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Abstract

The Riemann Zeta function is very famous because hidden within it lies the much-desired prime counting
function. In this paper, we will unlock the door using the Euler-Maclaurin formula and present the proof of
the Riemann Hypothesis.



Tabla de contenido

1 Introduction. 3
1.1 Definition of the Riemann Zeta Function. . . . . . . ... .. ... .. ... .. ... 3
1.2 Formulas for specific cases of the Riemann Zeta Function. . . . . . . ... . ... ... ... ... 3

2 Sum of powers and Bernoulli numbers. 3

3 Deduction of a formula to compute the sum of power > m”* expressed as a sum of higher-order
derivatives of the function mF*. 4

4 Deduction of a new equation to compute the Zeta Function from the Euler-Maclaurin for-

mula. 4

5 Graphical interpretation of the Riemann Zeta function. 7
6 The Riemann Hypothesis. 10
6.1 The critical strip of the Zeta Function. . . . . . . . . . . . ... .. 10
6.1.1 Trivial zeros of the Zeta function. . . . . . . . . ... .. L oo 11

6.1.2 Nontrivial zeros of the Zeta function. . . . . . . . . . . . .. ... .. ... .. .. ..... 11

7 The proof of the hypothesis. 12



1 Introduction.

1.1 Definition of the Riemann Zeta Function.

The Riemann Zeta function is defined as follows: C — C

)= 30— (1)

m=1

where: s € C
This series converges when Rels] > 1

Riemann succeeded in giving it analytic continuation, obtaining the following functional equation [3]:
¢(s) = 2°7° 'sin (%)1—‘(1 —$)¢(1—s) (2)
This function has a unique pole, which occurs at ((1).

1.2 Formulas for specific cases of the Riemann Zeta Function.

Formulas for specific cases of the Riemann Zeta Function are also known. For instance, there’s a formula to
calculate the zeta function when ’s’ is a positive even number, deduced by Euler. Additionally, there’s another
formula to calculate the zeta function when ’s’ is a negative integer, obtained by combining the functional
equation with Euler’s deduced formula:

Let: s=2k,k e N

(—1)*1(27)** By,

((2k) = ——5 i (3)
Let s=—k,keN B
(k)= =175 (4)

Where: Bsj, and B_j are Bernoulli numbers.

2 Sum of powers and Bernoulli numbers.

The Bernoulli numbers B; are a sequence of successive rational numbers of significant importance in number
theory. They arise in combinatorics, in the expansion of the tangent function and hyperbolic tangent function
via Taylor series, and in the Euler-Maclaurin equation

One way to derive these numbers is through recursive addition:

Ry
B - (m)Bm (5)

Bernoulli numbers arise when seeking a function to compute the sum of powers. Originally derived by Jakob
Bernoulli, the formula for these numbers is outlined below, albeit refined and presented with modern nomen-

clature [2]:
14k

Z mP = Si(n) = Z ApnP (6)
m=1 p=1
Where: k€ NU{0}, and Sy, is a function of n.

A, is obtained by:

(—1)iHk=P /1 4+ k
Ap = Ty Bitk—p (7)



3 Deduction of a formula to compute the sum of power > mF ex-

pressed as a sum of higher-order derivatives of the function m*.

In this section, we will rearrange equation (6) and compare it to a sum involving higher-order derivatives of the

function m*.

Factoring H%k and expanding the summation in equation (6), we can determine Sy (n) as follows:

Sut) = g [ELEE D SO D, o GRS,

14k 11k! 21(k —1)! 3l(k —2)!
—1)F3(k + 1)! 1)k +1)! —1)°(k + 1)! L
ey s 4)!(k£3)! EB gt 4t )k(!ll Lt + (<k)+(1>!(0)!) Bon* }

We will now reverse the order of the terms in the sum and simplify by reducing the factorials in each term.

1 [(=1)°%k +1)! (1)L (k + 1)! (—1)2(k +1)!
Sem) = 17, { G or ot e Bt gy Bant T
(—1)*(k + 1)!
S T B‘“”}
1 —1)%(k +1)! 1 (DR E+1 —1)%(k— )k(k+1 .
Sem) =17, {( (k)+(1)!()!) Bon'™* Jr%l(!)&”k+ = (k:—l))!Q(! Dkt s
1)k (k +1)!
B
Sk(n) = l%k {(_01!)015’071‘“+1 + 7(_1)11(!]“ D Bk 4 7(_1)2];]“ D gkt
(—1)5(k +1)!
11k! B’f”}

The formula can be rewritten as a summation involving a product:

14k (—1)P-1B p—1

32 = = e 3 Gt T et ®)

With careful observation, we can derive an equivalent formula featuring a summation that incorporates

higher-order derivatives of the function n*, as shown below:
i mk = Sk(n) = / deL =+ Z pil (nk) (9)
— AT
Also: i
n —1)P p—1
mZ::l ml,k =S _4(n) :/nlkdnJFPX_‘; ( (1;)!3” . dciﬂ’* (nlk> (10)

Hence, we can conclude that equations (8), (9), and (10) are equivalent.

4 Deduction of a new equation to compute the Zeta Function from
the Euler-Maclaurin formula.

Considering the renowned Euler-Maclaurin Formula [1], which approximates the sum of a function f(m),R — R,
assuming it is differentiable ¢ times:

/ fla dx+2 Lo o0 0) — pe (@) 4, (11)

m= a+1



Where:

e [ Banaln = b)) ey
= ([ 2 0 g (12

F@=U(b) and fP~1)(a) represent the (p—1)-th derivative of the function f(m) evaluated at b and a, respectively,
while r, denotes the residual error of the g-th derivative approximation and Bj(x) is a Bernoulli polynomial
calculated using the following formula:

Bj(x) = mi:o (=™ <7i> Bl ™™ (13)

Setting the limits of the summation in equation (11) to @ = 0 and b = n, and defining the function f(m) as
m?®, where f(m) is differentiable ¢ times, we obtain:

- " . (-1)B dr=t
s __ S p S
Zm —/0 mdm—l—z ol *dmpfl(m)
m=1 p=1
Incorporating the initial limits of the integral and the derivatives, and adding them to the residual error, we

can write the following:
n q —1
(-1)PB, dP
E s = °d E )+ R 15
m:lm /n " p=1 p' ¥ dnpr—1 (n ) * 4 ( )

Here, R, represents the cumulative total residual error.

n

+7q (14)
0

We can similarly derive an expression for the sum of the function f(m) =

ms '’

LS| 1 I (—-1»B, a1t /1
> — :/fdn+ ( )' Lok —— () + R, (16)
ms ns = p! dn? ns

m=1

If n — oo, and we regard R, as a function of s, then R,(s) can be expressed by solving equation (16):

. "1 1 ‘= (-1)PB, d ' (1

|
m=1 p=1 p:

Expanding Equation (17), we get:

1—s 1! 2! 3!

n 1)1 _1)2 _1)3
Ry(s) = lim [Z e < ! n'= 4 (1) Blnfs + =) BQ(*s)nflfs + %(*s)(*l — s 4

(18)
We will now examine three cases for equation (18), but before that, let’s consider that the
variable s € C:

Case I. For Re[s] > 1.
Applying the limit yields:

Ry(s) = [i ! —( ! 0+(_1)1B10+(_1).232(—s)0+(_IPBS(—S)(—l—s)O—&--“)

—om® 1-—s 1! 2! 3!
=1
Ry(s) = Z:l — = Re[s]>1 (19)

Hence, we can conclude that when Re[s] > 1, the value of R,(s) equals ¢(s):

If Rels]> 1= Ry(s)=¢((s) (20)

)



Case II. When s = 1.
Applying the limit yields:

R,(1) = [i 1 <1 + (’1)lBlo+ (*1)232(71)0 + %(4)(71 —1)0+ - )]

mt 0 1! 2! 3!

m=1
Ry(1)=00—(00+0+0+0+---)
R,(1) = indeterminate

Hence, it can be concluded that when s = 1, the value of R4(1) is indeterminate, and it equals ¢(1):

If s=1= Ry(s) = ((s) (21)

Case III. Let’s consider s = —k, where k£ € N.
Equation (17) can be rewritten by splitting the summation into two parts: the first part with limits from p = 1
to p = k, and the second summation from p = k + 1 to p = ¢, resulting in the expression as follows:

n q=k 1 q 1
1 k k (_1)po dv k (—l)po dr k
Ry(=k) = lim E 1m - /n dn — El o g (n*) — EkH o g (n*) (22)
m= p= b=

Tt is evident that the integral with the first summation is equivalent to equation (9), but with a negative sign.
Hence, it can be expressed as follows:

n n q= —
, (—1)?B, !
Ro(=h) = Jim 12 mt = 2 mt = 3, =+ gt ()
m=1 m=1 p=k+1

The first two summations cancel each other out, resulting in the following expression:

g=0o0 —1
. (-1)PB, &',
Ry (k) :nh_)rr;o - Ek o P % o (n*) (23)
p=k+1

Next, extending the series:

_1)\k+1

n—oo
Applying the limit, then simplifying the factorials, we get:

(—D)* By

—1)*B,
Ry(-k) = SR
As Byji1 =0 for j € N, we can express:
Ry(—k) = — e+ keN 24
SR =T ke (24)

Upon comparing equation (24) with equation (4), we find that they are equivalent. Hence:

If k€N = Ry(—k)=C(—k) (25)



We are prepared to present the following theorem:

Theorem 1 Using equations (20), (21), and (25), according to the principle of analytic continuation, we can
express:

"1 1 2 (-1)rPB, ! (1
o) = Jim, l2$—/ﬁdn‘2f i (n—)] (26
m= p=

Where s € C, and q represents the number of times the function # can be differentiated.

5 Graphical interpretation of the Riemann Zeta function.

Let’s define the function S*  (n) as follows:

. 1 L (-1)rB, a7t (1
st(”) = / Fd”jLZ pl * dnl)—l <ns) (27)

p=1
When we vary n while computing the series 21:1:1 % and plot it on the complex plane, it forms a sequence of

points arranged in the shape of a logarithmic spiral, with its center being ((s) (see Figure 1).

Imaginaria
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Figure 1: Ezample of logarithmic spiral of the series . _, % for s = 2 + 27i where ((s) is the center of the

spiral.



When Re[s] > 1, the points of the spiral converge towards its center, but if Re[s] < 1, the series of points
diverges from its center. The function S*  (n) forms a spiral with the center at the origin of the complex plane,
but by adding ¢(s), the spiral approaches the series of points, and both spirals converge as n — oo (see Figure
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Figure 2: Complex plane plot showing the spirals represented by the function S* .(n) (in blue), the series
S L (in green), and the point ((s) (in red).

m=1 ms?

When separately plotting the real and imaginary parts of the series of points and the function S_,(n), we
observe periodic functions with variable amplitude and period. The amplitude increases when Re[s] < 1 and
decreases when Re[s] > 1, while the frequency depends on the term I'm[s]In(n). The axis or mean value of the
periodic functions will be:

yre = Re[((s)]
yrm = Im[((s)]



n R —
m=1 mARels]

Figure 3: Graphical representation of the functions Re {S(_Hn)} and the series Yy L~ cos(Im[s]Inm),

oscillating around its mean value Re [((s)].

By adding Re[((s)] to the function Re[SSSn)L we align Re[S&Sn)] with the series 7" _| ﬁ cos(Im[s] * Inm)
as s — oo (see Figure 3).
Similarly, by adding I'm[{(s)] to the function Im[S(fsn)], we align Inz/[SS,Sn)] with the series
> mﬂ%[] sin(Im[s] * Inm) as s — oo (see Figure 4).



n 1

Figure 4: Graphical depiction of the functions I'm {S(_Sn)} and the series —— sin(—Im[s]Inn), oscillat-

m=1 ma

ing around its mean value Im[((s)].

6 The Riemann Hypothesis.

6.1 The critical strip of the Zeta Function.

Utilizing the Riemann functional equation (2), it becomes feasible to derive ((s) for values of Re[s] < 0, as it
relies on ((1 — s), which converges. Nonetheless, obtaining ((s) becomes infeasible when 0 < Re[s] < 1, as it
would necessitate knowledge of ¢(1 — s), which also fails to converge (refer to Figure 5).

¢(s) = 2°7° 'sin (Sg)l’(l —5)((1 —s)

10



Plano complejo para la variable

se C

Fraja critica

Figure 5: Crritical region in the complex plane, where for the variable s € C, it becomes impossible to ascertain
¢(s) using the Riemann Functional Equation.

6.1.1 Trivial zeros of the Zeta function.

By examining the Riemann functional equation, it becomes evident that for negative even values of s, ((s) = 0.
This occurs because the term sin(%7) equals zero. These points where the function equals zero are referred to
as trivial zeros.

, . —2k
C(—2k) = 27 2kg=2k=1gip (2”) (14 2k)¢(1+2k) =0
Where k € N

When s is a positive even number, the function ((s) is nonzero, since the term sin(%") cancels with the poles
of the gamma function I'(1 — s).

6.1.2 Nontrivial zeros of the Zeta function.

There exist additional zeros of ((s); nevertheless, it has been demonstrated that these zeros reside within the
critical strip. Referred to as nontrivial zeros, they can only be determined through numerical methods as they
cannot be calculated using the Riemann functional equation (see Figure 6).

11



Figure 6: Critical region in the complex plane, where for the variable s € C, it is impossible to ascertain ((s)
using the Riemann Functional Equation.

In 1859, the German mathematician Georg Friedrich Bernhard Riemann, in his doctoral thesis ’On prime
numbers less than a given magnitude’ [4], while developing an explicit formula for calculating the number of
prime numbers less than x, conjectured that: ’The real part of every nontrivial zero of the Zeta Func-
tion ((s) s % ’. Riemann was confident in this assertion, yet unable to prove it, leaving it as one of the most
significant unproven hypotheses for over 160 years.

7 The proof of the hypothesis.

Consider s € C: s = a + bi, where a,b € R and is a nontrivial zero such that ((s) = 0.

According to the Riemann Functional equation, if s is a nontrivial zero, then the following holds:
Cla+bi)=C1l—a—bi)=0 (28)
If we substitute a + bi into equation (26) and expand the expression:

, _ G 1 L (-1rB, drt 1
Cla+bi) = lim [Z matbi / —armidn — > o dne—1 et (29)

m=1 p=1

n— oo

1 1 . (-1)'B . (-1)’B .
C(a+bi) = lim lz e T bz_nlfa*l" - %n*a*bz - %(fa — biyn~tTembi ] (30)

m=1

Since 0 < a < 1, upon applying the limit, the equation simplifies to:

C(a+bi) = lim li ! ! nlabi] (31)

n—00 matbi l1—a—b
m=1

Given that ((a + bi) = 0, expressing it in polar form yields:

n —biln(m) 1—a _
0= lim Z € _ n el[arCtan(%)fbln(n)} (32)
n—00 — ma (1 _ a)? + b2

12



Then:
" e—biln(m) nl-a
lim ¢ | — him | gifarctan(127) —bIn(n)] 33
[Z (- (33)

n— oo me 2 2
— a)>+b

Utilizing Euler’s properties:

l1—a

lim Z M —1 M = lim S L {cos {arctan( b > —blnn}
n— 00 ma ma n—00 (1 _ a)2 + b2 1—a

b
+isin [arctan <1 > —bln n} }} (34)
—a
Similarly, for the nontrivial zero s =1 — a — bi, we obtain:
. "~ cos(blnm) |~ sin(blnm) | n® b
nh—>Holo [ E —ia +1 g i | = nh_)ngo N cos |arctan e blnn

m=1 m=1
b
—isin {arcmn () —bln n} H (35)
a
By considering the real part of equations (34) and (35), we get:

n (b1 1—a
lim Z cos(blnm) = lim |————— cos [arctan (b) —bln n} (36)
n—o00 ma n—00 (1 — (l)2 + b2 1—a

m=1

m=1

) “~ cos(blnm) | n® b
nh_}rrgo [Z mla] = nh_)rr;o [m cos {arctan (a) — blnn” (37)
Setting the amplitudes equal to each other to compare equations (36) and (37), given that the axis of both
functions is Re[((a + bi)] = Re[((1 —a —bi)] =0

lim [ (1=a)f+b i Cos(blnm)] = lim cos [arctan <1b> - blnn} (38)

n—oo n—oo

Vaz + b2 & bl b
lim @t cos( - nm)| _ lim cos {arcmn (> —bln n} (39)
n—00 na = mt—a n— oo a

n
Performing operations on equation (38) to simplify the equality to a basic periodic function:

_ 7
nlggo l (1—a)®>+0b Z cos(blnm) 1 — 7}1_{20 [cos {arctcm (1ba>} cos(blnn) + sin [arctan (1 f aﬂ sin(blnn)]

m=1

1—a)?+0b2 " (bl b
lim (1—af+ Z cos(blnm) = lim [COS(bln n) + tan {arctan ()} sin(b1n n)}
oo | pl—a cog [arctan (1 a)] 1 nereo 1 -
1—a)?+ b2 - 1
lim (1-af+ cos(blnm) | _ lim [COS(bln n) + b sin(bIn n)}
n=00 | hl—a cog [arctan (1 ba)} oo ma n—o00 1—a
1_q)2 b2 n (b1
lim (1=a)+ cos(b fm) —cos(blnn)| = lim sin(blnn)
N0 | pl—a cog [arctcm (%)} 1 m n—ool—a
1— 1— - (bl 1=
lim |GV Zaf+ cos(blnm) ¢ cos(blnn)| = lim sin(blnn) (40)
"0 | hpl-acos [arctan (ﬁ)} m—1 e

13



Similarly, we manipulate equation (39) and obtain:

Va? + b . bl
lim ava”+ v Z cos( 1i1m) - gcos(blnn) = lim sin(blnn) (41)
n—oo | bne cos [arctan (2)] ~=  m!~e b n—o0
Now we can equate equations (40) and (41):
1—a)y/(1— 2 & —
lim (I—a)\/(L—a)>+b Z cos(blnm) 1 acos(blnn) _

"7 | bnl-acos [arctan (Lﬂ m—1 b

[ ava? + b2 zn: cos( blnm a

lim
n— oo

@] -3 cos(blnn)| (42)

bn? cos [arctan —
m=1

. . . . . . bl bl
Improving the wording: ”Since a+bi is a zero of the Zeta Function, series Y " _| Cos(mf ™) and S (m,fll—_nam)
do not converge; however, their average value is zero. Therefore, we can write:

n

Z cos(blnm) i cos(blnm) 0 (43)

l—a
m
=1 m=1

Substituting equation (43) into equation (42), we get:”

—a cos(blnn) =0 — % cos(blnn) (44)

Then, by simplifying terms, factoring, and setting equal to zero, we obtain:

(2a — 1) cos(blnn) =0 (45)

Then, the only solution for the equation is:
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“Call to me and I will answer you and tell you great and unsearchable things you do not know”
(Jeremiah 33:3)
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