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In the late 19th century, German mathematician Karl Weierstra3 developed a method
for expanding meromorphic functions into products, called the Weierstral Factorization
Theorem. The Weierstral Factorization Theorem is surprisingly intuitive—just as poly-
nomials are defined (by the Fundamental Theorem of Algebra) as a product over their
zeroes, all meromorphic functions can be represented almost identically. Building upon
this theorem, Jacques Hadamard developed an infinite product representation of the
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Abstract

The asymptotic distribution of primes, first noticed by Carl Friedrich Gauss
in the late 18th century, was later proved independently by mathematicians like
Hadamard, de la Vallée Poussin, and Erdés, among others. This asymptotic dis-
tribution, discussed extensively in the Prime Number Theorem (PNT), states that

m(z) ~ —=2—. However, this theorem does not discuss the number of primes less

than ﬁnili?eg (ﬁgtural numbers. An exact description of the amount of primes less than
any number, known as Riemann’s Explicit Formula, was produced in Riemann’s
1859 paper “Ueber die Anzahl der Primzahlen unter einer gegebenen Grosse”. Rie-
mann’s explicit formula for the number of primes up to some n is most commonly

given by

D~ Ris » - p(n) [ 1 x
T =R C(pz);0 H H; n /zk w(xQ—l)log(x)d '
0<Re(p)<1

German mathematician Hans Carl Friedrich von Mangoldt also proved an equiv-
alent formulation of Riemann’s explicit formula, stated using the Chebyshev W
function:

_ # 0 1 —2
U(z)=2z— Z ?—ilog<1—z )—log(Zw).
((p)=0
0<Re(p)<1

This paper discusses the various formulations of the one precise formula which gives
7(z) in terms of a sum over the zeros of the Riemann-¢ function.

Hadamard Products and Von Mangoldt’s Function

Riemann-( function.



Theorem 1.1. (Hadamard)

o =5 () (=0 5)) (I #0-3)
0<Re(p)<1

Although this theorem constitutes a significant step in our proof of the Von Mangoldt
Explicit Formula, the proof is too sophisticated for this paper, and has been eschewed.

Theorem 1.2.
() < 2 2
((2) z; 2n(z + 2n) * cg:o p(z —p) +log(2m) + 11—z
n—= p)=
0<Re(p)<1

Proof. Note that

(G-1¢6) ¢+ - 1)

GoI G-
RS
_z—1+C(z)'

We evaluate the LHS alternately by noting that for some function f, % is always equal
to £ log(f(2)). Thus, the LHS is equal to

d
= log ((z — 1)((2:))
Equating the RHS of the two evaluations and shifting the :11 term, we see that

¢'(2)
¢(2)

Substituting the Hadamard Product Expansion for (z — 1){(z) into the expression and
evaluating the easy terms, we have:

_ diilog ((z— 1)C(Z)> - Zir

o = g los (G- 1) - =
_ dizl . (%(%)(E{e(ui)) ( C(glo ef’(l—f))) - zil
0<Re(p)<1
— d—(log (5) + =10 () +§;{e%<1+%>} iy {€;<1 - g)}) - ZL
0<Re(p)<1
~ log (2n) +d—(n:{log (F(+ ) b+ Py {10 (6?(“‘))}) i
0<Re(p)<1



We now tackle the first sum inside the derivative.

— | d = 2 - 1 —em (14 &) 625)
—1 on (1 + — — — 2n +
;{dz Og<€ ( 2n>)} 1{6%(1+2£( 2n 2n }

Moving on to the second sum:

ZO {%1%(6;(1—2))}: > {d%<log(e;)—|—log(l—§)>}

¢(p)= ¢(p)=0
0<Re(p)<1 0<Re(p)<1
1 1
- > [
¢(p)=0 b b
0<Re(p)<1
Coming back to the original equation with i/((j)), we see that
Cl(z)i ! 1+Z L b ogem) + —
— - - og(2m .
((2) “z+2n  2n o2 Pz & 1—=2
n= p)=
0<Re(p)<1

Rewriting the summands with common denominators, we see that

() & z z 2
N2 — log(2 .
¢(2) Zl 2n(z + 2n) * C?O p(z —p) + log(2m) + 1—=2
n= p)=
0<Re(p)<1

We begin our study of the Von Mangoldt Explicit Formula and the Chebyshev-¥
function with some more analysis of the function () and the Von Mangoldt-A function.

¢(2)
Theorem 1.3. .
¢(z) _ 3 A(n)
z) o
Proof. Note that for some function f, we have L /((x)) Log(f(x)). It follows from this

fact that CC((
Euler Product, we have:

4 Jog(¢(2)). Then, expandmg ¢ with its corresponding




With the product rule and a geometric series expansion, the expression becomes:

RO

p prime

:—Zlog !

p prime m= 1

> A
= — —.
n:ln

2 The Mellin Transform

Before we proceed any further, we will need to achieve a proper understanding of the
Mellin Transform and its properties.

Definition 2.1. Mellin Transform
The Mellin Transform M is an operator which alters functions as such: given an
explicitly stated function f, the Mellin Transform of f is given by

M(f(2)) = /100 v f (@) da

This integral operator should look very similar to the Gamma Function, because if we let
f(z) = e #, then

M(f(2)) = /000 ¥ e dr = T'(2).

Lemma 2.2.

—M(f(2)) = =M(f x log)(s).

Proof.

Lemma 2.3. Let & represent the functional operator defined by £(f(z)) = zf'(z), and
let f(1) =0. Then, we have

M((£(2))) = =M(f(2)).



Proof.
M(S(f(z))) = M(2f'(2))

= /OO af (z)z™ dx
1
h f/(x)dx.

1 T

We proceed using integration by parts:

M(E(f(z))) = x_zf(ac)’:o + z/loo f(z)z~ tdx.

The first term on the RHS becomes zero; it was assumed in the beginning that f(1) = 0,
and if f does not approach 0 as  — oo, then the integral would diverge. So, the RHS of
the above equation is left only with the second term, and we have:

M(E(f(z))) = z/loo f(z)z tdx.

Thus,
M(E(f())) = 2M(F(2)-

3 The Von Mangoldt Explicit Formula for ¥

Now that we have discussed the Mellin Transform in sufficient depth, we will proceed
to Von Mangoldt’s Explicit Formula. The Von Mangoldt Explicit Formula is an exact
formula for the Chebyshev-¥ Function in terms of sums over the zeroes of the Riemann-(
Function.

Definition 3.1. The Chebyshev-¥ Function
We define ¥(z) as

U(z) =Y A(n).

n<z

Before introducing and proving the Von Mangoldt Explicit formula, we must first
establish some groundwork.
2/ v e =n"",

Lemma 3.2.

Proof.



Lemma 3.3.

¢z) _
O M (U(2))
Proof. 1t follows from Lemma 3.2 that
— Z % =— Z A(n)z/ v e,
n=1 n=1 n

According to Theorem 1.3, the LHS is equal to %, so we have

o0

¢'(z) _ _ . )z L
() ;A“/n e

Because the variable z is always greater than or equal to n, we can swap the sum and
the integral to produce

) [N e,
() /12“) -

n<x

We now replace the sum over the Von Mangoldt-A Function with the Chebyshev-¥ Func-

tion: . -
i((j)) = —z/ Ve ldx
1

= —2M(¥(z)).

Theorem 3.4. The Von Mangoldt Explicit Formula for ¥(z)

U(z)=2— Z G %log (1 - z_2> —log(27).

¢(p)=0 b
0<Re(p)<1

Proof. We know from Lemma 3.3 that
¢'(2)
= —2M(¥(z2)).
According to Theorem 1.2, the LHS of this equation can be rewritten:

10g(27’(’)+;m+ C%Q p(Z—p)—i_l—Z:_ZM(\II(Z))

0<Re(p)<1

We can now divide by —z and inverse Mellin Transform on both sides. This produces
the exact formula for ¥ which we want:

L |
U(z)=2z— Z % ~ 3 log (1 - z’2> — log(2m).
¢(p)=0
0<Re(p)<1
It is possible to check this result by completing a term-by-term Mellin Transform on Von
Mangoldt’s Explicit Formula and multiplying by —z, which would give us the RHS of
Theorem 1.2. |



4 The Riemann Explicit Formulae for II(z) and 7 (z)

Definition 4.1. The Prime Counting Function
We define m(z) to be the number of primes less than z. Written mathematically, this

may appear as
-y

p<z
p prime

Definition 4.2. The II-Function
We define II(z) with the sum:

> 7( 1
Z +§7T(

n=1

3\.-

)+ 3l

t\.’)\»—A

Let the reader note that II(1) is equal to 0, since the function 7(z) within the sum
takes a value of zero when z = 1.

Definition 4.3. The Logarithmic Integral
We define the Logarithmic Integral function Li(2) to be:

: °1
L1(z):/2 log(x)dx

Theorem 4.4. Riemann’s Explicit Formula for I1(z)
Riemann’s Explicit Formula for II(z) is as follows for z > 1:

M(z) =Li(z) — Y Li(2") —log(2) + /Oow( ! dz.

2-1)1
((p)=0 v* = 1) log(z)
0<Re(p)<1

Proof. (Part 1) We wish to show in Part 1 of this proof that log (¢(z)) = 2M(II(2)).
We begin by taking the logarithm of the Riemann Zeta Function:

log (¢(2)) :log( 11 (1_2%)1)

pprime

- Ew(-d)

p prime
Knowing the Taylor series expansion of log(1 — ), it is possible to expand this sum into

o (¢) = 3 3L

p prime n=1

Then, using Lemma 3.2, we find that

log (¢(2)) = > Z / 1.

p prime n=1



Exchanging the order of the sum and the integral, we have

log (¢(2)) = Z/loo Z %x_z_ldx.

pt<x

Recall that TI(x) is equivalent to > pn % except for a set of points with measure zero.
prt<x

This implies that II(z) can substitute the sum in question without changing the value of
the integral. Then, we find that

log (¢(2)) = = /100 H(z)x " dw.

Thus,
log (¢(2)) = 2M(I1(2)).
(Part 2) We proceed with the derivation of Riemann’s Explicit Formula for II(z) in

the second portion of this proof. Note that W(1) = 0; this allows the use of Lemma 2.3,
which is used to show that

M(E((2))) = 2M((2).
Employing Lemma 3.3, we find that

¢'(2)
¢(2)

Since the RHS is equal to negative one multiplied with the logarithmic derivative of ((z),
we have:

M(E(¥(2)) = -

d
M(E(W(2)) = ——-log (¢(2)-
Recall that it was shown in part 1 of this proof that log (¢(z)) = 2M(II(z)). Then,

M (5(@(2’))) = —diiz./\/l (I(z))
Then, by the product rule,
M(S(\If(z))) = —M(II(2)) — zd%/\/l(ﬂ(z)).

By Lemma 2.2, we have:
M(E((2))) = =M(T1(2)) + 2M(I1 x log ) (2).

The fact that II(1) = 0 allows us to employ Lemma 2.3 again, which then allows us to
write

M(E(W(2)) = ~M(I1(2)) + M(E(TT x log ) (=) ).

Let the reader note that the Mellin Transform is injective, or one-to-one, which then
implies that the Mellin Transform is distinctly invertible. This, then, allows us to operate
an inverse Mellin Transform on both sides of the above equation, in order to produce the
following equality:

E(U(2)) = —I(z) + E(IT x log ) (2).
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All that is left to do is check that when each term from Riemann’s Explicit Formula
for II(z) is substituted into —II(z) + &£(II X log )(z), it produces its respective term in
& (\I/(z)), where ¥(z) is expanded using the Von Mangoldt Explicit Formula discussed in
Theorem 3.2. This completes the proof. |

Theorem 4.5.

m(z) = Z @H(zi)

Proof. Recall that we defined II(z) to be

I1(2)
>

n=1

m(z) + %71’(2’5) + —71'(2’%) .
)

Then, by the Mobius Inversion, we have:

1 1 1 1 1 1

7(2) = 1) — gMI(:4) — I0(eh) — 1) + Tni(ed)
R
—;Tﬂ(x )

Equipped with an equation relating m(z) and II(z) and Riemann’s Explicit Formula
for TI(z), we can now develop the explicit formula for 7(z). Before doing so, however, it
is useful to simplify lengthy functions into new ones, which provides the motivation for
the R-Function.

Definition 4.6. The R-Function
Let R be defined as such:

R =Y M

Now, it is possible to rewrite Riemann’s Explicit Formula in a way that shows precisely
how many primes exist below a certain z.

Theorem 4.7. Riemann’s Explicit Formula

m(z2)=R(z)+ Y. RE)+Y “51”) / OO mEam 1) s

¢(p)=0
0<Re(p)<1

Proof. This proof follows from the Mobius Inversion relationship between m(z) and I1(z)
provided in Theorem 4.5, and from Riemann’s Explicit Formula for II(z), provided in



Theorem 4.4. By substituting Riemann’s Explicit Formula for I1(z) into the result from
Theorem 4.5, we see that

7(z) = R(z) + Z R(2") + Z ,uiln) /ZO P 1) Tog(2) dr.

¢(p)=0
0<Re(p)<1

5 Consequences of Riemann’s Explicit Formula

Theorem 5.1. Riemann’s Explicit Formula implies the Prime Number Theorem.

The explanation provided is by no means a rigorous proof. Instead, we build an
intuition as to why the explicit formulae mentioned in this paper imply the PNT. Note
that there are many formulations of the Prime Number Theorem, the most common of

z

which is
™)™ fog2)
This is read as 7(z) is asymptotic to @, which means that

oa)
A T og(z)

While this representation of the Prime Number Theorem is useful to know, we will be
working with a different version of the PNT, which says that

7(z) ~ Li(2),

where Li(2) is the Logarithmic Integral discussed in Definition 4.3. We provide a short
proof of this version of the PNT below.

Proof. The Logarithmic Integral has a commonly known series expansion. This expansion
can be derived using integration by parts. Recall that Li(z) is defined to be

: ©1
L1(z):/2 mdm

We integrate the function by parts to produce

/logl(a:)dx - loga;x) +/®d$

Then,
x |° S |
Li(z) = +/ dx
(2) log(x) |, 9 log2(:c)
Z 4
= + dr + O(1
log(2) /2 log2(x) * (1)
Thus,




Recall that the prime counting function 7(z) has similar asymptotics. It is already given
by the most commonly known version of the PNT that

™) = O(logZ(Z))'

The identical asymptotics of both the Logarithmic Integral and 7(z) then imply that

m(z) ~ Li(2).
|

To understand how Riemann’s Explicit Formulae imply this version of the Prime
Number Theorem, we must examine the explicit formula for II(z) from Theorem 4.4.
The most significant term, or the one that dominates all others, is the Li(z) term. This
implies that II(z) ~ Li(z). This is not, however, the only asymptotic we can produce
for II(z). Given the series expansion for II(z) expressed in Definition 4.2, we see that
the first term 7(z) is by far the most significant. Then, II(2) ~ 7(z). By the transitive
property, we can conclude that 7(z) ~ Li(z). Thus, Riemann’s Explicit Formulae for
II(z) and 7(z) imply the Prime Number Theorem. [ |
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