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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 $(s) > 1, the Zeta function is defined as
the sum of the following series:

+o0 1
()= - (1)
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 3(s) > 0, minus a simple pole at s = 1:

s oo g
C(s):—l—s/1 :;{H}ldm (2)
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Where {z} = x — [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.

Riemann[1] has shown that Zeta has a functional equatiorEl

C(s) = 2°7° sin (g)m —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+t for ¢t € R. Some of the known results[2,
3] of ¢(s) are as follows:

e ((s) has no zero for R(s) > 1.
* ¢
* ¢
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 (: ie. {(s) =
(1 —s)=¢(5) =¢(1—5)=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 no zero of the form s =1+ i7. i.e. ((1441)#0, V7.

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

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 oo Ly
C(s)zs_l—s/1 :;{SJr}ldx (5)

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

L[ )
s—1 /1 xSt dx (©6)

1This 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:

¢(1—s)=2""%n""%cos (%S)F(S)C(s) (3)



Therefore:

1 /:oo S S 7)

ctir—1 gotiT+1

And

(;:11)2_j77_—2 _ /1+oo (COS(T In (x)) —x:jlln(T In (:p))){x} i -

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

Go,7) = RS 9)

$0+1

We also have 1 — 5§ =1 — 0 447 = 01 + 971 a zero for ¢ with a real
part o1 such that 0 < 01 =1 —0 < 1 and an imaginary part 71 such that
71 = 7. Therefore

T1

G(l—o,1) = m (11)
= (12)

oo [ sin(71n (x T
) /+ ( <x2<a>>){ i »

Before we move forward, we need to calculate the following function
I(a,o,T) for a > 0:

I(a,0,7) = /1a Mdm (14)

= /1n(a) sin(rz)e "% dzx (15)
0
— K(o,7) (1 _ cosizljll(a)) _ (a'; 1) Sm(;,li(a))) (16)
Where
K(o,7) CES =] 17)



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

27N
_ . ¢ 7 A{z}sin(rIn(z))
C}’((T7 T) = NE}IEOO . QWLN Tdm (18)
71n (e@ FLNg—
= lim . dxz sin(z) cler)e - (19)
N—+oco Tln(efm) T
27N L\ —Z¢
= lim dx sin(x)% (20)
Notoo J__1_ T
2w N
2w N
= NLHEoo 7;;117 g(z) sin(x) (21)
= NHTw U(N,o) (22)
Where
2N
U(N,o) = / dz g(z) sin(zx) (23)
- 21}N
ee?) o,
o) = L (24)
e(x) = {z} (25)
Method One

Let’s study the function g over R. We have the function g piecewise
continuous and and its derivatives are also peicewise continuous and:

E(ef) —Zz

o) = N (26)
l1—0o z
e T z (o2
o) = Soaer) - Zg() (27)
And the second derivative defined as follows:
1-20 617_0‘"” 627_(7z o?
gh(xz) = . = el(e™) + (e ) + T—Qg(:c) (28)

Thanks to the integration by parts we can write:



U(N,o) = / ﬂl dz g(x) sin(x) (29)

27N
1 _ 1 ) 1 27N )
— () ) 9N ) g prysin( o) — [ degn(a)sints)  (30)
T 27N
1 _ 1 ) 1 2 2N )
= g((—m)+)—g(2ﬁN )+9’(—2WN)SIH(W)—§/  dzg(z)sin(z) (31)
T 27N
27N 1o, 2=0,
1—20e 7 x e z .
—/21N dz <T = ellem) + = e//(ef)) sin(z) (32)
_ 1oy 1 1 o?
= g((—m) ) — 927N )+9’(—m) (m)—T—QU(NJ) (33)
- o dz ﬂ61770%6/(65)-1-6277%06//((5%) sin(z) (34)
i T T2 T3
Therefore
0'2 1 + .
(1+5)UW,0) = gl(—5-5)") = 9C@rN ") + gl(—=) sin(5x)
T e (L2 ety (e sina)
— L X pu 7_2 e/le 7'3 elre sm(x
27N
l1—0c
_ I 1 1 1—20 (>N N
= ol gy —9@nN ) g sinG) — 2 [ de e i)

o1
27N

The interval (0,27 N) is the union of the intervals (7 In(n), 7In(n+1))
where 1 <n < ny and the interval (7In(ny + 1), 27 N) where ny is the

. 2N
integer part of [e = 1]:

ny = [e = 1] (39)

We have e/(z) = 1 and e//(z) = 0 for each z € (7log(n), 7log(n + 1))
for each 1 < n < ny + 1. And for each z < 0, we have e/(e7) = 1 and

(35)

(36)

(37)



e/f(e7) = 0. Therefore, we can write the following:

o 1 _ 1 1 1-20 "&X printe e
1+ 5)UWN,0) = g(—5+)") = 9@rN") + gi(~ i - d 1eF ) si 10
(14 5)U0%0) = 0l 5rg)") =g ) 4 gy = =22 5 [ e et (1)
. 27N ooy .
1 20/ da & 5—¢/(e™ ) sin(z) (41)
T TIn(ny) T
ny—1 7 In(n+1) 62:01 t 2N -
-> / en(e ) sin( / e//(e?)sin(x) (42)
n=1 Y 7In(n) T3 Tll’l(’!LN)
1-2 0 =oa 2 0 z
- U/ﬁﬁdmeT2 e/(e™ ) sin( / e//( ) sin(z) (43)
1—0o
_ I _ 1.1 1-20 [7™N o7
= (-~ gax)) —g(2nN >+9’<—2WN>SIH<27TN>— e N (14)
3 1y _ 1.1 1—20  2zn
= (o)) — 9N ) 4 gl sin(o ) - 20 o,7) (15)
1-2 [° e
— dz sin(z) (46)
2
T 7211}N T
1 1. 1-2 e~ 57e
— _ +y _ : — i
= o))~ 9CANT) + (= ) sin() s [T e S sin(a) (47)
27N 27N
_1—20K(0 A1 cos(tln(e”™ )) (o —1)sin(rln(e™~ )) (48)
T2 ’ (e 22N yo-1 T (e 22N yo-1
1 _ 1 1—-20
= ()~ 92TNT) + gl ) sin(n) — T2 K (o, 7) (49)
1—-20 2 . 1—20 1
+ = K(o,T)e 7 a )—1—71(62”71\772—077) (50)
Therefore
o’ 1 1-20 - 1.1
(1+5)UN0) = gl(—5)") = —2K(0,7) = g2nN ") + gr(—5—) sin( <) (51)
+1;220K(U7T)e o) 120 ;2201(6ﬁ72—077) (52)
1 1—-20 _ 1 . 1 1—20_ , 1
= o))~ K (0,) — 92N ) + g1 ) sin() + A2 I (e 2 0,7)  (53)
+V(N,o0) (54)
Where
_ 1-2 27N (1)
V(N,o) = = K(o,T)e ™ (55)

From the equations (18-22), we have the sequence (U(N,0))n>1 is



convergent. We also have:

Ngng(2wN) = 0 (56)
. 1
Mim 9(-gy)sinGy) = 0 (57)
. N |
Jim g((-2)h) = g07) =+ (59)
lim I(e¥¥,2 = 0 59
i (¥ ,2—07) = (59)

Therefore, the sequence (V(N,o)n>1) is also convergent.
Since 0 < ¢ < 1, from the equation (55), the sequence (V(N,o)n>1)
converges only and only if o = %

Therefore
1
= = 60
o= 3 (60)
Hence, the Riemann’s Hypothesis is true. |
Method Two

Let’s define the function J(a, o, 7) for a > 0:

Ja,007) = [de 61)

x°

In(a)
= / cos(rz)e "% dx (62)
0

(c—-1) (o—1)cos(rln(a)) n sin(7 In(a))

T T ao'fl ao'fl

= K(O'7T)<

Where K (o, 7) is defined above in the equation (17).

We will use the same notation as in Method One, with a small modifica-
tion: we will use g(z,0) instead of g(x). We will also work with a slightly
modified U(N, o) as follows:

27N
U(N,o) = /0 dz g(z,0)sin(z)

2N

= to)— TN ,o x g/(x,0) cos(x
= 90%.0) = gCaN".)+ [ drgr(a.o)cos(o)

o 27N 2N e
= g(0",0)—g(2nN~,0) — . / dz g(z,0) cos(z) + / dx
0 0

With the same arguments like in the equations (37-44), we can drop
e/(e7) and write the following:

1—
-

27N

27 N
U(N,o) = g(0+,a) —g(2rN~ o) — g/o dz g(z,0) cos(x) —|—/(; dx

27 N

1—0o
T

2

27N
= g(07,0)—g(2nN~,0) — E/ dz g(x,0) cos(x) + lJ(e T ,0,T)
o T

T

x

ele

z
T

(64)

(65)

) cos(x)) (66)



We have g(0", o) = g(0", 1—0). Therefore, we can write the following:

1—0 27N o 27N
U(N,o0)—U(N,1-0) = g(2nN ,1—-0)—g(2nN ,0)+ —— dz g(z,1 — o) cos(z) — —/ dz g(z,0) cos(z) (69)
T 0 T Jo
+%J(62¢N,0,7)—%J(eziN,l—a,T) (70)
= WN,0)+ 20 0 m) - 21— 0,7) (71)

Where

1—0o 2w N

W(N,o) = g(2rN ,1—0)—g(27N ,0)+ —— dz g(xz,1 — o) cos(z) —
T

0

Using the equation (53), we can write the following:

2N
/0 dz g(z,0) cos(z) (72)

419

2 2em 1 1 cos(rIn(e”"))  sin(rIn(e*7"))
Je T o) = Je T 1-071) = Ko | om - T et TR (73)
T T (6 T )0'71 (67)071
2w N 2w N
—o —ocos(tln(e = sin(7In(e”
~K(1—o,r) =2 - Zzeosinle ) shn(rhle ) (74)
T T o (eTT)e (e77 )7
1—0 1—0 2xN(q_ O 2rN
= Kl-onZ-K K N (1-0) _ (1 — g ) Lo 2o
(1-0n2 - Kon) =7 + Ko, =% (1 -0 2 (75)
Therefore
_ g 1—0 1—0 2zN (1—0) O 2N,
U(N,o)—U(N,1—-0) = W(N70')+K(1—O'7T)§—K(O’7T)7+K(U7T)Te - —K(l—an’)ﬁe = 7 (76)
= W(N,0)+ K1 -0,7)Z — K(o,7) =2 + Z(N,0) (77)
T T
Where
Z(N,0) = K(o,r)i=%eBh0-0) _ g _g )L (1g)

T2

From the equations (18-22), we have the sequence (U(N, 0))n>1 is con-
vergent. And therefore, the sequence (U(N,0) —U(N,1 —0))n>1 is con-
vergent. Also, it is straightforward to see that the sequence (W (N, o)) n>1
is convergent. Therefore, the sequence (Z(N,o))n>1 is convergent.
Since 0 < ¢ < 1, from the equation (78), the sequence (Z(N,o)n>1)
converges only and only if 0 =1 — . Therefore

o = = (79)

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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