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1 Introduction

The Goldbach Conjecture which states that every positive even integer greater
than two can be written as the sum of two primes is an unsolved problem that
holds true for integers up to 4 * 10''. What we will prove is the Shnirelman the-
orem - particularly that every integer greater than one is the sum of a bounded
number of primes. First, we will introduce the Shnirelman density and show
that for a nonempty set containing 0 with positive Shnirelman density is a basis
of finite order, meaning that any non-negative integer can be written as a finite
sum of elements of A. Then, we will prove that every integer greater than 1 is
a sum of a bounded number of primes.

2 Shnirelman Density

Let A be a set of integers. A(z) denotes the number of positive elements of A
not exceeding x such that
A)=> 1

a€A
Then, for z > 0,

A(z)
x
We define the Shnirelman density of a set A of integers to be o(A) such that

A(n)

n

0<A(z)<z = 0<

<1

0(A) = inf

forn=1,23...

As n gets larger, A%

=, gets smaller, which implies that
0<o(A)<1
We say that A(n) > o(A) which implies that if o(A) = a,

A(n) > an



for all n. Say 1 ¢ A. Then, A(1) = 0 and thus ¢(A4) = 0. Let A contain every
positive integer. Then, A(n) = n and o(A) = 1 which implies that if o(4) =1
if and only if A contains every positive integer.

Now, we will define a sumset A + B for two sets of integers A and B such that
A+B={a+b:a€ A be B}
Let Aq,..., A be sets of integers such that
Al +As+ ..+ A, ={a1+az+..+ap:a, € 4;,1<i<n}

Then, let A; = Afori=1,2,...h so that hA=A+ ...+ A. We say that A is a
basis of finite order h if every nonnegative integer is contained in hA and
h>1.

2.0.1 Theorem 1

Let A and B be sets of integers such that 0 € A,0 € B. If n > 0 and
A(n) 4+ B(n) > n, thenn € A+ B.

Proof: If n€ A,n+0=n € A+ B. Similarly, if n€ B,0+n=n€ A+ B.
Suppose n ¢ A,n ¢ B. Let A’ and B’ be two sets such that
A'={n-a:a€eAl1<a<n-1}
and
B ={b:beB,1<b<n-1}
Thus, |A’| = A(n) and |B’| = B(n). We know that
|A'| +|B'| = A(n) + B(n) > n

which means that there is overlap between A’ and B’. This implies that there
exists b € B such that n — a = b for some ¢ € A and
beB = n=a+be A+ B.

2.1 Theorem 2

Let A and B be sets of integers such that 0 € A,0 € B. If 0(A) + o(B) > 1
then n € A+ B for all nonnegative integers n.

Proof: Suppose 0(A) = a and o(B) = b. Then, if n > 0, A(n) > an and
B(n) >bn = A(n)+ B(n) > an+bn=(a+b)n >n.



2.2 Theorem 3

Let A be a set of integers such that 0 € A and o(4) >
order 2.

%. Then, A is a basis of

Proof: Let A = B. Then, o(A) + 0(A) > 2% + = 1 which implies that
n € A + B for every nonnegative integer n.

2.3 Theorem 4

Let A and B be sets of integers such that 0 € A,0 € B. Let 0(A4) = a and
o(B) = b.. Then,

oc(A+B)>a+B—ab

Proof: The full proof is on pages 193-194 of the textbook. The theorem also
proves that 1 —o(A+ B) < (1 —o(A))(1 — o(B)).
2.4 Theorem 5

Let h > 1, and let Ay, ..., A, be sets of integers such that 0 € A; for i =1, ..., h.
Then,

h
1= 0(Ar + ..+ A) > [[(1 = o(A2)
i=1

Proof: The proof follows from induction on h. Let 0(4;) = a; for i = 1,...h.
Forh=1,1-0(A1)=1—a;. If h = 2,

1= 0(Ar +A2) < (1= 0(A)(1— 0(A2)) = T[22, (1 - 4)).

Now, let A > 3 and assume the theorem holds for integers less than or equal to

h. Let Aq,..., Ap be sets of integers such that 0 € A;Vi. Let B= A+ ...+ A,
such that

h
(1-0(B) =1—-0(Az+ ...+ 4,) < [[(1 - o(4))

=2
- 1—U(A1+..+Ah):1—U(A1+B)

< (I =0o(A))(1 - a(B))



2.5 Shnirelman Theorem

Let A be a set of integers such that 0 € A and o(A) > 0. Then A is a basis of
finite order.

Proof: Let 0(A) = a such that a is greater than 0. Then, we know that
0<1-a<1so that

0<(1-a)<1/2
for an integer d greater than 1. Theorem 5 shows that
1—0(dA) <(1-0o(A)'=1—-a)?<1/2

such that o(dA) > 1/2. Let h =
2d. T heoremdshowsthatthesetd Aisabasiso forder2, soAisabasisoforderh, meaningthat Aisabasisof finiteorde

3 Shnirelman-Goldbach Theorem

Now, we will prove that every integer greater than one is a sum of a bounded
number of primes.

3.1 Lemmal

Let r(N) denote the number of representations of the integer N as the sum of
two primes. Then,

$2

(loga)?

> r(N) <<

N<zx

Proof: Let p and q be two primes such that p,q < § = p+q <2(5) = =.
By Chebyshev’s theorem,

3.2 Lemma 2

Let r(N) denote the number of representations of N as the sum of two primes.
Then

3

> r(N)? << a

= (logz)*

Proof: The proof is on pages 196-197 of the textbook.



3.3 Theorem 6
The set

A={0,1}U{p+q}
for p, q primes has positive Shnirelman density.
Proof: The Cauchy-Schwarz inequality implies that

(v < 3 1S w2 < Af) Y r(N)?

N<z r(N)>1 N<z N<ax

. Lemma 1 and 2 imply that

Togo)®
This implies that there exists an integers aj, as such that A(z) > a2 and
A(x) > agx as 1 is contained in the set A of integers. Therefore,
Vo > 1, A(x) > min(ay, az)x which implies the Shnirelman density of A is
positive.

3.4 Shnirelman-Goldbach Theorem

Every integer greater than one is the sum of a bounded number of primes.

Proof: We know that for some integer h, a set of integers A is a basis of order
h. Say N >2 = N — 2 > 0 so for integers k, d such that k + d < h there
exist d pairs of primes p;, ¢; such that

N-2=1+..4+14+pm+q)+ ...+ (pa+qq)
for k copies of 1. Let k = 2m + r such that r equals 0 or 1. Let r = 0.
= N =14t 1424 (P q) + ot (Pat@a) =2+ o+ 24 (1 + 1) + oo+ (P2 + 0)
for m + 1 copies of 2.
Let r =1, s0 k=2m+ 1. Then,

N=2+.42434+pi1+q)+ ..+ (pa+qa)
for m copies of 2. Either way, N is a sum of

2d+m+1

primes.



