive a necessary
contradiction. We will start with some definitions and theorems.
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Definition 3.6: Legendre Polynomials

We define

Pa(@) = - (@ (1= )",

We will later make use of the simplest case of the so-called arithmetic and geometric mean inequality.

Theorem 3.11: AM-GM inequality

Ifx,y € Rs, then

Theorem 3.12: Binomial Theorem

We have . .
n n
+ )" = n—k k _ k n—k‘
(x+y) ;0 (k)x y (k)x y

To illustrate Beukers’ idea, we will frequently make use of integrals over the unit square [0, 1] and the
unit cube [0, 1]3. One may quickly notice that many of the integrals we consider are indeterminate. Thus,
to rigorously justify the manipulations that follow, first consider the integrals over the truncated interval
[0, 1 — £] and then let & — 0" which will recover the original integral.

We first let k, £ € Z>9 and w € Rxo. We then have the following claim.

Theorem 3.13

For k,t,w as above, and k > ¢,

k+w  {+w 1 1
// T Y xdy= _ . (3.18)
12 1-xy k-4 j+w+1

Proof We start by recalling

k+w €+w . [
dxd // (xy)™ kP Y ded
//[0,1]2 l—xy v 01]22 Y Y

Then if we interchange the summation and integral symbols and compute the double integral, it will then

become
o0 ) l
§ k+w+m _ {+w+m 2
mzo-//[0,1]2x Y ray A m+k+w+D)(m++w+1) (3.19)

If we then let m + w + 1 = a we can use partial fraction decomposition to express our summand as

1 A N B
(k+a)(l+a) k+a (+a
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Upon solving for A and B and pulling out a factor of 1/(k — €), we arrive at

(o) (o)

1 1 1 1
Z(m+k+w+1)(m+€+w+1) k — Z(Zm+€+w+1 n;)m+k+w+1

Lastly, if we make the substitutions j + m + £ and j + m + k in the first and second sum respectively, we
arrive at the claimed equality. [

Now notice that if we put w = 0, we will obtain

k-

//olzl—xdedy_k Z

:f

(3.20)

We then have the following theorem.

Theorem 3.14

The equality
k+w |, l+w k—1
Xy 1 1
- 10 d d = — .
//[0,1]2 I —xy o) &ty k—f;(j+w+1)2

holds.

Proof If we differentiate Equation (3.18) with respect to w, on the left hand side, we have

k+w €+w ky{’ xk+wy€+w
‘/‘/ dxdy = '// —( )W dxdy = ‘// —— log(xy) dxdy.
[0,1]2 1—Xy [0,1]2 1—xy

Similarly, on the right hand side,

d 1"2“1 1 "Zd 1 12 1
dw k—{’j:[j+w+1 :gd Jrw+l k—é’j:é,(j+w+1)2'

giving us the desired equality. [

As before, if we let w = 0, then we instead have

xkyt 1 & 1
log(xy) dxdy = — - . (3.21)
ﬂO,I]ZI_xy k—[;(J+l)2

Now we can analyze the behavior of the denominators of our results. If we assume that 1 < £ < k < n, then the
integer k — £ will divide lem(1, ..., n). Moreover, each of the integers (j + 1)2for j € {£,£+1,...,k -1}
will divide Iem(1, ..., k)?. Therefore we have that the product (k — £)(j + 1)> will divide Iem(1, ..., k)?
for each j. Thus each summand 1/(k — £)(j + 1) has denominator dividing lem(1, ..., k)3, and thus the
finite sums found in Equations (3.20), (3.21) are rational numbers with denominators dividing lem(1, . . ., k)3.
Then with k < n, we have lem(1, ..., k) divides lem(1,...,n).

If we then consider when k = ¢ in Equation (3.18) and differentiate with respect to w, on the right hand
side, we have

d k+w d k+w k+w
4 // O™y = // L) i // G oy dedy.
w 0172 1 —xy 0,172 dw 1-xy 0112 1—xy
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Then when we consider the series representation in Equation (3.19), differentiate term by term, and let w = 0,

we have the equality
// (xy)* log(xy) dxdy = —2 i 1
[0,1]2 I—Xy =0 (m+k+1)3'

Upon making the substitution j +— m + k + 1, our series then becomes

k
1 1
= -2 — =2 3) — — .
We may collect these observations in the following theorem.

Theorem 3.15

The equality

(x)’)k _ k 1
//[0,1]2 1=y 0B drdy = =2{£(3) - 2> 7 (3.22)

J=1

holds.

Now that we were able to explicitly relate our study of these seemingly random integrals to £(3), this
motivates us to further investigate their properties in hopes of deriving a result which could eventually lead to
a contradiction. Recall we made the effort to define the so-called Legendre polynomials before our analysis;
perhaps now would be a good time to make use of our definition.

Theorem 3.16

Th li
e [ 0RO ey Pt Eug0
(0,173 1—(1—xy) " Ic m(l,...,n)3

holds where P, (a) is the Legendre polynomial of « and (A,), (B,) are sequences of integers.

Proof Recall that from Lemma (3.12), we may write

(10 = 3D ( )

k=0

Thus we can express the Legendre polynomial of o by

Pula) = n' dx" Z( D ( ) - Z( ( )(ril;kk!)!ak' (3.23)

Then, if we set

ay = i),

n! j!
since v, ((n+ j)!) > v, (n!) + v, (j!), we have a; € Z. Then, we may write

n

P,(x)P,(y) = Zakx Zagy = ZZakagx v,

k=0 k=0 £=0
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It then follows that

—log(xy) Pu(x) Pn(y) // —log(xy) Kk
dxdy = araix®yt dxdy
//[0,1]2 I—xy 0172 L—xy ZZ K

k=0 £=0

_ZZakag// _ioigiyy) kyE dxdy.

k=0 £=0 0,112

Then, as we saw before, when k # £, Equation (3.20) results in rational numbers with denominators dividing
lem(1,...,n)>. Then in the case that k = £, we get some term involving (3). We previously saw that
ay,ayg € Z, and so they will not introduce any new denominators. That is to say, there must exist some rational
sequences (S,) and (7},) for which

[/ —log(xy) Py, (x)Pn(y) dxdy = Sy, + T, (3)
[0,1]2

1 —xy
where the denominators of both (S,,) and (7},) divide lem(1, . ..,n)3. Therefore, it follows that
-1 P P A, +B,l(3
[ o) 4 24} G2
[0,1] 1—-xy lcm(l ., n)
for some integer sequences (A,) and (B,,). Lastly, we notice that a quick u-substitution' will reveal
1
1 1
/ 1 g leew) (3.25)
o 1—-(1-xy)z 1-xy
Applying this to our previous integral gets the desired result. ]

Now we have a result which relates our integrals to £(3) and two integer sequences, just as Apéry did in his
proof. So we are in good shape, however, it appears we simultaneously made our integral more complicated.
Though, as we will see in the next two theorems, a neat trick will tie this all together.

If we apply partial integration n-times with respect to x, then we have

///[0,1]3 1P_((xl)f)x(;))z dxdydz ///01 (x)lizz ((f_—;;)’:;’rlfly) drdyds.

Proof First, let g(x) = x"(1 —x)" and

fx) = m,

so we want to consider

1
= | e as

Then a first application of partial integration will yield

1 1
=D x) Fx)| - (=1 (x) £(x) dx.
g ()f()0 /Og () f(x) d

1. Letu =1- (1 —xy)z sothat du = —(1 —xy) dz.
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A second application of integration by parts results in

1 1 1
g V) f)| —g" P ) ()| + / g" P (x0) f" (x) dx.
0 o Jo

This leads us to make the guess

1 n-1
%A g(n) (x)f(x) dx = % (kZ:;)(_l)kg(n—k—l)(x)f(k) )

1 1
(1) / g™ (x) dx), (3.26)
0 0

which may be proven by induction. We now consider the behavior of the derivatives of f and g in hope of
further simplifying this equation. First, notice that

rey Yz
PO ==
and that 2y2)?
ey 2
S = -
Therefore we guess that
f(n) (x) — (_l)nn'(yz)n

(1= (L=xy)z)m*t”

which can again be shown with induction on n. Then, we can see that g(x) is a polynomial of degree at least
n. Therefore, it is readily seen that all derivatives of order less than n will vanish at zero. If we then observe
the symmetry g(x) = x"*(1 —x)" = g(1 — x) and the derivative

ds
dxs

g(1-x)=(-1)g" (1 -x)=g"(x),

we find that when s < n, g (1) = (=1)°¢) (1 = 1) = 0. Therefore, we have shown that the term
n—1 1
D=1k @) f O ()] =0,
k=0 0

Lastly, substituting what we found for ") into Equation (3.26) will complete the proof. [

Given this, we can then consider the substitution w = (1 — z)/(1 — (1 — xy)z) where an application of the

quotient rule will give
- *y dz

(1-(-xy)2)?
Then when z = 0, one can see that w = 1, and when z = 1, w = 0. Therefore, this substitution would, of
course, flip the bounds of our outermost integral, however, with this substitution, we also introduced a minus
sign, in which they effectively cancel each other out, so we may continue to consider our integrand over the
unit cube [0, 1]3. So we have the following.

dw =

Making the substitution w as discussed above results in

(xyZ)n(l —x)"Pn(y) 3 (1-x)"(1- W)"Pn(y)
“/‘//[0,1]3 (I-(1 —xy)z)"+1 dxdydz = //“/[0,1]3 = (= dxdydw.
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Proof This is easily seen by showing that both integrands are the exact same. Plugging w into

(1-x)"1-w)"
1-(1=-xy)w

will do the trick. Then one will find we are missing a factor of xy in the numerator and two factors of
1 — (1 — xy)z in the denominator, however these are precisely what the differential dw introduces. [

Now we perform a similar trick to the last theorem in order to better describe the behavior of these
integrals.

Theorem 3.18

If we apply partial integration n-times with respect to y, then we have
P,(x)P, 1= x)1 = v)*(1 = w)"
[ B@BO) i Cow)" (=)' A= W)
01p 1 - (1 —xy)z 0,173 (I =1 =xy)w)m*

Proof We will first let g(y) = y"(1 — y)" and

1

f(y)=—1_(1_xy)w-

Then the exact same analysis as in Theorem (3.17) will reveal

Lt _ [ _Gow)r -y
E/o 8 (")f(")dx‘/o (1= (1—xy)w)y™

A more important justification, however, is the interchanging of our variables of integration. For this second
application of n integration by parts with respect to y to be of any use to our integral in its current state, we
must implicitly switch the variables of integration from x to y temporarily, and then back to x. [

Of course, this equality then implies that we can write

/”// (eyw)" (1 =x)" (1 = y)" (1 = w)" dedvdw = An + Bl (3)
0.1 (1= (1 =xy)w)n+! Y lem(1,...,n)3’

as we said before, the analysis of this proof. The method for showing ¢(3) is irrational typically involves a
contradiction at some point, however, our current integral representations will not directly allow us to derive
any specific contradiction. The following theorem will get us one step closer.

Theorem 3.19

For x,y,w as defined throughout this analysis,

xyw(l —=x)(1—=y)(1-w) 1
I-(1-xy)w 27°

Proof First, let us note that w(1 — w) = w — w? is a parabola opening downward and thus obtains its

maximum at its vertex. In this case, that vertex is at :—é in which w(l —w) = }‘, sow(l—w) < }‘. Now, by
Theorem (3.11), if we write 1 — (1 —xy)w = (1 — w) + wxy, then we have

1= (1=xy)w =2¢yw(l —w)xy.



On the Arithmetic Nature of the Zeta Function and Its Generalizations 41

Therefore, we have

xyw(l =0 (L= =w) _xyw(l-x)(1-y)(1-w) x/‘(l—x)\/‘(l—y)
L= (1-xy)w B 24w (1 —w)xy 4

Then for some u,

_\/_(l_u)_ﬁ_iv_

Upon setting this equal to zero and solving for u, one finds that u = 5. We then have

2 1 3
—2\/ﬁ(l—u):—(4u3/2+m)<0

for all u. Thus, the maximum of vu(1 — u) will be at u = % in which

VR -0y5 - < L= 1) 2

x(1-x - =(1-3] ==.
WY EIUT3) T

The claimed inequality directly follows after this. [

Now that we have a numerical bound on our integrand, we have a chance to derive some sort of
contradiction.

Theorem 3.20: Beukers’ Theorem

The number {(3) is irrational.

Proof As aresult of Theorems (3.19, 3.18), we have the inequality

A, + Bn§(3) /// _dxdydw
lem(1,. n)3 27" 017 1 — (1 —xy)w’

Moreover, if we set k = 0 in Equation (3.22), then we get

// M dxdy =2£(3).
[0,1]2 1- Xy

Then, applying Equation (3.25) yields

At Bl LT o) g, 2O
tem(L,..m3 = 27 S T-xy Y=g

Then, since Equation (3.24) is nonzero, we can write

27(3)lem(l, ..., n)?
27n '

0<|A,+B,l(3)| <

We then recall that as a result of Theorem (3.9), for € = 0.1, there exists some K (&) such that whenever
n>K(e), lem(l,...,n)3 < "3+ <237 Moreover using the fact that £(3) = 1.202- - - < 2, we have the
bound

23\"
0<|A, +Bn§(3)|<4(27) .
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Now, for the sake of contradiction, suppose that {(3) were rational. More specifically, suppose {(3) = 7
where a € Z and b € Z. This would then imply

|bA,, + aB,|

[An + Bul(3)] = =

where |bA,, + aB,| is a nonzero integer. As a result, we have

1 23\"

—<|Ap+B,{(3)| <4|=] .

= < 1An + Bal (3)] (27)
Now, we can let n — oco. Notice the rightmost side must tend to zero, while the leftmost side will remain
unchanged. This suggests as n — oo, |A, + B,{(3)| is simultaneously bounded above by zero, strictly
positive, and not zero, a contradiction. [

4 The Irrationality Of Zeta-2

Of course as we have said many times throughout, we have known £(2) is irrational since 1794 due to the
Basel Problem and Legendre’s proof that 72 is irrational. We will discuss the irrationality of £(2) as well,
however the interesting part of the proceeding proofs is that we will make no assumption of £(2)’s closed
form. That is, the novelty lies in that our argument will be independent of 7.

4.1 Apéry’s Proof

Using Apery’s method to prove that (2) is irrational follows the same structure as proving £(3) is
irrational. The biggest change we’ll notice is the use of different defining sequences, the use of a different
factor to clear the denominators of our numerator sequence, and a different recurrence relation for our
sequences. Otherwise, the proof follows the same structure as that of £(3). We start by defining

n k
_ 2(-1 m+1 -1 m+n+1
Co = Z (-1 N (-1

aomr Am () ()
. S n\%(n+k = "\ (n+ K\
O 0 A

Now, like in the proof of £(3), we claim the ratio of (&,) and (b,,) converges to £ (2). We however require a
lemma first.

Lemma 4.1: Series Rearrangements

If the series ), x,, is absolutely convergent, then any reordering of its terms will result in the same
value.

Theorem 4.1

We have
lim 22 = £(2).
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Proof If we expand the definition of (d,), we find
( 1)m+1 n n+k ( 1)m+n+1
=2, 2SS (V) E o
=0 1

Now, notice the first sum is the partial sum of what we’re interested in and so it’d be nice to estimate the
second in some way. Utilizing Lemma (3.2) allows us to make the estimate

( 1)m+n+l 1 k 1 1
<K — Z — << —,
m2 n+m) n2 m?2 n2
m=1

where we used the fact that an alternating sum with positive coefficients is less than its standard sum and a
partial sum is less than its infinite sum. If we then apply this to (d,), it follows that

( 1)m+1 [)n
n=2b, Z (ﬁ)

Then |
D™ S
—_— = _ = 2,
2l | 2 =

so this term is absolutely convergent and therefore by Lemma (4.1), any rearrangement of it will not change

its value. Thus we write
1 1 1
2 — = + —. 4.2
¢@ mZ: 2 Z m? Z m? (42)

meE~g m6©>0

‘We then have that

1 1
Z i 15(2)-

meE-

If we then shift some terms around in Equation (4.2)), we can also find the sum over the odd values. We then

have
(- 1)m+1 1 1 1 1
Z SleEtEt M L
which implies that

s 2(_1)m+1
2) = e
(@=3 "0
Now in order to incorporate £(2), write
L2(=Dm K 2(=1m!
=y 2 =
(=) "+

m?2
m=1 m=n+1

Notice that the first sum is already contained in (d,), so we would like to estimate the infinite sum by
something which tends to zero. We have that

0 2(_1)m+1
P

m=n+1

2 < 1
(n+1)2  n?
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Thus it follows that

[e9)

Z": 2(_1)m+1 +0( 1 ) ~ Z": 2(_1)m+1 ~ Z 2(_1)m+1 - i

m? n? m2 m?2 n?
m=1 m=1 m=n+1

dn
= — 2)| =
P ( )‘

That is to say there exists some ¢ > 0 and N such that whenever n > N,

an
— =23 < c|—=]|.
P {(3)|<c n2'
Then since lim # = 0, it follows that
lim |22 — g(z)’ -0,
by

as desired.

Then as one will notice, in these Apéry-like sequences, both the numerator and denominator sequences
(@,) and (b,,) respectively satisfy the same recurrence relation.

Theorem 4.2

If (%) represents either sequence (Gy,) or (by), then for all n € Z,
(I’l + 1)2*n+1 - B(I’l + 1)*?1 - nz*n—l =0

where B(n) = 11n> — 11n + 3.

We will omit this proof as it mostly relies on numerous messy algebraic manipulations. However, it is not
too difficult to compare the recursion to the sequence definition and at least convince oneself of the formula.

We will then utilize the fact that both our numerator and denominator sequences satisfy the same
recurrence relation to improve our previous estimate on the behavior of the absolute error between £ (2) and
its approximating sequence.

Lemma 4.2

For n > 1, the sequence b, is strictly increasing.

Theorem 4.3

Foralln € Z+,

‘g(z) -l < b;?
by
Proof Forn = 1, adirect computation will show that g—” < 1.7. Therefore, using the fact that £ (2) = 1.644 . . .,
we have _
’4(2) ~dnl 2 0.02 < b2
bn

Thus let us consider when n > 2. For n within this range, we may write

nz*n - B(”)*n—l - (n- I)Z*n—Z =0,
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The idea is to then simultaneously consider Equation (4.1)) for both sequences (d,) and (b,,) and then get rid
of the B(+) term by multiplying the equation in (b,,) by a factor of (d,_;) and vice versa for the equation in
(d@y). After shifting around some terms, we will find

nz(dni?n—l - i)ndn—l) = (I’l - 1)Z(Z;n—Zdn—l - dn—ZBn—l)-

Now, if we consider the substitution n — k — 1, we will quickly find that nz(dnlsn_l — bpdny-1) =
(k = 2)?(by_3dx—n — dx_3by_»). Thus if we carry this out inductively, we will arrive at the result

12 (Gnbp-1 — bpdn-1) = 1*(body — doby).

This is rather pleasant, as we now have a way to relate the nth terms of sequences (d,) and (b,) to
their particular values. In this case, simply applying the definition of each sequence will reveal that
do=0,d; =5,by =1, and b; = 3. Therefore

anbp-1 —bpan-1 = —.

n2
We then make the definition 7, = £(2) — @, /b, so that
7 1 P = an;n—l _dn—lgn — 5
" " Enl;n—l nzl;ngn—l ‘
Moreover',
Fn=Tn—Tnel v Fngl =Tp — Tyl +Tpg1 — -+ = Z (fm—l _fm) (43)
m=n+1
and therefore
dn - 5 ¢ 5
[(2) - =—|= (Fn-1 —Fm)| = _.
‘ bn m:Zn;I-I " " m:zn;l-l m2byb-1

As a result of Lemma (4.2), we know that b,, is a sequence of strictly increasing integers, and since we have
that b,,,_1 > by, this implies b,,b,,,—1 > b%l. Therefore,

m:Zn;}—l m*bmbm-1| by m:zn;l—l m? !
verifying the claim. [

Now that our estimate of absolute error depends on (b,,), like in the proof of ¢(3), we are motivated to
analyze the growth of (b,,) in order to improve our estimate even more.

Theorem 4.4

The sequence (b,,) satisfies

11+5V3)" 11+5V5)"
— < b, x — |-

1. Specifically, recall Definition (2.5) and Theorem (4.1), which, in particular, informs us that the convergence of 7, justifies (4.3)).
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which then implies

(4.4)

‘4(2) - :

dn
by

-2
(11+5«/§) 8
L | —

Proof Recall when n > 2 we had n?b,, — B(n)b,_1 — (n — 1)*b,,_» = 0. That is,
n?b, — (110 = 11n +3)by_y + (n = 1)?b_n = 0.
Now, since we are interested in the asymptotic behavior of b, we will divide through by n? and then consider
by — Auby_y + Byby2 =0

where

n ’

12 = 11n+3 (n—1)2
= - an .
n

n2

We then have that lim A,, = 11 and lim B,, = 1 and so our limiting characteristic equation is then

P -117+1=0.
which gives us roots 71 2 = %ﬁ Then every nontrivial solution of the recurrence will grow asymptotically
like a linear combination of 7| and 7. Furthermore, with b, > 0 forall n, 7| = %ﬁ and 0 < 7 =

—“‘;m < 1, the dominant growth shall be governed by 7. Therefore, there must exists positive constants
Ci,Cy and N such that
le? <b, < C2I7;l

whenever n > N. Note that this is precisely 7 < b, < 7 and so we are done. Lastly, Equation (4.4))
follows directly from this. u

Now, if we have any hopes of using The Irrationality Criterion (3.1), we require both sequences (d,), (b,,)
to be sequences of integers. By Lemma (3.6), it is readily seen that (b,) is a sequence of integers, however,
(@y) is only a rational sequence. We thus introduce an additional factor to clear the denominators of (d,) so
that this scaled version is a sequence of integers.

Theorem 4.5

Forall n, k € Z satisfying 0 < k < n,

21em(l, . . .,n)z(” Z k)fn,k €7

Proof We can start by expanding the definition of &, i to get

2n+k ) i ) n+k n (_1)m+1
2lcm(1,...,n)( I )Cn,k—4lcm(1,...,n)( k );7

k m+n+
+210m(1,...,n)2(n+k)z D 1

k) m G )
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Then since the integers are closed under addition, all we really need to show is that

4lem(l,...,n)2%("%) 2lem(1,...,n)%("15) .
€Z, eZ.
m? m? () (")
For the first fraction, since m < n this implies that m? divides lem(1, ..., n)z, and since the binomial

coefficients are integers, this must be an integer. The second fraction requires a little more work. If we move
the (”Zk) term to the denominator, then what we need to show is that the exponent of every prime in numerator
is greater than or equal to that of every prime in the denominator. To do so, we will first notice that’

n+m\(n+k\"" (k\(n-k\"
m k “\mf\k-m
-1
ol
m )
m)\m|\k —m
Then using what we found in Lemma (3.7), we have that

G et ] P W

Then we have that

and so our denominator becomes

2vp(m) + Vp(Z) + Vp(’];) - VP(Z:’];) <2vp(em(l,...,n)).

This is precisely what we wanted to show and so we’re done. [

We now have enough to prove that £(2) may not be written as the ratio of two integers.

Theorem 4.6: Apéry’s Theorem

The number {(2) is irrational.

Proof To set the stage, recall our Irrationality Criterion (3.1), which in short, told us that if we can find two
integer sequences such that Equation (3.6)) holds, then our constant of interest must be irrational. Therefore,
to satisfy this integer sequence requirement, we are motivated to make the following definitions

Gn =2bylem(1,...,n)>, Pn =2d,lem(1, ..., n)?

so that p,, 4, € Z and d, /b, = pn/Gn. Therefore, the strategy is clear; show

‘m) - B g
qn

for some fixed § > 0. If we then use Theorems (4.4, 3.9), and choose £/2, we have

n(1+&2)
gn < F{’e"(2+8) =7

2. Which can readily be seen by writing both the left and right hand sides in factorial form.
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This then tells us that ( )
-n l+]2%

~ og 7' ~_1

F <q,,

and so for every ¢ > 0,

—n(1+E£) (1+6)
~ 1 ~—(1+6)
F| < gn .

Then considering what we found in Equation (4.4)), we will have

‘4(2) - 22l g, 1)
qn
provides that
2 +log# +
2> (M) (1+95).

log 7
After moving some terms around to isolate the ¢, we find

logFfi -2 —-¢

T logF +2+e&

Then since € > 0 is arbitrarily small, the acceptable values of 6 can be arbitrarily close to

log7; —2
§=—21"2_009.... 4.5)

log 7 + 2
Therefore we can choose 6 = izi :i ;g > ( in order to satisfy r1‘2” < g, (1+5), proving that £(2) fails to be
rational by our Irrationality Criterion. [

4.2 Beukers’ Idea

Like that of Apéry’s proof, Beukers’ idea for the proof of £(2) being irrational is very similar to his proof
for £(3). Asin § 3.2, we will frequently make use of integrals over some multiple of the unit line [0, 1]
in which our integral may be improper. Therefore, in order to make our arguments sound, we may instead
consider the truncated interval [0, 1 — £] and then let & — 0% to recover our original integral.

We start by considering
xkyt
// dxdy. (4.6)
[0’1]2 1- Xy

Then notice that if we assume k > ¢, it is a direct consequence of Theorem (3.13) and Equation (3.20)) that

k.t k-1
x%y 1 1
dxd :—E e
‘/‘/[0’1]zl—xy *Ey k—lt:1t+1

Moreover, if we assume 1 < £ < k < n, then k — £ and 7 + 1 must divide lcm(1,...,n) for all ¢ €
{¢,€+1,...,k—1}. Therefore we see that Equation (4.6)) has denominators dividing lem(1,...,n)%. We
then have the following claim.
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Theorem 4.7
The equality
k
(xy)* 1
dxdy={(2)- ) =
_[/[0’1]2 1-xy ; 12
holds.

Proof To see this, we take k = € and w = 0 in Equation (3.20)). Then

(xy)* N 1
—— dxdy = E —_
..//[0,1]2 1 —xy ey — (k +m+1)2

Upon making the substitution ¢ — k + m + 1 in our summation, we have the desired result. [

Now that we have related our integral to the constant we’re interested in, like in the case of £(3) we will
tie in the Legendre polynomials (in this case however, we will only consider one Legendre polynomial).

Theorem 4.8

We have ( . i
1—y)"Py(x) _ An+Bnl(2)
‘/‘/0 1]2 1 — Xy dXdy a lcm(l,...,n)2’ (47)

where (A,) and (B,) are sequences of integers.

Proof First recall the Binomial Theorem (3.12) and Equation (3.23)), which states that we may write

(1—y>"Pn<x)=Z<—1>’<() Z( ()(””’)'x
k=0

o= ()

Therefore, we set

nle! ’

such that a; € Z from Lemma (3.6) and a, € Z from the proof of Theorem (3.16). Therefore, we may write

1-y)"P,
ﬂ ( y) (x) dxdy = ZZakag‘// dxdy.
i l-xy = 0172 I —xy

We previously saw that when k > ¢, Equation (4.6)) has denominators dividing Icm(1, . ..,n)?, and when
k = £, results in a value involving £(2). Thus, since a, ar € Z and subsequently don’t introduce any new
denominators, we are done. ]

Now to simplify our integral representation in Equation (4.7)), we will apply a similar trick to what we
did in Theorem (3.17).

Theorem 4.9

If we integrate n-times with respect to x, then

(1 =y)"Pp(x) n (xy)" (1 =x)"(1 = y)"
dxdy = (-1 dxdy.
//”01]2 1 —xy y=(1) ﬂ//[o,l]Z (1 —xy)n+! e
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Proof Let g(x) = x"(1 —x)" and f(x) = (1 —y)"/(1 — xy). We therefore want to consider the integral

1 1
— [ &™) f(x) dx.
0

n!

We know from the proof of Theorem (3.17) that after n partial integrations with respect to x, this becomes

1 : (n) 1 S k _(n—k-1) (k=1) !
o] e a- D10 )

1
(1) /0 () f™ () dx), 4.8)

where the entire summation vanishes since any derivative of g of order less than » vanishes at both zero and
one. We then examine the derivative of f. We have

1 —y)"
= T2,
and that 21 - yyiy?
CEE
which leads us to guess - y)
n!(l—y)*y?
@ =

which can be shown via induction. Upon plugging f"*) into Equation (4.8)), we have the desired result. m

A -y)"Pn(x) A+ Bal(2)
dxdy = —————
[0,1]2 1 —xy lem(1,...,n)
as a result of Theorem (4.8) and the previous one. Now, in order to derive a contradiction at some point, we’d
like to have some sort of numerical bound on our integrand.

We then of course have

Theorem 4.10

For x, y as defined throughout this analysis,

xy(l—x)(l—y) 5\/_—11
1—xy 2

Proof If welet f(x,y) =xy(1 —x)(1—-y)/(1 —xy), then one may quickly recognize f(x,y) = f(y,x). We
then would like to maximize this function. To do so, we consider the equations

of L, of

= =0. 4.
Ox ’ dy 4.9)

However, the x and y that satisfy the conditions f(x,y) = f(y,x) and those in Equation (4.9)) are precisely

those such that x = y. Thus we may simplify our analysis to

(1-1)%2

f@) = f(@, f)_—tz
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‘We then have
21(2 +1-1)

fin = (1+1)2

When we solve f’(t) = 0 for ¢, we find solutions 7 = 0, #; 2 = (-1 V/5)/2. We can then safely ignore 1,
since f(0) = 0 and so we check if the #; » are maxima with f(¢; 2) < 0. Doing so will reveal that both #; and
1, are maxima, but the greater of the two is #; = (-1 + V5)/2 for which f(¢;) = (5V5 — 11)/2, establishing
the claimed inequality. [

Now, all that is left is for us to derive some sort of contradiction with all the pieces we’ve obtained.

Theorem 4.11

The number ((2) is irrational.

Proof From our bound in Theorem (4.10) and the fact that Equation (4.7)) is nonzero, we have

. = —11\" dxd
0<|A,+B,(2)| <lem(l,...,n)* SV5 -1l // axay
2 [0’1]2 l—xy

Then notice that if we take k = € = 0 in Equation (4.6)) then we have

0<|An + B,l(2)] <lem(l,...,n)*¢(2) (S‘BT_“)

Then recall by Theorem (3.19) that there exists some M () such that whenever n > M (&), lem(1, ..., n)? <
e"(2:01) < 8" We further have that
5V5-11 1
2 10
and £(2) < 2. Therefore it follows that

0<|A,+ B, (2)] <2 (g) .

Now, for the sake of contradiction, let us suppose that £(2) is rational such that £(2) = a/b where a € Z and
b € Z~o. Then we have that
1 - ~ 4\"
3 <|bA, +aB,| < 2(5) .

Taking the limit as n — oo implies that the integer |bA, + aB,,| is simultaneously bounded above by zero and
strictly positive. [

5 A Way To Measure Irrationality

At this point, we have seen a few results on irrationality, but we would like to be able to say more than
“the number x is irrational.” Perhaps we could ask ourselves “how irrational is x?” To answer this question,
we will consider what is known as an irrationality measure, or exponent, more specifically.
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Definition 5.1: Irrationality Exponent(1)

The irrationality exponent of @, denoted by u(«a) is the largest number u for which there are infinitely
many rationals p /g which satisfy

It is beneficial to also consider an alternative definition.

Definition 5.2: Irrationality Exponent(2)

The irrationality exponent of «, denoted by u(«) is the smallest number y such that for every € > 0,
there are only finitely many rationals p/g which satisfy

p
a__

q

< q_(/J+‘9) .

These two definitions regard the same idea, but have their own benefits. They give us two different
approaches to getting bounds on the irrationality exponent. If we are able to establish the inequality in
Definition (5.1) with u = ¢, then we have the lower bound u(a) > t. If we instead are able to establish the
inequality of Definition (5.2) with u = ¢, then we instead have the upper bound u(a) < t.

The definition of an irrationality measure and irrationality exponent can differ from author to author, and,
at times, both definitions are used interchangeably. However, the underlying idea is always the same: This
allows us to measure how far « is from being rational. In particular, the irrationality exponent u(a) will give
us information on how fast the error shrinks when approximating « by rationals with larger denominators.
Therefore, the smaller u(«) is, the harder it is to approximate it with rationals and vice versa. Lastly, it is
rather difficult to pin down the precise irrationality measure of a given number a, SO we compromise by
instead bounding it. We showcase the irrationality exponent with some examples we have already secretly
seen and some new ones. First, consider the following theorem.

Theorem 5.1

Let 0 < p < 8. If there are infinitely many p,, | q, for which

Pn
dn

—(1+06)
a — n o

<q

and the q,, are monotonically increasing where ¢, < q};‘i, then for all € > 0, the inequality

6+l+8)

a— Pl q_(‘H’

has only finitely many solutions in integers p, q.

In order to make use of our theorem, notice that the requirement g, < ql:’i

(1 + p)loggn-1 or equivalently

is the same as log g, <
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Therefore, if we have lim ki(g)g% = 1, then for all & > O there exists some N such that whenever n > N,
log gn

-l<e.
loan—l

Thus if (g,) is monotonically increasing and we set p = &, then the hypothesis of Theorem (5.1) will be
satisfied. This further implies the conclusion of Theorem (5.1) must also hold for all such p > 0 and so we
would have the irrationality measure upper bound

u(a) < inf (5i1)=1+

We will now apply these ideas to the constants we dedicated the last two sections to. We first, however,
consider a lemma we will need later.

Lemma 5.1

For all € > 0, there exists some K (&) such that if n > K (&), then ¢"1=%) < lem(l,...,n).

Theorem 5.2

The irrationality measure of {(3) satisfies

u(£(3) < 13.41....

Proof Recall we have ¢, = 2b,lcm(1,...,n)? where (b,) is defined as in Equation (3.5). As per our

. . . . logqy . . . .
above discussion, we would like to show lim % = 1 and (g,) is monotonically increasing. For the

latter, we know (b,,) is strictly increasing and nonnegative from Lemma (3.3). Furthermore, it is clear that
lem(1,...,n) is nonnegative and strictly increasing. Thus (g, ) is monotonically increasing. We therefore

need to show
m loggns1 " log2 +log by +3loglem(1,...,n+1)

1.
log gn m log2 +logb, + 3loglem(l,...,n)

Then recall from Theorem (3.7), r’f < b, < rf which implies the existence of constants C; and C, such that
Clr? <b, < Czr?
for sufficiently large n. We thus have log C| + nlogr| <logb, <logC, + nlogr; and so

log C; 1< log b, < log C; +1
nlogr nlogr; — nlogr

Therefore, we have lim rﬁi;’;‘l = 1 by the squeeze theorem. Moreover, by Theorem (3.9) and Lemma (5.1),

for all € > 0 there exist constants K;(g) and K»(&) such that whenever n > sup{K; (&), K2(&)} we have
e3n1-2) < lem(l,...,n)% < €3"U+8) Thus, we have that 3n(1 — &) < 3loglem(1,...,n) < 3n(l + &)
which implies that

loglem(1,...,n)

-1l<e.
n
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loglem(1,..., n)
n

This is precisely the definition of the limit and therefore lim = 1. All of this then allows us to

write
lim log gn+1 — lim log2+ (n+1)logr; +3(n+1)
log gn log2 +nlogr; + 3n
%+(1+%)logr1+3(l+%)
= lim Tog2
== +logr; +3
=1
Thus we are now justified in using Theorem (5.1) for which u(£(3)) <1+ % = 13.41..., where 6 comes
from Equation (3.17). ]

We can similarly determine the exponent of £(2) and the story is essentially the same.

The irrationality exponent of {(2) satisfies

u(£(2) <11.85....

Proof Recall we have g, = 2b, lcm(1,~. ..,n)? where (b,,) is defined as in Equation (4.1). As in the last
Theorem, we would like to show lim k;fg% = 1 and (§,) is monotonically increasing. Due to Lemma (4.2),

we know (b,,) is strictly increasing and nonnegative. Furthermore, as we saw before, lem(1,...,n) is
nonnegative and strictly increasing. Thus (§,) is monotonically increasing. We therefore need to show

lim log Gn+1 — lim log2 +log b,+1 + 2loglem(1,...,n+ 1) _

= 1.
log g log2 +logb,, + 2loglem(1,...,n)

Then recall from Theorem (4.4), f{‘ < b, < F{’ which implies the existence of constants C; and C, such that

le? <b, < sz‘?

log by,
nlog 7

= 1. Thus it follows that

for sufficiently large n. In a similar manner to that of Theorem (5.2) have lim

m logGni1 lim log2 + (n+ 1)log# +2(n+1)

log gn log2 + nlog 7y +2n
%+(1+%)logﬁ+2(l+%)
= lim )
Ofl + logr; +2
= 1.
Then Theorem (5.1) gives u(£(2)) <1+ % =11.85..., where § comes from Equation (4.5). [

As was alluded to earlier, finding the precise irrationality exponent of « is rather challenging so we
typically compromise by simply finding an upper bound of (). However, one may be wondering “what
about a lower bound,” and “which numbers do we know the precise irrationality exponent of, if such a number
exists.” To address the first, German mathematician Johann Lejeune Dirichlet (1805 - 1859) has a rather
pleasing answer, and, as a result of Dirichlet’s response, the precise irrationality exponent can be written
down for some numbers.
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Definition 5.3: Fractional Part Of A Number

We shall make the definition frac(x) = x — [x].

Note that this function acts as one would think it does: it provides the fractional part of a number or the
part of a number beyond the decimal point. For example, frac(r) =7 —-3---=0.14....

Principle 5.1: Pigeonhole Principle

Given N boxes and N + 1 items to put them in, at least one box must contain two items.

This is likely best seen with socks. Suppose you have white and black socks in a drawer. Then we have
two different colors of sock (boxes) and so if we pull out three socks, we are guaranteed to have a matching
pair.

Theorem 5.4: Dirichlet’s Approximation Theorem

Let « be irrational. Then there are infinitely many rationals p /q such that

with ged(p, q) = 1.

Proof For any positive integer N, let us divide the interval [0, 1) into sub-intervals of length 1/N. We shall
thenletn € {0, 1,..., N} and consider numbers of the form frac(an). There are N + 1 such numbers and
there are N sub-intervals of the form 1/N. Therefore, by The Pigeonhole Principle (5.1), it must be the case
that at least one of these sub-intervals will have at least two n’s for which frac(an) lies in. That is, there must
exist two integers, s and ¢ such that

1
|frac(as) — frac(at)| < N

If we then expand the definition of frac(x) and set g := |s — ¢|, then there must exist integers p and ¢ for which

1
|frac(as) — frac(at)| = |lag — p| < I

Then recall that s, € {0,1...,N} and so g < N. As aresult we have

p 1
aqg—pl=qla—-=|< —.
lag - pl=4q N
It then follows that
p 1 1
@—=<—<—.
q1 Nqg ¢
Lastly, since we demonstrated this process for some arbitrary integer N, it follows that there are infinitely
many such approximations, completing the proof. [

If « is an irrational number, then u(a@) > 2.
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This corollary may give an idea of how we could approach finding the exact irrationality measure of a
number. Due to the ordering properties of the real line, if 8 is simultaneously greater than and less than
or equal to b, then it must be the case that 8 = b and so if we show the upper bound u(a) < 2, then by
Corollary (5.1), it must be the case that u(a) = 2. We do just that.

The number N2 fails to be rational.

Proof For the sake of contradiction, suppose that V2 is rational and can be written as §, where p € Z,

q € Zsg,and ged(p,q) = 1. If V2 = g, then squaring both sides gives

Multiplying both sides by ¢ gives 2¢> = p?. From this equation, we see that p? is even and thus p must also
be even. Therefore, we can write p = 2k for some integer k. Substituting p = 2k into the equation 2¢> = p?
gives 2g% = (2k)2. Lastly, if we divide both sides by 2, then g = 2k>. This shows that ¢ is even, which
means that g is also even. Therefore, both p and g are even. Howeyver, this is a contradiction, because if both p
and ¢ are even, then they have a common factor of 2. This contradicts our assumption that gcd(p,g) = 1. =

There does not exist a rational number p /g which is a root of the polynomial p(x) = x> — 2.

Now, by Lemma (5.2) and Corollary (5.1) we know /J(\/E) > 2.

The irrationality exponent of V2 is two.

Proof Consider f(x) = x> — 2. We then have that

lf(p/a)| =

P 1p* =247
_2 - 2 —_ —2.
q q
Then, by Corollary (5.2), f(p/q) # 0 for all rational p/q. Therefore we have

1
lf(p/a)l = =.
q
Now, by the mean value theorem, there must exist some & such that

f(p/q) - fF(N2)
2_\2

q

=11 (I,

which is |F(p/q)| = |f' ()] - |p/g — V2|. We then have that f’(x) = 2x, and since p/q approximates
V2, we will assume their distance is no greater than one. Therefore, & € [V2 — 1,V2 + 1] and so
Lf7(€)] < 2(V2 + 1) =1 B. We therefore have

st 1
Ipla =2 ‘f’(é) ® Ba?
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Now, for the sake of contradiction, suppose for all £ > 0, there exists infinitely many p /g for which
IV2-p/ql < g~ .

Then it follows that (8¢%)~! < ¢~ (**#) and so ¢® < B for all € > 0. However, with 3 fixed, as ¢ increases,
this inequality will become impossible at some point. Therefore we have u(V?2) < 2. [

It is easy to see that a similar line of arguments can be applied to any +/p for p prime. However, perhaps a
possibly less clear fact is that the irrationality exponent of any algebraic irrational number also happens to be
two'.

5.1 The Arithmetic of The Natural Logarithm

We will now discuss our first generalization of the Riemann zeta function. This generalization is likely
the most natural to the zeta function, in that it is less of a generalization, and more of an alternative way to
express the zeta function. In fact, we have already secretly seen this function in § 4.1.

Definition 5.4: Dirichlet Eta Function

We define

._°° (_1)n+1_ 1 1
ﬂ(S).—; Py —1—§+§—"‘

for Re(s) > 0.

In the proof of Theorem (4.1), we had actually proven that

22 = 502,

More generally, we can relate the Riemann zeta function and the Dirichlet eta function with the following.

Theorem 5.6

For Re(s) > 1,
n(s) = (1-2""%)¢(s)

Proof By definition, we have

0 (_1)n+1 1 1
M) = Y =l g
n=1
and
— 1 1 1
g(S):Z;: +§+3—S+
n=1

Therefore, we clearly have that
1 1
ns)= ), == ) (5.1)

1. This follows by a theorem of German mathematician Klaus Roth (1925 - 2015).
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Then notice that we may express the zeta function as
1 1 1
(0= D) 5% ) = D 2T
ns ns ns
ne0x nek-g ne0sg

If we then move the appropriate terms around in this equation, one finds

1 -
Z — =1-27)4(s) (5.2)
n€©>0 n
and |
D= =27¢s).
nS
nEE>0
Lastly, plugging these into Equation (5.1) will yield the desired result. [

If we then consider the Taylor series of the natural logarithm centered about x = 0, we have

(_1)n+1 "
X .

log(1 +x) = Z
n
n=1

Upon setting x = 1,

X _1\n+l
g = > Ny,
n=1

n

Therefore we have that log(2) = n(1). We now spend the remainder of this subsection discussing the
irrationality of log(2) and its subsequent irrationality measure. The reader is encouraged to fill in the details.
We start by defining the sequences

n

=3I a = S

k=0 m=1

We then follow the methods seen in §§ 3.1, 4.1. The story goes like this: We first want to ensure (,,) and (b,,)
provide accurate rational approximations by showing they converge to log(2). We then show (d,,) and (b,,)
satisfy the same linear recurrence relation with polynomial coefficients. This recurrence relation is then used
to improve our first estimate to one dependent on (b,,). This estimate can further be improved by analyzing
the growth of (b,,), and lastly, we define new integer sequences (¢,) and (j,) derived from (d,,) and (b,,).

Theorem 5.7

The number which satisfies the equation e* = 2 is irrational.

We shall also omit such a proof, however, the reader should verify that when going through the steps, one
finds the “delta” which may be used in the Irrationality Criterion (3.1) to be 6 = 0.276.... We will now
use these results to discuss an upper bound for the irrationality exponent of log(2). This result is typically
attributed to Indian-American mathematician Krishnaswani Alladi (1955-) and mathematician Michael
Robinson [AR79].



On the Arithmetic Nature of the Zeta Function and Its Generalizations 59

Theorem 5.8

The irrationality exponent of log(2) satisfies

u(log(2)) <4.62....

Proof Let us define §, = b, lem(1,...,n). Then we would like to show lim % = 1 and that (¢,) is

monotonically increasing. The latter should be clear from our previous work. Now,

lim log q,v,+1 — im log bn+v1 +log(lem(1,...,n+ 1))‘
log gn log by, + log(lem(1, ..., n))

By analyzing the asymptotic growth of (b,,), it should be easy to show that if we set | = (1 + V2)2, then
log b,
nlogr

< by < . We then have that lim = 1. Therefore, we have

1

. loggn+1 . (m+1Dlogri+(n+1)
lim — = lim ”
log g, nlogr) +n
(1 + %)logﬁ + (1 + %)
= lim -
logry +1
= 1.
Therefore, we may use Theorem (5.1) to find that u(log(2)) < 1+ % = 4.62..., where 6 came from our
previous discussion. [

6 Irrationality Results After Zeta-3

We have now seen the irrationality of some zeta values. So, now what? An unfortunate shortcoming of
Apéry’s method is that attempts to generalize it to other odd values have been unsuccessful. However, there
are typically two methods utilized to further progress our knowledge on the irrationality of positive odd zeta
values, though they concern a linear combination of zeta values rather than singling one out as Beukers and
Apéry did. Chronologically, the first successful crack at irrationality results beyond £(3) was that of British
mathematician Keith Ball (1960-) and French mathematician Tanguy Rivoal (1972-) [ ]1in 2000 in which
they proved that infinitely many odd zeta values are irrational. One year later Russian mathematician Wadim
Zudilin (1970-) [ ] followed up by showing that at least one of £(5), £(7),£(9),(11) is irrational.
A defining quality of these newer proofs is also that they use much higher grade machinery than that of
Beukers or Apéry. From 2001 to now, a great deal of effort has been put into improving these results by using
different sequences or more elementary methods, but a proof which singles out a particular odd zeta value has
remained elusive since 1979. For the remainder of this section we will consider a proof of Zudilin [ ]
which shows that at least one of £(5), £(7), ..., (25) is irrational by elementary means, meaning it makes
no use of heavier artillery than the prime number theorem and an asymptotic relationship we consider now.

Definition 6.1: Asymptotic

We say f is asymptotic to g as x — oo if

im 100 _
m =

1
o g ()

and we write f(x) ~ g(x).
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Theorem 6.1: Stirling’s Formula

We have the asymptotic relationship
n\n
n! ~ N2nn (—)
e

asn — oo,

Then recall the General Leibniz Rule which tells us how to take the n-th derivative of a product of j
functions.

Theorem 6.2: General Leibniz Rule

Given j differentiable functions fi, f2, ..., fj,

I
(fifo . f))™ = Z n%f’(m,

O+0++li=n t=1

where the sum is taken over all j-tuples such that {; > 0 and €, + & +--- +{; = n.

Moreover, we’ll make use of the following function, which as we will see in Remark (6.1), generalizes the
zeta function.

Definition 6.2: Polylogarithm Function

We define
®  _k
. Z
Lis(z) = E P
k=1

when |z| < 1 for all s.

Remark 6.1: Special Values Of Li

We have that Li; (z) = —log(1 — z), which comes from the Taylor expansion of the natural logarithm.
If we instead had z = 1, then for Re(s) > 1, we recover the typical Riemann zeta function. That is, for
example, Liy (1) = £(2) = 7%/6.

The general idea behind this proof is to construct two sequences r, and 7, to be defined later, such that
they result in a linear combination of 1, £(3), £(5),. .., (s) with rational coeflicients for odd s > 7. However,
proving the irrationality of at least one number from a set of numbers which contains a known irrational
number is rather meaningless since we already knew at least one of said numbers was irrational. Therefore,
not only do we want a sequence which results in a linear combination of the odd zeta values, but we also
want the rational coefficient of £(3) in our sequences to be proportional. In the sequences we present, it turns
out that the coefficient of £(3) in the sequence 7, is proportional to r, with a factor of 7. That is to say, if
we consider 7r, — 7, this will instead result in a sequence of a linear combination of 1, £(5), ..., {(s) with
rational coefficients. If we then consider the common denominator of these numbers, say A,,, it follows that
A, (7ry, — 75,) is a linear combination of the odd zeta values other than 3 with integer coeflicients.

Now comes the crux of the proof. We set s = 25 (for reasons which will become apparent later on) which
will reveal that for sufficiently large n, 7r,, — 7, > 0. If we then suppose for the sake of contradiction that all
odd zeta values (other than 3) in this range are rational and then show that A,, Iem(1, ..., n)>(7r, —#,) — 0
as n — oo, then this, however, contradicts the fact that the sequence A, (7r, — #,) is a positive sequence of
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integers.
Consider the sequences

rn = iRn(t), Fn = iRn (t - %) 6.1)
t=1

t=1
such that ; . ,
2—
26n,12-3 ]_[j':lo(t -n+1)

[T+ )1

where we fix s > 7 and odd. Then we have the following lemma.

Rn(t) =

(6.2)

A rational function of the form
P(1) P(1)
S(t) = = 6.3
=00 = = =i ©3)
where deg P(t) < deg Q(¢) has the unique partial fraction decomposition
S(t) =
j=1i=1 (t=2;)"
Proof Let S(¢) = gg % = tl)sf _(.t(),_tq)sq such that deg P(¢) < deg Q(t). Then if we apply partial fraction
decomposition to S(¢), we have
A1 A2 Aq z Aj
S(t) = + +--- 4 = ,
®) (t—1)%  (t—1)% (t —tg)% JZf (1 —1;)%

for some constants A ;. We can then apply partial fraction decomposition again to the term (# —¢;) ™%/ to get

1 Bl B2 BSj
— = + st .
(t—t;)% t—t; (t—t)) (t—1;)%
Putting this into our previous formula will give

q q 5j q_ 5
B, B> st ) B; Lij
S(r) = A'( + tood——— =) A ;= =
,Z:; e—t; 7 (1172 (r—1;)% Z ! Z —1p)t HH 1)

Jj=1 i=1

where L;; = B;A;. We will omit such a verification of uniqueness. [ |

Thus, we can express R, () in a similar manner.

Theorem 6.3

The rational function R,,(t) may be expressed as

> (tiﬂ;c)i' (6.4)

i=1 k=0

We may also explicitly determine the coefficients of the partial fraction decomposition found in
Lemma (6.1).



62 P. Y. Cruz

The coefficients found in Equation (6.3) are given by

1 Codsitt [(

b;i = lim -
Y (sj i) ooty drsi

= tj.f)S(t)] .

Proof Given

to determine the coefficients b;;, let us fix a pole ¢; of S(¢), which will be of order s;. Then set
H(t) := (t—1;)% S(t), where H is analytic at ; and thus admits a Taylor expansion about ¢;. Expanding H in
a Taylor series centered about 7; yields

0 H(m)(tj) .
H(t) = n;) — )" (6.5)
Furthermore, we may write
Sj
H(r) = > bij(t=1)%7 + G (), (6.6)
i=1

where

bir(t —1)%
G(t)—zz ’Et_tk;l .

k=1 i=
k#j

Then, since #; # t;, G is analytic at ¢; and contains a factor of (t —¢;)%/. Since G contains a factor of (1 —1;)%
we have G(™)(¢;) = Oforall 7 = 0,1,...,5; — 1, and since s; — i < s; — 1 it follows that G*=(¢;) = 0.
Now comparing the representations in Equations (6.5), (6.6) for H and using the fact that G it (tj) =0, we
see the coeflicients are given by

H(Sj‘i)(tj) 1 dSi
(sj—i)!  (s;—i)drsi~i

by = e-rposo]|

t:tj
as desired. ]

We will then use this to show when we may be sure about clearing the denominators of the coefficients
found in Equation (6.4) and subsequently Equation (6.3).

Let ki, ..., ky be distinct numbers from the set {0,1,...,n}, s1,...,54 be positive integers, and
s =51+ 52+ -+ 54. Then the coefficients in the expansion

= l_l(t+k Y Zz(t—k )

satisfy lem(1...,n)*"'b;; € Z.
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Notice the symmetry of S(#) with respect to j. Since the ordering of j does not matter, without loss of
generality, we will show the claim holds for lem(1, . ..,n)* "b;; which shall imply the result. Thus we fix a
pole of order sy at t = —k in which we’ll write H(¢) := (¢ + k1)*1S(¢), where H(¢) is analytic and nonzero at
t = —k;. As aresult, we may also write

q
H@) =] [+k)™. (6.7)
j=2
Now by Lemma (6.2),
1 : H™ (—k
bi1 = —H) (<ky) = H7 (k)
(s1—10)! m!

where m = s — i. Then, by the General Leibniz Rule (6.2),

H™ (1) 4 i
ml 2 U AVTE (t+k)sl'

O+0+-+lg=m

Notice that
d 1 N j

dt (t+kj)% — (t+kj)5+!

and that
d? 1 _osi(si+ 1)

ar (t+kj)si B (;+kj)5j+2’

which leads us to predict

dbi 1 (=DYsi(sj+ 1) (sj+€-1)
dili (t+kj)s (t + k)il

which can be shown by induction. We therefore have

H(m)([): Z ﬁ(—1)[-"Sj(sj'+1)'...'(Sj+€j—1)

m! fj!(l+kj)sf+€f

fz+f3+~~~+fq: Jj=2

If we then multiply up and down by (s; — 1)!, it then follows that

H™ (@) _ 3 ﬁ (1% (s,-+fj—1)‘

m! (t+kj)5i+G tj

O+0++lg=m j=2

Now notice if ¢ = 1, then from Equation (6.7) we see that H(¢) = 1 in which H™ (¢) € {0, 1} and so

H™ (~k
il =#€{0,1}CZ
m!
which implies Icm(1, . ..,n)*"'b;; € Z. Thus when g = 1, the result is trivial and so we assume g > 2. We
now have 4
H™ (k) (-1)G si+l—1
by = — ~ " ;o ) 6.8
il m! Z l_[ (kj _ kl)sj+£’ ( fj ) (6.8)

O+l++lg=m j=2

Now, recall we wish to show that lem(1...,n)S"'b;; € Z. Since the integers are closed under products and
sums this informs us that if the summand in Equation (6.8) is an integer after proper rescaling then we are
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done. With the binomial coefficients being integers, we only concern ourselves with the term (k; — k)% 4
More specifically, what remains to show is that

q

Iem(1,...,n)°" l_[ I, —kl)sf+€ ez

Jj=

First, since k; — kj is an integer with magnitude less than or equal to n, we have k; — k1 | lem(1,...,n). As
a result of this, multiplying the product of (k; — ky)™% =4 by the factor

lem(1, ..., n)Z?:Z(sﬁgf)

will clear the denominators. By assumption and the definition of m,

Z(s]+€)—2s]+2£’ =s5-

from which the claim follows. ]

Theorem 6.4

The coefficients ajx satisfy lem(1,...,n)* " a;x € Z.

It then follows that the function R, (¢) satisfies a nice property which we will in turn use to prove a
property about our coefficients a;.

Lemma 6.4

We have R,,(—t — n) = —R,,(¢).

Proof We start by expanding the definition of
26nn|2 -5 H6n0( —f—n—-n+ %) ) (_1)6n+126nn!2—5 H?rzlo(t +2n— %)
H;-lzo(—f —n+ ])s+1 - (_1)(s+1)(n+l) H?:o(f +n— j)S+1 .

Then since 6n + 1 is always odd, (—1)%"+! = —1, and since we fix s to be odd, (=1)*D "+ = 1 Thus

Rn(_t - I’l)

—26mp 25 190 (¢ + 20 — )
H;'l:()(t +n-— j)s+1

We will then consider the numerator and denominator separately. In the numerator, consider the change of
variables j — 6n — k in which k ranges from 6n to 0. However, since the order of multiplication does not

matter, we have
6n ] 6n k
r1&+2n—5):I1(t+—n+§).

j=0 k=0

Ry(—t—n) =

Then for the denominator, consider j +— n — k in which k ranges from n to 0. We therefore have

l—[(t+n—j)s+1 :l_[(t+k)s+1.
7=0 k=0

The claim follows directly after plugging these into the numerator and denominator respectively. ]
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Theorem 6.5

The coefficients a;j satisfy a;x = (—1)i+1ai(n_k) and

n

Zaik =0

k=0

whenever i is even.

Proof Notice

(-1)'a;
ZZZ( t—n+k)’ ZZ(Hn—Jf)l

i=1 k=0 =1 k=0

If we then make the change of variables n — k — p, we have that p ranges from n to 0. Thus, upon switching
the order of summation, we have

( l) al(n p)
—-n) = Z Z .
Py e (t+p)
Therefore, by Lemma (6.4), it follows that

(= l)al(n )
—n) = ZZ (t+p)lp _R(t)_;pzo(t+p)"

i=1 p=0

Then, by the uniqueness of partial fraction decompositions, a;, = (=1)i+! Ai(n-p)-
Now, if i is even, then a;; + a;(,—r) = 0. We then have

n
Z aik = ajo +a;j; +---+ajp-1) +ain. (6.9)
k=0
If n were odd, then we could write Equation (6.9) as

n

Z aik = (@io + @in) + (@i(n-1) + @in) + -+ + (@;(ns1y + @;(n1)) = 0.
=0

If n were even, then we could do the same as above, but instead end up with the leftover term a i(2) However,
when n is even, 2 = n — 2, in which 2a.,»\ = 0 and therefore a. ny = 0. ]
2 2 i(%) i(%)

We will now shift our attention to the sequences previously introduced in Equation (6.1) by first considering
a lemma.

Wheni > 2,
. ©
(2' = 1)¢(i) = -
< ;u’—%y

Proof We may write

>
NS
n
~~
)
=
N
1l
—_
N
o[ —_
N —
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Then recall that
Z(zt, Z &= 2@ =27

by Equation (5.2). Finally, multiplying the last equation by 2¢ will give the desired result. [

The next theorem is precisely what will justify our previous claim that 7r,, — 7, will cause £ (3) to vanish
since 2’ —1=7

Theorem 6.6

Foralln € Z~,

Fp = Z;g(i)P,- +Py, FPu= Z;(Zi ~ 1)@ P; + Po,

where
n s n k s m m-— k i s n  k-m-1
3 3 aik 5 1) dik ajk
Pi= ) aix, Po=- 2 Py = - PRRLY
k=0 i=1 k=0 a=1 i=1 k=0 £=0 2) i=1 k=m+1 ¢=1 (- 2)

It then follows that lem(1, ..., n)*"'P;, lem(1,...,n)* Py, lem(1,...,n)*Py e Z.

Proof We will start with the sequence (r,) and consider an auxiliary parameter z which will later be set to
one. We then have

ra(2) —ZR (12" _;Zl;) 0 f;)

= Z lksz(H_k)l

i=

Then, in our last sum, making the substitution ¢ + k — «, a will range from k + 1 to oo, and so

o Zt+k a 7@ Li ( ) k 7%
- = — = i(2) — —

: : i : : i ! : : i’

t=1 (t + k) a=k+1 @ a=1 @

We therefore have

s n k
ra(z) = Z Z aixz™* (Lii(Z) - Z Z—,)

i=1 k=0 a=1
s n s n k Z
. - aik
pPIEICDITELEDIIDY
i=1 k=0 i=1 k=0 a=1

Now, from Remark (6.1), at z = 1 and i > 2, the polylogarithm function is well defined with Li; (1) = £(i).
However, Li; (z) = —log(1 — z) is divergent as z — 1~. Therefore, as z — 17, we may possibly have negative
behavior in our first sum, so we will bring our attention there. Write

N n n N n
. . -k _ 1 . —k . . -k
Zlgglf 21 Li;(z) k§Oath = Zlgglf Lij(z) kEOCllkZ + Zli{{lf Ez Li; (z) kEOalkZ : (6.10)
1= = = 1= =
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As per our discussion above, the second limit in Equation (6.10) is perfectly defined, and so we have

lim i Li;(2) i apz k= i 40) i Aik.
S k=0 i=2 k=0

We then analyze the first limit. Recall the numerator of R,,(¢) was of degree 6n + 1 and the denominator
had degree at least 8n + 8. Therefore, at its lowest, when n = 1, R, () = O(t™°) as t — co. This implies
there exists some constant C such that 3, |R,,(f)| < C ¥, t~°, which is to say r,,(z) converges to a finite value
when z = 1. As a result, it must be the case that

n

Zalk:O

k=0
and so
n

lim Y apz ¥ =0,
z—1-
k=0

because if not, the logarithmically divergent term would prevent r,,(z) from having a finite limitas z — 1.

Now, if we wrote
n n

Z anz * = Z ai(z7F = 1),

k=0 k=0
since z K — 1 = O(1 - z) for z sufficiently close to 1, it follows that

n

Zalkz_k =0(1-2).

k=0

Therefore we have that there exists some constant C such that for z near 1,

n
—log(1 —Z)kaz—k < C(1-=2)|log(1 - 2)|.
k=0

It is then a standard result from Calculus that
111{17(1 —2z)|log(1-2)|=0
>

Therefore, it must be the case that

- hm log(1 —z)Zalkz =0.
k=0

Now, for the second sum, this is well defined when z = 1 and so
. 1kZ
Jim ZZZ - ZZZ
i=1 k=0 a= i=1 k=0 a=
Putting all of this together then gives us

n s n k

= hm rn(z)—Zg“(l)Za,k—z Z%;{.

i=1 k=0 a=1
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Now, for (#,,), we will follow a similar procedure of introducing an auxiliary parameter z which will later be

set to one. First, however, notice that in the definition of R, (¢),if t = —3 then R, () vanishes (specifically
when j = 2n + 1). A similar argument holds for all ¢ = —%, —%, R —. As a result, if we shift the

lower index of summation down, but not past —n + %, in the definition of (fn), it will remain unchanged.
Furthermore, we specify the lower bound of this shift to be —m where m = L”T_IJ. This is, in fact, not the
furthest down we could shift our indices, however, this specific choice has some rather beneficial properties
when it comes to our integrality conditions. However, this idea is best seen with a quick example.

Suppose n = 5. Then as noted above, we are certain Rs(¢) will vanish at ¢t = —%, —%, —%, —%, —%.
Moreover, by definition, m = 2. Therefore, our re-indexed summation will run from —-2,-1,0, ... and in
particular, the inputs for Rs(f — —) will run from — g, —%, —%, ..., which is to say we could have lowered our

summation index more, but we also risk losing our claimed properties of m.
Now back to analyzing 7,: We have that

Fn(2) = l:ZmR (r——)z = Zmzlg)(t +Cl;(kZ

Then if we take ¢t + k +— ¢, it follows that ¢ ranges from k — m to co. Thus

[Se]

¢
() = Z W ) DN ey

mllkO i=1 k=0

Now when k < m, split .77, = Zg:k—m + 2.y since we of course have k —m < 0. Then when k > m,
we will split 3377, =70, — Z’g;{"_l. Therefore, we write

fAZFi[i%(ZO: 2>‘+2 _%) Z ik(iw kil( )]

i=1 Lk=0 1 k=m+1 =1

Then concerning the sum over ¢ from k& — m to O, consider £ — —w where w ranges from m — k to 0 so that

0 , 0 -
PRI
(f Z)l w=m-k \"W T _)l
Of course, summing from m — k to 0 is no different than from O to m — k and w was just some letter, so
00 P — s n k—-m—1
~k -k (=D'z”" -k
0= 3 ) 2T PR Z—,-Z 2, ) T
i=1 k=0 =1 2) i=1 k=0 (C+3" 5 =1 ( -3

Notice that the last two terms are finite and well-defined when z = 1, however, the first term is not necessarily.
In particular, when i = 1, the first term may be ill-behaved, so we write

s n 00 ¢ ) s n s ¢
Zzaikz_kzz—l. Zalkz kZ 4 +ZZaikz‘kz—z -
i=1 k=0 =1 (€=3) k=0 T 2 i=2 k=0 £=1 (€=2)
and analyze
limZdlkZ_kZ ¢ T (6.11)
z—1 = v f— 3

However, just like in the case of r,, since )’ |R,| converges for z = 1, 7,(z) must converge to a finite value as
z — 1, which implies Equation (6.11) evaluates to zero. Therefore, we have that

K k-m—1

m m—k i s
—hmrn(Z)—ZZ lk(2’—1)§(1)+zzaik (_11 Z Z dik Z - Ly

1
i=2 k= = R R A L= Yt =1

I\)I'—‘
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Now, to see the integrality of our coefficients, lem(1, ..., n)s‘i P; € Z follows directly from Theorem (6.4).
Then, for @ € {1,2,...,k}, we have « | lem(1, ..., n), which implies lem(1, .. n)s eZforalll <i<s
and therefore lem(1,...,n)*Py € Z. We have multiple requirements for lcm(l, . ,n)sPo € Z. We may
express ‘

1 2!

((xh @1y

and therefore require 2¢ + 1 < n so that 2¢ + 1 | lem(1,...,n). In particular, we require 2¢ + 1 < n for
0<k<mand2f-1<nform+1 <k < n, considering these cases separately. When 0 < k < m, ¢

is largest for £ = m — k, and when m + 1 < k < n, { is largest at £ = k —m — 1. Now our choice of m

finally comes into play. Recall m = I_”T_lj if and only if m < ”T_l <m+1,o0r2m < n— 1. Therefore,

when 0 < k <m,2(+1<2m-2k+1<n-1+1=n. Similarly, when m + 1 < k < n, we find that
20 —-1<2k—-2m—-3<2n—n-2 < n. Thus for any ¢ within our range, lem(1,...,n)%({ + %)‘i € Z and

therefore lem(1, . ..,n)* Py € Z. [
Theorem 6.7
1/n

When s > 7 and odd, we have limr,'” = g(xp) = lim f,ll/ " where

64(x +3)%(x + 1)5+!

g(x) = (x + 2)2(s+1)

and xy is the unique positive zero of the polynomial x(x + 2)S*D/2 — (x = 3)(x + 1) 5*D/2. We also
have that lim ;—Z =1.

Sketch We start by noticing that when ¢ = 1, in R,,(¢), we will have a zero in the numerator when j = 2n — 2.
Similarly when ¢ = 1/2, R,,(¢) will vanish since we have a factor of zero when j = 2n — 1. Similar analysis

will reveal R, (t) vanishes at ¢t = %, 234 n—1Ln Therefore we accordingly shift our indices of

; 222022 2’
summation to
In = Z Rn(t):ZCk
t=n+1 k=0
and
. 1 R
I’n:ZRn I—E :ZCk
r=n+1 k=0

where ¢ = R,(n+ 1 + k) and éx = R,(n + % + k) which are strictly positive. We then have the asymptotic
relationship

s+1

n2k+2+} ﬁn+k+%+j 6n+2k+2( n+k &2
2k+1+j =0n+/’<+1+j 2k +1 2n+k +1

as n + k — co. Now, the idea is in order to determine the growth of r,, we will look to the sum }; c¢. To find
the largest term of r,,, we may examine the index k in which the behavior of ¢ switches from increasing to
decreasing, and the idea is that r,,’s growth will be largely determined by the peak of )’ cx. That is, we are
looking for the index of k for Wthh 1s very close to one. One can show that as n + k — oo, we have the
behavior

(6.12)

B k+2n+2 k k +2n

Ciel (k+3n+%)(k+3n+2) ( k+n+1 )S“ (k+3n)2( k +n )S“
Ck (k+1)(k+3) ’
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)(s+1)/2

If we then set f(x) := XTH (j—:i , it follows that as n + k — o, Cf—zl ~f (%)2. Therefore, the behavior

of f can help us understand that of cg. In its current state, trying to analyze the behavior of f would likely be
a painful effort. However, with the simple definition ¢ = (s + 1)/2 > 4, the logarithmic derivative of f is

PO @ 1oa(x +3) — log(x) + g (log(x + 1) — log(x +2))]
f(x) dx

o 1 1

Tx+3 x TIv+1 x+2

_ (g-3)(x*+3)-6
Cx(x+ D(x+2)(x+3)°

which is much more pleasant to analyze! Now, if f(x)?> > 1 then the terms c; will be increasing and vice
versa for f(x)? < 1. In particular, the largest term will occur where f(x) is exactly 1. It is readily seen that
(g — 3)(x% + 3) — 6 has a unique positive zero for each s which we will denote by x;. One can then show that
as x ranges from 0 to x;, f will decrease monotonically from oo to f(x1). As x ranges from x; to oo, f will
increase monotonically from f(x) to limy— f(x). Lastly, an important note is that lim, . f(x) = 1, but
this value is not attained for all sufficiently large x. Therefore, there is one and only one positive solution to
f(x) =1 which we will denote by xo. That is, x¢ is the solution to

=1

x+3 (x+ 1)<S+1>/2

X x+2

q
or the zero to x (x+2) +D/2— (x+3) (x+1) 5*1/2_ Lastly, we already know xo > 0, butsince f(1) = 4 (%) <1

for all g, it follows that 0 < x¢g < 1. We may then express the term cg in terms of factorials to utilize Stirling’s
formula (6.1). We have
n!573(6n + 2k +2)!(n + k)15

22k + 1)!(2n + k + 1)1s+1 °

Cl =

Ck+1
Ck
k > xon + y+/n where y > 0 is a constant coming from an application of Stirling’s formula to cy. Therefore

the largest term ¢y for a given n will occur near the index k¢ := ko(n) ~ xon where |k — ko| < y+/n. This
then suggests the asymptotic behavior of r,, shall be dictated by that of ¢ for indices near k(. A similar story
holds for 7#,,, which shall be dictated by that of ¢ where k is as above, |k — ko| < $+/n, and § > 0. Then,
applying Stirling’s formula to ¢, we have that

> 1 for indices k < xon — y+/n and <L < 1 for indices

so by Equation (6.12) and our above discussion, o

limr," = lim e,/
6n+2kg+2 2kp+1 (s+1) (n+kg) (s+1) (2n+kp+1)
. (n)(s—5) 6n +2ko +2 n e n (n+ ko n e n
=lim|—- _— e —
e e 2ko + 1 e 2n+ ko + 1
Ty

Then to evaluate this, we first take the logarithm of 7}, to get

1
logT,, = ;((s —5)n(logn — 1) + (6n + 2ko + 2) (log(6n + 2ko +2) — 1)

+ (2ko + 1)(1 —1log(2kg + 1)) + (s + 1) (n + ko) (log(n + ko) — 1)
+(s+1)2n+ko+1)(1 -log(2n + ko +1))) (6.13)
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We then look closer at the terms involving log n and 7 to ensure this limit does not diverge. Since kg ~ xon
we can write kg = xon + o(n). Then we have

6n +2ko +2 =6n+2xon +o(n) +2 =60+ 2xon + o(n)
2kg + 1 =2xon + o(n)

n+ko=n+xon+o(n)

2n+ ko + 1 =2n+xon + o(n).

Applying this to our logarithms will then give

log(6n + 2kg + 2) = logn + log(6 + 2x¢ + 0(1))
log(2kg + 1) = logn + log(2xg + o(1))

log(n + ko) = logn +log(1 + xg + 0(1))

log(2n + ko + 1) =logn +log(2 + xo + 0(1)).

Then, plugging these into Equation (6.13) and combining like terms will show that the coefficient of logn
and n turns out to be zero. Therefore, after factoring out an »n from each term, it follows that

logT, = (s + 1)(2+x0 +0(1))(1 —logn —log(2 + x9 + 0(1)))
+(s+1)(1 +x0+o0(1))(logn +log(l +x9+0(1))—1)
+ (6 4+ 2x0 + o(1))(logn + log(6 + 2x9 + 0(1) — 1)
+ (2xp + 0o(1))(1 —logn —log(2xg + o(1))) + (s = 5)(logn — 1)

Thus, since o(1) — 0 as n — oo, we have
limlog T, = (6+2x¢) log(6+2x0) — (2x0) log(2x0) + (s+ 1) (1+x0) log(1+x0)— (s+1)(2+x0) log(2+xp).
Finally, from here, we see that

igg 1/ (6 + 20) 20 (1 4 xg) (DIT0). 2992%0(3 + x0)O(1 +x0)™!
n (ZXO)2x0(2 + xO)(s+l)(2+xo) 22x9 2+ XO)2(5+1)

f(x0)™ = g(xp),

since f(xp) = 1. It can then be shown that asn+ k — oo Gt C"—“ using what was found in Equation (6.12).

£ Ck
As a result of this, it follows that lim cl/ " = lim cl(/) " and subsequently lim r,l,/ = g(x9) = lim# rn . What is

left is to show that the limit of the ratlo of rn and 7, is one, which, in general, does not immediately follow
from their limits agreeing. We have that

im ™ = lim Cky _ lim 6n +2ko +2 n+ ko (s+1)/2
fn_ éko_ 2ko + 1 2+ ko + 1
. 6n+2xon+o(n) [ n+xn+ o(n) (s+1)/2
= lim
2xon + o(n) 2n + xon + o(n)
_6+2x0 (1 +x0 (s+1)/2
- 2x0 2+x0

=1,

completing the sketch. X
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Theorem 6.8

At least one of the numbers from the set {{(5),(7),£(9), ..., (23),(25)} is irrational.

Proof Sets = 25. Then xg is the solution to x(x + 2)'3 — (x + 3)(x + 1)'* = 0 which is xo = 0.000367 . . .,

and so
(xo) = 64(xp +3)%(xo + D13
S T 127

Then since lim :—: = 1, we have that r, = #,,(1 + 0(1)). If we then write 7r, — 7, = 7, (7:—: - 1), asn — oo,
the term within the parentheses tends to 7 — 1 = 6. Therefore, for sufficiently large n, 7r,, — 7, = 7,(6 + 0(1)),
and since 6 + o(1) > 1 for sufficiently large n , we have that 7r,, — 7, > 0. Moreover, we may write

(Tra = F) " = 24" (6 + 0(1)'",

where n — oo implies (6 + o(1))'/" — 1 and rA,li/ " — g(x0) by Theorem (6.7). Therefore it follows that
lim(7r, — 7,)"/" = g(x0). (6.14)

Now, for the sake of contradiction, suppose every number from the set {£(5), (7), ..., (25)} is rational.

Thus they must have some common divisor, which we will denote by 4,,, so that A, lem(1, ..., )3 (Trp — )

is a sequence of positive integers. Then by Equation (6.14), we have that 7r,, — 7, = g(x)" and can write

g(xO)n — enlogg(xo) = p KN

where k = —logg(xg) > 0. Moreover, by Lemma (5.1) lim (log (lem(1,...,n)!/")) = 1, and so
lem(1,...,n) ~ e". Thus the growth of A, lcm(1,...,n)*(7r, — #,) as n gets large will roughly be-
have like 2> e~*" = ¢(2=%¥)"_ Therefore, as n gets large, if k > 25, then our exponent will be negative and
our terms will tend to zero. If instead x < 25, then our exponent will be positive and this expression will blow
up to infinity. Luckily, we already know «, and it’s promising. We have

k = —logg(xg) =25.2923....

Therefore, as discussed above, we have that lim A, lcm(1, . . ., n)25 (7r,, — 7) = 0. This of course, however,
is impossible, as a sequence of positive integers can never tend to zero as n gets large. Therefore, it must be
the case that at least one of the numbers from the set {£(5), £(7), ..., (25)} is irrational. [ ]

6.1 An Informal Discussion

We briefly outline potential improvements to Zudilin’s result, as a comprehensive study warrants a
dedicated article. It became apparent to the author whilst writing § 7 that due to the relation between the
Hurwitz' zeta function and the Riemann zeta function, that twists other than by half could bear fruit. We will
consider a twist by a 3rd throughout this subsection. That is, we could consider

= 1
hy, = ZRn(l—g).
t=1
Upon setting s = 7, one finds

Iy = Lt Ol 4 T 4 T 4 Cs2(3) + Cat(5) 4 Cot (T
2=C1 + 2%+ 3$+ 4%+ 5{(3) + Cel (5) + C74(T)

1. See § 7.
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where the C; € Q. This is rather unpleasant though; we have polluted our linear combination with
transcendental values. The true beauty however emerges once we consider the corresponding shift

N = 2
n = E R,|t—=]|.
t=1 (t 3)

If we consider the same value of n and s, one finds

~ A 7T3 7T5 7T7
hy =Cy - \/_ T - C4\/_ +C5L(3) + Ced (5) + C14(7)

where C; # C;. This is much more pleasant to discover as it directly implies &y + iy = C + 2Cs5¢(3) +
2C6l(5) +2C7£(7), where C = C; + C.

Now, let us take a step back in order to understand why we are considering these new sequences in
the first place. The main idea is that we want to improve our result on at least one of the numbers from
{£(5),2(7),...,L(25)} being irrational; that is, we would like to make this set smaller. Our previous
sequences (r,,), (7,) coupled with the identity from Lemma (6.5) allowed us to remove the £(3) term. Notice
that we could have removed any other odd zeta value from our set. For example, if we instead considered
31r, — 7y, then we would have effectively removed £ (5) rather than £(3). However, it is important to note the
consequence of this action: Our result would have lost all meaning?, as we already know ¢ (3) is irrational.
The difficulty lies in the fact that since we are forced to remove the £(3) term, we also use up the only degree
of freedom Lemma (6.5) afforded us. In the language of linear algebra, with only two sequences, we are
asking for a solution to the system

Al+(2P-DA, =0
Al+(2°-1DA, =0

where s € {5,7,...,25}. It is readily seen that this system offers only the trivial solution, which provides
nothing of use to us. Recall that AX = 0 will have a non-trivial solution provided that we have more variables
than equations. Therefore, given two equations, we require an additional variable (sequence) to ensure a
non-trivial solution. This is precisely why we considered (%) and ().

We however, only showed that s, + fzz removed the transcendental factors, which does not imply this is the
case for all n. For the remainder of this subsection, we will supply the ideas to remove an additional number
from the set {£(5), {(7),...,L(25)}, as previously stated, a deep investigation warrants its own article. Our
first necessary observation is the following.

Lemma 6.6

For all Re(s) > 1,

pp—— =) —— _1%)5 = (3° - 1)Z(s).

Proof This can be seen by expanding the definitions

= 1 1 1
Z Z(3n—1)s=3s(5+5_ g

2. This would be analogous to rounding up 10 animals and one dog and then proclaiming at least one of them is a dog.

l
3)
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and
! o 38 S 11
Z _gS—Zm—3(1+E+$+"')
= (n=3) n=1
so that
= 1 = 1 1 1 1 1
— =31+t =+ —+ =+ = +---|. 6.15
;(n_%)s-i-;(n_%)s (+2S+4s+5s+7s+ ) ( )

It is easy to see that the terms within the parentheses of Equation (6.15) is the typical Riemann zeta function
with the multiples of 37° removed. That is,

N S 11 Rl
3%(s) =3 (1+§+E+”')+SZ .

from which the claim follows after simplifications.

If we then take that the transcendental factors vanished when n = 2 for granted, this then gives us
confirmation that the sequences (%,) and (/,,) will allow us to remove an additional term. In particular,
suppose we specifically wanted to remove £(5). Then we may set

bn::hn"']:ln:Z(Rn(t_%)"'Rn(t_%)),

t=1

and find the necessary coefficients A, A, Az, for which
Ay + Afy + Ashy € Q+QZ(7) + -+ + QL(25).
To do so, we simply solve the system

A+ (2 -DA+ (3 -1DA3=0
A+ (2 -DA+ (3 -1)A3=0

which has infinitely many solutions, perhaps the simplest of which is A; = 37, A, = -9, and A3 = 1.
Therefore,

37, — 9%, + b, € Q+ QL(7) + - - - + QL (25), (6.16)

and so we have removed an additional odd zeta value from our set! This result should build confidence in our
method, however it is only half of the battle.

Although we were able to remove {(5) from our set, that also cost us the introduction of two new
sequences; the subsequent at least one irrationality claim does not necessarily come for free. Therefore, we
now discuss the extra necessary implications to justify that at least one of the numbers {Z(7), £(9),...,(25)}
is irrational.

Assuming we use the same method of proof as in Theorem(6.8), we will derive a contradiction by
showing 37r, — 97, + b,, > 0, assuming every number from {(7),(9),...,,{(25)} is rational with
common denominator A, and then lim A, lem(1, ..., n)* (37r, — 9%, + h,) = 0. Now, in order to show

37r, — 97, + b, > 0, we can write 37r, —97,, +b,, = 7, (37;—2 -9+ 2—:) Then, we know from Theorem (6.7)

that lim :—: = 1 and so if lim 2—: = L, then the term in the parentheses will tend to 37 —9 + L = 28 + L as
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n — oo. Therefore, as long as L € R, for sufficiently large n we may write 37r,, — 97, + b, = #,(28+ L+0(1)).
In particular, with n sufficiently large, 37r, — 97, + §,, > 0.
We of course would also like the control over our denominators to work out. If we write

(37rm = 97, + b)Y/ = " (28 + L + 0(1)V/7,

then since lim f,l,/n = g(x0) and lim(28+ L +0(1))!/* = 1, it then follows that lim(37r,, — 97, +5,) /" = g(xo).
From our previous work on the proof of Theorem (6.7), it therefore follows that lim 1, lem(1, . . ., ) (Tr, —
7n) = 0, a contradiction. Therefore, all we would need to show is the limiting behavior of §,,/#, works out
the way we need it to and of course that the inclusions claimed in Equation (6.16) actually do hold.

7 Beyond The Riemann Zeta Function

As we have seen, there is quite a bit to say about the Riemann zeta function. As a matter of fact, we have
really only just covered a small chunk of what one can say about this function. However, all this analysis on a
rather simple-looking function may lead one to ask themselves about other functions of a similar flavor. This
section will be dedicated to an attempt of answering the question “So what comes next?” We start out with a
motivating example using some of the ideas we saw in § 1.3.

Let f(e'%) be piecewise continuous with an associated Fourier series f(e'?) ~ Y c,e™?. If f(e'?) is
differentiable at a, then at 6 = «, the Fourier series of f(e'?) will converge to f(e'?).

Example 7.1: Fourier Series Redux

Show that

o (CDF

T
L 2k+1 4

(7.1)

by examining the Fourier series of the function

f(eig)z{l’ 7Z'<0<27T.

-1, 0<fO<nm

Solution As we saw in § 1.3, the Fourier coefficients of this function are given by
0, nek
Ccn = ) .
2/nin, neQ
Therefore, the associated Fourier series of f is
[ee)
Z c ein@ — ieine
" min '
n=-oo ne0

Then for n € O, notice e*? — =% = 2/ sin(nf), so
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Then notice at 6 = /2, f(e'?) = 1, in which f(e'?) = 0. Moreover, f(e?) is clearly piecewise continuous,
and so by Lemma (7.1),

[

: 4sin((2k + 1)0)
160\ _
=2, 72k + 1)
k=0
when 6 = /2. That is
o 4(=1)k
1= ;k )1
k=0 n(2k +1)
which verifies Equation (7.1). ¢

Now that we have seen Equation (7.1), perhaps a generalization to the Riemann zeta function we could

consider is
Z (=nm
2m + 1)’

1
Z (am + b)s’

We have two functions which are fundamentally related and perfectly match the kind of series we would
like to concern ourselves with. We start with the latter which is named after German mathematician Adolf
Hurwitz (1859 — 1919).

or perhaps the series of the form

Definition 7.1: The Hurwitz Zeta Function

We define

— 1 1 1 1
(s, a) :=Z =1+
n=0

s s 4o
(n+a)s n+a (n+a)?? (n+a)’

where @ € R such that 0 < a < 1 and Re(s) > 1.

We then consider a class of functions which introduces a “twist” to the typical zeta function. To do so, we
first consider a preliminary definition.

Definition 7.2: Dirichlet Character

Let m € Z-¢. A Dirichlet character modulo m is a function y : Z — C such that:
* y(n+m) = y(n) for all integers n (so y is periodic),
* v(pq) = x(p)x(q) for all integers p, g (so y is totally multiplicative),

e y(n) =0if gcd(n,m) # 1, and if gcd(n, m) = 1 then y(n) is a complex number of modulus 1.

Definition 7.3: Principal Character

The principal Dirichlet character modulo m, denoted y1, is defined by

1 if ged(n,m) =1,
xi(n) = . :
0 if ged(n,m) #1

A character which is not the principal character is called the non-principal character.
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We use this definition to define the type of functions we saw in Example (7.1).

Definition 7.4: Dirichlet L-functions

We define

L(s, y) = Zx(n) () + X(Z) X3(f)+

where y(n) is the Dirichlet character mod m and Re(s) > 1.

As suggested earlier, the Hurwitz zeta function and Dirichlet L-function are fundamentally connected.

The Dirichlet L-functions and Hurwitz zeta function are connected by

L) = — e (s 2). (7.2)
r=1

Proof Let y(n) be the Dirichlet character modulo m and thus consider the residue classes modulo m. We
shallletn = gm +r for 1 <r <mand g € Z»(. Thus we have

x(n) o x(gm +7)
X) = Z a Z (gm+71)5°

r=1 g=0

The last equality holds because we are simply reordering our terms. That is, if a,, = y(n)/n®, instead of
adding a; + a» + . .., we are reordering and instead adding

(ai+ame1 +asme1 +... )+ (@2 +ame2 +aomez + ... )+ -+ (ap+azy +az, +...).

Since we assume Re(s) > 1, L(s, y) is absolutely convergent, making such a reordering valid. We then have

since0 < £ < 1. ]

As one may guess due to the name, the Hurwitz zeta function is connected to the Riemann zeta function
in that the Riemann zeta function is simply a special case of the Hurwitz zeta function.

Lemma 7.3: The Hurwitz Zeta Function Generalizes Riemann’s Zeta Function

We have
£(s,1) = 4(s).

Now, we previously claimed that these two functions were precisely the ones we are interested in, however,
in their current state, they look nothing like the series requested. The next Lemma should assure the reader
that these truly are the functions which satisfy our wishes.
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We may wr ite down series oftheform
Z am 1+ b Z Z(m 1+)
m=0 ( )S m=0 ( 1)S

using the Hurwitz zeta and Dirichlet L-functions respectively.

Proof For the Hurwitz zeta function, first write

a’ 1

(am + b)s (m+%)s'

Therefore, as long as 0 < b/a < 1 or b < a, the sign of b is the same as that of a, and a # 0, we will have
1 b = 1
a_sg (S’ 5) B n;) (am + b)s’

Now for the L-function, we must first consider the Dirichlet character. The factor of (—1)" implies we will
have alternating behavior in our summand with even indices being positive and odd, negative. Moreover, the
denominator (2n + 1) implies that we must skip all even denominators. Looking at the structure of L(s, ),
we are looking for a non-principal Dirichlet character which is zero for n even, and then alternates sign at odd
indices. More specifically, in the definition of the L-function, when n = 1 we want to be positive, then we
skip over n = 2, then when n = 3 we want to be negative, when n = 4 we should be zero, when n = 5 we want
to be positive again, and so on. The Dirichlet character that has this precise behavior is the non-principal
Dirichlet character modulo 4. We have that

1, n=1mod4
x4(n) =40, neE
-1, n=3mod4

It then follows that

L(s, xa) = i )(4(:1) = ya(l) + x4(2) + xa(3) 4.
n=1

n 2s 3s
=140 +0+ ! +
- 3 4s
i (="
4 2n+ 1)
which is exactly what we wanted. [

Since the Dirichlet L-function with character modulo 4 is of special interest to us, we will give it its own
definition.
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Definition 7.5: Dirichlet Beta Function

We set
L(s, x4) = B(s)

and call this the Dirichlet beta function.

Thus, as a result of Example (7.1) and Lemma (7.4), we have implicitly shown that

T
B(1) = T

As in the Basel problem, this was a rather surprising result to see. Furthermore, simply due to the similarity
of such a problem, perhaps we could expect analogous behavior of B(s) to that of £(s). Thus, we shall spend
the remainder of this section developing properties of the Dirichlet beta function.

7.1 Analytic Continuation

In this section, we would like to analytically continue the Dirichlet L-functions. We will, however, only
concern ourselves with the Hurwitz zeta function since due to Lemma (7.2), if we are successful in analytically
continuing the Hurwitz zeta function to the left of the line Re(s) = 1, then this will subsequently imply the
analytic continuation of the Dirichlet L-functions. To analytically continue the Hurwitz zeta function, we first
consider the integral for 0 < a < 1

I(s,a)= L'/ L dz (7.3)

2ni Jgq elaDz(ez — 1)

over the same contour used in Figure (2). We then have the following theorem.

For Re(s) > 1,

l(s,a) =-T'(1-s5)I(s,a). (7.4)

We will not prove this theorem; however, its statement should be rather reasonable and is closely related
to what we saw in Theorem (2.2). In fact, recall {(s, 1) = £(s) and when we take a = 1 in Equation (7.3)
we recover the contour integral we considered when analytically continuing the Riemann zeta function.
Additionally, as we saw in § 2.1, I'(1 —s) is a meromorphic function of s, and 7 (s, a) is an entire function of s,
so we will use Equation (7.4) to define £ (s, a) beyond the line Re(s) = 1, and then we will use Equation (7.2)
to define L(s, y) beyond Re(s) = 1.

7.2 Functional Equation

We now direct our interest to deriving a functional equation for the Hurwitz zeta function, then we will
relate this back to the Dirichlet beta function. We start by defining a new type of series.

Definition 7.6: Periodic Zeta function

We define

20 eZm’na . e47ria eém’af
F(a/,s)::z =ezma+—+—+---

n=1

where @ € R and Re(s) > 1.
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Theorem 7.2

The Hurwitz zeta function satisfies
(1 =s,a) =T(s)2n)~* (e_”is/2F(a, s) + ™2 F(=a, s)) (7.5)

forRe(s) >1and0 < a < 1.

Like the analytic continuation of the Hurwitz zeta function, we will not explicitly prove this theorem.
However, notice the similarities between this claim and that of Theorem (2.2). Again taking a = 1 in
Equation (7.5) will resolve to the case of Equation (2.4). Hence a similar argument (with minor modifications)
to that found in the proof of Theorem (2.2) will justify the result.

Deriving the functional equation for the Dirichlet L-functions requires a little more work.

Definition 7.7: Gauss Sum

For a Dirichlet character mod m, set

Gnx) = ) x(r)e=rmim.

r=1

Definition 7.8: Conjugate Character

Given a Dirichlet character, we denote its complex conjugate (to be understood in the typical sense) by

X-

The conjugate Dirichlet character satisfies a nice property. In the world of integers modulo m, ged(n, m) = 1
implies that n has some multiplicative inverse, say n~!. Then,

x(mx(n™") = x(nn™") = x(1) = 1.

To see why y(1) = 1, note that if y were the principal character, then this would be immediate, so suppose
otherwise. Notice that y(1) = y(1-1) = y(1)? and so y(1)> = x(1) = 0. This can only have two possible
solutions, either y (1) = 0 or y(1) = 1. If we have the second solution, we are done, so we’ll show the first
solution is impossible. If y (1) = 0, then this implies that gcd(1,m) # 1. This itself is a contradiction and so
x (1) = 1. Therefore,

x(nh) = x(m™".

Now recall for a complex number z, we have zz = |z|>. Thus,

() = 1% = x(n)x(n)

which implies y(n)~' = ¥ (n). We then have the following definition and lemma.

Definition 7.9: Primitive Character

We say that a Dirichlet character y is primitive mod m if and only if for every divisor d of m where
0 < d < m, there exists some ¢ € Z for which# = 1 (mod d), gcd(m, ) = 1, and x(z) # 1.
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For a Dirichlet character mod m, if gcd(m,n) = 1, then G(n,x) = x(n)G(1, ).

Proof Let y be a Dirichlet character mod m and gcd(m, n) = 1. We then have

G(nx) = ) x(r)e™ .

r=1

Now, since gcd(n, m) = 1, n is invertible mod m and consider r = rn (mod m). Since r ranges from 1 to m
and multiplication by n simply permutes the residue classes, ¢ will range from 1 to m as well. We also have
that r = tn~' (mod m) and so

m
G(ny) = ) x(n™Herriim

)_((l’))_((l’l_l)€2ﬂit/m

Il
s 1

Il
—_

t

= x(n) ) X"

t=1

where the last equations holds per our above discussion. [

Remark 7.1

As it turns out, we may write G (n, x) = x(n)G (1, ) if and only if y is a primitive character. However,
we only need the converse for this section and omit such a proof.

Theorem 7.3

Suppose that y is a primitive character mod m and Re(s) > 1. Then we have

GULDLG0) = Y FOF (L),
r=1

Proof On the right hand side, we have
s 27rlrn/ m R

zr:l Z sz:)_( r) _iG(Z;)_()‘

n=1 n=1r=1 n=1

e2mrn/m

Then since y is primitive, by Remark (7.1), G(n,y) = x(n)G(1, x) and therefore,

37900 _ $H0GUTD _ g 14y,

n=1

as desired.

From this, we may obtain the functional equation of the Dirichlet L-function.
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Given a Dirichlet character mod m,

VZZX(’”)F (_%95) =X(—1)2X(’”)F (%,s).

Proof First notice that we may write y () = y(—1) y(—r). Therefore we have

rZZx(r)F (<2s) = x(-1) rZZX(_r)F (~=.s).

Now, recall that F is a periodic function with period one and y is periodic with period m. That is to say,

m

VD Y DF (L) =) = (2
r=1 r=1

Now consider the substitution j — m — r which ranges from 0 to m — 1. We therefore have

m m—1 .
€D Ym0 (") =) Y (L),
r=1 Jj=0

m

Then simply applying the substitution r — j, we may shift our index of summation to run from 1 to m, and
the claim immediately follows. [

Theorem 7.4

Let y be any primitive Dirichlet character mod m. Then
L(1 = s,%) = m* ™ T()2m) ™ (™2 4 p(=1)e ™) G(1, ) L(s.7)

for all s.

Proof Starting with the left hand side,

L(l-s,x) = ms_li)((”){ (1 _S’%)

r=1

=ms! Zm:)((r)r(s)(27r)_s [e‘i’rs/zF (%, s) +eI2F (—%,s)]
r=1

m

= TR Y [rne I (L) 4 x(ne ™R (<L)

r=1

If we then apply Lemma (7.6), we obtain

gx(r)F (—%,S) = x(-1) rZ,:)((r)F (%s)
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so it follows that

m

L(1=5,0) =m* "' T(5)2m) 7" Y [ ()F (s) (7724 (= eim2) |

r=1
The claim then follows by applying Theorem (7.3). [

We then of course want a way to actually utilize this functional equation. In its current state, it does not
seem to be all too useful because of the term L(1 — s, ). To amend this issue, like in the case of the Riemann
zeta function, we first consider the change of variables z +— —z in the integral 7 (s, @). Doing so, we find that

s—1,az
I(s,a)=—/ ¢ ¢ dz.

H 1 —e?

If we then set

s—1_az
J(s,a)i=/ LS

H 1 —e2
then, Theorem (7.2) becomes

{(s,a) =T(1-5)T(s,a), (7.6)

which leads us to the following.

Foralln € Z+

Proof Setting s = 1 — n in Equation (7.6), {(1 —n,a) =T(n)J (1 —n,a) = (n— 1)!J (1 = n,a). Then we
compute . with

n—1 o<)Bm(a)zm’() )

—n_,az
J (1 —n,a) =Res [L,O] = —Res [z_"‘l te ,0} = —Res

1= et et -1 ¢ m!
m=0
Then, since the residue at zero is precisely the coefficient of z=!, we set —n — 1 + m = —1, which gives us
m = n. Therefore, it follows that
B
T —na) = n(a)’
n!
in which the claim follows. ]

To wrap up our analysis, we will relate all of this back to the Dirichlet beta function, in hopes of getting a
meaningful formula in the way we did for the Riemann zeta function.

Theorem 7.6

We have
e (e R )

Als) = I'(s) sin (%)

(7.7)
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for all s. In particular, when n € Z~,

xa(2n — 1)pn=122n=3 (anfl (%) — Boy—1 (41-‘))
(2n-1)!

B(2n—1) = (7.8)

Proof Recall that we defined the beta function to be the Dirichlet L-function with associated non-principal
character modulo 4 which we will denote by y4. First note that this character has the property that y4 =y,
and y4(—1) = —1. Thus, by Theorem (7.4), we have

ﬁ(l _ S) — 4S_IF(S)(27T)_S (e—iﬂs/z _ eiﬂs/Z) G(l,){z‘.)ﬁ(&')

However, we can make numerous simplifications. First,

4
G(Lxa) = ) xa(e™ = ya (D™ + xa(3)12 = 2i.

r=1

Furthermore, we can write
—ins/2 insf2 _ _+o: (ﬂs) . (7TS) _ . . (ﬂ'S)
e —e =—jsin|— ) —isin|— ) =-2isin|—]) .
2 2 2
So, our equation simplifies to

B(1—s) =4 'T(s)(20)~* (—Zi sin (%)) (20)B(s)
= 4°T(s)(27)"" sin (%) B(s).
Therefore, if we move some things around, we find

B(s) = .

B(l—s) (m\s
_—F(s)sin(§)( ) . (7.9)

If we would then like to further simplify this, Lemma (7.2) can be used to write

4
Bl=5) =Ll =s.x3) =47 ) xa(r)¢ (1-5.7)
r=1

et h-3)

Plugging this into Equation (7.9) will then produce (7.7), where the Hurwitz zeta terms may be computed
using Theorems (7.5, 2.6).

Now notice that for n € Z.¢, we may write y4(2n — 1) = sin (@

). Furthermore, if we express

the gamma function as a factorial, then we have I'(2n — 1) = (2n — 2)!. Our last observation is that by
Theorem (7.5),

4 2n—-1

4 (— 1) —{(—Zn,é) Bt (3) - (%)
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Putting all this together yields

xa(2n = Dr?=122073 (By, 1 (3 ) = Bopt (4
p2n-1) = (2n—2)!(-(2n —(1)) &)
y4(2n — 1)p?n-122n-3 (an—l (%) — Bon-1 (%))
- (2n —1)! '
as desired. ]

We can then finally use this result to confirm what we found in Example (7.1), just as we did for the Basel
problem all the way in § 1.3.

We have B(1) = &

4"

Proof Here we take n = 1 in Equation (7.8). As a result, we have

(5 (3)-m(3)»

1) =
A1) .
Then we compute
B(x)—i le"_m—le+1B—x—l
1(x) = ml P = 1p/)P0 1P = ok
m=0
by Theorem (2.6). Therefore, we have
3_1_1,1
-1y,
1 = = —,
A1) 4
confirming what we found in Example (7.1). [

7.3 A Discussion on The Arithmetic Of the Dirichlet Beta Function

At this point, a natural follow up inquiry would be the arithmetic nature of the beta function for even
integer input. Upon inspection of Equation (7.7), we quickly realize we are in trouble again. Our chances of
using this specific equation to evaluate the beta function at say 2 is spoiled by that sine in the denominator. To
keep a long story short, as it turns out, the behavior of the beta function is mirrored by that of what we saw
in the zeta function, but for even integers! A rather tantalizing fact is that we know less of the arithmetic
behavior for the beta function than the zeta function. Due to Apéry and Beukers’ we are familiar with the
irrationality of £(3) and £(2) (without 7r). However, like in the case of higher odd zeta values, as of the time
of writing, any attempts to generalize these results to the beta function have been futile.

We are not completely empty-handed though. Due to Zudilin [Zud19], we can at least say something on
the arithmetic nature of the beta function.

Theorem 7.7: Zudilin, 2019

At least one of the numbers from the set {B(2), 8(4), (6), B(8), B(10), B(12)} is irrational.
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The method of proof, however, relies on some rather intricate techniques and will not be presented in

this paper. We will, however, mention that considering the results in § 6 suggests a fruitful method could be
examining sequences similar to 7,. In fact, if we specifically define an alternating version of 7, as

- 1
~ . 1\ t+l -
P = El( DI R, (t 2),
t=

then one can see that

72 = 137536 — 27264 B(2) — 71424 B(4) — 41984 B(6),

so it shouldn’t be too difficult to convince oneself that sequences defined by similar alternating rational
functions to that found in Equations (6.1), (6.2) should allow one to draw conclusions on the state of
irrationality of at least one element from some set.

8

Closing Remarks and Further Directions

The arithmetic properties of the Riemann zeta function and its generalizations remain a key interest in

number theory. While this article has focused on specific special values and foundational results, there are
several natural avenues for further inquiries.

¢ Irrationality of Dirichlet L-functions
Beyond the Riemann zeta function, the arithmetic of special values of Dirichlet L-functions is
an active subject of research. A notable recent development is the work of Australian-American
mathematician Frank Calegari (1975-), Bulgarian mathematician Vesselin Dimitrov (1986-), and
Chinese mathematician Yunqing Tang (1989-) [ ], who demonstrated that the Dirichlet L-function
with non-principal Dirichlet character modulo 3 is irrational. That is,

1 1 1
L(Z,X3):1—§+4—2—§+"'
is irrational. Their approach suggests that the techniques of Apéry might be extended to L-functions of
different characters, potentially yielding new irrationality results for specific L(k, y) where k > 2.

* Refining Beta Value Sets
As discussed in § 7.3, current methods allow us to conclude that at least one value within a set of
six Dirichlet beta values is irrational. A primary goal for future work is the reduction of this set
size (ideally towards the isolation of a single irrational value). Furthermore, there is a distinct lack
of elementary methods in literature; establishing the irrationality of at least one value in a small set
utilizing elementary means would be a significant contribution.

* Improving Irrationality Exponents
The quantitative side of these results, such as bounding the irrationality exponent u(«), offers a separate
set of challenges. While we have established the upper bound ¢ (£ (3)) < 13.41... in § 5, this serves as
a historical baseline rather than being the tightest upper bound. The current record, u(£(3)) <5.51...,
is currently held by French mathematician Georges Rhin and Italian mathematician Carlo Viola (1943-)
[ ]. Finding novel constructions of rational functions and sequences or optimizing the so-called
saddle-point method remains a viable path for improving these exponents.

* Arithmetic of p-adic Zeta and L-functions
Shifting from the Archimedean case to the p-adic setting alters our concept of irrationality and
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re-frames our arithmetic questions. One could naturally extend the inquires of this paper to the p-adic
Riemann zeta function and its p-adic generalizations. A good introduction to the theory of p-adic
special functions is given in [ ]. The structure of the p-adic Riemann zeta function and its
generalization is much less explored making it a promising path. See, for example, [ ], where
Chinese mathematician Li Lai, German mathematician Johannes Sprang, and Zudilin proved that the
2-adic zeta function at 5 is irrational. We can also prove similar things to that seen in § 6. For example,
Lai and Sprang [ ] prove that for any given prime p, infinitely many p-adic zeta values ¢, (s) are
irrational. As a last remark, one could show that at least one from a small set is irrational, which is
exactly what Lai did in [ ]. It does however seem that the literature is more thorough for the p-adic
Riemann zeta function in comparison to its generalizations. Thus, a more in-depth review of these
generalizations could be fruitful. In particular, a result similar to Theorem (7.7) for the p-adic beta
function does not seem to appear.

Arithmetic Nature of Derivatives of Special Functions

While the bulk of the literature focuses on values of £(s) and L(s, y), one could ask a similar set
of questions about the arithmetic nature of their derivatives. For instance, the derivative of the
Riemann zeta function at even integers, such as ¢’ (2), is intrinsically related to other mathematical
constants of interest to number theorists'. Whether these derivatives yield irrational or transcendental
values remains an open question and presents numerous challenges. Future research could focus on
constructing specialized Padé approximations or modular forms engineered to capture the structural
behavior of ¢’(s) or 8’(s). In particular, we refer the reader to the work of Beukers [ ] for a
deeper understanding of Padé approximations and modular forms.

Re-framing Irrationality via Differential Equations

As a final remark, the arithmetic results covered throughout this article can be re-contextualized through
the lens of differential equations. The linear combinations and recurrence relations found in Apéry-like
proofs are often deeply connected to the so-called Picard-Fuchs equations, certain families of algebraic
varieties, or generally, to the theory of G-functions. By re-framing irrationality questions to specific
differential systems, one can leverage powerful geometric machinery. Investigating the monodromy
groups and differential Galois groups associated with these systems offers a more structured pathway
to understanding why certain special values possess specific irrationality properties. For a study of
the Picard-Fuchs equations, we refer the reader to a paper by Beukers [ ] which discusses this
and the generating functions of the Apéry sequences we defined in previous sections. For the theory
of G-functions, monodromy, and Galois groups, we refer to the work of French mathematician Yves
André (1959-) [ ].
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