THE RIEMANN ZETA FUNCTION AND ITS APPLICATION TO NUMBER THEORY

ABDULKADIR HASSEN AND MARVIN KNOPP

1. INTRODUCTION

This paper is based on lecture notes given by the second author at Temple University in the spring of 1994.
It was in these lectures that the first author was introduced to the theory of the Riemann zeta function. We
claim no originality in this exposition. All results and proofs are due to others and our contribution here is
the selection of material and presentation. We hope that this paper will introduce young mathematicians to
this beautiful theory and inspire them to go beyond these pages!

The Riemann zeta function is defined by
1
<(S)ZZE, for o > 1, (1)
n=1
where s = o + it. The notation s for a complex number is due to Riemann and is now standard in this
context. In this article we discuss and prove some of the basic properties of ((s). Our main goal will be to

show how to apply the zeta function in the proof of the Prime Number Theorem, henceforth abbreviated by
PNT.

Legendre and Gauss independently conjectured the PNT as follows. Let 7(z) be the number of primes
less than or equal to x, where x is a positive real number. Then

lim @ = 1. (2)

xr—

log x

In his only paper in number theory, in 1859, Riemann uncovered a deep relationship between the zeros
of the zeta function and m(z). This eight-page paper in fact gave rise to what is now known as analytic
number theory, a branch of number theory that uses complex analysis in tackling problems involving inte-
gers. Based on the ideas of Riemann, Hadamard and de la Valle Poussin independently proved PNT in 1896.
Both mathematicians used methods from complex analysis, establishing as a main step of the proof that the
Riemann zeta function ((s) is nonzero for all complex values of the variable s that have the form s =1+ it
with ¢ > 0.

To expose this point of view is one of the intentions of this paper. We hope that the reader will be
curious and interested enough to explore this rich and vibrant field of mathematics. For this we recommend
the introductory texts in this area, among which we mention Apostol [1], Chandrasekharan [4], Hardy and
Wright [6], Ireland and Rosen [8], Niven, Zuckerman and Montgomery [16], Patterson [17] and Rademacher
[18].
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Section 2 will review the necessary background material needed to develop the theory of the Riemann zeta
function as it pertains to the proof of PNT. In section 3 we will develop the properties of the zeta function and
prove the functional equation it satisfies. In section 4 we will first give some elementary theorems involving
m(x) and conclude the section with D. J. Newman’s much simplified (and much admired) complex-variables
proof of PNT.

2. PRELIMINARIES

Clearly the series defining ((s) in (1) convergence absolutely for o > 1. However the most interesting
properties of zeta are observed in the region where o < 1. The series representation given by (1) is invalid
in this region and therefore we have to find a way to extend it to this region. The most fruitful analytic
continuation of zeta is by way of integration. Thus we will be defining functions using integrals and justify
that such functions are analytic. In many instances we need to interchange the processes of integration, limit
and summation.

In order to keep our exposition brief and to focus on the important technical aspects of the application of
the zeta function to PNT, we shall assume that the reader is familiar with the theory of the functions of one
complex variable and convergence theorems of real analysis. One of the theorems of real analysis we will be
using often is the Weierstrass M-test for uniform convergence of series of functions. We will also be using
consequences of uniform convergence. For readers with graduate level real analysis, we point out that the
integrals we deal with can be considered as Lebesgue integrals and thus we can easily appeal to the Lebesgue
Dominated Convergence Theorem. For proofs of theorems related to these topics, we refer the reader to any
standard textbook of real and complex analysis but we mention Bak and Newman [2], Goldberg [5](Chapter
9), Hijab [7], Knopp [9](Chapter XII, Sections 56 to 58), and Titchmarsh [21].

One of the most important theorems of complex analysis that we will be using frequently is the Identity
Theorem. Here is the statement of the theorem. For the proof we refer the reader to Marsden [13]( Page 397).

Theorem 1. Identity Theorem or The Principle of Analytic Continuation Let f and g be analytic
in a region R. Suppose that there is a sequence {z,} of distinct points of R converging to a point z9 € R
such that f(zn) = g(zn) foralln=1, 2,3, ---. Then f =g on dll of R.

Example: Let g(z) = > o 2" and f(2) = 1. If |2| < 1, g(2) = f(z).(The series is a geometric
series.) f(z) is analytic everywhere except at z = 1. Thus f is an analytic continuation of g in the sense
that we define g(z) to be f(z) for z # 1.

To obtain a different representation of the Riemann zeta function it is essential to use the gamma and
theta functions. We shall define these two functions next and state the main properties that we shall need
for our investigation of (.

Definition 1. The gamma function, denoted by T'(s), is defined by
I(s) = /00 e da, o>0.
0
Integration by parts (u = e~%, dv = z°~!dx) yields
I(s) = %F(s—l— 1).

Note then that if s = n is a positive integer, then I'(n) = (n — 1)!. More importantly, we note that the
integral defining I'(s + 1) is convergent for Re(s) > —1 and hence 1I'(s 4 1) is the analytic continuation of
T'(s) to the region Re(s) > —1. We repeat this process to extend I'(s) to the whole plane with simple poles
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at the nonpositive integers. One of the classical books on special functions, Lebedev [12](Chapter 1), treats
many interesting properties and applications of the gamma function.

Next we introduce the theta function.

Definition 2. The theta function ©(z) is defined by

o0

O(z) = Z gmiE = 1+22€"2”2, Im(z) =y > 0.
n=1

n=—oo
The importance of the theta function lies in the property that we state in

Theorem 2. (The Transformation Law of Theta)
(1) ©(z+2) = O(z).

—7i

(2) ©(Z) = eT270(2).

As we shall see later, the transformation law stated above plays an important role in the analytic contin-
uation of the zeta function. In fact, the functional equation of {(s) is a consequence of this transformation
law. For the sake of simplicity we will proof a special case of Theorem 2 that we state in the following
proposition. However, we note that the Identity Theorem can easily be used to deduce Theorem 2 from

Proposition 1. If x > 0, then

To prove this form of the transformation law of the theta function, we first need the following theorem
from analysis.

Theorem 3. (Poisson Summation Formula) If f is continuous on the real line and > - f(n+1t)

Yo fnrt) = Y fme,

n=—oo n=—oo

converges uniformly on 0 <t <1 and if > f(n)e2™™t converges, then

where

fo) = [ farena,

Proof: Define ¢(t) = >.°° f(t+m). By our hypotheses, on the real line ¢ is continuous and clearly

m=—oo

¢(t+ 1) = ¢(t). Thus ¢(t) has a Fourier series expansion given by

(b(t): i an€2ﬂnt,

n=—oo

where
1
an :/ B(x)e 2™ dy,
0

That the Fourier series for ¢(z) is equal to the function follows from the fact that ¢(¢) is uniformly continuous
on [0,1] and that the Fourier series is uniformly convergent in [0, 1]. (For a detailed proof of this see [21],
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page 414. See also [10], page 39.) Let us find a, by substituting the summation for ¢(z) in the integral.(
We leave it to the reader to justify the permissibility of interchanging summation and integration.)

1 1 e’}
ay = / P(x)e 2™ gy = / Z flz +m)e 2™ 4y
0 0

m=—o0

> /olf e = 3 " fwyemn o

m=—o0 m=—oo Y m

[ s@emndn = o),
as desired.

Proof of Proposition 1: In what follows z is a fixed positive real number. We shall write exp(z)
instead of e* whenever it is convienient. Again we leave it to the reader to justify interchanging summations
and integration.

Define f(u) = e~™’®. Then S fn) =30 e~™’% converges and by the Poisson Summation
Formula (with ¢ = 0), we have

o) = 3. sy = 3 fw = Y [ sweran 3)

n=-—o0o n=—o0o n=—o0o
But f(u) = exp (—u?z) and hence by completing the square we have

2

exp (—mu’z — 2minu) = exp (—mz (u* + 2inu/z)) = exp (—m’c (u+in/z)* — 7rn2/x) .

The change of variable t = u + in/z then yields

co+in/x

/ fu)e 2™ dy = / exp (—m’c (u+in/z) — wnz/x) du = e—™°/® / exp (—mzt?) dt.

— 0 —oco+in/z
It can be shown that
ooJriT" [e’e]
/ exp (—w:ct2) dt = / exp (—w:ct2) dt. 4)
7oo+i?" —oo

Thus we have

° n? °
/7 f(uw)eexp (—2mwinu) du = exp (—7> / exp (—mzt?) dt.

— 00

Finally to remove x form the integral, we let ¢t = y/\/mx. This yields

71'712

/Z f(u) exp (=2minu) du = # /O:o oxp (1) dy =+ W,

where

1 > 2
S " dy.
7 \/;w/fooe Y

Substituting (5) in (3) and noting that - is a constant, we obtain

O(iz) = %@ (é) . (6)
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To complete the proof wee need to show v = 1. Since (6) holds for all z > 0, putting = 1 in the equation
yields v = 1, thereby completing the proof of the proposition.

As a consequence of Proposition 1, we have the following

Corollary 1. Fort >0, let U(t) = Y.°° e~ ™%, Then
1 1

1
U(=) = -2+t 620(1).
() =5+ 50+ i) @

Proof: This follows from the fact that ¥(t) = %

3. THE RIEMANN ZETA FUNCTION
Recall that the Riemann zeta function is defined by
1
= —, f > 1,
¢(s) ngl = or o

where s = o + it. Since |[n~°| = n~7, it follows from the integral test for convergence of infinite series that
the series converges absolutely for 0 > 1. Furthermore, if @ > 1 and ¢ > a, then

o0 o0 o0

1 1 1
D= <D <o
n=1 n=1 n=1

Thus convergence is uniform for ¢ > a, and therefore ((s) is analytic in the region ¢ > 1. For an in-depth
analysis and detailed proofs of properties of the Riemann zeta function, we recommend Titchmarsh [20].

Theorem 4. ((s) can be extended meromorphically to the right half-plane o > 0 and, in fact, ((s) — 25 is
analytic in o > 0.

Poof: For o > 0, define

n—+1 n+1
dn(s) = i—/ idu:/ (i—i> du.
ns n u® n n® u’
n+1 1 1
oo = | [ (- )

Butn™°—u"°= f: sz=°" ! dx. Thus we have

Then

< max (TfS - ufs) .
u€[n,n+1]

n+1 |S|
’nfs — uiS’ < |s|/ 7 Ndr < . (n=7 —(n+1)77).
n

Adding over n we get

> 1on(s)l < %Z(nf”—(nﬂ)*v) - g

Thus Y7 | ¢n(s) converges absolutely and uniformly in o > a, a > 0. Since ¢,(s) is entire, it follows that
the function F(s) defined by

F(s) = 3 éuls)
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is analytic function in o > 0.
On the other hand, we have, for o > 1,

R = o= 3 (- [ ) =k
+

= () - —

Thus ((s) = F(s) + -5 for o > 1. Since F(s) and X are analytic for o > 0, we see that F(s) + L is

the analytic continuation of {(s) to the region o > 0 with a simple pole at s = 1 and residue 1 there.

Next we extend this theorem by proving the functional equation of the Riemann zeta function.
Theorem 5. Let
s (S
®(s) =1 5T (5) ¢(s).
Then ®(s) can be continued analytically to the whole plane and it satisfies the functional equation

D(s) =P(1 —s).

Proof: From the definitions of {(s) and I'(s), we have, for o > 1,

o0 =57 (5)ct0 = ([ Tareran) (S5 ) <52 [ () e

Let y = x/ (n*r). Then
O(s) = Z/ y* > Vexp (—n’my) dy = / v P exp (—nPmy) dy = / v P10 (y) dy.
n=1"0 0 n=1 0
Now split the integral into two pieces to get

1 [e'e)
@@:/f”www+‘/¢”www
0 1

In the first integral, let us change the variable by letting y = 1/u. Then

B(s) = /loo w2y (1> du + /loo v 210 (y) dy. (8)

u

Using (7), we can rewrite (8) as

o0 11 =
B(s) = /1 us/t (—§+§u1/2+ul/2\IJ(U)> du + /1 y** U (y) dy

1 (o) 1 (o) (o) (o)
= ——/ w N du + —/ w22y + / w2 () du + / Y27 (y) dy
2 /1 2 /1 1 1
1 1 (o) (o)
= -4 +/ w27 (u) du +/ v 210 (y) dy.
S s—1 1 1
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Replacing v by y in the first integral on the last line of the above equation, we get

D(s) :—é + ﬁ + G(s), 9)
where
6o = | Ty () du + / Ty () dy (10)

Note then that G(s) is an entire function, since clearly ¥(y) < Ae~*¥, as y — oo for some constants A and

a. Also % and ﬁ are analytic except at 0 and 1, respectively. Therefore —% + Si—l + G(s) is the analytic

continuation of ®(s) to the whole plane.

To see that ®(s) satisfies the functional equation ®(s) = ®(1 — s), we need only observe that under the
transformation s — 1 — s the first integral in G(s) goes to the second and vice versa. Clearly % — 511 goes
back to itself when s is replaced by 1 — s. This completes the proof of the theorem.

Remark 1. (1) From the fact that I'(s) = 1T'(s+1), we deduce that lim,_g sT'(s) = lims_o ['(s+1) = 1.
It follows that lim,_.o sI" (£) = 2. Since G(s) is entire, G(0) is finite and hence lim,_o sG(s) = 0.
But then
lim (s®(s)) = lim (—1 =4 sG(s)) =-1.
s—0 s—0 s—1

From these facts and the definition of ®(s), we conclude that ((0) = —3.

(2) The function G(s) defined by (10) is entire. Thus ®(s) is analytic everywhere except at s = 0 and
=1, where it has simple poles. Solving for ((s) from ®(s) = 75/?T (s/2) ((s), we get
s/2

((s) = m‘b(s)-

Since the only poles of T'(s) are simple ones at 0, —1, —2, =3, -, it follows that 1/T (s/2) is entire
with simple zeros at s = 0, =2, —4, —6,---. The functional equation ®(s) = ®(1 — s) and the fact
that {(n) and T'(n) are nonzero for positive integers n, implies that s = —2, —4, —6,--- are zeroes
of (s). These zeroes are called the trivial zeroes.

(3) We will show shortly that if Re(s) = o > 1, then ((s) # 0. This fact and the functional equation
imply that all other zeroes are in the vertical strip 0 < o < 1. This is known as the critical strip.
The Riemann Hypothesis, one of the most famous open problems of the last 14 decades, states that
all of the nontrivial zeroes of ((s) lie on the line o = 1/2.

Next we derive the Euler Product Formula for {(s). For the remainder of our discussion p will be used
exclusively to denote a prime number.

Theorem 6. If Re(s) =0 > 1, then ((s) has following infinite product expansion
_a -1
) =JI[0-p7)", (11)
P
where the product is taken over all primes p. This assumption will be used throughout our discussion.

Proof: Let X > 0 be a positive integer. Consider the product HpSX (1- p*S)fl. We expand each term
of this product in to power series to get
1

2s

-1 1
1—p) =14 = +
(1-p77) >t

p35
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Substituting in the above product and multiplying out the terms (note that we have an absolutely convergent

series), we get
- =1 =1
e - TS Sk

p<X p<X k=0
where the ny are those integers for which their maximum prime divisor is less than or equal to X. But every
integer less than or equal to X is an ny for some k, so it follows that

-1 1 1
)= J[(t=p)"| < — 4 —
X (X+1) (X +2)
We now let X — oo and observe that
1 1

X117 Xta7
is the tail end of a convergent series for o > 1 and hence approaches 0, as X — oo. This proves the theorem.
One of the many consequences of Euler’s product formula (11) is a proof for the infinitude of primes. For
if there were a finite number of primes then the product in (11) would be finite for s = 1 which in term

would imply that lims_,; ((s) is finite. Since ((s) has a pole of order 1 at s = 1, we have a contradiction.
Here is another consequence of (11).

Corollary 2. ((s) # 0 for Re(s) =0 > 1.

Proof: This follows from Euler Product formula (11) and the fact that for o > 1, 1 —p=° # 0 for all
primes p. (Observe that the product in (11) cannot diverge to 0.)

The following theorem is critical in the proof of the Prime Number Theorem that will be considered in
the next section.

Theorem 7. |((1+ it)| # 0 for Re(s) =0 > 1.
We first prove
Lemma 1. For s=o0 +it, o > 1,and t # 0, we have
¢ (0)¢H(s)¢(s +it)] = 1.
Proof: Let p = ¢'?, ¢ real. Then p'/2 + p~1/2 = 2 cos(¢/2) and hence

4
0< (M2 +p7Y2) = P+ p 2+ 4lp+ p1) + 6 = 2Re(p?) + SRe(p) +6.

Thus
Re(p*) + 4Re(p) +3 > 0. (12)

Assume for now that Re(s) = o > 1 and take the logarithm of both sides of (11) to get

s 1 1 > an

log((s) ==Y log (1-p~) =D > ——o=3 %,
mp n
P p m=1 n=1

where

1 m

ap =
0, otherwise.
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Here we have applied the power series expansion of log(1 — z) and rearranged the double sum. From this we
conclude that

log((0) = Z apn~ %, log¢(s) = Z (ann*”) n, log (s + it) = Z (annfg) n—2it
n=1 n=1 n=1

Note that a,n~% > 0. Put p =n"" = e7#1°8" Then |p| = 1 and by (12) we have
Re(n™2") + 4Re(n™") +3 > 0.

Multiplying this inequality by a,n™" > 0, noting the fact that Re(a,n="n"") = (a,n~7)Re(n™"), and
adding the resulting inequality over n, we get

Z {Re(annﬂyn*mt) + 4Re(ann7”n7it) + 3ann7‘7} > 0.

n=1
Thus we have

Re(log((o + 2it) + 4log((s) + 3log((a)) > 0
and exponentiation yields
exp (Re(log((o + 2it) +4log ((s) + 3log((0))) > 1.
This implies that
exp (Re(log ¢(o + 2it)) - exp (4log((s)) - exp (3log((0))) > 1.
Since |z| = exp (Re(log(z))) holds for all z, we conclude that
P (@)¢H(s)¢(s +it)] > 1,

as desired.

Proof of Theorem 7. From the above lemma we have, for o > 1,

(0= 1)¢(s +it)| (f(ﬂ) ]4]((0 ~1)¢(0)) ]3 > 1. (13)
Now suppose [¢(1 + it)| = 0 for t # 0. Since ((s) has a simple pole at s = 1, we have
lim (o~ 1)¢(0) = 1. (14)
Note also that
(1 +it) = lim Clo+it) —¢(L+it) _ (o +it) (15)

oc—1 (0’ =+ ’Lt) — (1 + ’Lt) co—1 o—1
exists and is finite. Since ((s + it) = ((o + 2it), we see that
lirnl(a— 1)¢(s + it) = 0. (16)
Taking the limit as ¢ — 17 for the expression on the left side of (13) and using (14), (15) and (16), we
conclude that the limit of the left hand side of (13) is 0, in contradiction to the inequality stated there.
We conclude this section with an application of the Euler-Maclaurin summation formula:

Theorem 8. Euler-Maclaurin Summation Formula If f has a continuous derivative f on the interval
[a,b], where 0 < a < b, then

> st = [ s [ (- 5) - (0)-3) 50+ (10 - }) s )

a<n<b
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where [z] denotes the greatest integer less than or equal to x and {x} = x — [z] denotes the fraction part of
x.

For the proof of Euler-Maclaurin Summation Formula see [20], page 13 and also [1], page 54. If we
let f(x) = 7%, N(s) > 1 and let a, b be integers, then {a} = {b} = 0 and f'(z) = —sz~*"!. The
Euler-Maclaurin summation formula yields

1 b1 {x}—1/2 1 1
i — —d N
Z ns /a s v o opstl du 2ps + 263
a<n<b
b b
1 {x}—l s 1 1 1
= —d -z dx — —
/axs"” 2/a YT g T
1 1 -1 b 1 1
= {x} dx — f‘/ de — +
s—1\ps—1 +1 2 ), x5t 2ps  2bs

+s

1 1 —{x} 1 11

s—1 (p51 ) zoH x+2 (FS‘E) T T
1 1 1-{;«} 1

s—1 (as )

s+1 -z bs as :
We now let b — oo and add a—° to both sides to obtain

1 1 < 1—Az
ZE T (s Das ! - S/a xsil} : (18)

n>a

Note that with a = 1, (18) gives another representation of (:

1 *1—{z
(=g s [

Since the integral is convergent and holomorphic in ¢ > 0, this representation also gives an analytic
continuation of ¢ to the region o > 0 with a simple pole at s = 1 and having residue 1 there. Equation (18)
will be used in the proof of Theorem 13 in the next section. For some asymptotic formulas involving ¢(s)
that follow from the Euler-Maclaurin summation formula, see [1], page 55.

4. THE PrRIME NUMBER THEOREM

Let 7(x) denote the number of primes less than or equal to x. Euclid proved that there are infinitely many
prime numbers. Euclid’s proof of the infinitude of primes can be found in any introductory level number
theory book (e.g. [6], [19] ). Thus clearly lim;_,o 7(z) = co. The question then becomes: how does 7(z)
behave at infinity? In other words, how rapidly does it go to infinity? To answer this question we introduce
the following notations.

Definition 3. Let f, g : R — R be functions such that g(x) > 0. Then we say,

() = O(g(x)) if there exists R > 0 and M > 0 such that |f(z)| < Mg(x) for all x > R,

() = o(g(x)) if limy o0 % =0,
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(3) fl@) ~ g(a) if limy o0 L = 1.

If f and g satisfy definition 3, we say that they are asymptotic. The following facts can easily be proved
and will be used freely.

Theorem 9. (The Prime Number Theorem - PNT)
)

1m ——--
r—00 €T
log x

The proof of PNT is one of the crowning achievements of modern mathematics. The effort made in
proving it had tremendous impact upon the development of complex analysis in the 19th and 20th centuries.
Among the principal contributers to the proof of the PNT were Legendre, Gauss, Tchebychev, Riemann,
Dirichlet, Hadamard, and De la Valle Poussin. Each of these mathematicians used the methods of analysis.
In 1949 Erdos and Selberg gave a proof that is elementary in the sense that it does not use the methods of
analysis. For a brief summary of the history of the theorem and its impact see the excellent and readable
paper of Bateman and Diamond [3]. The first proof of the theorem appeared in 1896, given independently
by Hadamard and De la Valle Poussin. In this section we present the proof of Newman [14] (See also [15],
Chapter 7).

=1. (19)

In 1796, Adrien-Marie Legendre conjectured that
7(x)

where B=1.08... is a certain constant close to 1.

x

~— 20
logz — B’ (20)

Carl Friedrich Gauss, based on the computational evidence available to him and on some heuristic rea-
soning, was able to arrive at his own approximating function. We state Guass’s conjecture as follows.

If we define
Todt
Li(x) = — 21
i@ = [ (21)
then

m(x) ~ Li(x). (22)

One can show that Li(x) has the following expansion.

x x 2z 3lz nlz

Li(x) = + + + + o+ —= (1 +€(x)), 23
(=) logx (log 3:)2 (log 3:)3 (log 3:)4 (log 3:)"“ ( (@) 23)

where €(z) — 0 as © — 0.

The Russian mathematician Pafnuty L’vovich Tchebyshev attempted to prove PNT in two papers from
1848 and 1850. In fact, Tchebychev proved the following two statements about distribution of primes. Note
that these statements are weaker than PNT.
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Theorem 10. (Tchebychev) For Li(x) as in ( 21) we have

- m(x) — ()
1 <1<1 24
oo Li(z) = = woo Li(z) (24)
and
T T

< < 25
“ logz mw) < C210gx’ (25)

where ¢; = 0.92--- and ¢ = 1.105- - -. Here lim and lim are limit inferior and limit superior.

Following Remark 3 (below), we will prove a weak form of (25) in which the inequalities hold with
c1 = (log2)/3 and ¢z = 8log2. To this end, we need to define the following functions.

logp, if n=p*

Definition 4. (1) A(n)

0, else,
(2) 9(z) =3 ,<, logp,

(3) (x) =3, me,logp.
Remark 2. Note that

¥o) = S A = X |22 togs

n<x pm<zx 10gp
and that

U(x) =d(x) + 92 + 93 + ..
The following theorem gives the connections between the above functions and the Prime Number Theorem.

Theorem 11. Let

- — v
Ll - 11mx~>oo xx) ) L2 = 11mx~>oo ) ) L3 = 11mx~>oo (x) ) (26)
logx x
U v
h = 11mx~>oo Tr(xx) ) ly = h—mme (x)5 ls = h—mxﬁooﬂ (27)
log x x x
Then

Proof: As pointed out in the preceeding remark, we have

U(x) =0(x) +0(2?) + 93 + ---.
Thus 9(x) < ¥(z). Also

log =
U(z) = Z [loip] logp < Zlogm =m(x)logx.

p<z
Hence we have

I(x) < U(z)  7(x) logx'

<
x x

x
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Taking lim sup we get Ly < L3 < L;. To complete the proof of L; = Ly = Ls, it suffices to show Ly > L.
To this end, let 0 < @ < 1 and = > 1. Then

I(x) > Z logp > alogx Z 1 =alogz (n(z) — m(z?)) > alogx (n(x) — z%),

r¥<p<z > <p<z

since 7(z%) < x®. Thus we have

9(x) m(x)logx log x
>« a—= 0.
x x x
logx
oS ey

= 0, we conclude that

- 9 -
1irnggﬁooﬂ > alim, o
T

Since lim,_, o

3

(x)
- -
logx

Thus Ly > aL; and taking the limit as « — 17, we conclude that Ly > L;.

Similar arguments can be used to show l; = [y = I3 and we leave this to the read as an exercise.

Remark 3. In view of the above theorem, note that PNT follows if we can show that lo = Lo = 1. The
main goal of the remainder of this paper is to prove this fact.

We now prove a weaker form of ( 25) mentioned above. To this end, for any positive integer n, let

N = ( 2n ) (2n)!  (n+1)(n+2)---2n

n

nln! 1-2---n

Then

22"_(1+1)2"_§:(z”>>(i”>_N.

k=0

Since ( zn ) < ( in ) for each k, we also have

22"_(1+1)2"_§:( Z”)gi(i”>_1\](2n+1).

k=0 k=0

g1(2n>(2n)!n ~ (@2n-1) (2n—1>

We note that

2 2\n ) @m)?22n nln-1! \n-1
Thus N/2 is divisible by every prime in the range n < p < 2n — 1 and hence divisible by their product. In
particular, we have
H p < N.

n<p<2n
Combining the preceeding inequalities, we have proved

I[ p<N<2"<N@n+1). (28)

n<p<2n

We also note that

_ “k+n (n+D(n+2)---2n
> n=n"CM"m)  and 2" < = = N. 29
Mo 10 i ot )

n<p<2n n<p<2n
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On the other hand, if p® is the largest power of a prime p that divides n!, then

-2 [

m=1
(For the proof of this, see [1], page 67.) Since N = %, any prime that divides N must divide (2n)! and
hence is less than 2n. Thus if we write
N = a(p)
p )
p<2n
then
> 2n n
-5+ 2]
0= ([ 2

Note that p™ > 2n (and hence [5—"} = 0) if and only if m > (log2n)/logp. Thus the above sum contains

m

log2n
logp

p*(®) < 2n and we have proved that

] terms. Also each term is either 0 or 1. Hence a(p) < [l‘fog;:] < l‘fog;:. But then

no more than [
N < (2n)7(™), (30)
From ( 28), ( 29) and ( 30) we get

gn < (2n>ﬂ-(2n) and nﬂ-(2n)fﬂ-(n) < 22n' (31)
Taking the logarithm of the first inequality in ( 31) yields
nlog2 < w(2n) - log(2n).
For any real > 3, let n = [z/2]. Then n < /2 < n+ 1 and hence
; log2 < (n+1)log2 =nlog2+log2 < m(2n)log(2n) + log2 < m(x)log(z) +log2 < gw(x) log x,

since 2log2 < 7(z)logx for all > 3. Thus

c- Togz < m(x) (32)

for any « > 3 and ¢ = (log2)/3 = 0.231049 - - - . This is much weaker than ( 25).

Taking the logarithm of the second inequality in ( 31) and dividing the resulting inequality by logn, we
get,

m(2n) —w(n) < 12_71 -log 2.

ogn
Now let > 6 be any real number, and let n = [2/2]. Then 7(z/2) = 7(n) and 7(z) < 7(2n) + 1. Thus
2n 2nlog2 +logn _ xlog2+log(x/2)
— 2) <7(2n) — 1< log2+1=
m(@) —m(@/2) < m(2n) —w(n) +1 < ogn og2t logn —  log(z/2-1)

For = > 6, it can be shown that
zlog?2 + log(x/2) < 2xlog2

log(z/2—1) ~ log(x/2)
We use this in the above inequality to conclude that

(w(x) -7 (;)) log (;) <2zlog2,
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which implies

2z log2
W(x)_w(f) < _roes
2 logz —log2

From this and the fact that 7(x/2) < x/2, we conclude that
m(x)loge — (;) log (E) = 7(x)logx —7 (;) logz + (;) log 2

2
(= (2) s+ (22)

2log2logx  log2
T +
logx —log2 2

IN

) < (4log2)x,
for x > 23 = 8. One can easily check that the last inequality is valid for 0 < x < 8.
Now fix y and let = y/2™ for m = 0,1,---, N in the above inequality and sum over m to get

oy~ = (b oe (dr) < s 1= (3) ).

Taking large N yields

y
<d
m(y) < Togy’

where d = 8log2 = 5.54518 - - -. Again this is a weaker form of ( 25).

(33)

We can improve on the constants occuring in ( 32) and ( 33). Taking the logarithm in ( 28), we get

log H p| <logN < 2nlog2,
n<p<2n
which yields
9(2n) —Y¥(n) < 2nlog2.
Put n = 2™ and add the result for m =0, 1,--- , k, to obtain
k

k
> o wEm) —vEmr< Y (2™ log2) < 28 log2.
m=0

m=0

From this we conclude that

19(2k+1)
oF < 4log?2.
Finally for any = > 2, choose k so that 2% < 2 < 281 and apply the last inequality to obtain
9
ﬂ <4log2 = cs.
x
This implies that L < 4log2 = 2.77529 - - - = ca.

(z)

r—00 g

To prove I3 = lim > ¢1 = .6932, we observe that

log 2n M
(2n) = Z [ Togp ] logp = Z M, logp = log H P > log N,
p<2n p<2n p<2n
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22'n.

where M, = [2£2%]. On the other hand, 22" < (2n + 1)N implies N > 32 and hence

log N > 2nlog2 — log(2n + 1).

Therefore we have
U(2n) > log N > 2nlog2 — log(2n + 1).
For x > 2, let n = [%] Then n > 1, n > 5§ — 1, and 2n < x. Hence

U(z) > ¥(2n) > 2nlog2 —log(2n + 1) > 2(; —1)log2 —log(z + 1) = (x — 2)log 2 — log(x + 1),

and dividing the first and last terms by z, we obtain
U(z) < (x—2)log2 log(z+1)

xr x x

log(z+1)
T

l3 >log2=.6932-- -,

Taking lim inf and noting that lim,_ =0, we conclude that

as desired.

We now return to the proof of lim,_. @ = 1. We first prove the following theorem.

Theorem 12. Let

pla) = 2L (34)

Then the following statements are equivalent.
(@)

(2) limy_,o0 (p(x) — logz) exists.

Proof: We will show (2) = (1). Note that this is enough for our main objective here. We leave it to the
reader to prove (1) = (2).

Let B =lim,_, (p(x) —log x) We observe that

logp, if n=p

n{p(n) — p(n — 1)} =
0, else,

and hence we have

Iz) = 3 logp

p<z

2<n<z

= 5 {(ptm = tozn) = (ot~ 1) gt - 1) -+ 3 miog ().

2<n<z 2<n<z
Let
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and

Fy(z)= Y n1og(nﬁ1>.

2<n<z
Claim
Fi(z) = o(x) and Fy(z) = 4+ O(log x).
Note then that

and hence

To prove the claim, we rewrite F; as

Fi(z) = Z n{p(n) — 1ogn} — n{p(n —1) — log(n — 1)}
= > nfom) —10gnf - >+ D{pmn) ~ log(n)}

(o(la]) —10g((a) ) el + > n{p(n) ~logn}

= > o) —tosm} - Y {pn) —logn)}
= (pla) —10g(a)) (Ie] + 1) = D= {o(n) ~ log(m) }.

Let §(z) = p(z) — logz — E. Then by assumption, lim, .o §(x) = 0. That is 6(z) = o(1) and we have

Fi(z) = (5([$])+E)([x]+1)— 3 (5(n)+E)
- (5([x])+E)([x]+1)—[x]-E— 3 b

= B+a(a) (2l +1) = D o).
But o
S 6(n) = ofx) and &(fa]) (fa] + 1) = o(a).
Therefore, -
Fi(x) = E+ o(z) = o(x).
Also

Eb(x)

3 nlog(%)- 3" nlog (1+ﬁ>

2<n<z 2<n<z

© (_1)k+1( 1 )k
3<n<z k=1 n—1

I I
[\ [\
R R
[\ [\
+ o+
AN
— S
‘ (]
—
=
"
S
|~
Z
L%
\; =
——

17
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Since .
= (1Rt N — 1 n 1
ZTL _ k S_Z _ = _ _ :O - )
P k(n—1) 2= \n—1 2(n—1)(n —2) n
we have
n 1
Fy(z) = 2log2+ > {n_1+0(5>}
3<n<z
= 2log2+ » (1+ ! >+O Zl
N & n—1 n
3<n<x 3<n<Lx
= 2log2+ ([z] — 2) + O(log )
~ 2]+ Ofloga)
= x4+ O(logz),

as claimed and we have completed the proof of the theorem.

To complete the proof of PNT we must prove
Theorem 13. lim, .o (p(x) — logz) ezists.

We shall present the beautiful proof of D. J. Newman [14]. His proof depends on the following conver-
gence theorem, due to Ingham and dating back to 1929. The proof by Ingham uses Fourier analysis while
Newman’s proof of the convergence theorem uses only the theory of complex analysis. For comments upon
and reviews of Newman’s proof of PNT, see the articles by D. Zagier [22] and J. Korevaar [11].

Theorem 14. (Convergence Theorem) Let {ay} be a bounded sequence of complex numbers. For Re(s) =
o > 1, assume that

= a
F(s) = n—z
n=1
is analytic in an open set containing the region Re(s) > 1. Then the series .~ | %= converges for R(s) > 1.

We shall return to the proof of the convergence theorem later. Let us assume its validity for now and use
it to proof Theorem 13.

Proof of Theorem 13. Define

CEDSEEED M DI B

p<n

Clearly p(n) < n and hence the series defining f(s) converges absolutely for o > 2. We rewrite f as

£ =3B (30 (3)

and use (18) with a = p to obtain

o0

1 1 %1 {1}
= - dt
Z ns  (s—1)ps—1! + S/p ts+l ’ (36)

n>p
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where {t} = ¢ — [t] is the fractional part of the real number ¢. Define

1 1 s(s—l)/ool—{t} 1 s(s—l)/ool—{t}
Ay(s) = — — + dt = — + dt,
;D( ) ps ps -1 D » ts+1 ps(ps _ 1) D » ts+1
so that
=1 P 1
n® s—1 (p5—1+Ap(S)>'
nzp
Using this in (35), we get
1 logp
F8) = — (Z 1T A 1ogp> : (37)
P P

Clearly A, (s) is analytic in Re(s) = o > 0( one can appeal to the Dominated Convergence Theorem to
justify differentiating inside the integral to see this) and is bounded there by

1 s(s — 1)
po(p7 —1)  op7tt
For p > 5 and o > 1/2, we note that p° — 1 > p?/2 and hence

2logp _ |s(s — 1)| logp
[Ay(s) logpl < =22F 4

o pchrl :

Clearly

log p logp 1
ZP% < 00 and Zpg+l<oo for 0’>§.

P P
By the Weierstrass M-test we conclude that the series defined by

Als) =Y Ap(s) logp
P
is analytic in Re(s) > 3 and by (37) we may express f(s) as
1 logp
fls) = —= (Z %8P A<s>>. (39)

From the Euler Product Formula (11) for ((s), (yes! finally ((s) is coming to the scene), we have
C(s)=1[,Q- p*S)fl. Upon logarithmic differentiation, we obtain

<) = — logp valid for o
N zp:ps—r lid f > 1. (39)
Using (39) in (38) we see that
Fl) = —— (—i((j; 4 A(s)) . (40)

By Theorem 7, |¢(1 + it)| # 0 and from Euler’s Product for {(s), we know that {(s) # 0 for o > 1. Since
¢(s) has a simple pole at s = 1, we see that (s — 1){(s) # 0 in o > 1. We also observe that
¢'(s) 1
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where g(s) is analytic at s = 1. Note then that

16 = 527 (2 9000+ 40).

Thus f(s) is meromorphic in an open set containing $(s) > 1, holomorphic there except at s = 1, and with

the principal part
1 n c
(s—1)2 s—1

at s = 1, wheres ¢ is a complex number.

We have proved that the function
F(s) = f(s) +¢'(s) = e¢(s) Z

where
ap = Z logp _ logn — ¢=p(n) —logn — ¢,
p<n
is analytic in an open set containing o > 1. By the Convergence Theorem we conclude that
A
n=1 "

converges. Our theorem now follows if we prove the
Claim:
lim a, = 0.
n—oo

To prove the claim, let 0 < € < 1 be given. By Cauchy criterion for convergence of a sequence, there

exists Ng > 0 such that for K > N > M > Ny, we have

S e
n

and

=]

N
> W=
n=M
But then for N < n < K we have
logp N
n —aN = Z +log N — logn > log <E> > log (E) .

N<p<n
€

We now choose K so that 7+ (K — N +1) > T
an > ay — €. It follows that

and 10g(%) > —e. Then, for N < n < K, we have

which is equivalently to
Yonon
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But Yp_y 2> (K- N+1)> 7 Therefore,
K
(79 1 + €
wv-c = (32 (45).
n=N
Combining (41) and (43), we get
ay <2+ €.

On the other hand, for M <n < N, we have

aN — ay = Z b%—l—log(%) Zlog(%) > log (%)

n<p<N

We now choose M < N so that log (%) > —1= and W > €. This gives

and hence

Assume ay + 7% < 0. Since Zﬁ;M % > % (N — M + 1) > ¢, the above inequality implies that
N
an €
> < (aw+ ) e
n 1—c¢
n=M
From this and (42) we obtain
€(2—¢€
an > — (1 - 6)
If ay + 1= > 0, then
€ €(2—¢)
_ > _
aN = 1—e™ 1—€¢’

since 0 < € < 1. In either cases, (45) holds.

Combining (44) and (45), we conclude that
lim a, = 0.

Note then that for any real number z, if we let n = [z], then
lim (p(z) —logz) = lim (p(n) —logn) = lim (a,+c¢)=c

and the theorem follows.

21

(45)

The proof of PNT is now complete except for the proof of the Convergence Theorem. We shall present

this proof now.

Proof of the Convergence Theorem: Suppose |a,| < K and let

o) an
n=1
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be analytic in an open set containing o > 1. Since we can replace a, by 7, we may assume K = 1. Fix w

with R(w) > 1 and let € > 0 be given. Let R = max{2,1}. Then F(s + w) is analytic in R(s) > 0. Hence
there exist positive numbers § and M, depending on R, with 0 < § < % such that F'(s 4+ w) is analytic and

|[F(s+w)| <M in —3§ <R(s), |s|]<R. (46)

Let I" be the curve, with counter-clockwise orientation, given by

I'={seC|R(s) >4, |s| = R} J{s € C[R(s) = =4, |s| < R}.

Let T',. be the portion of T for which ®(s) = o > 0 and let I'; be the portion for which ¢ < 0. By the
Cauchy residue theorem, we have

/FF(S + w)N? (é + %) ds = 2miRes (F(s +w)N*® (é + %) ;s = O) = 2miF(w). (47)
On T, F(s+w) is given by its series and we may write it as F'(s + w) = Sy(s + w) + rn(s + w), where
N 00
Sn(s+w) = Z n?‘tw and ry(s +w) = Z n?j:w.
n=1 n=N+1

Note then that Sy (s + w) is entire and hence

1
/ Sn(s+ w)N? (——i—%) ds = 2miSy (w).
|s|=R s R

On the other hand,

s(Ly ) gs= s(ly 2 s(Ly 2
/|S|_RSN(5+w)N (g—l-ﬁ)ds—/rrSN(s—l-w)N (5+R2>ds+/FTSN(S+w)N (S+R2>ds,

where —I', is the reflection of I, through the origin. Therefore, we have

. (1 s (1 s
27T’LSN(’LU) = ‘/FTSN(S-F’LU)N (g-ﬁ-ﬁ) dS-l-/FTSN(S-F’LU)N (g-’-ﬁ)ds

In the second integral we change variable from s to —s to obtain

1 1 S

2miS (w) = /F Sn(s +w)N? (g + %) ds + /F Sx(w — $)N=* (g + ﬁ> ds. (48)

Combining (47) and (48), and noting that F(w + s) — Sy (s +w) = rn(s), we get

2 (F(w) — Sy (w)) = /F {TN(S +w)N* - W} (1 + i) ds

1
+ / F(s+w)N*® (——l—%) ds. (49)
I, S R
To estimate the integrals in (49), we observe the following bounds.

On |s| = R, we have

1+57
s R2|

S S

_ 2[o|
s2 " R2

= Zr
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On o = -4, |s| < R, we have

1 s R*+s%| 1 (R%+|s? 2
4 2= < | =/ )<z 1
s TR ’ sRT |5\ rR )% (51)
where we have used the fact that |s| > |o| = 4.
Since |a,| < 1 and R(w) > 1, we have, for s € T,
= 1 * du 1
T S e (52
n=N+1
and
al N 11
o—1 o—1 o—1 _ o
|SN(w—S)|§nZln <N +/0 uwldu = N (NJF;). (53)

Combining (50), (52) and (53) we obtain, for s € Ty,

Sy(w—3s)] (1 s 1 1 1\20 4 2
Ne 2NV (2 2 ) < (o) 2 2
[TN(S+w) N S+R2 S\oto W RQ_R2+RN

Noting that the length of I, is 7R and using the M — L theorem we have

/F [TN(S +w)N® — W] (% + %) ds

r

On I';, we write

1 s R , 1 —§ +it
F N° (=4 = )ds = F(=§ +it Nt jdt
[ roren (Grgg)as = [ Fessivvun (e St

1
+/ F(s4+w)N*® (——l—%) ds, (55)
C1UC2 S R

where
Ci={s=o0+itel|-06<oc<0andt >0} and Cy={s=o0+itel|-0d<o<0andt <0}
By (46) and (50), with s = —o + it, we have

1 s 2|o|
F(s+w)N?® (——i——) ds,| < 2 MN°——do
~/C‘1U02 S R2 —4 R2
—aM 0
= 7 ), oN°do
4M (1 - N7 —3N°logN 4M
- = ( : 8 ) < —. (56)
R log”* N R2log” N
By (46) and (51), with s = —6 + it, we have
R . R
- 1 -+ it 2 AMR
F(—6+it NoFit jdt| < / MN~°2dt < , 57
/,R (=0 +it+w) St w )T, 3= SN (57)

We now combine (56) and (57) to get
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(1 s
Using (54) and (58) in (49) we get

<4MR+ aM
~ ON°  R2log’ N’

1 4 MR 4 M
N~ 6N° " R21og’N’
Since R > 2, we can take N large enough to conclude that |F(w) — Sy (w)| < € thereby proving the fact that

the infinite series ) ° | 22 converges for (s) > 1. This completes the proof of the Convergence Theorem.

F(w) - Sw(w)] < 5+
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