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Abstract

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

Keywords: Riemann Hypothesis; Zeta function; Prime Numbers;
Millennium Problems.

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:

(=Y~ (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 3(s) > 0, minus a simple pole at s = 1:
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Where {2} = z—[z] and [z] is the integer part of z. Riemann also obtained
the analytic continuation of the zeta function to the whole complex plane.
Riemann[1] has shown that Zeta has a functional equatio

C(s) = 2S7r8*1sm(§)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:

e ((s) has no zero for R(s) > 1.
o ((
(
(

s) has no zero of the form s =1+ i7. i.e. ((144i1)#0, V7.

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

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 —=5)=((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.

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

— — — —

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 T {a}
()= 2 5)
We have s # 1, s # 0 and ((s) = 0, therefore:

! :/1+°o {2} 4o (6)

s—1 rstl

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

C(1—s) =275 cos (?)F(S)C(s) (3)



Therefore:

1 {x}
—_— = ———d 7
o+iTt— 1 /; gotitH1 v ( )

And

o—1—ir oo [ cos(tln (z)) — isin(r1n (z)) ){z}
(o — 11)2 ¥ /1+ ( zo+l ) da 8

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

G(o, 1) = W 9)

-/ roe (sin(rin (@))){a} (10)

ZL"7+1

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

T1

Gl—-o,1) = m (11)
= e (12)
oo [ sin(7In (x T
) / ( <x2<g>>){ i )
Therefore:
G(o,T) _ o2+ 72
Gi-omn ~ T-op+r -

Before we move forward, we need to calculate the following functions
I(a,o0,7) and J(a,o0,7) for a > 0:

Ha,0,7) = [de (15)

- /()ln(a)sin(m)e(l—a)wdx (16)
- K(U,T)(l_cosizljll(a)) B (0;1) Sin(;rlill(a))) (1
And
T A
= /0 o cos(tz)e! " dx
- K(o, 7)((";1) _ (0;1) Coss;li(a)) . Sin((;lill(a)))



G(o,T)

Where

K(o,7) =

T

(0 —1)2 472

Now, let’s write G(o, 7) as the limit of a series as follows:

N+ L) sin(r In(z))

sin(7 In(z ))d:c

$1+0

(21)

dx—Zn(I(n+1,o+1,T)—I(n,a+1,7))

N
= lim I(N+10,7)— Zn([(n+1,0—|—1,T)—I(n,0+1,7))

- NEIEOO xlte du
Nt {z}sin(7 In(z))
- NE}EOOE_:l/n xlte de
SRieE (z — n)sin(7 In(x))
- NE)TOOZ; n xlto de
sin(7 In(z
- Ng%z [ e, z /"
N+41 _: N
— m sin(7 In(z))
N—+o0 x? _
N—+oo -
= _lim U(N,o0)
N—+oo
Where
N
UN,o) = I(N+1lo07)->
n=1

Now let’s study the series ) ., n(I(n+1,0+1,7)—I(n,0+1,7)). For

n([(n—&—La—l—ln’)—I(ma—&—lm’)) (29)

that purpose, we will use the asymptotic expansion. For simplification,

let’s denote U,

=I(n,0+41,7). Let’s do now the asymptotic expansion of

Un41 —Uy. For this we need the asymptotic expansion of cos (T In(n+ 1))
and sin (7 In(n + 1)).

cos(tln(n+1)

we have the asymptotic expansion of In(1 +

Using the asymptotic expansion of the functions sin and cos that I will

= cos(rln(n)+7ln(1+

= cos(rIn(n))cos (rIn(1+

1
Inl1+—-) =
n(1+ )

spear you the details here, we have

cos (7’ In(1+ %))

n

)

%) in order two as follow:

(32)

(22)

(23)

(24)

%)) —sin (71n(n)) sin (7In (1 + %)

(30)

(31)



And

sin (Tln(l—&-%)) = %—#4—0(%) (34)
Hence
cos(tln(n+1)) = cos(rln(n))— %sin (tIn(n)) + # (sin (tIn(n)) — 7cos (T1n (n))) + (’)(%) (35)
Also the Asymptotic expansion of ﬁ:
1 1 o o(l+o 1
Toap = et el OG0
Hence
cos (T1n (n + 1)) _ cos (tIn(n))  7sin(7In(n)) + o cos (71ln(n))
(1+mn)° N ne B not1 (37)
+ e ((7’0 + %) sin (71n (n)) + olo+l) -7 +;) T cos (tIn (n))) + 0(%) (38)
_cos (Tnlf () L nZli? +0(%) (39)
Where
eh = - (7’ sin (7In (n)) + o cos (71n (n))) (40)
dn = (t0+ %) sin (71n (n)) + % cos (tln(n)) (41)
For the asymptotic expansion of sin (7' In(n + 1))
sin(rIn(n+1) = sin(rln(n)+7In(1+ %)) (42)

= sin(rln(n))cos (T1n(1+ %)) + cos (71n (n)) sin (71n (1 + %)) (43)

Using the asymptotic expansion of the functions sin and cos that I will
spear you the details here, we have

Hence
sin(rln(n+1)) = sin(TIn(n)) + = cos (rIn (n)) — 55 ((cos (rin () + 7sin (v In () ) + O(%) 4
Hence
sin ((Tlli (Z):r ) _ sin (Tnlf () , cos(rIn (n)gl;clrsin (th(m) ., (n:”) (45)
. nal+z (a(a +21) ~ 7 in (7 1n () — (o7 +3) cos(r1n (n))> - O(%) (46)
_ s (Tnlf (n)) N ncfll N jjfz n 0(% ) (47)



Where

ccn = Tcos(rln(n)) —osin(71n(n)) (48)
dd, = % sin (71n(n)) — (1o + %) cos (71n (n)) (49)

Now we have:

U = K(o+1,7) 1—C°S(T£("))—@Sm(jf(”))) (50)
R i

Therefore

sin (71n (n))

(n+1) h (n)e T

Upy1 —Un = —K(U+17T){< G

Cn o cep dn o ddn, 1
= —K(o+1,7) <n1+a T ooire T e T ;n2+o> + O(ﬁ)
B (02 + 7-2) sin (7' In (n) On 1
= —K(U+17T)<— - - _n2+<’+0($)
sin (7' In (n) On 1
= n1+a - n2+a + O(E)
Where
bn = K(o+1,7)(dn+ gddn) (56)
= asin(71n(n)) 4+ Bcos(7 In(n)) (57)
Where
T(o+1 2o +1 1+o
a = K(0+1,T)( ( 5 )+ (27 )): 3 (58)
72 + o? T
6 = Keo+iLn)(-"5%)=-1 (59)
Therefore
sin (T In (n) On 1
n(Unt1 —Un) = e e TO03) (60)

By definition of O, there is exist a bounded sequence (e,) such that
for each n > 1 we can write:

i 1
(Ui — Un) = sin (T n (n) 3 On n En (61)

ne nite ' p?

Therefore we can write the following:

cos (TIn(n+1))  cos(rln (n))) o (sin (rIn(n+1)) 3

(n)?



N+1 N
2 n(Up+1 —Un) = I(N+1,0,7) 2:: (n1+o - _)
N
= I(N+Lo,7)—al(N+10+1,m) - BI(N+ Lo+ 1,7 +> =
Therefore
N
U(N,o) = I(N+1,0,7) Z Uni1 — (64)
" N
= oI(N+1Lo+1,7)+BJ(N+1,0+1,7 Z—’; (65)
_ cos(TIn(N + 1)) sin(7In(N +1 Y en
= Aty “TTINF1) z::n_ (66)
Where
ale) = K(o+1,7) (a + gﬁ) (67)
bo) = —K(@+1,7)(a+ gﬂ) (68)
(o) = K(o+1,7) (/3 - ga) (69)
atZ8 = 3 (70)
s-Za = —5(r+ 72 )

We have the series ) ., =% converges since the sequences (e,) is

bounded. Let’s denote A(c) such that:

N
. En
Alo) = NLHEOO > = (72)
We also have the following;:
G(o,7) = NHTOO U(N,o) (73)
_ . cos(7In(N + 1)) sin(7In(N + 1)) o en
= Jhim_alo) +b0)— T =117 ; z (74
= a(o) —A(o) (75)
Therefore:
a(o) = K(O’;—l,T) _G(1—20 T) (76)
A(e) = afo) = G(o;7) (77)



Now from the equation (52) and (61) we can write the following:

En sin (T In (n) On

5 = Un1=Un) - —— s (78)
— Ko i ncos (T1n (n + 1)) _ cos (tIn(n)) o [ nsin (tIn(n+1)) _ sin (tIn(n))
= K+, ){< (n+ 1) ()1 )* T< (n+ 1) (o1 )} (79)
_nlrin(m) |t (30)
ks i cos (TIn(n+1)) _cos (tIn(n)) _cos (rIn(n+1))
= R+l ){< (n+ 1)7 1 ()T (17 ) (81
o [ sin (TIn(n+1)) _ sin (TIn(n)) _ sin (tIn(n+1)) _ sin (In(n) Sn
T < (n+1)7" (n)7 1 (n+1) ) } ne T nito (82)
(83)
Therefore
al o i N ([ cos (TIn(n+1)) _ cos (7In(n)) _ cos (tIn(n+1))
2oop = TKOFLn X < O O CEE ) .
N . . N si N
o sin(7In(n+1)) sin(rln(n)) sin(rln(n+1)) sin (7 1n (n On
> ( R Y O L S PRI )} 2 ; e (89)
B cos (71In (N + 1)) N cos (rIn(n+1))
- _K(a+1,7){<W—1—;W> (86)
o (sin(7In(N +1)) al sin ( Tln n—|—1) N sin (tIn(n al
*?( T 0- )>}_; Y o
B cos (T1In (N + 1)) o (tIn(N +1))
= —K(U+1,T){<W JN+10'T>+;< (Nt 17 I(N+1cr7’)>}(88)
“I(N+1,0,7)+al(N+1,0+1,7)+BJ(N + 1,0 +1,7) (89)
B cos (tIn (N +1))  osin(rln(N +1))
= —K(U—FI,T){ (N1 D7 = (N7 } (90)
+K(oc+1,7) <J(N—|—17a'77')+ gI(N+17O'7T)> —I(N+1,0,7) (91)
+al(N+1,04+1,7)+ BJ(N+1,0+1,7) (92)
Also we have:
o _ (c0—1) (o0—1)cos(rIn(N +1)) sin(rIn(N + 1))
J(N+1,0’,T)+;I(N+1,0’,T) = K(O’,T)( T (Nt 17 R ) (93)
o cos(tIn(N +1)) (o —1)sin(rIn(N + 1))
+ IKen (- T (W) (94)
_ (20 —1) (20 —1) cos(tIn(N + 1)) o(1—o0),sin(rIn(N + 1))
- K(o, T)( — - = (1+=—) R (95)



Therefore

K(U+1,T)<J(N—|—1,O’,T)+EI(N—FLO',T)) —I(N+1,0,7)
T

sin(r In(NV + 1))

And a; and a defined previously. We have 0 < o < 1 and the series
Zn>1 2—3 converge. Therefore b2 and c2 must be equal zero. In fact, we
have bz(0) = ca2(0) = 0.

Therefore
Y e
s = 3 o
= a(o)+ai(o) =a(o) — bi(o) (111)
= a(o)—K(o+1,7)=a(oc) -Gl —o0,7) (112)

— K(o+1,7)K(, 7)<(2UT_ n (20’7— 1) cos(g;li(i\)ffi— 1)) . 0(17—; o)
cos(tIn(N +1)) (o —1)sin(rIn(N + 1))
- K- (N+Dot 7 (Nt1! )
— ai4b cos(TIn(N + 1)) . sin(7Iln(N + 1))
- MU (N ) TN+ 1)
Where
a(o) = K(o7) (K(a + 1,7)@ - 1) (100)
bi(o) = —K(o,7) (K(a + 177)@ - 1) (101)
al0) = Kom)(Ke+1m)(1+ 0(1; o)y _ U ;U)) (102)
Therefore
™ en _ cos(TIn(N + 1)) sin(7In(N + 1))
;ﬁ = a1+b (N+1)071 Cc1 (N—Fl)" T 103
cos (TIn(N +1)) osin(rln(N+1
_K(J+1,7—){ ity N De }(104
+al(N+1,0+1,7)+BJ(N+1,0+1,7) (105)
_ cos(7In(N + 1)) sin(7In(N + 1))
= BNt T (e (106)
cos(TIn(N + 1)) sin(7In(N + 1))
+ai1+a+b N 117 +c N+ (107)
Where
b2(o) = bi(o)—K(oc+1,7) (108)
) = a(o) - gK(o +1,7) (109)

)

aafl



By combining the equations (77) and (112) we get that:

A(o) = a(lo)—GQ—o0,7)=0a(o) — G(o,T) (113)
Therefore
G(o,7) = Gl —o,7) (114)
Therefore:
- % (115)
Hence, the Riemann’s Hypothesis is true. ]

1.4 Conclusion

We saw that if s is a zeta zero, then real part R(s) can only be % 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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