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Abstract

We present a short and simple proof of the Riemann’s Hypothesis (RH)
where only undergraduate mathematics is needed.
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1 The Riemann Hypothesis
1.1 The importance of the Riemann Hypothesis

The prime number theorem gives us the average distribution of the primes.
The Riemann hypothesis tells us about the deviation from the average.
Formulated in Riemann’s 1859 paper[1], it asserts that all the 'non-trivial’
zeros of the zeta function are complex numbers with real part 1/2.

1.2 Riemann Zeta Function

For a complex number s where R(s) > 1, the Zeta function is defined as
the sum of the following series:
=3 M
s) = —
nS
n=1
In his 1859 paper[1], Riemann went further and extended the zeta function
¢(s), by analytical continuation, to an absolutely convergent function in
the half plane R(s) > 0, minus a simple pole at s = 1:

s too {x
¢(s) = - s/1 :;{er}l dz (2)

s—1

Where {z} = z — [z] is the fractional part and [z] is the integer part of z.
Riemann also obtained the analytic continuation of the zeta function to
the whole complex plane.
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Riemann[1] has shown that Zeta has a functional equatiorEl

C(s) = 2°7° 'sin (%5)r(1 —8)C(1—s) (4)
Where I'(s) is the Gamma function. Using the above functional equa-
tion, Riemann has shown that the non-trivial zeros of { are located sym-
metrically with respect to the line R(s) = 1/2, inside the critical strip
0 < R(s) < 1. Riemann has conjectured that all the non trivial-zeros are
located on the critical line $(s) = 1/2. In 1921, Hardy & Littlewood[2,3,
6] showed that there are infinitely many zeros on the critical line. In 1896,
Hadamard and De la Vallée Poussin[2,3] independently proved that {(s)
has no zeros of the form s = 1+ 4t for ¢ € R. Some of the known results[2,

3] of ¢(s) are as follows:
¢(s) has no zero for R(s) > 1.

e ((s) has no zero of the form s =1+ ir. i.e. {(1+1i1)#0, V.
¢(
q

s) has a simple pole at s = 1 with residue 1.

N

s) has all the trivial zeros at the negative even integers s = —2k,
ke N*.

e The non-trivial zeros are inside the critical strip: i.e. 0 < R(s) < 1.

If ((s) =0, then 1 — s, § and 1 — § are also zeros of ¢: i.e. ((s) =

(1 —s5)=((5) =¢(1-35)=0.

Therefore, to prove the “Riemann Hypothesis” (RH), it is sufficient to

prove that ¢ has no zero on the right hand side 1/2 < R(s) < 1 of the
critical strip.

1.3 Proof of the Riemann Hypothesis

Let’s take a complex number s such that s = o 4 ¢7. Unless we explicitly
mention otherwise, let’s suppose that 0 < o < 1, 7 > 0 and ((s) = 0.

We have from the Riemann’s integral above:

s too fg
el = 5)

s—1
We have s # 1, s # 0 and ((s) = 0, therefore:

1 /:Oo A=} 4y ©6)

s—1 rstl

Therefore:

1 tee {x}
_ = ———d
o+it— 1 /1 gotiT+1 v (7)

IThis is slightly different from the functional equation presented in Riemann’s paper[1].
This is a variation that is found everywhere in the litterature[2,3,4]. Another variant using
the cos:

C(1—s)=2""%7r"%cos (%S)F(S)C(s) (3)



And

ot [,

The integral is absolutely convergent. We take the imaginary part of
both sides of the above equation and define the function G as following:

Glo,7) = W 9)

pov dz (10)

- /+oo (sm(T In (x))){x}

We also have 1 —§ = 1 — o + it = 01 + i71 a zero for { with a real
part o1 such that 0 < 01 =1 — 0 < 1 and an imaginary part 7 such that
71 = 7. Therefore

G(l—O',T) = m (11)
= (12)

oo [ sin(7In (x T
) /+ ( <x2<a>>){ i »

Before we move forward, we need to calculate the following functions
I(o,7) and I(1 — o,7) for 0 > 0 and 7 > 0:

oo sin(r In(x
Io7) = /1 sin(r In(z)) ;. (14)

ZL’1+U
G 1
And
I1-07) = /chzx (16)
R (4

To continue, we will need to prove the following lemmas.

Lemma 1.1. Let’s consider two variables o and T such that o > 0 and
7> 0. Let’s define two integrals I(a,o,7) and J(a,o0,7) as follows:

Ha,0,7) = /lade (18)

Haor) = [enEly, (19)
Therefore
I(a,0,7) = K(o,7) (1 _ COS(;;ljll(a)) B (a; 1) Sin(;rlill(a))
oo = Ko (70 CZ Do) et



Where

T

Kon = oo

(22)
In the context of this lemma, the variables o and T are arbitrary and

not necessarily related to the zeros of the zeta function.

Proof. Let’s consider two variables ¢ and 7 such that ¢ > 0 and 7 > 0.
Let’s take a > 1.

I(a,0,7) = /1a Mdm (23)

= /1n(a) sin(rz)e "% dzx (24)
— K(o,7) (1 _ cosizljll(a)) _ (a'; 1) Sin(;,li(a))) (25)

Where
K(o,7) CES =] (26)

And the same for J(a,o, ) for a > 0:

J(a,o,7) = /1‘@ Mdm

o

In(a)
= / cos(tz)e " dx
0

= Ken(Z 2 COSE; In(a) Sinfalfll(a)))

T T

Where K (o, 7) is defined above in the equation (25).

Lemma 1.2. Let’s consider the function e(x) that plays a big role in the
zeta function as follows:

e(xz) = {a} (30)

The function e(x) is piecewise continuous on the interval [1,+00) and its
primitive function W(zx) = [ e(x)dx is defined as follows:

1
U(a) = (e-1-{ah1l-{a}) (31)
Proof. We will need this function as we want to work with continuous
functions instead of piecewise continuous ones.
Let’s take © > 1 a real number. Let’s denote n, = |z] be the integer



of part of z. We have n, = x — {z}. Therefore we deduce the primitive
function as follows:

U(x) /1‘1 e(x)dx (32)

ng—1

= Z /:H{t}dwr/j{t}dt (33)

_ il /:H(t_n)dwr/nz(t—n,)dt (34)

= = % + %(:c — n,c)2 (35)
= %(nm ~1+{z}?) (36)
_ %(x —1—{z} + {=}?) (37)

n O

Lemma 1.3. Let’s consider two vartables o and T such that o > 0 and
7> 0. Let’s define two integrals I. and Je as follows:

oo gin(rln (z
Lior) = /1 dp S (@) o (38)

:C1+U

T cos(TIn (z
Je(o,m) = /; dmwe(m) (39)

:C1+o'

Where the €(x) is the same function defined in the previous lemma. There-
fore:

+oo T
L(o,r) = — /1 dx {;’zﬂj U () (40)
Foo x
J(oyr) = — /1 d:cg;& 3 U(z) (41)
Where
fo(x) = 7cos(rtln(x)) — (1 + o)sin(r1n (x)) (42)
go(z) = —7sin(r1ln(x)) — (1 + o) cos(r1n (x)) (43)

In the context of this lemma, the variables o and T are arbitrary and not
necessarily related to the zeros of the zeta function.

Proof. Without loss of generality, let’s consider o > 0, 7 > 0. The func-

tion z — %ﬂ;z))e(x) is integrable and we can write the following thanks

to the integration by parts:

I(o,7) = /Jro;:csm(;f%e(x) (44)
sin(7 In (x o0 oo f(x
[%\pm];l—/l ar 2y (a) (45)



Since o > 0, we conclude that:

e fo(x)
Lior) = - /1 ar i z) (46)
And the same goes for J.:
+oo
9o T
J(or) = - /1 ar 920y () (47)
[ ] O

Lemma 1.4. Let’s consider two variables o and T such that 0 < o < 1
and T > 0 such that s = o + it is a zeta zero. Therefore:

o sin(71In (z)) _ 270
/1 de\I/(x) T (=02 + 7)) ((1+0)2 +72) “8)

/+°2mCOS(T In (l’)) \I,(:C) o [(1 — 0-2) + 72} (49)

x2to (1=0)24+72)((140)2+72)
And
T sin(rln (x T T
/1 dx%(ﬁ(x) I (1—-0)2+ 12 (50)
oo cos(tIn (z o -0
/1 dm%ﬂﬂ = o2 + 12 + ( £10)2 _‘)_7_2 (51)

Where the function ¢ is defined as ¢(x) = {x}(1 — {z}) and the function
W(x) is defined in lemma 1.2.

Proof. We will use the same notation in the previous lemmas. We combine
the result of the equation (8-10) and the lemma 1.3 to write the following
equations:

A A I e
T sin(7In (z oo cos(rln (z -
_(1+U)/; d:c%\l/(x)—kT/l dx%\p(x) _ _((1_0 2+72)

After simplification, we get the result in the equation (48).

/+°§xsin(7 In (x)) U(z) = 1 [ T B T (54)

p2+o 21 1-0)2472 (140)2+72

To get the result of the equation (49), we will use the lemma 1.1 and
the definition of ¥(x). Therefore:



oo sin(rln (z oo (g — 1) sin(rIn (z TO
[t ) [ itriete) 1

+oo
COS
/ dx
1

x2+o’

k

Proof. The proof is straightforward as we can deduce the results from the
lemma 1.4 using the variable change u = = xj. | O

Lemma 1.6. Let’s o be such that 0 < 0 < 1 and s = o + iT is a zeta
zero. Therefore:

o = = (66)

And the Riemann’s Hypothesis is true.

x2te B (1=0)24+72)((140)2+72)
_ 7(14 20) _ dro
B (14+0)2+72)(02+72) (Q1—0)2+72)((1+0)2+72)
_ T T
Too24 72 (1—o0)2 472
_ 7(1 —20)
N (1 =0)2+72) (024 72)
And
2 2
(T1n (:C))<Z5($) _ /+O§:c (x — 1) cos(7In (z)) n [( —o°)+T }
A x2te (1=0)2+72)((1+0)2+72)
2 2
_ o 140 2l -0 + 7]
T2+ 72 (14+0)2+72 (1—0 +72)((1 +0) +7'2)
o (-9
Too024 72 (1—0)2 472
[ | |
Lemma 1.5. Let’s consider two variables o and T such that 0 < o < 1
and T > 0 such that s = o + it is a zeta zero. Let’s define the sequence
(zk)k>0 such that z, = exp(—2E%) for each integer k. Therefore:
/+02msin(7 In (z)) (i) _ 1(1-20) eXp(M) (62)
- x2te (1 —0)2+72) (02 +72)
/+05xsin(7 In (x))qb(i) _ t(1-20) exp(wf*f’)) (63)
o x3=e T’ (1=0)2+72) (0% +72)
Where the function ¢ is defined as ¢(x) = {z}(1 — {z}).
Let’s define the function Fy as follows:
* sin(71In (z
Fo(w) = [ o) (64)
1
Therefore:
t sin(rln(x)) ,, = 2kr(14+0), [T Fo(35)
R I e R

(59)

(60)

(61)



Proof. From the lemma 1.5, we can write the following from the equations

(62-63):
4o s 1-9 2kn(1+0)
lim d:cSIH(Tan (z)) ¢(£) — lim 7( o) exp(=———>) (67)
k—too f, p2to Tk k—+o00 ((1 — g-)2 + 7-2) (0-2 + 7-2)
= +oo (68)
o gin(rIn(z)) |, = 7(1 — 20) exp(2rE=2))
li de———>¢(—) = lim — T 69
k*{gloo xp, v p3—o ¢(£Ck) kizloo ((1 — 0')2 —+ 7'2) (0'2 —+ 7'2) ( )
= -0 (70)
On the other hand, from the equation (65):
. T sin(rln(z)) |, = . 2kr(1+0), [+ Fol3o)
i [ EEE) = i -2 en® I [
We have for each x > 0:
x 7(1 —20)
Fo(—) ~ oo Fo(+o0) = 72
(xk) k—+ ( OO) ((1 _0_)2 +T2) (0_2 +7_2) ( )
Therefore
Fa(zi) Fy (400
x272k0 a0t ngﬂr) (73)
Since we have 2 — 20 = 1 + 1 — 20. Therefore, the function x — %
>0
is not integrable around 0% and we have:
oo Fo(5-) teo R,
lim [ dr— = lim Fo(too) (74)
koo Jo, o9 koo Jo TeTe7
_ . 2k7(1 — 20)
= lim_F(too)exp(TE=2D)  (zp)
= +o0 (76)

From the equation (71) we can conclude that:
+oo

. sin(tln(z)) ,, «
1 dr———=¢p(—) = 7
ijoo . v r3—° d)( Jlk) +oo ( )
But from the equation (70) we have:
+oo s
. sin(rln (z)) ,, «
1 dp=——— " p(L) = —
Jim [ =R o (78)
Therefore 1 — 20 must be negative:
1-20 < 0 (79)
Which is a contradiction. Therefore
1
= = 80
o= 3 (30)
And the Riemann’s Hypothesis is true.
| O



1.4 Conclusion

We saw that if s is a zeta zero, then real part R(s) can only be 2. Therefore
the Riemann’s Hypothesis is true: The non-trivial zeros of ((s) have real
part equal to % In the next article, we will try to apply the same method
to prove the Generalized Riemann Hypothesis (GRH).
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