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1 Introduction

1.1 Historical Remarks and Outline

In a letter dated to 7 June 1742, the German mathematician CHRISTIAN (GOLDBACH
wrote to LEONHARD EULER his conjecture that every even integer can be represented
as the sum of two prime numbers. Over two and a half centuries later, this still remains
unproved, but throughout this period, Goldbach’s conjecture has been an inspiring in-
citement to many mathematicians which led to the development of a branch of math-
ematics now famous as additive number theory. The aim of this treatise is to present
proofs of two renowned results in this area: Schnirelmann’s Theorem (a weaker version
of Goldbach’s conjecture), and Waring’s problem stating that every positive integer can
be represented as the sum of a bounded number of k" powers.

Both proofs rely on a certain measurement of sequence of integers, called the Schnirel-
mann density. The notion of this density will be introduced in Chapter 2 whose main
purpose is to prove that any sequence with positive density is a basis of finite order,
i.e. every integer can be represented as a sum of a finite number of elements of this
sequence. As it turns out, the number of different representations of an integer as such
a sum plays a crucial role in these kinds of problem, and therefore the remainder of this
paper will be dedicated to the study of estimates for these numbers of representations.

In Chapter 3, we will prove Chebyshev’s Theorem, a classical result in the distribution of
primes which is required to prove the necessary lower bound for Schnirelmann’s Theorem,
and also an important result in its own right. Chapter 4 will present the Selberg sieve,
a powerful and universally usable tool to estimate numbers of solutions. The deduced
upper bound will conclude the proof of Schnirelmann’s Theorem. Since Brun’s Theorem
on twin primes requires essentially the same estimates we will include a proof in this
section. As a further application of the Schnirelmann density, we will present a solution
to Waring’s problem in Chapter 5. With the aid of this approach, a much shorter and
more elementary proof than David Hilbert’s original one is possible.

1.2 Notations and Definitions

Throughout this elaboration, we will make heavy use of implied constants. Instead of the
O notation, we will utilize the symbols < and > which allow more intuitive estimates.



Chapter 1. Introduction 1.2. Notations and Definitions

Definition Let f and ¢ be positive functions. We write [ < g or g > f if there is a
positive constant ¢ such that f(z) < cg(x) for all sufficiently large z. This constant may
depend only on some other constants, but not on z.

Moreover, by N and Ny we mean the set of positive and non-negative integers, respec-
tively. By P we denote the set of prime numbers, by #5 the cardinality of the set .S, by
log = the natural logarithm, and by |x| the integral part of z. For the sake of brevity,
we will write (m,n) for the greatest common divisor, and [m, n] for the lowest common
multiple of the integers m and n.

Before we proceed to introduce the Schnirelmann density, we want to give an important
estimate that will be handy throughout the paper.

Theorem 1.1 (Cauchy-Schwarz inequality) Let x,y € R™. Then

(&) <(59) ()

where equality is attained if and only if x and y are linearly dependent.

Proof. Assume that y # 0, otherwise the statement is trivial. The inequality follows at
once from

((E4) () () ) +(Es- S

ij=1 ij=1

— Z (a:fy? — 2xyixy; + x?yf)
ij=1

=) (way; —zy:)* > 0,
ij=1

where equality is attained if and only if x; = z—JyZ Since there is at least one y; # 0,
J
this is equivalent to linear dependence. O

Adding Prime Numbers 2



2 Schnirelmann’s Theorem

The aim of this chapter is to prove the first notable result on Goldbach’s conjecture,
found in 1930 by the Russian mathematician LEV SCHNIRELMANN®:

Theorem 2.1 (Schnirelmann) There is a bounded number h such that every integer
greater than 1 can be represented as a sum of at most h primes.

The proof is entirely elementary; yet we will need estimates that require some more
work and will be proved in the following chapters. First, we will introduce a kind of
“measure” now famous as the Schnirelmann density. This depiction follows Nathanson’s

book [Nat96, Ch. 7].

2.1 Schnirelmann Density

Definition Let A C Z be a set of integers, and z € R a real number. By
Alz) =#{acA:1<a <z}

we denote the number of elements in A not exceeding z. Then we define the Schnirel-
mann density of A by

o(A) := inf M

neN N

First, we want to give some basic properties of the Schnirelmann density:

Lemma 2.2 Let ACZ, and x € R.
(i) 0 < o(A) < 1.
(ii) A(m) > o(A)m for all m € N.
(i1i) Let m > 1. If m ¢ A then
o(A)<1- < L.
In particular, if 1 ¢ A then o(A) = 0.

!Schnirelmann first published his result in Russian [Sch30], later (expanded) in German [Sch33]. A
comprehensible account was given by EDMUND LANDAU [Lan30].



Chapter 2. Schnirelmann’s Theorem 2.1. Schnirelmann Density

(iv) The set A contains all positive integers if and only if o(A) = 1.

(v) Let € > 0. If 0(A) = 0, then we can find N > 0 such that A(n) < en for all
n>N.

Proof. (i) Obviously 0 < A(z) <z, so

A(x)

0<

<1

?

and hence

A
0< infﬂ:a(A)gl.
neN n

(i) By definition, we have for all m € N:

A o o A o),
m neN n
thus A(m) > o(A)m.
(7i) If m ¢ A, then A(m) <m —1, so
U(A):ian(n) < Alm) Sm_l :1—i<1.
neN n m m m

The case m = 1 is obvious by plugging 1 into the formula.

(iv) If m € A for all m € N then A(m) = m, and so 0(A) = 1. Conversely, if there
exists m € N with m ¢ A, then o(A) < 1 by (iii).

(v) Assume to the contrary that A(n) > en for all n € N. Then by definition,

o) = inf AW 5 .o

neN N

giving the contradiction. O

Before we proceed with the proof of Schnirelmann’s Theorem, we want to acquaint
ourselves with the notion of Schnirelmann density through some fundamental examples.

Example 2.3 (i) Let A denote the even numbers. Since 1 ¢ A, Lemma 2.2 yields
o(A)=0.
(i) Let A denote the odd numbers. Obviously o(A4) < 1 since 2 ¢ A, and also
A(2m) = m for all positive integers m. But on the other hand, A(2m+1) = m+1,
S0
A@Cm+1)  m+1

om+1 2m+1

>1
27
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Chapter 2. Schnirelmann’s Theorem 2.1. Schnirelmann Density

and hence

A 1 1
o(A) = inf (n) = inf ﬁ, nt = —.
neN n neN | 2n 2n+1 2
It may be surprising that the density of the even and the odd numbers do not coin-

cide, but this fact illustrates the sensitivity of the Schnirelmann density concerning
the first values of the set.

(7ii) Let A denote the square numbers, i.e.
A={a®:ac Ny} =1{0%1%2%3% .. .}
Then obviously A(n?) = n, and so

2
U(A):infMSinfM:infﬁzo.

neN n neN n neN n?
This can be generalised to any set of k™' powers straightforwardly.

(iv) Let A denote the prime numbers, expanded by 1 (otherwise o(IP) = 0 is trivial).
By Chebyshev’s Theorem (Thm. 3.1) we know that

Alz) =m(r) +1<

log x
for all x > 2. This again yields

o(A) = inf A(n) < m/logm _ 1
neN n m logm

for all m € N, and hence o(A) = 0.

(v) We now give a non-trivial example of a sequence with positive density. Let A,
denote the squarefree numbers, i.e. integers such that all their prime divisors are
distinct. It is a straightforward calculation that

As(z)

1 6
lim — = —=—==0. 27 ...
= g e

KENNETH ROGERS showed [Rog64| with an elementary argument that

53 6
Ay) = — =~ 0.602273... < —.
o(4e) = 5 2
Analogously, we call a number k-free if no & power of any prime divides this
number. Note that we consider 1 to be k-free, giving it the odd property of being
k-free and a perfect k" power. Certainly, every squarefree number is k-free for
any k > 2, so on denoting the sequence of k-free numbers by A; we have
53

R o(Az) <o(A3) < ... < o(Ap) < o(Ars).
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Chapter 2. Schnirelmann’s Theorem 2.1. Schnirelmann Density

With the same calculation as above, we can show that

A = Ty

More precisely, R. L. DUNCAN [Dun65| proved that we have the following chain
of inequalities:

1 1 1
§—0'<A2)<—<...<O’(Ak)<—<0(Ak+1)<

88 €(2) (k)

m<...

Now we want to examine sumsets and bases:

Definition Let A, B C Z. Then we define their sumset by
A+B:={a+b:a€ A, be B}.
This can be generalised to h sets Ay,..., A, C Z by
Ai+ ...+ Ay ={a1+...+an:a; € A}

If A; = A for all i, then we write

h
hA = ZA.
=1

We call A a basis of order h if hA contains all positive integers, i.e. if every positive
integer can be represented as the sum of (exactly) h elements of A, and a basis of finite
order if there is an integer h such that every positive integer can be represented as the
sum of at most h elements of A.

In most cases, we will assume that 0 € A, so that every basis of order A is a basis of
order h + 1 as well, and we do not need to distinguish between representations as sums
of exactly h elements and at most h elements of A.

By Lemma 2.2, being a basis of order h is equivalent to o(hA) = 1. Schnirelmann made
the important observation that a set with positive density is a basis of finite order. To
prove this, we need some further properties of the Schnirelmann density.
Lemma 2.4 Let A, B C Z be subsets containing 0.
(i) If n is a non-negative integer and A(n)+ B(n) > n, then n is contained in A+ B.
(ii) If 0(A) + o(B) > 1, then n is contained in A+ B for all positive integers n.
“ee 1 . .
(iii) If 0(A) > 5 then A is a basis of order 2.

Adding Prime Numbers 6



Chapter 2. Schnirelmann’s Theorem 2.1. Schnirelmann Density

Proof. (i) If n € Athenn+0 € A+ B, and analogue, if n € B then 0+n € A+ B.
So assume that n ¢ AU B. We define the sets

Ali={n—-a:a€ A 1<a<n-—1},
and
B :={b:beB, 1<b<n-1}

Then #A’ = A(n) and #B' = B(n) as A(n — 1) = A(n) and B(n — 1) = B(n)
since n ¢ A, B. Moreover

AUB C{1,2,...,n—1},
ie. #(AUB') <n—1. But
#A +#B = A(n)+ B(n) >n

by assumption, so A’ N B’ cannot be empty. Hence n — a = b for some a € A and
b e B, so
n=a+be A+ B.

(7) By Lemma 2.2 we have

A(n)+ B(n) > o(A)n+o(B)n = (c(A) +o(B))n >n,

son € A+ B by (i).

(7i) Let A= B in (ii), then 0(A) +0(A) > 1,sone A+ Aforalln e N, ie. Aisa
basis of order 2. O

It is worth noticing that this result already suffices to describe the additive behaviour
of k-free numbers completely.

Corollary 2.5 The set of k-free numbers amended by 0 is a basis of order 2 for all
k> 2.

Proof. Let Ay denote the set of k-free numbers together with 0. According to Ex. 2.3 (v)
we have

53 1

Ap) > 0(Ay) = — > —.

o(A) > 0(4s) = 2= >
So by Lemma 2.4, A, is a basis of order 2. n

Usualy, we are not able to apply Lemma 2.4 that conveniently. However, we are now
prepared to prove a powerful inequality concerning the Schnirelmann density.

Adding Prime Numbers 7



Chapter 2. Schnirelmann’s Theorem 2.1. Schnirelmann Density

Proposition 2.6 Let A, B C Z subsets containing 0. Then we have the inequality
0g(A+ B) > o(A)+0(B)—oc(A)-o(B).

Proof. Let n > 1 be an integer, and k = A(n). We numerate and order the elements of
A by
O=agp<a; <as <...<a<n.

Since 0 € B we have a; = a; + 0 € A+ B for all ¢ = 0,1,...,k. Now let r; :=
B(aj41 —a; — 1) for i =0,...,k — 1, and numerate the elements of B by

1<by<by<...<by, <aj41 —a; — 1

Note that r; may be zero, in which case the respective statements are simply empty. For
every 7, we have by construction

a; <a;+b <a;+by<...<a;+0b, <ap,
and a; +b; € A+ Bforall j =1,2,...,r;. Let rp, = B(n — ay), and
1<b<by<...<b, <n—ay.
Then again we have
ap < ap+by <ap+by<...<ap+0b, <n,

and ap +b; € A+ B for all j = 1,2,...,7,. All statements combined, we thus have
found the following distinct elements of A + B not exceeding n:

ap < ag+b <...<ay+b, <ag<ar+b<...<a+b,<a<...
<ap<ap+b <...<ap+b, <n.

This gives us the estimate for all n € N:

(A+B)(n) > An)+ Z ri

k-1
= A(n)—i—ZB(aiH—ai—1)—|—B(n—ak)

1=0

> A(n)+ Z o(B)(ait1 —a; — 1)+ o(B)(n —ay)

= AW +o(B)Y (ain o) + o(B)(n - @) — o(B)k

telescope A(n) 4+ o(B)n — o(B)k

o
—_

Il
o
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Chapter 2. Schnirelmann’s Theorem 2.1. Schnirelmann Density

k= A(n)

A(n) + o(B)n — a(B)A(n)
= (1—-0(B))A(n) +o(B)n
2 (1= o(B)o(An+o(Bn
= (o(A) +0(B) —a(A)a(B))n
Division by n finally yields
o(A+ B) = 71}611{1 w > 0(A)+ o(B) —a(A)a(B). O

Note that the inequality is equivalent to
l—0(A+B)<(1—-0(A)(1—0a(B)).

We can generalise this easily:

Corollary 2.7 Let h € N, and Ay, ..., A, C Z subsets containing 0. Then we have the
inequality

h
l—o(A1+...+ Ap) §H1—0

Proof. This is a straightforward induction on h. The case h = 1 is obvious, the case

h = 2 is Prop. 2.6. Now let h > 2. Then

= 1—o0((A1+...+Ap_1) + Ap)

P2.

S (1—0'(141+...+Ah_1))(1—0'(14h)>

< (H(l - 0(&))) (1 —o(An)),

as desired. ]

l—0o(AL+...+ Ap)

We have now all ingredients to prove the announced link between positive density and
bases of finite order.

Theorem 2.8 If A C Z is a subset containing 0 with positive Schnirelmann density
then A is a basis of finite order.

Proof. As o(A) > 0 we have 0 < 1 — 0(A) < 1, and so there is an integer [ with

By Cor. 2.7, this yields

Adding Prime Numbers 9



Chapter 2. Schnirelmann’s Theorem 2.1. Schnirelmann Density

and so o(lA) > % By Lemma 2.4, [A is a basis of order 2, i.e. every integer can be
represented as the sum of two elements of [A. Each of these elements can be represented
as a sum of [ elements of A, so A is a basis of order 2] < oo. O]

Unfortunately, we know by Ex. 2.3 (iv) that o(P) = 0, so we need some more work. The
following general result indicates the strategy we will use.

Proposition 2.9 Let A = (ay,as,...) be a sequence of integers, and r(a) denote the
multiplicity of a in A, 1. e.

Let x be a real number. If the estimate

1 (ZlgNgxr(N))2 o
. ZlgNng(N)z zo=l

holds for all x > 1, then o(A) > o > 0, i.e. A has positive Schnirelmann density.

Sl

Proof. By the Cauchy-Schwarz inequality (Thm. 1.1), we have

2

2
(Z r(N)) =) 1-r(N)
N<z %iA
< (oD vy
NeA NecA
N<z N<z
= A(x)- Y _r(N)?
N<x
By assumption, this yields
2
Aw) 1 (e
x x Y. r(N)?
for all z > 1. Therefore
A
o(A) = inf () > a > 0. O

neN N

The next section will deal with the question how to apply these results to Goldbach’s
problem. Some more sophisticated estimates will be needed; their proofs are subject of
the subsequent chapters.

As a concluding remark, it is worth noticing that the inequality in Prop. 2.6 was improved
by HENRY B. MANN [Man42]:

Adding Prime Numbers 10



Chapter 2. Schnirelmann’s Theorem 2.2. Proof of Schnirelmann’s Theorem

Theorem 2.10 (Mann) Let A, B C 7Z subsets containing 0. Then we have the inequality
o(A+ B) > min{o(A) + o(B),1}.

This bound is sharp: Let both A and B be the set
A={a€Z:a=1 mod m}U{0}

for an integer m > 2. Then 2A = A + A obviously consists of 0 and all the integers
congruent to 1 or 2 modulo m. Analogously to Ex. 2.3 (ii), one sees that o(A) = 1/m,
while 0(2A) = 2/m, so Mann’s result cannot be improved further.

2.2 Proof of Schnirelmann’s Theorem

Throughout this section, let r(N) denote the number of representations of the positive
integer N as the sum of two primes, i.e.

r(N) = Z 1.
p1+p2=N

Then Goldbach’s original problem can be rephrased as
r(2N) >0

for all N € N, so obviously it is worth studying r(N) in order to solve Goldbach’s
problem.

A famous result in the distribution of primes is Chebyshev’s Theorem (Thm. 3.1): If
7(z) denotes the number of primes not exceeding x (cf. Chapter 3), then we have for all
x> 2:

< 7(r) <

log x logx’

From this, we immediately obtain a lower bound for > r(N):

Lemma 2.11 Let N be a positive integer and x > 2 a real number. Then:
2

ZT(N)>> ‘

= (log x)?’

where the implied constant is absolute.

Proof. Let p and ¢ be primes not exceeding x/2. Obviously, p + ¢ < z is an integer
represented as the sum of two primes with value at most x, so is included in the set the
sum is counting. We can choose m(x/2) primes for p and g, respectively, so we obtain

ZT(N)Z(w(a:/2))2>>( ik ) > os

fr logx/2 log )2
by Chebyshev’s Theorem (Thm. 3.1). O

Adding Prime Numbers 11



Chapter 2. Schnirelmann’s Theorem 2.2. Proof of Schnirelmann’s Theorem

Therefore, Chapter 3 will be dedicated to the proof of Chebyshev’s Theorem. Regarding
Prop. 2.9, we see that the following estimate is needed to proof Schnirelmann’s Theorem:

Lemma 2.12 Let N be a positive integer and x > 2 a real number. Then:
3

ZT(N)Q < S

Fot (log z)*’
where the implied constant is absolute.

In his original paper, Schnirelmann used sieve methods by VIGGO BRUN; however, in
Chapter 4 we will present sieve methods according to ATLE SELBERG that generally
yield stronger estimates, and allow a more concise way to prove the required upper
bound in Lemma 2.12.

Assuming these results, we can now prove Schnirelmann’s Theorem. We saw that o(P) =
0 (Ex. 2.3 (iv)), but courtesy of these estimates, we are able to prove that 2P (extended
by 0 and 1) has positive density.

Proposition 2.13  The set (P +P) U {0, 1} has positive Schnirelmann density.

Proof. Let A := (P+P), and A" := AU {0,1}. By definition, r(a) is counting the
multiplicity of an integer @ in A. By Lemma 2.11 we have for a positive integer /N, and
for a real number x > 2 the estimate

2

ZT’(N)>> ’

Foot (log x)?’

and by Lemma 2.12,

3

N<z

Combining these, we have

L (AN 1 ot (loga)t

T > r(N)? v 23/(logz)t
meaning that there exist @ > 0 such that

L (Cr(v))’

z S r(N)

>a>0.

Since 1 € A’, we obtain
1 '(N))?
LS L,
x> r'(N)?
for all x > 1, where 7/(N) denotes the multiplicity of N in A’. Using Prop. 2.9, we

obtain:
o(A) >a >0. O

Adding Prime Numbers 12



Chapter 2. Schnirelmann’s Theorem 2.3. Generalisations

Compiling everything, we can complete the proof of Schnirelmann’s Theorem.

Proof of Theorem 2.1. We want to prove that every integer greater than 1 can be rep-
resented by the sum of a bounded number of primes. By Prop. 2.13, we know that
A= (P+P)U{0,1} has positive density, hence by Thm. 2.8 is a basis of finite order,
say h. Let N > 2. Then the non-negative integer N — 2 can be represented by the
sum of exactly h elements of A, say [ zeros, k ones, and m pairs of primes p; + ¢; for
1=1,...,m,ie.

N-2=1+...+1 it (Do @),
t Tl a) + . (Pm+ gm)
times

where h =1+ k+m. If k= 2r is even then we can write

N=2+...42 m m;
o 24Pt Dt g

r + 1 times

if K =2r +1 is odd then we have

N=2+4...+2+3 o Do+ G-
o 2434 pi @t Pt g

r times

In each case, we can represent /N as the sum of at most
r+14+m<2k+m < 3h

primes, as required. [

Of course, it is quite unsatisfactory that the order of the basis depends heavily on the
implied constants in the estimates. The least number h of primes needed to represent any
integer as a sum is called Schnirelmann’s constant. Schnirelmann’s original proof only
yields that this constant is finite; the best known value to date is 7, proved by OLIVIER
RAMARE [Ram95| in 1995. A proof of Goldbach’s conjecture would immediately imply
that Schnirelmann’s constant is 3, but this seems not to be within sight.

2.3 Generalisations

In his original paper, Schnirelmann proved a slightly stronger result. We say that a set
P C P contains a positive proportion of the primes, if there is ¢ > 0 such that

P(z) > vn(z)

for all sufficiently large real numbers x. Schnirelmann proved that such sets also allow
representations as finite sums for all sufficiently large integers. The following simple
proof is due to MELVYN B. NATHANSON [Nat87|.

Adding Prime Numbers 13



Chapter 2. Schnirelmann’s Theorem 2.3. Generalisations

Theorem 2.14 Let P C P be a set that contains a positive proportion of the primes.
Then every sufficiently large integer can be represented by a bounded number of elements

of P.

Proof. Let rp(N) denote the number of representations of N as the sum of two elements
of P. Obviously, rp(N) < r(N), and so

3
N)? < N)2 _r
ZTP( ) — ZT( ) < (10g1‘)4
N<z N<z
by Lemma 2.12. Moreover, we have

172

(log z)?

S rp(N) = P(2/2)° > (9n(2/2)° >

N<z

by the same argument as in Lemma 2.11. So (P + P) U {0, 1} has positive density and
is hence a basis of finite order, i.e. there is a number h; such that every positive integer
can be represented as the sum of at most iy elements of P U {1}. Now pick two primes
p,q € P. From the Euclidean algorithm we obtain the linear combination zp — yq = 1
with x,y > 1, so there is an integer ny such that every integer n > ngy can be represented
as a linear combination

n = a(n)p+b(n)q

with non-negative coefficients a(n) and b(n). So let n > ny. We have the representation
as the sum of elements of P U {1}

g = el
n No p1+ +p+ + +

s times

where r +s < hy, 80 ng < ng+s <ng+ hy. Let
hy :=max{a(m) +b(m) :ng <m <mng+ hy}.
Then we obtain

n=p+...+pr+S+ng
=p1+...+p+a(s+ng)p+b(s+mno)g
=p1+...+tp+pt+t...+tptqg+...+q,

TV TV
a(s +ng) times  b(s + ng) times

a representation with at most h := h; + hy elements of P. O

An important special case of a set containing a positive proportion of the primes are
primes in arithmetic progression:

Adding Prime Numbers 14



Chapter 2. Schnirelmann’s Theorem 2.3. Generalisations

Corollary 2.15 Let a and m be relatively prime integers with m > 2. Then every
sufficiently large integer is the sum of a bounded number of primes in the residue class
a modulo m.

Proof. Let P:={p € P:p=a mod m}. According to Dirichlet’s Theorem on primes
in arithmetic progressions, we have

P
lim —— )

=00 m(x)/p(m)

where p(m) is Euler’s totient function, and so Thm. 2.14 applies. ]
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3 Chebyshev's Theorem

In this chapter, we want to prove Chebyshev’s Theorem which was an important step
towards proving the Prime Number Theorem!, but unlike this central result of analytic
number theory it can be proved in a short and elementary way. The first proof was
published in 1851 by PAFNUTY CHEBYSHEV [Che51]. However, the proof has been
simplified remarkably since by PAUL ERDGS and others; we will follow the argument as

expounded in Hua’s [Hua82, Ch. 5] and Nathanson’s [Nat96, Ch. 6] books.

Throughout this chapter, p shall denote a prime number; all sums and products con-
taining p shall run over all primes p as indicated. First, we need to define the decisive
functions.

Definition Let z > 0 be a real number. The prime counting function w(x) is defined
by

W(x)::#{pEP:pgaj}:Zl.

p<z

Sometimes, it is more convenient to use the weighted sum
I(w) == logp,
p<w

which is known as the Chebyshev function.
The Prime Number Theorem states that 7(z) ~ x/logz, i.e.

()
a0 x/logw

Y

but for our purpose, it is sufficient to prove the following:

Theorem 3.1 (Chebyshev) Let x> 2. Then:

< 7(r) <

log & log z’

where the implied constants are absolute.

First, we want to gather several lemmas in the next section in order to prepare the proof
of the main theorem.

IThis was first proved independently by JACQUES HADAMARD [Had96] and CHARLES DE LA VALLEE-
PoussiN [dIVP96] in 1896 making heavy use of complex analysis. Elementary, but still very long
and hard proofs were found by ATLE SELBERG [Sel49] and PAuL ERDOs [Erd49] in 1949.



Chapter 3. Chebyshev's Theorem 3.1. Preliminary Notes

3.1 Preliminary Notes

Lemma 3.2 Letn > 1 be an integer.

(i) We have an estimate for the central binomial coefficient:

(2”) <22 < 9p (2”)
n n
(271 + 1) ~om
n

Proof. (i) As (2:) is the central binomial coefficient, it is at least (2:) fork =0,...,2n.
With this, we have

(i) Moreover, we have

(7) This can be proved in a similar fashion. First note by the symmetry of the binomial

coefficient that
2n + 1 B 2n + 1
n C\n+1)

Hence by the same argument as above
2+ 1 2 + 1 m+1\ R 241
2. — 4+ < Z = 22nfl O
n n n+1 pare k

Lemma 3.3 (Erdés) Let x > 2 be a real number. By

P(x) = Hp

p<z

we denote the so-called primorial of x. Then we have the estimate

P(z) < 4%

Adding Prime Numbers 17



Chapter 3. Chebyshev's Theorem 3.1. Preliminary Notes

Proof. Let x > 2 be a real number and n := |z | < x the integral part. Then obviously
Hp:Hp and 4" < 4%,
p<w p<n

so it suffices to prove the statement for integers. We proceed by induction on n. The
case n = 2 is obvious. If n is even, then it is not prime, so the primorial does not change,

i.e.
[Ir= ] p<a" <4

p<n p<n—1
by the induction hypothesis. Assume now that n = 2m + 1 is odd. We split the product

int o two parl S
p<n p<m+1 m+1<p<2m+1

and examine them individually. For the first factor, we obtain

IT p<am (3.1)

p<m+1

by the induction hypothesis. For the second factor, we notice that in the binomial
coefficient

<2m+1> _ 2m+1)-2m)-2m—1)---(m+2)

m-(m—1)-(m—2)---2-1
every prime m+ 2 < p < 2m+ 1 divides the numerator, but not the denominator. Thus
the binomial coefficient is divisible by the product of all these primes, and hence

2 1\ L3.2
I1 p§<m+ > 25 g2m — ym, (3.2)
m+1<p<2m+1 m

Combining (3.1) and (3.2), we finally obtain

Hp:Hp:<Hp).< 1T p>g4m+1-4m=42m+1=4”. O

p<n p<2m+1 p<m+1 m+1<p<2m+1

For our proof we need a formula for the order of a prime p in n! due to ADRIEN-MARIE
LEGENDRE.

Definition Let n be a positive integer. By v,(n) we denote the highest power of the
prime p dividing n, i.e.
v,(n) := max{k > 0:p" | n}.

This allows a short representation of n in the canonical prime factorization:

n = H pvp(n)'

p<n

Adding Prime Numbers 18



Chapter 3. Chebyshev's Theorem 3.1. Preliminary Notes

Lemma 3.4 (Legendre) Let n be a positive integer. Then:

w-£[3]-"E" g

k=1 k=1 p

Proof. Obviously, v, is additive, i.e.
vp(mama) = vp(ma) 4 vp(ms)

for all integers m; and ms. By counting the number of factors we obtain:

s = T w) = ¥ wim= 3 F1-3 ¥ 1-3 |1,

1<m<n 1<m<n 1<m<n k>1 k>1 1<m<n

pkim pF|m

n

o = 1 if and only if
logn > klog p, which is equivalent to k < logg ]

As upper limit for the sum, [logn/logp| can be chosen since

Now, we want to establish an important connection between 7(z) and J(x).

Lemma 3.5 Let x > 2 be a real number and 0 < € < 1. Then we have the estimate

1 Y(x)
1l—clogz

l1—e

m(x) <
Proof. By reducing the range of the sum we obtain

= logp

p<zT

> Y logp
rl-e<p<z

> Z log z'7¢
rl-e<p<z
=(1—¢)logx Z 1

rl-e<p<z

= (1—-¢)logz(m(z) — n(2'79))
> (1 —eé)m(z)logz — (1 — &)z’ logu,

which yields the inequality by rearrangement. O]
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Chapter 3. Chebyshev's Theorem 3.2. Proof of Chebyshev's Theorem

3.2 Proof of Chebyshev's Theorem

We are now prepared to prove Chebyshev’s Theorem.

Proof of Thm. 3.1. From Lemma 3.3, we attain an upper bound for 9J(x):
3.3
I(x) = Zlogp = log Hp < log4® = xlog4. (3.3)
p<z p<z

We want to use this to obtain an upper bound for m(x). For this, we first notice by
simple extreme value consideration that logz < x'/2 for all z > 2, which is equivalent

to
Va <

We combine these by Lemma 3.5 to achieve our upper bound for 7(x). Solet 0 <e < 1
and z > 2. Then:

T

) 3.4
log (34)

35 1 9
r(e) '€ L V@
1—clogx
(3<3) logd = 1—e
1 —clogx
6:21/2210g4 ’ +
log x
(34
< 2log4 ? + ‘
logz  logx
x
= (2logd+1)—— .
(2log4 + )logx<<logm

For the lower bound, we first observe

2n (2n)! vp((2n)!)—2vp (n!)
(n)_mW_IIp |

p<2n

for an arbitrary integer n > 1. By Lemma 3.4, we have

[log 2n/log p] om [logn/logp| n
v(2n)) = 2u,(nl) = Y {—kJ—z > {—kJ

k=1 p k=1 p
|log2n/logp| n n
-3 2l
k=1

Obviously, [2a| — 2 [« can only be 0 or 1 for all a > 0, so we have

log 2nJ < log 2n

2 - 2o, < | FE2 | < TE2E,
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Chapter 3. Chebyshev's Theorem 3.2. Proof of Chebyshev's Theorem

and hence

220 132 /9n\ (3.5) 1
og2n/logp __ — m(2n)
b < <n> < ||p —||2n—(2n) )

p<2n p<2n
This is equivalent to
7(2n)log2n > 2nlog 2 — log 2n. (3.6)

Remember that n > 1 was an arbitrary integer, and = > 2, so let n = |[z/2]. Then
2n <z < 2n+ 2, and so

m(x)logx > 7(2n)log 2n

(3.6)
> 2nlog?2 —log2n

> (x—2)log2 —logx
=xlog2 — logx — 2log 2.

This implies

7(z) > log2 log z + 2log 2 -0
z/logx
for x > 4. Simple computations show that gﬂ—oxg)x >0 for 2 <ax<4,s0
>
(@) log
for all z > 2. ]
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4 The Selberg Sieve

The aim of this chapter is to present the Selberg sieve which was introduced in 1947
by ATLE SELBERG in a very concise paper [Sel89]. The argument uses only elementary
methods, and yet yields powerful estimates. The main statement of this chapter is
therefore:

Theorem 4.1 (Selberg) Let B C 7Z be a finite set of integers, and k a positive integer
with
> 1=g(k)- #B+ R(k),

beB
E|b

where g(k) is a multiplicative function’ with 0 < g(p) < 1 for all primes p, and R(k)
a certain remainder term. Let Ng(z) denote the number of elements of B that are not
divisible by any prime p < z, 1. €.

o= > 1L

bEB beB
plb=p>z (b,P(2))=1

Let g1(k) be a completely multiplicative function with g1(p) = g(p) for all primes p. Then
we have the estimate

No(2) € =2+ 5 RG] T = 0o [T = aap)

Zl<k<z gl( 1<kq,ko<z plk1 plk2

This estimate is a very general statement and can be applied in a variety of situations.
We will employ it to obtain an upper bound for (NV), the number of representations of
N as the sum of two primes. Before doing so, we need to compile some auxiliary results.
Our account follows Hua’s book [Hua82, Ch. 19].

4.1 Preliminary Notes

We start by giving some remarks on multiplicative functions.

Note that by a multiplicative function f we mean the property that f(mn) = f(m)f(n) for relatively
prime m and n. If this holds for all integers, we call f completely multiplicative.



Chapter 4. The Selberg Sieve 4.1. Preliminary Notes

Definition Let n = [][p"™ be a positive integer. We say that n is squarefree if n
contains no multiple prime factors, i.e. if v,(n) < 1 for all primes p. With this notion,
we define the Mobius function p(n) by

, ifn=1,
, if n is not squarefree,
—1)«™

p(n) =

—~ O =

, otherwise,

where w(n) denotes the number of distinct prime divisors of n.

Lemma 4.2 Let f be a multiplicative function, not identically zero. Then:

(i) For any integers di and do, we have

9((dr,d2))g([d, da]) = g(d1)g(da).

(i) For any positive integer n, we have

> () f(d) =T - fp)

dln p|n
Proof. (i) Let dy = [[p™) and dy = []p*®). Obviously, we have

dlv dg Hpmln{vp (d1),vp dg)} and

pEP

[dy, ds] = Hpmax{vp(dl)vvp(dz)}_

peP
This yields
g((d17 d2 d17 d2 H g\p mln{vp (d1),vp(d2)} H glp ma.x{'up(dl) Up(d2)})

peP peP
= H g (pmin{vp(dﬂ,vp(dz)}) g (pmax{vp(dl),vp(@)})

pEP

— Hg (pvp(d1>) g (pvp(dz>)

pEP

= g(d1)g(da).

(i1) Let n=pi*---pS with p; # p; for i # j. Then

H(l—f(p)) =1=f(p1) —-..— f(p,) + f(prp2) + ... + f(pro1py) —
pln
= Y (=y*r (H p)
PC{p1,...pr} peP
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Chapter 4. The Selberg Sieve 4.1. Preliminary Notes

= u(d)f(d)

d|n

where we could include divisors d of n with multiple prime factors in the sum since
for those divisors we have u(d) = 0. O

During our proof, we will need the following basic connection between a multiplicative
function and its sum function due to AUGUST FERDINAND MOBIUS.

Theorem 4.3 (Mdbius inversion) Let f(n) be a multiplicative function.

=Y f(d)

dn

(i) Let ng > 1 be an integer. If

for 1 <n < ngy then we have for such n
- S oo/
dln

The converse also holds.

(ii) Let ng > 1 be an integer. If

> f(n)

1<n<ng
dln

for 1 < d < ng then we have for such d

fd)= Y un)g(n/d).

1<n<ng
d|n

The converse also holds.

Proof. (i) First, we need an important fact about the sum function of the Mobius
function which follows immediately from Lemma 4.2 (ii) with f(n) = 1:

S {1, ifn=1,

" , otherwise.
n

This yields:

dln rs=n
doulr)) f(d
rS=n dls
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Chapter 4. The Selberg Sieve 4.1. Preliminary Notes

=> f(d)> ulr)

djn 7‘3‘:577,
=Y f(d) Y u(r) = f(n).
dln r\%
=1iff n=d

The converse is proved in exactly the same way.

(7) This can be proved with the same argument as in (i). O

The following two statements yield important estimates required to prove Selberg’s in-
equality.

Proposition 4.4 Let a; > 0 and b; be real numbers for i =1,...,n. Then the minimal
value of the quadratic form

subject to the constraint

18

Proof. By the Cauchy-Schwarz inequality, we know

n 2 n b, 2 " b? n )
() - (B ) <(£) ()

The linear constraint assures that x # 0, and hence equality is achieved if and only if

b,
\/a_ﬂ/‘z‘:t'\/;_i

for some ¢t € R. Plugging this into the constraint yields

2

i=1 ¢

i=1

proving the statement. O]
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Chapter 4. The Selberg Sieve 4.1. Preliminary Notes

Proposition 4.5 Let g(n) be a completely multiplicative function with 0 < g(p) < 1 for
all primes p, and B3, a sequence with B, > 0 for alln. Then for z > 1, and any sequence

kn:
S B [ -9 = 3 g 3 B

1<n<z plkn 1<n<z m|n
P|%$P\km

Proof. Using the geometric series, we obtain:

> Bug) [[1=9@) ' = > Bug) [[ Do)

1<n<z plkn 1<n<z plkn, m=>0

= Y Bagm) [ D 9™

1<n<z plkn m>0

=D Bag(n) Y g(r)

1<n<z r>1
plr=plkn

= Z ﬁn Z g<nr>

1<n<z r>1
plr=plkn

1<n<z s>1,n|s
P|%:>P|kn

= Zg(s) Z Bn

s>1 1<n<z,n|s
P‘%:M"kn

> Y g(s) Y. B

1<s<z 1<n<z,n|s
P|%$P‘kn

= Z 9(5) Z ﬁn []
n|s

1<s<z
pl3=plkn

Our argument relies on solutions to certain congruences. In order to calculate their
numbers, we need the following:

Proposition 4.6 Let f(x) € Z[x] be a polynomial, and my, my relatively prime integers.
Then the number of solutions to the congruence

f(x) =0 mod myms

(counting only distinct congruence classes) is the product of the numbers of solutions to
the congruences

f(x)=0 mod my and f(x)=0 mod ma.

Proof. Obviously, each solution modulo myms is also a solution both modulo m; and
modulo my. Let conversely ¢; be a solution modulo m; and ¢y, a solution modulo ms.
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Chapter 4. The Selberg Sieve 4.1. Preliminary Notes

By the Chinese remainder theorem, there exists a unique ¢ with ¢ = ¢; mod m; and
¢ = ¢ mod my. Since my | f(c) and my | f(c) hold, so does mymy | f(c), using
(TRI,Tng)ii 1. ]

Finally, we will need to estimate the growth of the divisor function.

Lemma 4.7 Let d(n) =}, 1 denote the number of divisors of n, and z > 2. Then:

Z @ > (log 2)?,

1<n<z

where the implied constant is absolute.

Proof. Using

Z %>>logz7

1<n<z
we obtain:

R S B

1<n<z 1<n<z uln

n
1<u<z 1<n<z
- uln

n
1<u<z 1<v<z/u
- n=uv

-y > -

1<u<z 1<v<z/u
> -

uv
1<uv<z

> o
uv
1<u,w<y/z

Zl

U
1<u<y/z

v

2

> (log 21/2)2 > (log 2)°. O
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Chapter 4. The Selberg Sieve 4.2. Deduction of Schnirelmann’s Theorem

4.2 Deduction of Schnirelmann’s Theorem from the
Selberg Sieve

Armed with these tools, we can prove an upper bound for r(N).

Lemma 4.8 Let N > 2 be an integer. Then

N pu(k)?
T(N)<<(logN)2k|ZN P

where the implied constant is absolute.

Proof. For N = 2,3, we have r(N) = 0, and for N = p; + ps odd, we must have p; = 2
or po = 2, so r(IN) < 2. So henceforth, we will assume N > 4 even. Writing S(N) for
the number of representations of N as the sum of two primes, where both primes exceed

\/N,W(ehave
r(N)= ) 1< > 1+ Y 1+ Y 1<S(N)+2VN.

p1t+p2=N p1t+p2o=N p1+p2=N p1+po=N
p1,p2>VN P1<VN pa<VN

Define
B:={c¢(N—-c¢):c=1,...,N}.

If py +ps = N and p1,ps > V'N then p; (N —p;) = pao(N — ps) = pipa is not divisible by
any prime not exceeding v/N, so with the notation of Thm. 4.1, we have S(N) < Np(z)
for all 1 < z < +/N. Our task is therefore to find an upper bound for Ng(z).

Let M (k) denote the number of solutions to
(N —2)=0 mod k,

with 0 < 2 < k. By Prop. 4.6, this is a multiplicative function. Using M (k), we have
for k > 1:

o= > 1= > 13(%+1>M(/€):@N+M(k).

beB 1<c<N 1<c<N
k|b kle(N—c) c¢(N—c)=0 mod k

Moreover:
N

Defining

Adding Prime Numbers 28
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we obtain

d 1= )+ R(k),
bkE‘bB

where |R(k)] < M(k) < k. Since M(k) is multiplicative, so is g(k). For primes p,
we count solutions to (N — x) = 0 mod p, which is equivalent to x = 0 mod p or
N —2x =0 mod p. Obviously, z = 0 is always a solution in 0 < z < N. If p | N, this is
the only one; for p1 N, there has to be another one, where N = 2 mod p, so we have

1
gt p|N7

gp) =145
{% ptN.

Since 2 | N by assumption, we also have ¢g(2) = 1/2, and so 0 < ¢g(p) < 1 for all primes
p. Furthermore, we define the completely multiplicative function g; by g1(p) = g(p) for
primes p, so we can apply Thm. 4.1.

Let k be a positive integer with k = pi* - - - p% for distinct primes p;. Then:

=TT oo = TT 225 = 2 T Moo~ IT Mo =7 IT 2+

1<i<r 1<i<r pl 1<i<r 1<i<r 1<i<r
p; [N PN PN

We define

hky=h(py-pir)=d| [] p™ | =TI d0™) = [] @+ a) =] +0v,(k).

1<i<r 1<i<r 1<i<r plk
PN pitN pifN ptN

This yields by the above:

1 1 1
k) > — 2‘”>—||1 ) = —-h(k).
g( ) k’ =4 - ]f =4 ( +a’b) k’ ( )
PN PitN

In combination with Prop. 4.5, where 3, = h(n), and k, = N for all n, we obtain:

[TO-a)™ D ak)= > h(k:)%H(l—%)_l

p|N 1<k<z 1<k<z p|N
1
> > = Y h(m
k
1<k<z ik
plmﬁplN

Write now k = p§* - - - p®q® - .. g%, where p; | N, and ¢; 1 N. The condition m | k in the
sum means that m = p7* - - - p;* qf g% where 0 < ¢; < a;, and 0 < d; < bj;; the second

condition implies that k =p"" it dle. dj = b for all j =1,...,u. Therefore,
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the second sum runs over all m with m = p*--- p?‘ftqll’1 oo gbe ) where 0 < ¢; < q; for all

1=1,...,t. Thus
h(m) = T[(1+vp(m)) = (L +b1) - (1 +b).

p|lm
ptN
Using Prop. 4.7, we hence obtain

H(l—gl(P))il Z gi(k) > Z % Z h(m)

p\N 1<k<z 1<k<=z m|k
plE =pIN

=, % > h(etpftat - a)

1<k<z 0<c¢;<a;

= > % > (A4by) - (14by)

1<k<z  0<ci<a;

-y %(1+a1)---(1+at)-(1+b1)"'(1+bu)

1<k<z
_ 1 ai at by ba,
= > £d®™) - d(p*) - d(p™) .- d(p™)
1<k<z
d(k
= Z %»(logz)z.
1<k<z
Note that .
H(l—ﬁ) —((2) < o0,

peP

where ((s) = > n~® denotes the Riemann (-function. Applying Lemma 4.2 (ii) to the

multiplicative function 2lk) this gives us

. 1 [To-aw)
e L) )
v 10-2) 1(0-22)
> (log 2)? - Zﬂ(k)@ _
k|N

Now let k be a positive integer. This yields

H(l —q@) <A =q@)- A -a@) H (1—gi(p)"

plk 5<plk
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Applying these results to the Selberg sieve (Thm. 4.1), we obtain

SN € Np() € st > IR (b kI T - 9 0) TT0L - an(o)
1<k<z 91( 1<ks fo <z olks plks
< al S S ki

(log 2)? (ka %"3)2) 1<ky ka<z
N lh)? A%
(logz)QHZN k +<Z k)

1<k<z
N pu(k)? 6
< (logz)22 PR
kIN
Taking z = N'/12 < N'/2 this finally yields:
r(N) < S(N) + 2V N

N M(k>2 6/12 1/2
< (logN1/12)2Z T N aNY

N pu(k)?
< Mog V)2 ;; p

where we used the fact that

T 2 Ve

for sufficiently large = (cf. proof to Thm. 3.1). O
From this upper bound, it is easy to deduce the required upper bound for Y r(N)*:

Proof of Lemma 2.12. For an arbitrary x > 2, we need to prove that

Z r(N)? <« v

S (logz)*

Applying Lemma 4.8, we obtain:

, N? k)2
> e Y o [

1<N<z 1<N<z k|IN
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<
IOg x)4 1<N< ZN ZN klk'g
2
x
< -
~ (logz)* e kz klk:Q
22
- (log 7)* Z Z
1§k1,k2§x L
1.k
B x? Z 1 T
(10g l‘)4 1<k o<z klkg [/{31, ]{?2]
x3 1 1
< - -
~ (logz)* 1§k1,2kg§z kyko (kyko)t/?
3 1
< _ 7 -
o (logx 4 Z k’1k‘2)3/2
e
logx Z k3/2 log x)Y
where we used the fact that [k, ka] > Vk1ks. O

Hence, it remains to prove Selberg’s inequality (Thm. 4.1) in order to prove Schnirel-
mann’s Theorem.

4.3 Proof of the Selberg Sieve

We first establish the following result:

Proposition 4.9 Let B C Z be a finite set of integers, and k a positive integer with
> 1=g(k)- #B+ R(k),

beB
E|b

where g(k) is a multiplicative function with 0 < g(p) < 1 for all primes p, and R(k)
a certain remainder term. Let Ng(z) denote the number of elements of B that are not
divisible by any prime p < z. Then we have the estimate

NB(Z)S#S—B+ Z ey Ay B[, K2)),

1<ki,k2<z

where
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and

1<m<z/k
(m,k)=

Proof. Let Ai,..., A be arbitrary real numbers with A\; = 1 and A\; > 0. Then:

Np(z)= Y 1

beB

plb=>p>z
2
beB 1<k<z
plb=>p>z k|b

SZ Z Ay Aky

beB 1<ky,ko<z

k1,ko|b
= D e )l
1<k ,k2<z beB
- [k1k2]lb
= > M (g(kiks]) - #B + R([kika)))
1<k ,ko<z
A >\
S5 19 ’“2 )4 > A Ak R([kika))
1<k1 ko<z 1<k1 ko<z
::‘S,(Z) ::E:(z)

We therefore need an upper bound for S(z). Since g(k) is multiplicative, so is 1/g(k).
Hence we have by Mobius inversion (Thm. 4.3):

1
_ka

d|k

This yields:

So= Y mxklgww(z@)

1<k, k2<z g

— Z Z F(d) Xy g(k1) Ay g(E2)

1<k, k2 <z d|(k1,k2)

= Z f(d) Z Ak g (k1) Ay g (k)

1<d<z 1<ky,ko<z
d|(kq,k2)
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- Z f(d> Z Aklg(kl) Z /\k2g</{32)

1<d<z 1<k <z 1<kg<z
o dlky d|kg

2

= Y @ | 3 Alk)

1<d<z 1<k<z
- = d|k

We now want to use Prop. 4.4 to calculate the minimal value of S(z). For this purpose,
let

By Mobius inversion (Thm. 4.3), we have

Meg(k) =D plm/k)z, = p(m)Tomp. (4.1)

1<m<z 1<m<
k|m - =

For k = 1, we have Ay = 1 and g(1) = 1 since g(k) is multiplicative, and hence the linear

constraint
1=X\g(1) = Z p(m)x,,.

1<m<z

By Prop. 4.4 we therefore obtain, that the minimum value of S(z) is

-1 M(k)2
=2 Gay

1<k<z

which is attained for
Tg = M . 871.
f(d)

Plugging this into (4.1) yields the choice for \; in the statement:

Mgk = 3 pulom) L)

1<m<% f
1

p(m)
2 )

(m,k)=1

pu(k)
sf(k)

where we used that u(km) = 0 if (m, k) > 1. By this choice, we have S(z) = s7!, and
hence 4B
Np(2) < #B - 8(2) + T(z) = "=+ > A A R([kiks)). O

1<k1,k2<z
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In order to prove Selberg’s inequality (Thm. 4.1), we obviously need a lower bound for
s and an upper bound for ;.

Proof of Thm. 4.1. First, we will show that

p(k)*
Z g1(k) < Z 10 = s.

For a prime p, we have
N~ ) p)  plp) 1 1—g(p)
T = = 9w/d)  g(p) R R T
Let k be squarefree. Then:
pu(k)? _ 2 L
sy~ U
e T 9®)
= #(k) g 1 —g(p)
e [Lx91(p)

Hp\k; 1 - gl(p)
= u(k)’a (k) [J@ = a1(p) " > 0. (4.2)

plk

This identity holds still for & = 1 and non-squarefree & (in this case both sides simply
vanish), so by Prop. 4.5 we have:

D SRTERA) ) (A

1<k<z 1<k<z plk
>3 ) Y um)
1<k<z mlk
plE =plm

Let dj, denote the greatest squarefree divisor of k£ (also known as the radical of k). Then
if p | % then p | k, and so p | di, i.e. di satisfies the condition on m in the second sum,
hence this sum does not vanish. This yields:

S Y el X umy

1<k<z 1<k<z m|k
p\%ﬁp\m
> Z 91(k) Z pu(dy)?
1<k<z di|k
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> > qlk).
<k<

1<k<z

[t remains to prove that the upper bound for |Ax|. Using the fact that both f(k) and
g(k) are non-negative, we obtain

ZM

1(<mmk<)z/k 1<m<z )
<‘ ph) | nh?
N f(R)g(k) | f(K)gr(K)
42 oo gi(k) B |
<[[0-a)™
plk

where again we needed the fact that p(k) = 0 if £ is not squarefree. Applying these
estimates to Prop. 4.9, we finally have:

Ni(z) < #5 + Z Ay Ay R([K1, K2])

S
1<k ,ka<z

2 S Pl el Rk k)

1<ky ka<z
# _ —
< S icnes 01(k) + Z R([k1, k2])| - H(l—gl(p)) I-H(l—gl(p)) g
1<k<z g1 1<ky,ka<z plk1 plk2
proving the required estimate. —~

4.4 Applications of the Selberg Sieve to Twin Primes

In our proof of Schnirelmann’s Theorem, we applied the Selberg sieve to the sequence
(n(N —n))1<n<ny in order to sift out elements with more than two prime factors. We can
apply the same idea to twin primes, i. e. primes p such that p+2 is prime as well. For this,
we examine the sequence (n(n + 2))1<p<n, and want to find members with exactly two
prime factors. The famous twin prime conjecture states that there are infinitely many
twin primes. This has been suspected since antiquity, but still remains unproved. For
the given reasons, this conjecture is believed to be equally hard as Goldbach’s problem.
This section will show how to apply Selberg’s sieve methods to twin primes and similar
problems.
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LEONARD EULER was the first to prove that the harmonic series that runs only over
prime values is still divergent, i. e.

Z%:oo.

peP

The Norwegian mathematician VIGGO BRUN proved in 1919 that the harmonic series
over the twin primes converges, using sieve methods based on the inclusion-exclusion
principle. Unfortunately, this leaves the question about the infinity of the twin primes
unanswered. Selberg’s sieve is a more sophisticated version of Brun’s sieve, and we will
use the results of the previous sections to obtain stronger estimates and more general
results than Brun’s original ones.

Theorem 4.10 Let N be a positive integer, x > 0 a real number, and wy(x) denote the
number of primes p not exceeding x such that p+ N is prime as well. Then

x p(k)?
() < (log x)? MZN k-

where the implied constant is absolute.

From this result, we can immediately deduce Brun’s Theorem:

Corollary 4.11 (Brun) The sum over the reciprocals of the twin primes converges, i. e.

1 1
lim <—+—):B2<oo,
N—oo Q;N p p+2

p,p+2€P

where By is known as Brun’s constant.

Proof. Let py,po,... denote the sequence of primes such that p; + 2 is prime as well.

Obviously
1 1 1 1 1
) ED N (R ELD O
2<p<z p p+ 2<p<z p p 2<p<z p
p,p+2€P p,p+2€P p,p+2€P

so it suffices to prove that > 1/p; converges. By Thm. 4.10, we have

Pn Pn
— <
n = Talen) K (o p < Togn
and hence
1 1
pn n(logn)?
Using
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this yields

|
+Y —

Pn

ool»—l

Mo
2=

n=1 n=

M
Z logn

1
3
PR SN S /M dz
3 2(log2)?  J, xz(logx)?
1 1 1 1

[\

— + —
3 * 2(log2)?  log2 logM
o 1 1 1
Mo, ~ 4 + < o0. O

3 2(log2)? log2

It therefore remains to prove Thm. 4.10 which can be done in exactly the same way as
Lemma 4.8.

Proof of Thm. 4.10. Without loss of generality, we can assume that N is even since
otherwise one member of the pair (n,n + N) must be even, and hence there is at most
one such pair. Writing S(x) for the number of primes p between y/z and x such that
p+ N is prime as well, we obtain

do1= > 1+ > 1<S@)+Va

2<p<wz 2<p<Vz Vz<p<z
p,p+NEP p,p+N€EP p,p+N€EP

We define the sequence
B:={c(c+N):1<c<uz}.

If p and p + N are both prime with p exceeding \/x then p(p + N) is not divisible by
any prime not exceeding /z. Hence S(z) < Np(z) for any 2 < z < /z, so again we
need an upper bound for Np(z).

Let M (k) denote the number of solutions to the congruence
yly+ N)=0 mod k

with 0 <y < k. By Prop. 4.6, this is a multiplicative function with

1= Y 1=#B-g(k)+ R(k),

beB 1<c<z
k|b c(c+N)=0 mod k

where g(k) = M(k)/k, and |R(k)| < M(k) < k (cf. proof of Lemma 4.8). For primes p,
the function M (p) is counting solutions to y(y + N) = 0 mod p which has the solutions
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y=0and y = —N mod p where these two coincide if p | N. This yields

1
) p|N7

gp) =145
{5, pIN.

Since 2 | N by assumption, we have g(2) = 1/2, and so 0 < g(p) < 1 for all primes
p. Defining the completely multiplicative function ¢; by ¢1(p) := g(p), we can apply
Thm. 4.1, and hence obtain the same estimates as in our proof to Lemma 4.8. This
yields

S(r) < Np(2) < ¢ #3)2 3 “(:)2 425,

log 2 Yy
Taking z = 2/'? < 2'/2, we finally obtain
my(z) < S(z) + Vo

#B N(k’)z 6/12 1/2
< (log z1/12)2 Z L Tz Tz
kN

x pu(k)?
. [
< (log x)? kzj\; k

Further applications of the Selberg sieve include estimates for the number of primes in
a certain interval, and the proof of the Brun-Titchmarsh Theorem on the number of
primes in arithmetic progression, but an exhaustive account of these theorems would go
far beyond the scope of this treatise.
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5 Waring's Problem

It was known since the ancient Greece that every positive integer can be represented
as the sum of at most four squares, but it should take until 1770 when JOSEPH LOUIS
LAGRANGE proved his famous four-square theorem. In the same year, EDWARD WARING
asked the question if for every integer k > 2 there is a constant g(k) such that every
integer can be represented as the sum of at most g(k) powers of exponent k. Many
special cases have been settled during the 19*" century, but a general solution to Waring’s
problem would not have been found until 1909 when DAVID HILBERT came up with his
proof [Hil09] which made heavy use of analytic means but would also yield upper bounds
for g(k).

An elementary proof was given by YURI LINNIK [Lin43] in 1943 applying the Schnirel-
mann density to this problem. An account of the original proof was presented by ALEK-
SANDR KHINCHIN [Khi52| reviving Linnik’s combinatorial argument. GEORG JOHANN
RIEGER [Rie54]| refined Linnik’s method to obtain upper bounds for g(k) (although these
estimates are weaker than those analytic means yield). In MELVYN B. NATHANSON’s
book [Nat00], a generalisation to integer-valued polynomials is presented. We will follow
Hua Loo KENG’s argument [Huab9, Hua82| employing exponential sums to receive the
required estimates. DONALD J. NEWMAN [New60, New97| gives a similar proof with
different estimates. An account of the proof, using Hua’s methods but avoiding the
exponential sums, was provided by YURI V. NESTERENKO |Nes06].

Throughout this chapter, let £k > 2 be a fixed exponent, and A; be the sequence of all
Eth powers, i.e.

Ak = {nk ne No}

All implied constants may only depend on % (and ¢ consequently). We aim to prove the
following statement:

Theorem 5.1 (Waring's Problem) The sequence Ay is a basis of finite order for all k >
2, i.e. there is a constant g(k) such that every non-negative integer can be represented
as the sum of at most g(k) elements of Ay.

Because of Thm. 2.8 it suffices to prove that there exists a constant ¢ = ¢(k) > k such
that cAy has positive density. Since 0 and 1 are members of Ay for all k£, this implies
that Ay itself is a basis of finite order. The strategy is the same as in our proof of
Schnirelmann’s Theorem in Chapter 2: We give upper and lower bounds for the number
of representations of an integer as the sum of k" powers, and by this, deduce that the
set cAy has positive density. The next section will outline the way to achieve this.



Chapter 5. Waring’s Problem 5.1. Preliminary Notes

5.1 Preliminary Notes

First we define r.(/N) to be the number of solutions to
i dab =N,
with z; >0 foralli=1,...,¢, i.e.

re(N)= Y L

z]f+...+z§:N
;>0

The required lower bound is easy:

Lemma 5.2 Let x be a real number. Then:

Z re(N) > z/*,

N<x

where the implied constant depends on k only.

Proof. Let n; for i = 1,...,c be a non-negative integer not exceeding (z/c)'/*. Then

certainly

nlf+...+n§§m,

so for every choice of n; we receive one of the representation the sum is counting. In
total, we have |z/c]* such distinct choices giving us the claimed lower bound. O

Analogously to the proof of Schnirelmann’s Theorem, we now need an upper bound for
re(N). Our aim is therefore to prove the following estimate:

Lemma 5.3 Let x be a real number, and N a non-negative integer. Then:
re(N) < N#,

where the implied constant depends on k only.

By summation, we immediately gain the estimate
Z re(N)? < 2?71,
N<z

enabling us to immediately apply Prop. 2.9. However, we will use the slightly stronger
result of Lemma 5.3 to deduce a solution to Waring’s problem in a more insightful way.

Proof of Thm. 5.1. Assume that o(cAg) = 0. Then by Lemma 2.2, for all ¢ > 0 we find
some x such that
cAg(x) < ex. (5.1)
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Obviously, if N ¢ cAy, then r.(N) = 0, so we can skip those N when counting solutions.
Using Lemma 5.3, we obtain:

As € can be chosen to be arbitrarily small, this contradicts our estimate in Lemma 5.2.
Thus the set cA;, must have positive density, and is hence by Thm. 2.8 a basis of finite
order, say h. So every non-negative integer can be represented as the sum of h elements
of cA,. But these elements are themselves sums of k" powers, so every integer non-
negative integer can be represented as the sum of at most h - ¢ < oo such k" powers,
solving Waring’s problem. O

Consequently, it remains to prove Lemma 5.3 for some constant c¢. As it turns out,
it suffices to take ¢ = 87!, so we will henceforth use this value. We will now reduce
Lemma 5.3 to an estimate for exponential sums. For the sake of clarity, we define

e(x) := exp(2mix).

First, we need an easy tool we will use several times to transform counting solution into
estimating integrals:

Lemma 5.4 Let q be an integer. Then:

1 .
1 =0
[ o= {1 10
0 07 Zf q 7£ 0.
Proof. The case ¢ = 0 is obvious since the integration is empty. For ¢ # 0, the integrand
e(qar) describes a |g|-fold closed circle around the origin, hence the integral vanishes by

Cauchy’s integral theorem. (The statement also follows immediately from the funda-
mental theorem of calculus.) O

We will now establish the required estimate:
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Theorem 5.5 Let P > 1 be an integer, and ¢ = 8*~1. Then:

/0 1 f: e(z*a)

=0
where the implied constant depends on k only.

C

da < PF,

Before we proceed to prove Thm. 5.5, we will show how to prove Lemma 5.3 with this
tool.

Proof of Lemma 5.3. Let N be an arbitrary non-negative integer. Then, using the fact
that |e(z)| = 1 for all real numbers z:

re(N)=lr(N)| =] > 1

zlf+...+zlg:N
z; >0

DR LY

DS /Oe(a(x';+...+x’;—zv))da

x1=0 =0

:/0 Z e(zha) | --- Z e(zFa) | e(—=Na)da

x1=0 Te=
[V

g/o Z e(z*a)| le(—=Na)|da

:/01 Z e(zFa)| da

< [ NVETF < NE O

In order to solve Waring’s problem, we therefore need to prove Thm. 5.5 which is the
subject of the next section.

5.2 Linear Equations and Exponential Sums

In the proof of Thm. 5.5, we will need to estimate the number of solutions to linear
equations. The required upper bounds are provided by the next proposition:
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Proposition 5.6 Let N, X, Y be integers with X, Y > 1, and q(N) denote the number
of integral solutions to
191 + Tay2 = N (5.2)

with |x;| < X and |y;| <Y. Then:

27TX3/2Y312 if N =0,

d(N) < 960Xy L if N £0.
AN

Proof. First, let N = 0. Obviously, for x; and y; there are 2X + 1 and 2Y + 1 choices,
respectively. Consider x1, x9, and y; to be chosen. Then there is at most one choice for
Yo left, so

q(0) < (2X +1)3(2Y +1) < (3X)?3Y = 27X?Y.

On the other hand, if z1, y1, and y» are considered to be chosen. Then we have ¢(0) <
27XY?2, so altogether we have

q(0) < min{27X?Y,27XY?} < V27X2Y - 27XY?2 = 27X?/2Y3/2,

where we used that the minimum does not exceed the geometric mean.

Not let N # 0. Without loss of generality, we can assume X < Y. By ¢;(N), we denote
the number of integral solutions to (5.2) with (x1,x2) = 1, where |z3| < |z1| < X and
ly;] < Y. Clearly x; # 0, because otherwise x5 = 0, giving N = 0 which contradicts our
assumption. Now by ¢o(V, z1,x2), we denote the number of integral solutions to (5.2)
with fixed x; and x5. Since x; and x5 are relatively prime, this is soluble for all N by
the Euclidean algorithm. Given one particular solution (y},v5), all other solutions are
of the form

Y =Y +ta,, Yo = Yo + ta1.

Since we required |y;| <Y, this gives us the condition

2Y

|

Yo — Yo
X

1] <

So the number of possible values for ¢ and hence the value of ¢o(NV;x1, z3) is bounded
by:
2Y 4vV + X _5Y
G@2(N; w1, 12) §2ﬁ+1 i <
sl

lzo| 7 |

Thus we can estimate the value of ¢;(/V) by summation over all cases:
<Y Yo
1<|m1|<X |zg|<\x1\

< BY Z 2|x1| +1)

1<z |<X
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<57 >3

1<|z1|<X

<5Y -3-2X =30XY.

Dropping the condition |z5| < |x;|, this hence yields that there are at most 2 - 30XY
solutions to (5.2) with (z1,z2) = 1.

Now let (z1,29) = d > 1 with d | N. (Otherwise there are not solutions to (5.2)
according to the Euclidean algorithm.) We examine the equation

N

I

Obviously, every solution to this equation yields a solution to (5.2) with x; = dz and
x9 = dxf, where the restrictions have changed to

Thy1 + Thys =

X
|$;’ < E? ’yl‘ <Y, (xllaxé) =L

By the above, the number of solutions to this kind of equation does not exceed GO%Y.
Summing over all divisors of N, we finally obtain

1
a(N) <60XY ) .
d|N

as required. N

Instead of proving Thm. 5.5 directly, we will prove a stronger result which allows us to
tackle the problem by induction.

Theorem 5.7 (Hua's Lemma) Let P > 1 be an integer, f(z) = arz® + ...+ a1z +ag €
Z|z] a polynomial with degree k, and coefficient

(Zk<<1, CI,]</,_1<<P7 RN (11<<Pk_1, CZO<<Pk.

Then we have the estimate:

/

where the implied constant depends on k only.

8k—1

da < P¥' 7k, (5.3)

> elf(@)a)

Obviously, f(z) = 2* is a polynomial satisfying the condition of the theorem, so Thm. 5.5
is an immediate consequence of the above.

Proof. We proceed by induction over k, the degree of the polynomial f. So, let k = 2,
i.e. we have
f(z) = agz® + a1z + ay,
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where
as < 1, a; < P, ag < P?.

Let @ denote the number of integral solutions to

f(x1) + fzo) + f(w3) + f(2a) — f(y1) — f(y2) — flys) — flya) =0 (5.4)

with 0 < @;,y; < P. Then we have

Q= > 1

Ha) ot H Py = ag)=0
- > [ ettt 1) = Jn) - S da
-[ (O<Z<P6<f<x>a>>4 (0;Pe<—f<x>a>)4da
-/ (O<Z<P6<f<x>a>>4 (O<Z<Pe<f<x>a>>4da
- [1S ctm 'da

0<z<P
where Z denotes the complex conjugate of z. Hence, we need to find an upper bound for
Q. Fori=1,...,4, define
% = T — Yiy w; = ag(T; + yi) + a1

For any solution to

21W1 + 29Ws + 23w3 + 24wy = 0, (5.5)
we obtain by plugging in

ziw; = (2 — i) (a2 + 4i) + a1) = a2} + arx; — asy; — ary; = f(x:) — f(yi),

and hence a solution to (5.4). Let R denote the number of integral solutions to (5.5) with
|zi], lwj| < P. By ap, < P*™™ and 0 < z;,y; < P, we have a,,27* < P>""P™ = P?
and a,y;" < P2 thus the restriction on z; and w; ensures that every solution to (5.5)
in z; and w; yields a solution to (5.4) in f(x;) and f(y;). Our task is therefore to find

an upper bound for R, giving an upper bound for ) and hence by the above for the
exponential sum in (5.3). So let ¢(/V) denote the number of integral solution to

21W1 + 2wy = N
with |z, Jw;| < P. By Prop. 5.6, we have

27P3, if N =0,

IN) < {60P2 L if N £0,
dIN
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To count all solution to (5.5), we need to sum up over all possible cases for N, where
|IN| < P? with the same argument as before for |z, |w;] < P. For every choice
of N, we have ¢(N) solutions to zjw; + zgws = N and ¢(—N) = ¢(N) solutions to
zzwz + 24wy = —N. This finally yields

8
1
|| 3 et da=q<r
O lo<e<p
= ) q(N)
|N|<P?
=0+ > gq(N)?
0<|N|& P2
2
1
6 4 1
<P+ Y P .
0<N<P? d|N

1
=P°+pPt > ) i%

0<N<P2 dy,da|N

=P+ Pt ) ﬁ Yo

1§d1,d2<<P2 0<N< P2
[dy1,d2]|N
1 P?
< P°+ P! —
1§d1%2:<<P2 didy  [dy, dy]
1 P?
< p%+4 p* :
\<ds dyc P? d1d2 <d1d2)1/2
> 1
6 6 6
PP Y G <P
dy,do=1

where we used the fact that [dy,ds] > v/dids. This proves the induction basis.

Now let £ > 3 and assume that the statement is true for £ — 1. Writing

w@w%ziﬁ@+@—f@ﬂ

for y # 0, we see

2

> elf@a)
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= 33 elals ) - £)

=0 y=0

— Z e(a(f(x+y) — f(x)))

S0 Y S dlhplegla

=0 0<|y|<PO<z<P

=P+1+ Z Z e(yo(z,y)a

0<|y|<PO<z<P

where >~ means that the summation is only over the relevant part of the set. Fixing
y # 0 in p(z,y), we observe

Plo9) =~ (fa+9) = F(o)
1 (& & ‘
S Z a;(x +y) — Z aix’)
Y \i= i=0
WA ‘ k
= Z a;(z+vy)' — Z aw’)
Yy 1=1 i=1
WA AN k
= — Z a; Z ( ) 'y — Z aw’)
Y \iwm =V i=1
k k i1 . k k
= 2:%ﬂ+§:m§:<0$F@W+§:my—§:mﬂ>
Yy =1 =1 7=1 J =1 =1
i—1 . k
= Z a; (Z) Iyl 4 Z ay
=1 7=1 J =1

and hence, ¢(z,y) is a polynomial in x with degree k — 1 whose coefficients are integers
that satisfy the conditions of the induction hypothesis. We now define

ay = Z/ e(yp(z, y)a),

0<z<P
giving us by the above:
2.8k—2 gk—2
r /
> e(f(x)a) (P+1)+ > ay
=0 o0<ly|l<P
gk—2_;
gk 8k—2 ; ’
= ( Z, )(P + D> ay
i=0 0<ly|<P
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8/972

/ gh—2 8k—2
8k—2
<macd (P S (Y
o<|y|<P i=0
8k—2
k—2 k—2 /
=2 .max< (P+1)% 7, Z ay
0<|y|<P
8k—2
8](372 !
< max<{ P° Z @y
o<|y|<P

In order to prove the statement, we need to check the cases that the maximum takes on
either value. So first assume
!/
Z ay| < P.

0<|y|l<P
Applying this to the exponential sum in (5.3) yields:

/

> elf@)a)

=0

We now assume

0<Jy|<P

Applying the Cauchy-Schwarz inequality (Thm. 1.1) repeatedly, we obtain:

P 2'8k_2 / 23(1672)
Ze(f(x)oz) < Z a,
=0 0<|y|<P
23(k—2)
/
< > 11l
0<|y|<P
93(k—2)—1
/ !/
<[ )
0<|y|<P 0<[ly|<P
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9 93(k—2)—2

/ !

22
§ Iy § |ay|
0<|y|<P 0<ly|<P 0<Jy|<P
93(k—2)—3

(]

231

IN
]
—
|
&
(VAN

0<|y|<P o<|y|<P
93(k—2) _1
! / 3(k—2)
| 21 |2 laf
0<[|y|<P o<ly|l<P
_ / _
<@EPMTT YT o[
0<ly|<P
8k72
_ / !/
< PPN TS e(yp(,y)a) (5.6)
0<|y|<P |0<z<P

Writing the sum as a Fourier series, we have

8k—

ZI e(ye(z,y)a)

0<z<P

= Z Anpe(yna).

From the restrictions for the coefficients, we obtain
pEt
n < max oz, y)] <

Calculating the coefficients of the Fourier series and applying the induction hypothesis,

we have
1 / 8/972
Al =|[ | 3 elustews)|  e(-ns)as
0 |o<a<pP
1 / 8k72
< [ 3 ctwetwnn)|  -le(-np)as
0 lo<a<p

< /1 psEi (k1) dB = P8 =(k-1)
0

Raising (5.6) to the 4 power and integrating over a from 0 to 1, this finally yields:
1 816—1
J

e(f(r)a) da

T
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Chapter 5. Waring’s Problem 5.3. Concluding Remarks and Generalisations

gk—2 4

ZI e(yp(z, y)o) da

0<z<P

1
4.88=2_4 !
< / prea [y

0<ly|<P

4

_ pashTioa /01 ZI Z Ane(yna) | da

0<[|y|<P |n|< Pk-1

1
0<|y; ISP 0
s,
_k—2_
_ pis8 4 Z Am"'AM

0<|y;|<Pynj|<Pk—1
yini+...+yqng=0

< preiTi—a pashi-a(k-1) Z 1

0<|y;|<Py|nj|<Pk—1
yini+...4+ygng=0

< P4-8k_274 . P4-8k—274(k71) . p3k — ng—l,k

where we used the estimate for the number of integral solutions to y;n1 +...+ysngs =0
with |y;n;| < P* according to the argument in the induction basis. This proves the
theorem, and hence solves Waring’s problem. O]

5.3 Concluding Remarks and Generalisations

Finally, it is worth noticing that the two main results of this paper can be combined
to obtain the Waring-Goldbach problem: Can every (sufficiently large) integer be repre-
sented as the sum of a bounded number of k™ powers of primes? Some progress has been
made for small exponents, yet the general question remains unanswered. Hua [Hua65]
gives an account on this topic. But this is just one example of the many unsolved prob-
lems in additive number theory. The fact that methods from many areas of mathematics
can be applied to these problems makes it an active and exciting field of research with
many interesting results yet to be expected.
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