ADDITIVE COMBINATORICS (WINTER 2005)

ANDREW GRANVILLE

INTRODUCTION

For A, B subsets of an additive group Z, we define A + B to be the sumset {a +
b:a € Ab e B}, and kA to be the k-fold sum A+ A+ ---+ A of A. We also let
A—B={a—b:a€ Abe B} and b+ A = {b} + A for a single element set {b}, a translate
of A. Note that A — A is not 0 unless |[A| = 1. Welet ko A = {ka : a € A}, a dilate
of A. There are many obvious properties of “+” that can be checked like commutativity,
associativity and the distributive law A+ (BUC) = (A+ B)U (A + C).

Prove that k¢ A C kA and classify when they are equal. Prove that |b + A| = |A|. Show that |A| <
|A+ B| < |A||B|. Describe the situations when we get equality. Improve this last upper bound for |A + A|
and for |A — A|.

We shall be most interested in understanding the size and structure of sumsets which
are subsets of the integers Z, often working with Z>,, (where A>,, denotes the integers in
A that are > m), or of Z/NZ for some positive integer N. That every integer is the sum of
four squares of integers can be written down as 4Z2 = Z (where here Z? denotes the squares
of the integers); if h(A U {0}) D Z>,, for some m then we say that A is a basis of order h
for the integers, and thus Z? is a basis of order 4. The Goldbach conjecture can be written
as 2P = 20 Z>9 where P is the set of primes, or even 3(PU {0}) = Z>9 U {0} (verify this is
indeed equivalent). The twin primes conjecture states that for every even integer k there are
infinitely many pairs of primes p, p 4 2k: verify that this can be rewritten as P>, — P>, =2¢Z
for all m.

In this course we will be primarily studying what it means that A + A is small; that
is, if this is so then what does it imply about A. We shall find that this implies that A has
a readily describable structure which can then be applied to various problems. There are
many open problems in this field that invite investigation; for example to fully understand
the structure of A + B when this sumset is “small”, in the case that B is significantly
smaller than A.

It is easy to see that if A C Z then |2A| < |A|(]A| + 1)/2, since the distinct elements
of 2A are a subset of {a; +a; : 1 < i < j < |A]}; moreover 24 can be this large,
for example with A = {1, 2, 22, 23, ceey Qn_l}. Prove that this is so, and give an infinite class of

examples described simply by the growth of the elements of A. Moreover show that if we select a set A of
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n integers “at random” from {1,...x} with x > n4te then |2A| will equal |A|(|A| + 1)/2 with probability
— 1 as n — oo.

So we have proved that “typically” |2A]| is large and that it is only very special
circumstances that it is small. A key, but easy, result for getting a feel for our subject is
the following:

Lemma 1. If A and B are finite subsets of Z then |A+ B| > |A|+ |B| — 1. Equality holds
if and only if A and B are each complete finite segments of an arithmetic progression to
the same modulus.

Proof. Write the elements of A as a; < as < ...a,, and those of B as by < by < ...bs.
Then A + B contains the r + s — 1 distinct elements

a1+ b <ap+by<ar+by3<---<ap+bs<as+bs<az+bs <---<a,—+bs.

If it contains exactly r + s — 1 elements then these must be the same, in the same order, as
a1+by <as+by <as+by<as+by<---<as+bs<az+bs <---<a,+bs. Comparing
terms, we have a; + bjy1 = ag +b; for 1 < ¢ < s —1; that is b; = by + (j — 1)d where
d = as — a;. A similar argument with the roles of a and b swapped, reveals our result.

If A+ B is small, not as small as |A| + |B| — 1 but not much bigger, then we might
expect to be able to use a similar proof to prove a similar structure theorem. Try! After
a little play one quickly finds that A + B is small if A and B are both large subsets
of complete finite segments of an arithmetic progression to the same modulus. A further
interesting example is given by A = B = {1,2,...,10,101,102,...110, 201, 202, ...210}, or
its large subsets. One observes that this can be written as 14+{0,1,2,...,9}+{0, 100, 200},
a translate of the sum of complete finite segments of two arithmetic progressions. More
generally, define a generalized arithmetic progression C' = C(ag, a1, . ..ax; N1, Na, ..., Ni)
as

C:={ap+ans +agng+---+arni: 0<n; <N; —1forl1<j<k}

where ag, a1, ...ax are given integers, and Ny, No, ... Ny are given positive integers. Note
that C'(ag,a1,...ak; N1, No,..., Nx) = ag + Zle a;©4{0,1,..., N; — 1}. This generalized
arithmetic progression is said to have dimension k and volume N1 N> ..., Ni. Notice that

20(&0,&1,...ak;Nl,NQ,...,Nk) == C(Qag,al,...ak;QNl - 1,2N2 - 1,...,2Nk — 1).

so that |2C| < 2%|C|.

If you try to find other sets A and B with A + B small then it seems you will be
out of luck. In the case that A = B this is the extraordinary insight of Freiman [5]: he
showed that 24 can be “small” if and only if it is a “large” subset of a “low” dimensional
generalized arithmetic progression of “not too big” volume!. This is the central result of
this course. Freiman’s 1962 proof is both long and difficult to understand. I believe that it
is fair to say that the subject did not progress as much as it might have done since people
had difficulty appreciating what Freiman had done. It was not until Ruzsa’s 1994 proof of
Freiman’s result, which is extraordinarily elegant and insightful, that the subject exploded
with new ideas and results. As we will see in this course, much of our development of the
subject stems from the wealth of ideas in Ruzsa’a treatment, and it is for this reason that
we call this main result “the Freiman-Ruzsa theorem”.

IThe terms inside quotation marks all need quantifying and this is not easy.
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DENSITIES

For a given set of integers A which we will write as {a; < ay < ...}, define A(n) =
#{a € A: 1 <a<n}. The Schnirelmann density of A is defined by

o(A) := inf A(n)/n.

n>1

Note that A(n) > no(A) for all n > 1. We also define the more usual, upper and lower
densities, B
d(A) =lim inf A(n)/n and d(A)=1lim sup A(n)/n,

with d(A) = d(A) = d(A) if they are equal.

Show that (i) 0(A) =1 if and only if A D Z>q; (ii) If 1 € A then o(A) = 0; (iii) If 0(A) =0then 1 ¢ A
or d(A) = 0; (iv) d(A) = (A).

Define Ap :={a—n: a>mn, a € A}. (v) Show that d(A,) = d(A) for all n > 1.

For all € > 0 there exists n such that o(A4,,) > d(A) — e: For if not then let ng = 0
and define n;41 = n; + m where A,,(m) < (c(Ay,) + €¢/2)m < (d(A) — ¢/2)m. Then
A(ng) = Y00 Alnig) — A(ni) = S0 Ap(nipa — ni) < 305(d(A) — €/2)(niga —
n;) = (d(A) — €/2)ny, which contradicts the definition of d(A), since the values of nj get
arbitrarily large .

We are interested in adding sets and obtaining a large sum. We will usually assume
that 0 € AN B for this implies that AU B C A 4+ B. In the next result we prove a simple

consequence of the pigeohole principle but rephrased here in our terminology.
Lemma 2.1. If0€ ANB and 6(A)+0o(B) > 1 then A+ B D Z>y.

Proof. Suppose not and let n be the smallest positive integer for which n ¢ A 4+ B: then
n¢ AUB, and A and n — B are disjoint. Let C = AU(n—B) sothatn—1>C(n—1) =
An—1)+(n—B)(n—1)=An—-1)+B(n—1) = A(n) + B(n) > o(A)n+ o(B)n > n,
a contradiction to the supposition.

Schnirelmann’s theorem. If1 € A and0 € B then o(A+B) > o(A)+0(B)—oc(A)o(B).

A greedy proof. Given a € A>y we count the number of elements in a + B C A+ B just a
little larger than a. That is, if z > a then (A + B)(z) — (A+ B)(a—1) > (a + B)(z) —
(a+B)(a—1)=B(x—a)+1>0c(B)(x—a)+1. Thereforeif l =a1 <ay <---<ap<n
are the elements of A N[1,n] then

(A+ B)(n) = i((A + B)(ais1 — 1) — (A+ B)(a; — 1)) + (A+ B)(n) — (A+ B)(ay, — 1))

Ing

(0(B)(ait1 —ai = 1) + 1) + (a(B)(n — ax) + 1)

= 0(B)(z — k) +n = a(B)n+ (1 — o(B)A(n) > (o(A) + o(B) — o(A)o(B))n.

We can deduce that any set of positive density is a basis for the integers:
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Corollary 2.2. If0 € A and o(A) > 0 then there exists h such that hA D Z>o. We may
take h < 2[(log2)/(—1log(l —o(A))].

Proof. As o(A) > 0 we know that 1 € A C kA for all £ > 1; and we deduce, by induction,
from Schnirelmann’s theorem, that if 0,1 € A then 1 —o(kA) < (1 —o(A))* for all k > 1.
Now let k& be the smallest integer for which (1 — o(A))* < 1/2 so that o(kA) > 1/2, and
then kA + kA D Z>o by Lemma 2.1.

The most famous consequence of this is Schnirelmann’s result that the primes form
an additive basis, a first step along the road to Goldbach’s conjecture. To prove this will
require a little sieve theory to prove that d(2P>3) > 1/8. Use this to show that the primes form
an additive basis of order < 13.

A similar method can be used to prove Hilbert’s theorem on Waring’s problem, that
for every integer k, there exists h such that every the kth powers of integers form an
additive basis.

First though, we will make an analogous first step along the road to the twin prime
conjecture.

Given S C Z we define the cube S := {} g€ : €, € {—1,0,1} for cach s € S},
to have dimension |S|. Notice that [S] < 35, If we have equality here then we call this a
proper cube. Notice that a cube is a special case of a generalized arithmetic progression;
and that our definition works for any additive group Z.

Proposition 2.3. If A C Z>1 with d(A) > 0, then there exists a finite cube S for which
A— A+ S =7. In fact there exists such a cube of dimension |log(1/d(A))/log2].

Proof. If A — A # Z then there exists an integer m such that m ¢ A — A, and so A and
m+A are disjoint. Let A; = AU(m+A) so that d(A;) = 2d(A) and A —A; = A—A+{m}.
If this is not Z, we then define Ao, As,... and so on. However this construction cannot
continue if d(A) > 1/2 (since we cannot have d(Aj41) > 1), and therefore Aj, — Aj, = Z.
This gives our result with k chosen so that 2¥d(A4) > 1/2.

From this and the result that d(2P>3) > 1/8 we deduce that there exists a cube S of
dimension < 3 for which 20 7Z = 2P>3 — 2P>3 + S.

One can continue this line of thinking in the well-known example that 472 = Z>0; in
this case it is known that every positive integer is represented many times as the sum of
four squares and that there are infinitely which are not the sum of three squares (in fact,
precisely the integers {4%(8m —1) : k > 0,m > 1}). One might ask whether one can find a
“thin” subset A of Z?, perhaps finite, such that 3Z? + A = Z>,. From the classification of
integers that do not belong to 3Z? it is easy to show that 322+ {0,1,4} = Zs,. It is a challenge
to find a “thin” set A for which 272 + A = Z:>o — show that such a set A cannot be finite.
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THE PRIME k-TUPLETS CONJECTURE

The prime number theorem tells us that there are ~ x/logx primes < z; or, put
another way, if we randomly chose an integer near x then it is prime with probability
1/log .

If we were to ask how often n and n+k are prime when n < z then we might guess that
one can assume that the events that they are each prime is “independent” one another,
and so this happens for about 1/ log® z of the integers n around z. However, in the case
that k = 1 this heuristic fails to account for the fact that one of n and n+1 is always even,
and thus n and n+ 1 cannot be simultaneously prime when n > 2. To take the divisibility
of prime numbers into account, we note that the probability that neither of two randomly
chosen numbers are divisible by p is (1—1/p)?, whereas the probability that neither of n and
n+k are divisible by p if n is chosen randomly is 1 —w(p)/p where w(p) = 2 unless p divides
n, in which case w(p) = 1. Thus we expect ~ ([[,(1 —w(p)/p)/(1 - 1/p)%2 4+ o(1))z/log* z
prime pairs n, n+k with n < z, and this claim is well supported by computational evidence.

Given a set of irreducible polynomials fi(z), fo(z),..., fu(x) we define m¢(x) to be
the number of integers n < x for which |f1(n)|,|f2(n)],... and |fx(n)| are all prime.
Similarly, by defining w¢(p) to be the number of integers n for which f1(n)f2(n)... fr(n) =
0 (mod p), we predict that m¢(z) ~ ([[,(1 —w(p)/p)/(1 - 1/p)¥ 4+ o(1))az/dlog" x, where
d is the product of the degrees of the f;.

Define r(n) = #{p,q primes : p+qg=n, p=1i (mod m),q = j (mod m)} where m is
the product of the primes < y where y = [logn/loglogn] with (ij,m) = 1, and let k = i+j.
Obviously 7(n) = 0 unless n = k (mod m), in which case we predict (in a similar manner
to above) that 7(n) ~ mn/(¢(m)logn)?. Now the fundamental lemma of the sieve gives
upper bounds for r(n) that are slightly weaker than this: modifying the proof of Theorem
3.11 in [HR] in the obvious way one obtains that r(n) < {4+o0(1)}mn/(¢(m)logn)?. Now
fix € > 0. Let A be the set of integers n = k (mod m) with (1 — ¢)x < n < z for which
r(n) > 0. Then

mx 2¢ — €2)x?
{4+ 0(1)}\A|W > ), = ), 1~ 2((¢(m) 1o>g;c)2’

(1—e)z<n<z p=i (mod m)
n=k (mod m) g=j (mod m)
(I-€)z<p+q<z

by the prime number theorem for arithmetic progressions, so that |A| > (1/4 — ¢/8 +
o(1))ex/m. Summing over all such intervals, and then letting ¢ — 0, we discover that
r(n) > 0 for > (1/4 — o(1))x/m integers n < x for which n = k£ (mod m). Summing over
all even k (with an appropriate pair 4, j) we discover that d(2P>3) > 1/8, as claimed in
the previous subsection.

Modify the above argument to show that if @ is a subset of the primes of positive density (that is, there
exists a constant ¢ > 0 such that Q(x) > en(x) if x is sufficiently large) then d(2Q) > 0. Deduce that @

is an additive basis for the integers.
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THE DYSON TRANSFORMATION AND ITS CONSEQUENCES

Freeman Dyson defined a transformation A, B — J.(A), d.(B) on a pair sets, which is
useful in the context of adding sets: For any e € A we let B, :={be€ B: b+e ¢ A} and
then

Je(A):=AU(e+B)=AU(e+ B.) and 6.(B):= B\ Be.

Notice that B, C B and B.NA = 0; and e+6.(B) C A C 0.(A). It is useful in the context
of adding sets for two reasons:

e We have AN(e+ B) =6.(A)N(e+d.(B)) and AU (e + B) = 0.(A) U (e + 6.(B));

e Also 6.(A)+6.(B) C A+ B.
To see this last assertion note that if a € §.(A),b € 6.(B) C B then either a € A (in which
case a + b € A+ B trivially) or a € e + B,, that is a = e + b’ with ' € B.: however we
then have e +b € A (as b € §.(B)),saye+b=d" € A,andsoa+b=(e+¥)+b=
(e+b)+b =d+V € A+ B.

With this tool we can prove Mann’s improvement of Schnirelmann’s theorem and
other central results in this subject.

Mann’s theorem. If0 € AN B then o(A+ B) > min{l,0(A) + o(B)}.

This follows immediately from the stronger
Proposition 2.4. If0 € AN B then % > min {1, ming <m<n W} .

Proof. Let 1 := minj<y<n(A(m)+ B(m))/m. The result follows from the proof of Lemma
2.1if n > 1, so we may assume that n < 1. It will be convenient in this proof to suppose
that A, B C [0,n], wlog. There is nothing to prove if n = 0 or B(n) = 0 or A(n) = 0.
So we will proceed by induction on n and then on B(n), and we may now assume that
n, B(n) > 1. We select e minimal so that e+ B is not a subset of A (evidently e exists, for
we may simply take consider e and b to be the largest elements of A and B respectively, so
that e4+b € A). Note that B.(n) > 1, so that 6.(B)(n) < B(n) and thus we may proceed by
the induction hypothesis as (A+B)(n) > (6.(A)+6.(B))(n) (since 6.(A)+6.(B) C A+B),
once we prove that d.(A)(m) + d.(B)(m) > nm for all 1 < m < n.
Now {be B.: m—e<b<m} C{be B: m—e<b<m} so we have

0e(A)(m) + be(B)(m)

I
—~

A(m) + Be(m — €)) + (B(m) — Be(m))

= A(m) + B(m) — (Be(m) — Be(m — €))

> A(m) + B(m) — (B(m) — B(m —e¢)) = A(m) + B(m —e).

If B(m) = B(m — e) then we are done, for example in the case e = 0. Otherwise let by be
the smallest element of B which is > m—e, so that by < m,andlet 0 <r:=m—-b; <e—1
(<n—1). Then A(m)+B(m—e)=A(m)+B(b1—1) = (A(by+r)—A(b1 — 1))+ (A(b1 —
1)+ B(by —1)). Now A(by — 1)+ B(by — 1) > n(b; — 1) by hypothesis. Now if a € A with
a <r <ethen a+ B C A so that by +a € A: therefore A(by + 1) — A(by — 1) > A(r) + 1,
and A(r) = (A+ B)(r) since every element of A+ B which is < e must belong to A (by the
definition of e). Putting this altogether, and using the induction hypothesis on n to note

that (A+ B)(r) > nr, we have A(m)+B(m—e) > nr+1+n(by —1) =nm+(1—n) > nm.
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Dyson generalization. If0 € Ay NAsN---N Ay then

n 1<m<n m

(Ar+ A+ -+ Ap)(n) zmin{l, min A1(m)+A2(m)+-”+Ak(m)}‘

A key question is how these results generalize to d: one might guess that d(A + B) >
min{1,d(A)+d(B)}, but this is wrong: The example A= B =A+B ={n=0 (mod m)}
shows that subgroups must be taken into consideration. The example A= B ={n=0or 1
(mod m)} and A+ B ={n=0,1or 2 (mod m)} shows that cosets of subgroups must also
be taken into consideration. Evidently we first need to study addition of sets (mod m),
before going on to d.

The Cauchy-Davenport theorem. If A and B are non-empty subsets of Z/NZ with
0 € B, and where (by,N) =1 for allb € B\ {0} then |A+ B| > min{N, |A| + |B| — 1}.

Proof. We need only prove this when |A| + |B| —1 < N, for if |A| + |B| — 1 is larger
then we simply take subsets A C A and B’ C B with |A’| + |B’| — 1 = N and then
7Z/NZ 2> A+B2DA +B 27/NL.

Proof by induction on |B|: if |B| = 1 then B = {0} so A+ B = A and the result follows.
For |B| > 2 select b € B\ {0}. We claim that there exists e € A such that e + B ¢ A else
A+ B = A and then summing the solutions of a + b = o’ over all a € A (and thus a’ runs
through the elements of A), we obtain |A|b =0 (mod N). Now (b, N) = 1 by hypothesis
and so N||A| which is impossible since 1 < [A| < N — 1.

The result holds for the pair §.(A), J.(B) by the induction hypothesis (as |6.(B)| <
|B|), and then the result holds for the pair A, B by the properties of the Dyson-transform
(Verify this).

At first sight it would seem we could significantly weaken the hypothesis on B in the proof above to
something like (N, b1,...,b,) =1 where B = {0, b1, ...,b-}. Explain why the proof fails in this situation.

Corollary 2.5. If A and B are non-empty subsets of Z/pZ where p is prime, then |A +
B| > min{p, [4] + |B| - 1}.

PT’OOf. Determine how to satisfy the hypotheses of the Cauchy-Davenport theorem in this case.

In fact one can prove that |A 4+ B| = |A| + |B| — 1 < p if and only if either
(i) A or B has just one element; or
(i) A=ap+do{0,1,...,7—1}, B=by+do{0,1,...,5s — 1} for some r +s <p—1; or
(iii) AU (d — B) is a partition of Z/pZ for some integer d.

In the proof above we see that if |0.(A) + 6c(B)| > |0(A)| + [6c(B)| then |A + B| >
|A| + |B|. Now if |B| =1 then, trivially
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SUMMING SETS TO GET ALL OF THE INTEGERS

Proposition 2.6. If A is an additive basis of order h then A(n) > hn'/". On the other
hand there exists an additive basis A of order h with A(n) < hn'/".

Proof. Suppose that hA O Zs,,. Then n+ O(1) < hA(n) < A(n)"/h! + O(A(n)"~1), and
the first result follows from Stirling’s formula. On the other hand one can show that

h—1 V4
A:U(QJOB) where B:{ZQ”}":0§61<62<---<e£,€20}
§=0 i=1

is a basis of order h (Fill in the details here as an exercise. Hint: Consider representing 2" — 1 as a
sum of elements of A). Now if 2(k=1h <n< 2kh _ 1 then B(n) < B(2kh — 1) — 92k < onl/h
and so A(n) < Z?:_é 2(2_jn>1/h < 2(1 - 2_1/h)_1n1/h <K hnl/". Determine an asymptotic
formula for the value of B(n) and then of A(n).

Evidently (h—1)A in this example is nowhere close to being all of Z. One might guess
that bases are, in some sense, “complementary”; in that of you added enough together you
would obtain Z. Nothing could be further from the truth, as the following generalization
of the above construction shows.

Cute example: For given integers h > 2 and k, we now construct additive bases By, ... B
of order h such that if T = (h — 1)(By + By + - - - + By) then T(n) < n' =1/,
Fix integer g > (k(h — 1))%and for any S C Z>q define G(S) = {Xes ejg’ : 0<e; <
g — 1}. Note that if AN B ={ then G(AU B) = G(A) + G(B).

If n = Y ,n;h" in base n then let N;; be the set of non-negative integers n with
n; = j, and note that U;-‘:_(}Ni,j is a partition of Z>g. Then define

h—1 h—1 h—1
B; = | J G(Ni;), so that (h—1)B; = | J (h— )W (js) where W(j;) := | ] G(Ni);

j=0 7i=0 j;Q

J7F 74

and therefore T'= U(h — 1)(W (jo) + W (j1) +- - -+ W (jx—1)) where the union is taken over
0<70y---yJk—1 < h—1. Fix jo,...,jr—1 and write U = (h— 1)(W(]0)+W(]1)++
W (jk-1)), Now if e = jo + jih + -+ + jr_1h*~! (mod h*) then e & U;,;, N; ; for any i,
and so the least residue (mod g°™1) of an element of W (j;) is < g¢ — 1. Therefore the
least residue (mod g¢*!) of an element of U is < k(h — 1)(g¢ — 1), and so the coefficient
of g¢ in the base g expansion is < k(h —1) — 1. Therefore if g(m_l)hk <n< gmh’c for some
integer m > 1 then

U(n) < U(gmhk) < (k(h _ 1)ghk—1)m < gm(hk—1/2) < ghk—1/2n1—1/(2hk)

9

and then T'(n) < Rk gh®=1/2p1=1/(2h%) a5 required.
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It is often difficult, for given sets A and B, to determine whether A + B = Z? (for
example if A ={0}U{(p—1)/2: p € P>3). Or, for a given set A one might wish to find
“thin” sets B for which A + B = 7Z (for example where A = {0} UP).

An essential component is a set B such that if 1 > o(A) > 0 then o(A+ B) > o(A).
Khintchin showed in 1933 that Z? is an essential component, and Erdés and Landau showed
that they do turn out to be more common than one might expect.

We shall consider how small a set B one can add to A to guarantee that A+B O Z>,.

Lemma 2.7. Let ag > 0 be the smallest element of A, and suppose that n+1 > m + ayg.
Then there exists a subset S of [m,2n — 1] such that {n+1,n+2,...,2n} C A+ S with
|S| < nlog(2A(n —m +1))/A(n —m +1).

With this key lemma we deduce Lorentz’s theorem:

Theorem 2.8. If 0 € A then there exists B C Z>( for which A+ B = Z>¢ and B(n) <
a1+ D sm>1 10g(A(m))/A(m), where ay is the smallest element of A>1.

Deduce that there exists B with B + P = Z>5 and B(n) < log3n. Also that there exists C' with
C + 72 = Z>o with C(n) < y/nlogn.
We can also deduce a “mod n version:

Theorem 2.9. For any subset A of Z/NZ there exists B C Z/NZ for which A+ B =
Z/NZ and |B| < Nlog(2|A|)/|A].

Note that |A||B| < N log N (obviously one needs |A||B| > N; I have no idea whether
one can improve on this log factor).

Proof of Theorem 2.9. Represent A as a subset of {1,...,n} and then apply Lemma 2.7
with m=1and B= 5.

Proof of Theorem 2.8. For any j > 2, we can take n = 2/ and m = 2/~! +1 in
Lemma 2.7 to obtain B; C (2771 29%1) such that {27 4+ 1,27 +2,...,27"1} C A+ B
. . . j—1

and |B;| < 27 log(2A(21~1))/A(21Y) < T2, log(A(i))/A(i) as log(A()/A() is a de-
creasing function for A(i) > 3. We take B = {0,1,...,a1} together with the B; for all j
with 271 > q;.

Proof of Lemma 2.7. (Greedy) Let Iy = {n+1,n+2,...,2n}. Given I; C Iy we select
integer s; € [m,2n — 1] so that J; := (A + s;) N I; is maximal, and then let I;;1 = I; \ J;.
Note that if i € Iy and s € [m,2n — 1] then i — s >n+ 1 —m and so

2n—1
2n—m)lJ;| = > [(A+s)NL|=> [An{i—m,...,i—(2n— 1)}
s=m iel;
=Y A(i—m) > |]A(n+1—m).
iEIj

This implies that |I; 11| = || —|J;| < |;|(1 —A(n+1—m)/(2n—m)). Select k to be the
smallest integer > (2n—m)log(24(n+1—m))/A(n+1—m), so that |I| < n/A(n+1—m).
We let S = {s1,5s92,...,s:} U ([ — ag), and the result follows.

Constructions by probabilistic methods!?
Tilings: Discuss
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Covering congruences. One can sometimes show that A+ B # Z in spectacular fashion
by showing that A + B misses a complete arithmetic progression; that is (A + B) N (c+
N ¢Z>p,) = 0. In the case that A = P we may be able to write B = B; UBy U. .. By such
that B; C ¢j + p;j ¢ Z, for certain distinct primes p1,...,py. In this case (A + B) N (c +
p1...Pk©Z) C {p1,...,pr} where c is chosen so that ¢ = ¢; (mod p;) for each j by the
Chinese Remainder theorem, for if a +b € ¢+ p1...pg ©Z with b € b;, say, then p;|a so
that a = p; since A =P.

Erdés invented this idea to show that a certain congruence class of odd integers cannot be written in the
form p + 2% with p € P. To develop this proof yourself consider writing the set B = {2k : k> 1} as
Bs U B3 U B4 U Bg U B1s U Byg where By, = {2k ik = c¢m (mod m)} with ¢cg = 0,¢3 = 0,c4 = 1,c8 =
3,c12 = 7,c24 = 23, and go from there.
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Kneser’s Theorem. If A and B are finite subsets of additive group Z with |A|,|B| > 1
for which |A+ B| < |A|+|B| then let H be the largest subgroup of Z for which A+ B is a
union of cosets of H (note that such a subgroup always exists, namely H = {0}; and also
that H can possibly be all of Z). Let Ay C A and By C B be minimal so that A C Ag+ H
and B C Bo+ H (and therefore A+ B = Ag+ Bo+ H). Then |Ag+ Bo| = |Ao| +|Bo| — 1
in Z/H, and if A* = (Ao + H)\ A and B* = (By+ H) \ B then |A*| + |B*| < |H| — 1.

It is worth noting that if we have |A*| + |B*| < |H| — 1 as above then we must have
A+ B=A+ B+ H (that is, A+ B is a union of cosets of H), for if a +b € A+ B then
|AN(a+ H)|+|BN(b+ H)| > 2|H| —|A*| — |B*| > |H|+ 1 and so for any c € a + b+ H
we obtain ¢ € A + B by the pigeonhole principle (as in the proof of Lemma 2.1).

Let r(n) = ra+p(n) be the number of representations of n in the form a+b,a € A, b €
B. By another application of the pigeonhole principle one can show that for each n € A + B,

ratp(n) = Al +[B| - [A+ B|.

To prove Kneser’s theorem we will need to develop the theory of Dyson transforma-
tions: We saw above that the transformation A, B — §.(A), d.(B) has the properties that
de(B) C B, A C 6.(A) with |dc(A)| + [0.(B)| = |A| + |B| and 0.(A) + d.(B) C A+ B. We
may assume, wlog, that 0 € B (after a translation), and then 0 € §.(B). A non-trivial
transformation exists unless A+B C A (so that all B, = (), in which case A+H C A where
H =< B > is the semigroup generated by B (and if Z is finite then H is a subgroup of Z).
If we start with any pair of sets A, B we can go through a “derived” sequence of Dyson
transformations A, B —¢ Ay, By —° .- —=° A_ B,, and from the above properties we
have that 0 € B, C B and A, D A with |A,|+|B,| =|A|+|B|and A.+ B, C A+ B. If B
is finite then this can continue for only finitely many steps (since |B,| < |B| —r), and then
we must have that A, + H C A, where H =< B, >. If A is also finite then A, + H = A,..

We also need a little technical lemma, for which we give a frustratingly long proof at
the end of these notes. A keen student is invited to supply me with a short proof!

Lemma 2.10. Let Hy, Hy be finite subgroups of Z with Hy N Hy = {0}. Let C; be a
non-empty finite set of coset representatives for Hj, for j = 1,2, and let S; = C; + H;.
Then either Sl U SQ = Sl or SQ, or ‘Sl U SQ‘ Z I’IliIlj:LQ ‘SJ‘ + ‘HJ‘ —1.

Proof of Kneser’s Theorem. We will prove, by induction on |T'| > 1, that for any non-empty
subset T' C A + B there exists C, a finite set of coset representatives for some subgroup
H, such that T ¢ C+ H C A+ B, where |A| + |B| < (|C| + 1)|H|. Once this is proved
then we take T'= A+ B so that A+ B = C'+ H’, and therefore |A+ B| > |A|+ |B| — |H'|
(since |A 4+ B| = |C||H'|). Now select H to be the largest subgroup of Z for which A+ B
takes the form C’ + H, and note that |A + B| > |A|+ |B| — |H'| > |A| + |B| — |H|. Now
(A+ H)+ (B+ H) = A+ B, so we get the same largest subgroup, H, when we add A+ H
and B+ H, and then the inequality above is |A+ B| > |A+ H|+ |B + H| — |H|. Writing
A+ H=Ay+H,B+ H=DBy+ H,A+ B = Cy+ H where Ay, By, Cy are minimal such
sets, then we see that |Cy||H| = |A+B| > |A+ H|+|B+ H|—|H| = (JAo| +|Bo| — 1)|H|.
Therefore |Cy| > |Ao| + |Bo| — 1: we may assume that |Cy| = |Ag| + |Bo| — 1, for if
(Col > o] + | Bo| then |A + B| = |Col[H| > (|Ao| + |Bol)|H| > |A+ H| +|B + H| >
|A| + |B|. Thus |Ag + Bo| = |Ao| +|Bo| — 1 in Z/H as claimed, and finally note that
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|A+ Bl = |H[(|Ao| + [Bo| — 1) = |A[ + [B[ + [A*[ + |B*| — [H| and so [A"[ + [B*| < [H],
when |A + B| < |A| + |B|. Now to prove our claim:

For T = {aop + bp} take A, B — A — ag, B — by so, wlog, T'={0+ 0} and 0 € AN B.
We now go through a derived sequence of Dyson transformations on the pair A, B to end
up with a pair of sets A’, B’ for which 0 € B’ C B and |A'| + |B'| = |A| + |B| with
0eAc A =A+B =A+H C A+ B where H=< B’ >. The result follows by
taking C' minimal so that C + H = A’ + H = A’, giving that |A| + |B| = |A| + |B/| <
|C + H|+ |H| = (|C| + 1)|H|, with equality if and only if B’ = H.

For |T| > 2 we partition T' = Ty U Ty with |T1]|,|T2] > 1 and apply the induction
hypothesis to each part, obtaining T; C C;+G; C A+ B, where |A| +|B| < (|C;| +1)|G}|
for j =1,2. If C1 + Gy C Co+ G then we simply take C' = Cy and H = G5 (and similarly
if Co + Gy C C1 + G1). Otherwise let H = G1 NGy and H; = G;/H for j = 1,2. Put
C=(C1+ Hy)U(Cy+ Hs) so that C+ H = (Cy +G1)U(Co+G) DTh UTy =T. By
Lemma 2.10 we have that |C| > min;— 2 |C; + H;| + |H;| — 1; and so for that value of j
we have || + B < (1C;| +1)|G,| = (1C; + Hy| + | H;IH| < (IC| + 1)|H| as required.

Remarks: It would be good to have a result pertaining to the structure of Ay and By.
In particular if {0} is the largest subgroup H of Z for which A+ B = A+ B + H and
|A+ B| = |A| + |B| — 1 then we should be able to classify the possible structures for A
and B. Perhaps the classification is analagous to what one finds for Z/pZ, as in just after
Corollary 2.5 above.

It would be good to have a direct proof of Kneser’s theorem, using little more than
induction and Dyson transformations, but I have not yet found out how to do this (but
seem to be close).

ADDING FINITE SETS

Obviously, in any additive group G one has that max{|A|, |B|} < |[A+ B| < |A||B|
and we begin by examining when these bounds can be attained. The reader should prove the

following two results:

Proposition 6.1. The following statements are equivalent: (i) |A+ B| = |A|; (ii) |A —
B| = |A|; (iit) |A+mB—nB| = |A| for allm,n € Z>q; (iv) There ezists a finite subgroup
H of Z such that B C b+ H and A = Ule(ai + H), for certain b,aq,...,ar € Z, with the
a; belonging to different cosets of H.

It is useful to define H(A) :={h € Z: h+ A = A}, so that A+ H(A) = A. Note
that H(A) must be a subgroup of Z.

Proposition 6.2. The following statements are equivalent: (i) |A + B| = |A||B|; (i)
|A — B| = |A||B|; (i) (A—A)Nn (B - B)=1.
Show that if |A| + |B| > |Z| then Z = A+ B = A — B. Show that if |A| 4+ |B| = |Z] then it is possible
that A + B # Z.

In general A+ B and A — B do not have the same size:
Example: For A ={0,1,3} we have A+A ={0,1,2,3,4,6} and A—A ={-3,-2,-1,0,1,2,3}.
Thus |[A+ A = 6 < |A— A| = 7. Note that we can take the Cartesian product of
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any sets and consider the same questions. Thus for B = A% = {0,1,3}* we have
|B+ B|=6% <|B—- B|="1".

Example: For A = {0,1,3,4,9,10,11,12,13,14,17,20, 21,22} we have all 45 integers in
[0, 44] belong to A+ A; however all 45 integers in [—22, 22] except £15 belong to A— A, and
thus |[A—A| = 43 < |A+A| = 45. Similarly if B = A®) then |B—B| = 43F < |B+B| = 45,

In the Freiman-Ruzsa theorem we are interested in the size of A + A compared to A,
so we define the doubling constant D(A) := |2A]|/|A|. Note that 1 < D(A) < (|A|+1)/2.
The upper bound is attained exactly for Sidon sets.

Ruzsa defined a rather clever notion of distance:

d(A, B) = log <%> .

Although the Ruzsa distance between two sets is not truly a distance function, since
d(A, A) # 0 in general, it does have several desirable properties:

e Positivity: d(A, B) > 0 (since |A — B| > max{|A|, |B|})

e Symmetry: d(A, B) = d(B, A)

e Triangle inequality: d(A, C') < d(A, B) + d(B, C)

We now prove that
(6.0) |[A—Cl||B| < [A-B||B-C|

from which the triangle inequality follows. We do this by constructing an injection (A—C)x B —
(A—B) x (B—C): For every element of d € A—C select a unique paira = aq € A,c=c¢4 €
C for which d = a —c. For each b € B we create the pair (a —b,b—c) € (A—B) x (B—-C).
Now for any (u,v) € (A — B) x (B — C) in the image of (A — C) x B we must have
d=aq—cq=(ag—>b)+ (b—cq) =u+ v determined, and thus ay and ¢4, and therefore
b=aq— u.

Prove that d(A, B) = 0 puts us in the situation of Proposition 6.1.

We define the Ruzsa diameter d(A, A) = log(]A — A|/|A]); we also have d(A, —A) =
log(D(A)). By the triangle inequality we have d(A, A) < 2d(A, B) for any sets A, B or, in
other words,

|A— Al <|A- BI*/|B|.

In particular d(A, A) < 2d(A, —A); that is |[A — A < |A + A]?/|A.

Suppose that r, s > 0 are integers. By (6.0) we have, writing (r +s)A =1rA — (—sA),
that |(r+s)A|| — A] < |(r+1)A||sA— A|; and that |[rA —sA||— A| < |(r+1)A||(s+1)A|.
We deduce that

[(r + s)A| < |(r+1A| [(s+1)A| [2A]

AL T[4 Al Al

and then, from a simple induction hypothesis, that

n—2 n—3
||Tf||§(|?j|) (%) for all n > 3.
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Since |24| < |3A| we deduce that [nA|/|A| < (|[3A|/|A])2"5; that is, if 3A is small then so is nA for every
n > 2. Deduce similar bounds for |[rA — sA|/|A| when 7, s > 2, and then for all r, s > 0.

Our objective is to prove a similar result with ‘24’ in place of ‘3A’. To do this
we will need to bound |3A4|/|A| in terms of |2A]|/|A|, something we will postpone for a
while. However since |3A4|/|A] < (|24 — A|/|A])(124]/|A]) < (|24 — A|/|A])2, and |24 — A|/|A| <
(I3A]/|AD(|24]/]A]) < (|134]/|A])? we could just as well bound things in terms of |24 — A|/|A|.
Above we saw that |A — A|/|A| < (]24]/|A|)?, so one objective is to bound [2A|/|A]| in
terms of |[A — A|/|A|.

Lemma 6.3. (i) d(A,B)=d(A+xz,B)=d(—A,—B)

(1) d(A x A’, B x B') < d(A,B) +d(A’, B').

(iii) d(A, BU B') < max{d(A, B),d(A, B')} +log?2.

(iv) If C C B then d(A,C) < d(A, B) + 3 log(|B|/|C).

(v) d(A, B) — 1og(|C||D|) < d(A+ C,B+ D) < d(A, B) — 3 1og(|C + D|).

Proof. Homework

We define the additive energy between two sets A, B to be
EA,B)=#{a+b=d +V: a,a € A, b,b € B}.
Note that |A||B| < E(A, B) < |A||B|min{|A|, |B|} with E(A, B) = |A||B| if and only if we

are in the situation of Proposition 6.2. We have E(A, B) = E(B,A) = E(A+xz,B+y) =
E(A, —B). Simple counting arguments give ‘AHB‘ = Zm TA+B (.’E) = Zy rA_B(y) and that

61)  BAB) =Y rass@)? = ras0)’ = Y ra-alz)rs-p(e).

We can therefore deduce, using the Cauchy-Schwarz inequality,

(6.2) (14]/B])* (Zmﬂs ) < [A+ B|E(A, B);

and that
(6.3)

(Z’“A A(z)re_g( ) <ZTA Al ZTB 5(2)? = E(A, A)E(B, B).

1/2
Lemma 6.3. max,r4p(z) > ||2ng|| max {1, <|A+B|) }

Proof. |A + B|max, ra4p5(z)?> > > rarp(z)> = E(A,B) by (6.1). Then E(A,B) >
(|A]|B|)?/ min{|A + B|,|A — B|} by (6.2), and the result follows.
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Theorem 6.4. d(A,—B) < 5d(A, B).

Proof. Select x1 so as to maximize r44 p(z) and then replace B by B — 1. Notice that
ra+p(0) =|— AN BJ, and |A||B|/| — AN B|? < exp(d(A, B) + d(A, —B)) by Lemma 6.3.
Therefore, using the triangle inequality and Lemma 6.3(iv), we then obtain

d(A,—B) <d(A,-ANB)+d(—ANB,—B)

< — - — — — -
d(A,B)—|—2log(‘ B\)+d( A, B)—|—2log(| B

< 2d(A,B) + (A, ~B)

and the result follows.

Combining this with an earlier observation we deduce the key result that A has a
small doubling constant if and only if A has a small Ruzsa diameter:

Corollary 6.5. 1d(A, A) <d(A,—A) <5d(A, A); that is, |24]/|A] < (JA — Al/|A]).

An essential notion in this area is to look not only at the set of all sums A + B but
also at a well-chosen subset:

Lemma 6.6. There exists S C A+ B such that #{a € A,be B: a+be S} > |A||B|/2
with |S| > max{|Al, |B|}/2 and for which |A+ B+ nS| < 2"|A + B|?>"T1/|A|"|B|" for all
n > 0.

PT’OOf. Let S = {8 : T‘A+B(S) > |AHB|/2|A + B‘} and prove the first two assertions. For
any ¢ € A+ B + nS there exists ag € A,b,41 € B and s1,...,5, € S such that ¢ =
ao+bny1+s1+---+s,. Now for any given s; there exists at least |A||B|/2| A+ B| solutions
to a; + b; = s; and thus at least (|A||B|/2|A+ B|)" sets a1,...,a, € A, by,...,b, € B
with a1 +b1 = s1,...,a,+b, = s,. Each such solution leads to an element (t1,...,t,41) €
(A + B)"*! defined by t; = a;_1 + b;: we claim that these are distinct since we can recover
ai,...,an, bi,...,by given ag,bpi1,51,...,8n,t1,...,tnr1. Lherefore (‘AHB‘/Q‘A—FBD”‘A—FB—F
nS| < |A+ B|*™! and the result follows.

Ruzsa’s Covering Lemma. B C A— A+ X for some X C B with | X| < |A+ B|/|A]|.
Remark: Note that we are covering B by translates of A — A.

Proof. Choose X C B maximal so that {A+x : 2 € X} are disjoint. Their union contains
exactly |A||X| elements, all inside A + B, and thus the bound on | X|. Now, if b € B then
A + b intersects A + x for some x € X, and so b € A — A+ z, and thus the result.

Corollary 6.7. We have [mA — nA|/|A| < (|A — A]/|A|) (|24 — 24| /| A|)™T"=2, for any
m,n > 1.

Proof. Take B = A — 2A in Ruzsa’s covering lemma to get 2A — A C A — A+ X for
X C 2A — A with |X| < |24 — 2A]/|A|. But then, adding A to both sides we obtain
3A—A C2A—A+X C A—A+2X, and by induction mA—nA C A—A+(m—1)X—(n—1)X
for all m,n > 1. But this implies that |mA — nA| < |A — A||(m — 1)X]||(n — 1)X]| <
|A — A]|X|™*t™=2 and the result follows.
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Corollary 6.8. Let < A > be the subgroup generated by A. There exists X C 2A — A
with | X| < [2A — 2A]/|A| such that (A) C A— A+ (X).

Proof. As in the proof above we have mA —nA C A— A+ (m —1)X — (n —1)X for all
m,n > 1. Now take the union of both sides over all m,n > 1 to get this result.

Green’s variant. B C A— A+ X for some X C B with | X| < 2|A+B|/|A| -1, such that
for allb € B there are > |A|/2 solutions tob=a—a'+x. In fact B—B C A—A+X—-X.

Proof. Let Xo = 0. We create X1, X,... by the following algorithm: Given Xj, if there
exists b € B for which [(b+A)N(X; +A)| <|A|/2 thenlet X1 = X;U{b} and b1 = b,
otherwise let X = X; and stop the algorithm. Thus for each b € B\ X there are > |A|/2
solutions to b = a — a’ 4+ x; and if b € X there are > |A| solutions, namely those with
a =a€Aandzx=0

NOW Xj_|_1 —|— A = (X] + A) U ((bj —|— A) \ (X] —|— A)) SO that ‘Xj_|_1 + A| = |‘Xi7 + A| +
|bj + A| — ‘(bj + A) N (Xj + A)| > |Xj + A| + ‘A| — |A‘/2 > (j + 2)|A‘/2 by an appropriate
induction hypothesis. Therefore |B + A| > |X + A| > |A|(|X| + 1)/2 as X + AC B+ A and
we have now proved all parts of the first sentence.

Finally, for each of b, b’ € B there are > |A|/2 solutions to b = a — a’ + z, and also to
b =a" —a" + 2'. Thus, by the pigeonhole principle, there are solutions with a”/ = a’ so,
subtracting, we obtain b —b' =a —a”" +2x—2' € A - A+ X — X.

Theorem 6.9. [2B —2B| < |A + B|*|A — A|/|A|*.

Proof. Let z € B — B so that z = b; — by for some b1,b; € B. By Green’s variant of
Ruzsa’s covering lemma there are > |A|/2 solutions (a1, a2, ) to ba = = + a1 — ag; that
is z=10; —by =c—a; —x where ¢ = by +as € A+ B. In other words #{z € X, ¢ €
A+ B, a1 € A: z=c—a; —z} > |A|/2 for any given z € B — B. This is also true for
2z € B— B, so we have z — 2/ = ¢c— ¢ —d —x + 2’ where d = a1 — a. Note that is we are
given z,2' ¢, d,x,x’ we can recover a; and @] asa; =c—x—zand a} = —2' — 2.
Thus for any z — 2’ € 2B — 2B we have

Hlxr'€eX, ¢, €A+B, deA—A: 2—2 =c—c —d—x+2'} >|A]?/4.
Therefore we deduce that [2B —2B||A|?/4 < | X|?|A+ B|?|A— A| < 4]A+ B|*|A— A|/|A%
that is |2B — 2B| < 16|A + B|*|A — A|/|A|*.

To complete the proof we use the Cartesian product of sets. Thus, from this last
inequality we deduce that, for any k > 1, we have |2B — 2B|F = [2B®*) — 2B®)| <
16|A%) - BR)4 AR — A(R)| /| AR |4 = 16(|A + B|*|A — A]/|A[*)*. Taking kth roots and
letting k — oo we get the result (since A and B are fixed and finite).

Take B = A and B = —A in Theorem 6.9, and then insert the first of these results in
Corollary 6.7 using that |A — A|/|A| < (|2A4]/|A])? to get:

Corollary 6.10. [24—24|/|A] < (|24]/|A|)(|A— Al/|A]) and [44]/|A] < (|A— Al/| A])*.
Also |mA — nAl|/|A| < (|24]/]A])6m+6n=10" for any m,n > 1.

Corollary 6.10 is good enough for our purposes. However a stronger version has been

proved by Pliinnecke:

Pliinnecke-Ruzsa theorem. We have [mA — nA|/|A| < (|24]/]|A])™t™ for m,n > 1.
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THE HALES-JEWETT THEOREM

In 1927 van der Waerden [20] answered a conjecture of Schur, by showing that if the
natural numbers are partitioned into two sets then one set must contain arbitrarily long
arithmetic progressions. One can ask to generalize this to r sets, and ask for explicit
bounds: That is, for given positive integers k,r determine the least integer W = W (k,r)
such that no matter how the integers in {1,2, ..., W} are partitioned (or “coloured”), there
is always a partition containing a k-term arithmetic progression (that is, there is always
“a monochromatic k-term arithmetic progression”).

The Hales-Jewett Theorem [8] provides a beautiful, highly combinatorial, way to prove
this result; it can be thought of as a generalization of van der Waerden’s problem. For given
positive integers k,r we wish to find the least integer d = d(k, r) such that if the elements
of {1,2,...,k}? are r-colored then it contains a monochromatic line: For a given nonempty
S c{1,2,...,k} a line is a set of points of the form L = {xg +tys: t =1,2,...k} where
(ys)i =1ifi € S and (ys); = 0if i € S, and (x¢); = 0 if i € S. The Hales-Jewett
Theorem asserts that d(k,r) exists for all k,r > 1.

Show that W (k,r) < kd(k,r) by representing the integers up to k4(k:) in base k, and then representing
each such number by points in {1,2, ... , kYdk,r)

Shelah [14] recently gave a delightfully ingenious proof that d(k,r) exists: We prove
the result by induction on k. It is clear that d(1,7) = 1 for all r, so now suppose that
k > 2 and we have a value for d(k — 1, s) for all s > 1. Take M = d(k — 1,r) and define
N, = T(k_l)Mfl and N; — r(k_l)MfikN1+,..+Ni,1
d(k,r) < N:= N7+ No+---+ Nyy.

An r-colouring  of {1,2,...,k}" is a function x : {1,2,...,k}¥ — {1,...,7}. Our
plan is to construct lines Li,..., Ly with each L; (= x; + t;y;)C {1,2,...,k}7, so
that k(x1 + t1y1, X2 + toyo, ..., Xy + taryy) does not change value for any given set of
values t1,t2,...,ti—1,tit1,...,ta as t; changes from k£ — 1 to k. Now define a colouring of
{1,...,k — 1} so that the colour of k*(t1,...,tar) = k(X1 + t1y1,. .., X0 + tarym);
we know that there exists a monochromatic line {zg + twy : t = 1,2,...k — 1} C
{1,...,k—1}™ corresponding to some U C {1,...,k — 1} by the definition of M. Define
S C {1,...,N} to be the union of the subsets S}, corresponding to the 1s in the vector
y;, for each j € U, yielding a monochromatic line {xo + tys : t = 1,2,...k — 1} C
(Ll, ceey LM> C {1, N 1}N. By the construction of our lines L1, ..., Ljs, this implies the result.

We need to construct the lines Lps, Lps—1, ..., L1 which we do in this order. In fact
for, J = M, M —1,...,1 we assume that L; = {x; +t;y; : t; = 1,2,...,k} is given for each
J < i < M with the property that x(z,xy11 +tj41Y 41, -, Xp +tamya) is fixed as any
t; changes from k — 1 to k, for any given x € {1,2,..., k}MTNet+Nsand j, J < j < M.

for 1 = 2,3,...,r. We will prove that

Foreach x; € {1,2,...,k}"7 we define a colouring s, on {1,2, ..., k}NitNet+Ns—1
Lji1 XX Ly by g, (Y, lys1s- -5 l) = &(y, 25,541, ..., la). Given that the value of
r does not change as the ¢; change from k — 1 to k, the number of vectors (y,ls+1,...,lm)

with possibly independently chosen colourings is < kM +Net+Ns—1(f — 1)M=7 and so
the number of possibly different r-colourings is < N;. There are N; 4+ 1 elements in
{1,2,...,k}N7 consisting of (k — 1)s followed by ks and so, by the pigeonhole principle,
two must have the same colouring. Let us suppose that these have exactly g and h (k—1)s,
respectively, where g < h. Then we define the line L; = {x; +tyys : t; = 1,2,...,k},
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by taking Sy ={g+ 1,9+ 2,...,h} with (z;); =k —1for 1 <i < g and (z;); = k for
h +1 < i < k. From this construction it is clear that Lj has the required properties and the result

follows.

This proof was a breakthrough in that it was the first to give primitive recursive bounds
on the van der Waerden numbers, W(l{?, 7‘). The reader should deduce bounds, themselves, from
the above proof; the necessary information is in the first paragraph of the proof.

Define ni(NN) to be the smallest integer n such that every subset of {1,..., N} of size
n contains a k-term arithmetic progression. If one can get a good enough bound on ny(N)
then this would obviously imply good bounds on W (k,r).
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DISCRETE FOURIER TRANSFORMS, I

Let n € Nand f:7Z/NZ — C. The (discrete) Fourier transform f of f is defined by
N-1

where e(t) = exp(2imt). This has inverse

1 = (—rs)
N
r=0
(Verify). The reader should verify that
S F0ar) = NS f(r)a(n)

which in the special case f = g gives Parseval’s identity: ) f(r))2=N S fr)2
The convolution f * g of f and g is defined by

(fxg)(r)= > f(t)

t—u=r

and the reader should verify that (ﬂ?) = f§ as well as

NZ\f*g Z|f

Taking g = f we obtain 3, [/(1)' = N 5oy, op0 /(@) S0 F(OF().

In an abuse of notation we let A(.) be the characteristic function of the set A, that
is A(n) = 1if n € A, and A(n) = 1 otherwise. We have used A(z) to mean #{a €
A:1 < a <z} above — we can only hope the reader does not get confused but reckons
which definition we are using depending on context. Note that A(m) = > acalam/N).
When considering sumsets, like A + B, we define ra.p5(n) = #{a € A, b€ B:a+b=n}.
Discrete Fourier transforms fit naturally in this context, for example (AxB)(n) = ra_p(n)
so that, as one can verify,

%ZM( )| B(n Z|A*B — E(A, B)

(see (6.1)). One also has that A(m)B(m) = 3, rap(n)e(mn/N) and this can be in-
verted to give rayp(n) = (1/N)3, A(m)B(m)e(—mn/N). A particular case of this is
TA_A(TL) = (1/N) Zm \A(m)|26(—mn/N), aswellasrpa_ra(n) = (1/N) >, |A(m)|2*e(—mn/N).
In fact r4_a(n) = (1/N) Y, |A(m)|? cos(2rmn/N) since A(—m) = A(m).

Discrete Fourier transforms have traditionally appeared in understanding how well sets
are distributed: Let (¢) denote the least non-negative residue of ¢ (mod N). We say that
a set A is uniformly distributed (mod N)if #{a € A: aN < (ma)y <N} ~ (6—a)|A]
for any m #Z 0 (mod N). This definition involves an asymptotic estimate “~” something
we will see a lot more of. This “~” could be replaced by {1 + g(N)} where g(.) is some
function for which g(N) — 0 as N — oc.

This natural notion of uniform distribution fits in well with Fourier transforms:
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The equidistribution theorem. A is uniformly distributed (mod N) if and only if
A(m) = o(|A|) for allm £ 0 (mod N).

Our equidistribution theorem is the natural analogy to Weyl’s famous equidistribu-
tion theorem for sequences of reals: Let {t} be the fractional part of ¢ (so, for example,
{ma/N} = (ma)n/N), and suppose that aj,as,... is a given (and ordered) sequence of
real numbers. Then Weyl showed that the a; are uniformly distributed mod one, that is
#{n < N:a<{a,} <8}~ (a—pP)N as N — oo, if and only if for each integer m, we
have )y e(ma,) =o(IN) as N — oo.

Show that if a1, a2, ... is uniformly distributed mod one, then so is ka1, kas, ... for any integer k > 1.

The notion of uniform distribution surprisingly is related to the question: Do there
exist solutions to a +b = c with a € A,b € B, ¢ € C, three sets of residues (mod N)?

Proposition 3.1. If A is uniformly distributed (mod N) with |A| > N, and B,C are
any other two sets mod N of size > N, then for any integers i, j, k coprime with N, and
for any integer m we have that

#{ac A,be B,ce C:ia+jb+kc=m (mod N)} ~ |A||B||C|/N.

Proof. We count the above set as

Sy e (MR - LS (S Atin Bln o).

a€A, bGB T r
CEC’

The r = 0 term gives |A||B||C|/N. We regard the remaining terms as error terms, and
bound them by their absolute values, giving a contribution

1/2 1/2
<%max\A |Z|B]T\\C(kr)\<—maxlz4 <Z|B ) (Z\é(u>|2)

1 A 1/2 _ 1/2 A
— max | A B B max 4 < Nmax|A

using the Cauchy-Schwarz inequality. The result follows from the fact that A(m) = o(|A)
for all m # 0 (mod V) since this implies that N max,.o |A(s)| = o(|A||B||C|/N).

We are interested in whether there are necessarily three elements of A in arithmetic
progression; in fact we will examine solutions to a +b = 2b with a € A, b0/ € B C A
other than @ = b = V/. In other words we want #{a € A, b’ € B : a+b = 2V
(mod N)} > |B|. The above proof gives that #{a € A, b,b' € B:a+b =20 (mod N)} >
|A||B|?/N — |B| max,o | A(s)| which is > |B| provided max,q |A(s)| < |A||B|/N — 1.

Proof of the equidistribution theorem. Suppose that #{a € A: alN < (ma)y < BN} ~
(6 — a)|A| for any m # 0 (mod N), for any 0 < a < [ < 1. In particular if aN <
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ma)y < BN then e(ma/N) = e(a) + O(|f — af), so subdividing (0, N] into intervals
= (jN/E, (7 + 1)N/k] for fixed large k, we find that

Z > e(ma/N) = Z{1+o F(A|/E)(e(N/k) + O(1/k)) < |Al/k.
7=0 a€EA
(ma)n€EI;

Letting k — oo we have that A(m) = o(]A|).
On the other hand for J = [§N]

4 1
E 1= E E N E e(r (m
acA j=lacA r
1<(ma)n<J

) Fal 1 S dem) 3 ()

r#£0 j=1

If  runs through the non-zero integers in (—N/2, N/2] then |37, e(
the second term here is

<<Z|A(Tm)|§ 3 [Arm)| 3 |A(:m)|

’J\T,j) | < N/|r|. Thus

=0 o<lrl<r R<|r|<N/2
1/2 1/2
< A A 2 2
< s ) e A0+ (L popl

< (log R) rggg\A(S)l + (JAIN/R)" = o(N)

if we let R — oo slowly enough. The result follows.

Try to develop an analogous proof of Weyl’s theorem; or a proof of Weyl’s theorem as a corollary to our
equidistribution theorem.

In what follows we will be interested in determining how big #{a € A : alN <
(ma)n < BN} can get when |A(r)| > ¢N.

We have seen direct connections between how well a set is distributed and the size
of its Fourier transforms. In the context of set addition we are interested in when A + B
is small, and/or perhaps when 4, 5(n) is large for some n. We now see that r4_4(n) is
very large if and only if the weight of the Fourier transform is concentrated on the fl(m)
with (mn)y small:

Proposition 3.2a. Letn > 0 be small. Suppose that A C Z/NZ. If ra_a(n) > (1—n)|A]
then
> [Am)]> > (1= 0(0'*) Y |A(m)|?
ms| (mn) /N | <0/ m
On the other hand if

Y. AmP=1-6)) |Am)?

m:|(mn)n /N|<e
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then ra_a(n) > (1 -3 — O(e?))|A].

Proof. We remark that ) |A(m)|> = N|A|. Since cost is decreasing for 0 < |t| < 7 we
know that cos(2rmn/N) < cos(2x0) if |(mn)y/N| > 6 and so, using the formula above,
(1 —n)]A|N < Nra_a(n) which is

_Z\A 2 cos(2rmn/N) < > |A(m)|? cos(2m0) + > |A(m)/|?

m:|(mn)ny/N|>0 m:|(mn)n /N|<0
= |A|N — (1 — cos(2n8)) > |A(m)]?.

m:|(mn)ny/N|>6

Now selecting 6 = n'/3, we deduce that 3
In the other direction

1/3 |fl(m)|2 < 771/3N|A|.

m:|(mn)n/N|>n

Nra_a(n Z |A(m)|? cos(2rmn/N) > Z | A(m)|? cos(2me)
m:|(mn)n/N|<e
> cos(2me)( Z |A(m)|? = cos(2me)(1 — §)| A|N.

As a counterpart to this theorem we have the uncertainty principle, which tells us that
a function’s support and the support of its Fourier transform cannot both be small. More
precisely we now show that if A has no elements in a long segment then A is concentrated
near to 0.

Proposition 3.2b. Suppose that A C Z/NZ has no elements in the interval (x—L,z+L).
Then there exists m,0 < m < (N/L)? such that |A(m)| > (L/2N)|A].

Proof. We can assume wlog that z = 0 since A — z(m) = e(maz/N)A(m). Let I be the
interval [0, L) and note that (I —I)NA=0,so > |I(r)|*?A(r) = 0. Therefore

L?|A] = (0) < > I(r)PIA(r)
r#0
< s AOIZHOP 14l 32 1I0)F
I” R<|r|<N/2
< NL max |A(r)|+|AIN?/2R
0<|r|<R

since I(r) < 1/|sin(zr/N)| < N/2|r| for |r| < N/2. Taking R = (N/L)? the result follows.
The equidistribution theorem gives that if |A(m)| > ¢|A| then A is not uniformly
distributed mod N. We seek a more explicit result than this:

Proposition 3.3. Suppose A C {1,...,N}. For any m # 0 there exists { > |A(m)|/67
and a value x such that #{a € A:x < (am)y <z + L} > (1+|A(m)|/4|A]) (|A|l/N) L. If
(m,N) =1 and |A(m)| > CN/log N for a large constant C' > O then there exist integers



ADDITIVE COMBINATORICS (WINTER 2005) 23

b and r and length J > \/N/log N such that #{a € A: a =0b+jr, 0<j < J} >
(L4 [A(m)[/4]A]) (A[/N) J

Proof. Define § = |A|/N. Let
1-6 ifneAd

—0 otherwise

An) = A(n) — 6 = {

so that A(r) — A(r) = =03, e(—rn/N) = 0 if r # 0. Fix J large and let I; := {n
(j—1)N/J < (mn)y < jN/J} for j =1,2,...,J. We observe that

Z A(n)e(mn/N) —e(j/J) Z A(n)| < Z IA(n)||1—e(1/J)| < 2|I;|sin(x/J),

nel; nel; nel;

so that

=D _elN/T) D A(n)| < 2N sin(r/J);

nEIj

and, of course, Z;}:l > A(n) = 0. An easy consequence is that

nEIj

J
|A(m)| = |A(m)| < Z > An)+ ) A(n)| p + 2N sin(w/J)

Taking J = [57N/|A(m)|] we deduce that max; 3
part of the result follows.

There exist integers © # 0,s with 0 < |r|,s < /N such that mr = s (mod N) (hint: consider
the values i 4+ jm (mod N), 0 < i,5 < v/N). Select 1 < a; < N so that (ma;)y = x + i for
i=1,2,...,8, so that m(a; + jr) = x4+ 1+ js (mod N). Therefore if 0 <z <x+ks < N
then

ner, An) = |A(m)|/4J, and the first

#{ace A:x < (am)y < xt+ks} = U S; where S; :={a € A: a= (a;+jr)n, 0<j < k—1};
i=1

and so, selecting k = [N/Js|, we deduce from the above that there exists ¢ for which
S;| > 6k(1 + n|A(m)|/|A|) for some fixed > 1/4 . We may assume r > 0 for, if not,
rewrite S; as {a € A: a = (a,+j|r|)n, 0 < j <k —1} where a; = a; + (k—1)r (mod N)
with 1 < a < N.

Now define jo = 0 < j1 < ... < ju = k with j; chosen minimal so that [(a;+jer)/N] = ¢
for 1 <{<w-—1=[(a; + (k—1)r)/N]. Note that for by = (a; + jer)n we have

{acA: a=(a;i+jr)n, je<j<jep1}={a€A: a=br+jr, 0< 5 < jop1— Jets
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and that jei1 —je = N/r+O(1) for 1 < ¢ < w—2. If w > 1 then let v = 0 unless
j1 < min{N/r k}/log N in which case we let u = 1, and let v = w unless j, — juw_1 <
min{N/r, k}/log N in which case we let v = w — 1. Therefore

|A| log N

Z 5(.711 _ju) <1 + %) .

l=u

v—1 ~ .
A N/r, k
Y #{acA: a=(ai+ir)n, je < <jea} >0k <1+77| (m>|> _ o mindN/r k}

Therefore there exists an integer b and z > min{N/r,k}/log N > v/N/log N such that
#{acA: a=b+jr, 0<j <z} >dz(1+]|A(m)|/4|A])
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3b. Roth’s Theorem.

Roth [11] showed that any set of integers of positive upper density contains arithmetic
progressions of length three. This was generalized by Szemerédi [17] who showed that any
set of integers of positive upper density contains arbitrarily long arithmetic progressions.
His proof used ingenious combinatorial techniques, and a later proof given by Fiirstenburg
[6] surprisingly used methods from ergodic theory.

Szemerédi actually proved more than this: Let ng(/N) denote the smallest integer
such that any subset of ny (V) integers from {1, ..., N} contains an arithmetic progression
of length k. Szemerédi established that ny(IN) = o(N) for each k, proving a conjecture
of Erd6és and Turdn [4]. His proof used van der Waerden’s Theorem and Szemerédi’s
Regularity Lemma, and so the upper bound on the order of ny(/N) obtained can be no
better than the bounds given by these theorems. However Roth’s remarkable analytic
proof that nzg(IN) = o(N) can be used to get an explicit upper bound, namely n3(N) <
¢N/loglog N for some constant ¢ > 0, and offers the possibility of generalization.

Roth’s Theorem. There exists a constant ¢ > 0 such that any set of ¢N/loglog N
integers from {1,..., N} contains an arithmetic progression of length three.

Proof. Suppose that A C {1,..., N} does not contain an arithmetic progression of length
three. We will show that there exists a subset A’ of A which is a subset of an arithmetic
progression, and denser than A. Then we create a Freiman homomorphism of order 2
between Ay C {1,..., N1} and A’ in each case, so that A; does not contain an arithmetic
progression of length three. In fact we will show that v/ N/logN <« N; < N and if
|A‘ = 0N then ‘A1| > (1 + 5/20) 0 Nj. Iterating this enough times we create a set A* of density
> 2/3 in the integers up to some point, so that it contains three consecutive integers. Do this explicitly
and deduce the result.

To prove our claim, fix 1/5 > n > 0 and let P be the smallest prime > N: by the prime
number theorem P = N 4+ O(N/log> N). If #{a € A: 0 < a < P/3} > (1+17)|A|/3 then
let Ay =A'"={a€A: 0<a<P/3},orif#{a€ A: 2P/3 <a < P} > (1+n)|A|/3 then
let AA={a€cA: 2P/3 <a< P} =P—A;. Otherwise we must have |B| > (1 —2n)|A|/3
where B={a € A: P/3 < a < 2P/3}. Notice that if b,c € B then 0 < 2c—b < N. In
this case let i = j = 1,k = —2 and C' = B in the remarks following Proposition 3.1, so
that there exists m # 0 (mod P) such that |A(m)| > |A||B|/P — 1, Thus, by Proposition
33, if wetake A1 = {j:0<j< Jtand A ={a € A: a=0b+jr, j € A} then
A=A > (1 + |A(m)|/4|A|) (|A|/N) J where J > /N /log N.

Heath-Brown [9] and Szemerédi [18] have recently improved this to n3(N) < N/(log N)¢,

for some constant ¢ > 0. It is unclear what is the correct order of n3(NN). There is a beau-
tiful lower bound due to Behrend:
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Behrend’s Theorem. There exists a set of > N/ exp(cy/log N) integers from {1,..., N}
which does not contain an arithmetic progression of length three.

Proof. The set {(xg,...,xpn_1) € Z" : 0 < x; < d — 1} contains (d — 1)" elements.
Moreover if x belongs to this set then |x|? is a positive integer < n(d — 1)2. Thus there
exists an integer k such that the set S = {x: [x|> =k, 0 < z; <d— 1} has > d"?/n
elements.

Let A = {zg+x1(2d—1)+22(2d—1)?+- - 42, 1(2d—1)""1: x € S}. If a;+as = 2a3
where each a; = CLZ'(XZ') = Zj .’Ei’j(Qd — 1)j then prove by induction that x1,j + x2,j = 2x3,; for
each j > 0 (hint: consider a; + az = 2a3 (mod 2d — 1), etc.). Therefore x; + x5 = 2x3, which
implies that these three points of S lie on the same line: however this is impossible since
a line intersects the surface of a sphere in at most two points. Thus A contains no three
term arithmetic progressions.

Now every element of A is < (d — 1) Z?:_Ol@d — 1)) < N :=(2d —1)"/2 and |A| =
S| > d»=2/n > N/(2"d?). Choosing n to be an even integer and d = 2"/2~! we obtain
N < 27°=1 and |A| > 4N/22" which implies the result for arbitrarily large N. Prove the

result for all sufficiently large N using this construction.

3c. How often can |A(m)| be large?. For fixed p > 0 let R := {r (mod N): |A(r)| >

plA|}. Then
[AIN =) JAm)P = Y p*IAP,

meR

so that |R| < p~2a~1, where a := |A|/N; that is, it is bounded as a function of p and a.
One can determine some structure in the set R:

Theorem 3.4. Suppose that A C Z/NZ. The set R := {r (mod N) : |A(r)| > p|A|} is
contained in a cube of dimension < 2p~2log(N/|Al).

Remember that a cube of dimension k is a set A of the form {e1 A1 + -+ ek
each ¢, € {—1,0,1}}, for given A = {A1, Aa,..., A\x}. We say that A is dissociated if
€1A1 + -+ eg Ay = 0 with each ¢; € {—1,0,1} only for ¢ =--- = ¢, = 0.

The proof of Theorem 3.4 involves some seemingly ad hoc analysis, which we state in
the next lemma. For now write the “general” finite trigonometric polynomial as f(z) =
>_jcjcos(2m(Ajz/N + B;)) where each ¢; € R and 0 < 8; < 1. Show:

Lemma 3.5.

(1) We have e < cosh(t) + ysinh(t) for allt € R and |y| < 1.
(ii) cosh(u) < e’ /2 for any u € R.

(iii) With f(x) as above, 3=, (noa ny [(@)? = (N/2) 32, c3.

We deduce
Proposition 3.6. If A is dissociated then

% Z exp(tf(z)) < exp (% Z ﬂf(@z)
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Proof. Using (i) (of Lemma 3.5) the left side above is

< % Z H(COSh(th) + cos(2m(Ajz /N + 3;)) sinh(tc;)).

Writing each cos 6 as (¢ + e7%)/2 the jth term in the product takes the form
Zeje{—l,o,l} c(j,€j) exp(ejAjz/N) for certain constants c(j, €;). Multiplying this out over
the j, then summing over x (mod N), we see that the only terms that can have a non-zero
sum are those for which Z €;A; = 0: and thus ¢ = = ¢, = 0 as A is dissociated. This
term is easily obtained from the above product as

% Z H cosh(tc;) H cosh(tcj) < exp Z ;| =exp (% Z f(x)2>

J

using Lemma 3.5 (ii) and (iii).
With this preparation we can prove

Proposition 3.7. Suppose that A C Z/NZ. Any dissociated subset of R := {r (mod N) :
|A(r)| > plA|} has size < 2p~2log(N/|A|).

Deduction of Theorem 3.4. Let A be a maximal dissociated subset of R. Then any r € R
can be written in the form r = ) ¢;A; so that R C A.

Proof of Proposition 3.7. If A = {1, Aa,..., A\x} is a dissociated subset of R, let f(z) =
Re (Z] A()\j)@()\jl‘/N)), which we can rewrite as f(l‘) = Zj & COS(QW()\jaZ/N + ﬁj)) where

cj = |A()\J>| and (3; is chosen appropriately. Note also that f(T) = NA(T)/Q if r e AU —A,
and f(r) = 0 otherwise, so that

S F)A@) = 5 30 F)AG) = o5 S IFR = = S 1P

Therefore, for any ¢t we have, using the arithmetic-geometric mean inequality and then
Proposition 3.6,

exp<N|A‘Z\f ):exp< Zf)

xGA
2
|A\ Z exp(tf(x \A| exp (% ;f(:cf) .

Taking ¢t = 1/|A| we deduce that ) f(z ) < N|A|?1log(N/|A|). On the other hand,
by Lemma 3.5(iii), (2/N)>"_ f(z)? = =2, |A(\)]? > |A|(p|A])2, and the result
follows from combining these last two inequalltles
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EXPONENTIAL SUMS, I

Suppose that «, 3 € R. As each term has absolute value < 1, and by summing the geometric
series, we obtain

N-1
(4.1) > e(an + B)| < min{N, 1/2[|al|}.
n=0
It is also useful to note that for any given y1,ys2,...,yr we have
. log(2N
(42) S min{N, 1llyil[} < N + ——28GN)
: ming; ||y — y; |

Now suppose that |a — a/q| < 1/¢? where (a,q) = 1. We use this to show that

N
1
(13) min {Q, 12— | < (Q++ 41og20Q)(1 + V).
nz,:o lan + 8|
First we prove it for N < ¢/2, since if 0 < m < n < N then |lan + 8| — |lam + 8] > |la(m — n)|| >

l(m — n)a/q|| — |m — n|/q®> > 1/q — (q/2)/q* = 1/(2q) and we apply (4.2). The result follows for general
but cutting the sum up into intervals of length < ¢/2.
All this preparation leads to a remarkable lemma:

Lemma 4.1. For any a € R and any quadratic polynomial f(z) € R[x] we have

N-1

> elaf(n)

n=0

< N/q"? + ((g+ N)log2N)*/?

where |a — a/q| < 1/¢* with (a,q) = 1.

Proof. If f(z) = dx® + bx + c then f(z + h) — f(z) = h(2dx + dh + bh) so that, writing
m = n + h we obtain

N—-1 2

> elaf(n)

n=0

N-1 min{N—-1,N—1—h}
= > ela(d+b)h?) > e(2dachn)
h=—(N-1) n=max{0,—h}
N—-1
> min{N,1/2||2dah]|}

h=—(N—-1)

IA

using (4.1), and the result follows from (4.3).

Challenge problem: Generalize this result to polynomials of arbitrary degree.
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Theorem 4.2. For any o € R and any sufficiently large M, there exists m < M such
that ||am?|| < 1/M/>.

Proof. Select prime N arbitrarily large (> M?3) and b with |a — b/N| < 1/(2N). Let A =
{bm?:1<m < M} CZ/NZ and let L = N/2M'/5. If A contains an element in (—L, L)
then [[am?|| < ||[bm2/N| + M?/2N < 1/M*'/>. Otherwise there exists 7,0 < r < 4M?/°
such that |A(r)| > M*/5 /4 by Proposition 3.2b. Select ¢ < M for which |ra—a/q| < 1/qM
for some (a, ) = 1 so that |A(m)| < M/q"/?4 (M log 2M)'/? by Lemma 4.1, which implies
that ¢ < M?/%. But then ||a(qr)?|| < ¢*>r|ra —a/q| < qr/M < 1/M/5.

Extend this result to ||am®|| for arbitrary positive integers k.
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THE GEOMETRY OF NUMBERS

A lattice in R" is a subgroup generated by n linearly independent vectors, with basis
r1,T3,...,T, say. The fundamental parallellopiped of A with respect to xq1,za,...,ZTx,
is the set P = {a121 + asxa + -+ + apz, : 0 < a; < 1}. The sets x + P, x € A are
disjoint and their union is R™. The determinant det(A) of A is the volume of P; in fact
det(A) = |det(A)|, where A = (z1,x2,...,2,) and the x; are column vectors with respect
to the canonical basis for R™. A convex body K is a bounded convex open subset of R".
Show that vol(K) = lim;—,o0 |A N tK|det(A)/t". A key result is:

Blichfeldt’s Lemma. Let K C R"™ be a measurable set, A a lattice and suppose vol(K) >
det(A). Then K — K contains a non-zero lattice point.

The proof is a challenge problem. This immediately gives

Minkowski’s First Theorem. If K is a centrally symmetric convex body with vol(K) >
2"det(A) then K contains a non-zero point of A.

K — K. However, vol(3K) >

Proof. As K is convex and centrally symmetric, K = %

det(A), so the result follows by Blichfeldt’s Lemma.

For a centrally symmetric convex body K define A\; to be the infimum of those A
for which AK contains k linearly independent vectors of A. We call A\, \a,..., A\, the
successive minima of K with respect to A. Let by, bs,...,b, € R™ be linearly independent
vectors with by, € A\, K N A for each k. The proof of the next result, and much more, can
be found in [15].

Minkowski’s Second Theorem. If 0 < A\ < Ay < --- < A\, are the successive minima
of convex body K with respect to A then Mg ... Ayvol(K) < 2™det(A).

Let r1,79,...,7x € Z/NZ and § > 0 be given. We define the Bohr neighbourhood
B(ri,r2,...,r5;0) :={s € Z/NZ: ||r;s/N| < d fori=1,2,...,k};

that is, the least residue, in absolute value, of each ;s (mod V) is < d N in absolute value.
A generalized arithmetic progression is called proper if its elements are distinct are
all distinct (that is |C(ag,aq,...,ax; N1, Na, ..., Ng)| = Ny Ny...Ng).
It will be seen, in §6, that Bohr neighbourhoods can be used as a step in finding
arithmetic progressions, using Fourier transforms.

Theorem 5.7. If 0 < 6 < 1/2 then the Bohr neighbourhood B(ry,...,T,0) contains a
proper k-dimensional arithmetic progression of cardinality at least (25 /k)*N.

Proof. We have s € B(ry,ro,...,71;0) if and only if (rys,rss,...,7s) + NZ* contains a
point = with ||z|lc < JN. Let A be the lattice generated by NZ* and (r1,72,...,7%): It
can be shown that det(A) = Nk—1,

Let K = {(a1,a2,...,ax) : —1 < a; < 1} and, as described above, obtain a ba-
sis by, ba, ..., by of R* with each b; € A satisfying ||b;||oc = A;. Define s; so that b; €
(1184, 7284, ..., 7x5;)+NZF. By Minkowski’s Second Theorem, A\ Az ... \yvol(K) < det(A)-
2k 5o that \MAg... N\ < NF-1,
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Let P be the k-dimensional arithmetic progression {Zle ais; ¢ |ai| < ON/kA;}. If
s € P then, for each j,

k
T’jS
EB

Moreover since § < 1/2 we have that P is proper. Finally note that |P| > H 2(5N/k‘/\i = (2(5N/k‘)k .

Corollary 5.13. If A is a non-empty subset of Z and |A+ A| < C|A|, then |kA| < CF|A]
for each k > 3.

k
ON  [[bifloo
S Zkn N

T;Si

N

KON
<

S22 on =J.
=1

' (:);
N

Proof. Take i =1 and B = A in the preceding Corollary. This implies that there exists a
non-empty A’ C A such that |A’ + kA| < Ck|A'| < CF|A|, but |A’ + kA| > |kA|, so the
result is proved.

Lemma 5.14. Let U, V,W C Z. Then |U||V —W| < |U+ VI||U + W| .

Proof. Define, for x € V. — W, ¢(u,z) = (u+ v(z),u + w(z)) where v(z) € V, w(z) € W
satisfy v(z) — w(x) = x. Then ¢ is an injection U x (V — W) = (U + V) x (U + W).

Theorem 5.15. Let A, B C Z such that |A+B| < C|A| and let k and | be natural numbers
with | > k. Then |kB — IB| < C**|A|.

Proof. Suppose [ > k > 1. By Corollary 5.12, there exists A’ C A with |A’+kB| < Ck|A/|.
Again there exists A” C A’ with |A” +1B| < C'|A”|. Using Lemma 5.14, |A”||kB —IB| <
|A"” + EB||A” 4+ 1B| < C**+!|A’||A”| and the result follows on dividing by |A”|.

In the next chapter, we will see the use of Theorem 5.15. In essence, the arithmetic
properties of kA for large k are easier to deal with than when k is small. Theorem 5.15
also allows one to deal with distinct set sums A + B by converting the problem to a single
set difference problem kB — [B.
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SUBCHAPTER: SUM-PRODUCT FORMULAS, I. PROOFS FROM “THE BOOK”

All true mathematicians are motivated by elegant proofs, none more so than the great
Paul Erdés. Erdos used to say that “the supreme being” kept a book which contained all
of the most beautiful proofs of each theorem and just occasionally we mortals are allowed
to glimpse this book, as we discover an extraordinary proof. In this section we shall see
three such proofs from “The Book”, all by Hungarians.

One of Paul Erdos’s proofs from the book, comes in his “multiplication table theorem”:
Let A ={1,2,...,N}; how bigis A- A = {ab: a,b € A}? That is, how many distinct
integers appear in the N-by-N multiplication table? It is trivial that |[A- A] < N(N+1)/2
(using the symmetry that ab = ba) but is it the case that |A - A|/N? —a limit as N — oo,
and if so, what is that limit? Erdés proved that the limit exists and is 0, that is [A- A| =
o(N?). His proof rests on the beautiful result of Hardy and Ramanujan that all but o(V)
of the integers n < N have {1+0(1)} loglog N prime factors (counting multiplicity?). But
then all but o(IN?) of the products ab with a,b < N have {2+o0(1)} loglog N prime factors,
whereas almost all integers up to N2 have {1 + o(1)}loglog(N?) = {1 + o(1)} loglog N
prime factors, and the result follows!

In the other direction, consider integers of the form n = pm < N? where p € (N?/3, N ]
is prime and m < N. There are > {1+0(1)}N?/log N such product by the prime number
theorem, and any n can be represented in at most two ways as such a product, so that |A . A‘ >
{1/2+0(1)}N?/log N. In the case that A is an arithmetic progression {a+ib:1 <1i < N}
then we may assume without loss of generality that (a,b) = 1 (else we divide through by the
common factor). If b > 2N then |A-A| = N(N+1)/2; for if (a+ib)(a+jb) = (a+1b)(a+Jb)
then a(i+j)+bij = a(I+J)+blJ so that a(i+j) = a(I+J) (mod b) implying i+j = [+J
(mod b) and thus i+j = I+ J since 2 < i+j,I+J < 2N < b, and so ij = I.J and therefore
{i,7} = {I,J}. Similarly if @ > N2 then |A- A| = N(N + 1)/2. Finally if b < 2N and a < N?
then all elements of A are < N2+ N(2N) = 3N2. Let B be the subset of A consisting of all
integers in A with a prime factor in (IN/2, N|. Note that all primes in (N/2, N] that do not divide b,
divide either one or two elements of A so that |B| > {1/2+40(1)}N/log N. Any element of A-B
is < 9N* so contains no more than 4 prime factors > N/2 and so cannot be written in more
than eight ways as ab,a € A,b € B. Therefore |A- Al > |A-B| > {1/8 +0(1)}N?/log N.

One might expect to generalize this so that if A + A is small then A has a lot of
additive structure, that is it is a subset of a generalized arithmetic progression, and so
A - A is large. In fact there should be some “play off” between the two in that if one is
much smaller than the expected size then the other should not be; that is one might guess,
as did Erd6s and Szemerédi, that

A+ Al+ |A- Al > |APC
for any € > 0; or, more daringly like Solymosi, that
|A+ B|+|A-C| >, |A*" € whenever |A| = |B| = |C].
There are several results of this type, for various values of ¢, in the literature, but
none more elegantly proved than the result of Elekes. This rests on a (generalization of

a) result in combinatorial geometry of Szemerédi and Trotter, which in turn has recently
been given a gorgeous proof via geometric and random graph theory by Székely:

2S0 that, for instance, 12 has 3 prime factors.
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The Szemerédi-Trotter theorem. We are given a set T of m curves in the complex
plane such that

e Each pair of (distinct) curves in T meet in at most By points;

e No more than By curves in T contain any given pair of (distinct) points.
For a given set, I1, of m points, define X = X (Y,1I) to be the number of pairs (P, C') with
P eIl,C €Y where P lies on C. Then X(T,II) < m + 4Bon + 4BQB%/3(mn)2/3.

Proof. (Székely) The key idea is to determine how far away our set of curves and points are
from being embeddable on the plane in the sense of graph theory, that is that the curves of
T should only cross at points in II. To convert this directly into a graph theory problem we
replace each point of Il by a vertex of our graph GG, and we join two vertices of G if and only
if the corresponding points lie on the same curve C' € T with no other point of II in-between
(we call such pairs of points “neighbours on C”). In this definition G is a simple graph,
even if two points are neighbours on several curves of T. We will also define a hypergraph
G* with the same vertex set as GG, but as many edges between two vertices as the number
of curves of T on which they are neighbours. Note that X = e(G*) + m < Bse(G) +m
(where e(H) and v(H) are the number of edges and vertices, respectively, in H; note
that v(G) = n). Therefore we will assume that e(G) > 4n for otherwise we already have
X < 4Bsn + m as desired.

We now define Y = Y(G) to be the minimum, over all drawings of G in the complex
plane, of the number of crossings of edges of G that occur at some point not in the vertex
set of G; so Y(G) = 0 if G is planar. Note that if we remove these Y (G) edges from
G and as well as any isolated vertices, then the resulting new graph H is planar, with
e(H) = e(G) — Y(G) and v(H) < v(G). Note also that Y (G) can be no bigger than the
sum over all pairs of curves in Y, of the number of ways that those two curves can cross;
that is Y(G) < B1 (7).

Now for any simple planar graph H one has the Euler characteristic formula that
f(H) —e(H) +v(H) = 2 where f(H) is the number of faces of H, and that any edge
separates at most two faces whereas any face is surrounded by at least three edges so that
3f(H) < 2e(H). Therefore 6 + 3e — 3v = 3f < 2e so that e(H) < 3v(H) — 6. Combining
this with the previous paragraph we deduce that Y(G) > e(G) — 3v(G) + 6.

Székely’s extraordinary trick is to apply the result of the previous paragraph to ran-
domly chosen subgraphs of G, resulting in an improvement of the above inequality! The
random process involves deciding at random whether to select each vertex, independently,
where the probability of each vertex being chosen is p = 4v(G)/e(G) (which is < 1 by
the above assumption); and then retaining the edges from G that go between chosen
vertices. If we call the resulting subgraph K then we see that the expected numbers
of vertices in K is pv(G), written E(v(K)) = pv(G) and also that E(e(K)) = p?e(G)
and E(Y(K)) = p'Y(G). Substituting this into the bound attained above we have
p'Y(G) =E(Y(K)) > E(e(K)) — 3E(v(K)) + 6 = p?e(G) — 3pv(G) + 6. With our choice
of p, and the above bound for Y, this implies that Bym?/2 > Y (G) > e(G)3/64v(G)?, so
that X < By(32B1)Y3(mn)?? + m.

Prove that each term in the upper bound here is necessary by giving appropriate examples. For example
for the third term let T be the set of lines y = ax + b with 0 < a < A and 0 < b < AC, and let II be the
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set of points in the rectangle {0,1,...,C} x {0,1,...2AC}. A big subset of the points counted by X are
given by the points on the lines with 0 <z < C.

Corollary (Elekes). If|B||C| > |A| then |A+B|+|A-C| > (64|B||C|/(|A|—1))Y/4(|A]—1).

Proof. Consider the set of points II = (A+ B) x (A-C), and the set T of lines y = ¢(x —b)
for each b € B,c € C. Note that By = By = 1. Each such line contains |A| points,
namely {(a + b,ac) : a € A} and so X > |A|m where m = |B||C| and n = |A + B||A- C].
Substituting this into the proof of the Szemerédi-Trotter theorem we obtain (JA| — 1)m <
n/4 + (mn)?/3/32'/3 from which we deduce that |A + B||A - C| > 2(|B||C|(|A] — 1)3)/2
if |B||C| > |A|, and the result follows.

In the particular case that |A| = |B| = |C| this gives |[A+ B| +|A-C| > |A[>/%, a first
step to the above conjectures.
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THE FREIMAN-RUZSA THEOREM

Freiman’s Theorem [5] describes the structure of a set A under the condition that
A + A has size close to that of A. We define a generalised arithmetic progression to be a
sum P of ordinary arithmetic progressions (see Theorem 5.7). If P is a subset of a small
generalised arithmetic progression then |P + P| is close to |P|. Freiman’s Theorem states
the converse: if |P + P| is close to P then P must be contained in a small generalized
arithmetic progression.

We now proceed to the proof of Freiman’s Theorem, using a remarkable and ingenious
approach due to Ruzsa [12].

Let ACZ/sZ or ACZ and B C Z/tZ.

Then ¢ : A — B is called a (Freiman) k-homomorphism if whenever x1+zo+- - -+x) =
Y1 +y2 + -+ Yk, with x;,y; € A, we have > ¢(x;) = > ¢(y;). In addition, ¢ is called a
k-isomorphism if ¢ is invertible and ¢ and ¢! are k-homomorphisms.

Note that ¢ is a k-homomorphism if the map ¢ : (x1,...,2x) — > ¢(x;) induced by ¢
is a well defined map kA — kB, and a k-isomorphism if v is a bijection. Our interest will
be in 2-isomorphisms, as these preserve arithmetic progressions — a set 2-isomorphic to an
arithmetic progression is clearly an arithmetic progression. We use the following notation:

If p: A— Band A’ C A, then ¢|4 denotes the restriction of ¢ to A’.

Lemma 6.1. Let A C Z and suppose |kA—kA| < C|A|. Then, for any prime N > C|A]|,
there exists A" C A with |A’'| > |A|/k that is k-isomorphic to a subset of Z/NZ.

Proof. We may suppose A C N and select a prime p > kmax A. Then the quotient map
¢1 : Z — Z, is a homomorphism of all orders, and ¢1|4 is a k-isomorphism. Now let ¢
be a random element of [p — 1] and define ¢3 : Z, — Z, by ¢2(z) = qz. Then ¢, is an
isomorphism of all orders, and hence a k-isomorphism. Let ¢3(x) = x where ¢3 : Z, — Z.
Then for any j, ¢s|1, is a k-isomorphism where

1 .
Ij:{xGZp:]Tpgx<%p—1}.

For, if Zle x; = Zle y; (mod p) with z;,y; € I, then Zle x; = Zle y; in Z.
By the pigeonhole principle, there exist A’ C A with |A’| > |A|/k (depending on ¢) and
p2¢1[A’] C I; for some j. Restricted to A’, ¢3¢p2¢1 is a k-homomorphism. Finally, let
¢4 be the quotient map (a k-homomorphism) Z — Z/NZ. Then with ¢ = ¢sp30201,
¢(x) = gz (mod p) (mod N) and ¢|4/ is a k-homomorphism, as it is the composition of
k-homomorphisms.

The only way ¢|4+ is not a k-isomorphism is if there are ay, aq, ..., ax, a},ab, ..., a}, €
A’ such that 3,7, é(a;) = S ¢(af) but 377, o(a;) # 30, o(a)-

Now >, a; # >, a; implies Y . a; # Y. a; (mod p) so we have ¢(>_, a; — >, a;) (mod
p) is a multiple of N. The probability of this event is at most |kA — kA|/N < 1 since
|kA — kA| < C|A| and N > CJA|. So for some ¢, ¢|4/ is a k-isomorphism.

The next theorem, due to Bogolyubov [3], shows that we may find long arithmetic
progressions with small dimension in 2A — 2A. The proof is surprisingly simple.
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Theorem 6.2. Let A C Z/NZ with |A] > aN. Then 2A — 2A contains an arithmetic
progression of length at least (a%/4)® "N and dimension at most o2

Proof. Let g(x) be the number of ways of writing z = (a — b) — (¢ — d) with a, b, ¢c,d € A.
That is, g = (AxA)x (Ax A) and z € 2A — 24 if and only if g(z) # 0. Now g(z) =

NS, A [, A
by Lemma 2.2 (3) Let K = {r #0: A(r) > a2N}. Then

Z |A(r)[* < maX\A )2 Z |A(r) . aN? =a*N%
7’;}3 'reK

Therefore, if x is such that Re(w") > 0 for all » € K, then
Re(Z |A(r)|4wm) > JAO)|* — aiN* = 0.

Therefore g(xz) # 0 and 24 — 2A contains the Bohr neighbourhood B(K;1/4) —
Re(w™) > 0 if and only if —N/4 < rs < N/4. Now Y _.|A(r)]*? > ka®N? and
ek |A(r)|2 < aN2. By Theorem 5.7, 24 — 2A contains the required arithmetic progres-
sion.

We now present Ruzsa’s proof of Freiman’s Theorem.

Freiman’s Theorem. Let A C Z/NZ be a set such that |A + A| < C|A|. Then A is
contained in a d-dimensional arithmetic progression P of cardinality at most k|A| where d
and k depend on C' only.

Proof. By Theorem 5.15, [8A — 8A| < C16]|A|. By Lemma 6.1, A contains a subset A’ of
cardinality at least |A|/8 which is 8-isomorphic to a a set B C Z/NZ with C15|A| < N <
2C16| A], where N is prime and C|A| < N < 2C|A|, using Bertrand’s Postulate. So |B| =
aN with o > (16C'%)~1. By Theorem 6.2, 2B — 2B contains an arithmetic progression
of dimension at most a~2 and cardinality at least (a2/4)® "N > (a2/4)* " |A|. Since B
is 8-isomorphic to A’, 2B — 2B is 2-isomorphic to 24" — 2A’. Any set 2-isomorphic to a
d-dimensional arithmetic progression is a d-dimensional arithmetic progression. Therefore
2A" —2A’, and hence 2A — 2 A, contains an arithmetic progression () of dimension at most

2 and cardinality v|A|, where vy > (a2/4)0‘_2. Now let X = {z1,z2,...,2%} C A be
maximal such that z,y € X, x # y imply x—y € Q — Q. Equivalently, all the sets x4+ Q) are
disjoint, so X + @ = | X||Q|. Since X is maximal, A C X 4+ (Q — Q) and X is contained in
the k-dimensional arithmetic progression R = {Zle a;x; s 0<aq; < 1}. Clearly |R| < 2k,
Therefore A is contained in the arithmetic progression R+ (@) — @), of dimension at most
a~? + k. We know that X + (Q — Q) C A+ (4A —4A) = A+ 24— 2A+ 24 — 24, and
that X + Q C A+ 24 —2A =3A - 2A.

So | X + Q| < [3A — 24| < C®|A|, by Theorem 5.15. So k < C°|A|/|Q| < C5y~1L.
Finally, |Q—Q| < 20" |Q|, by d-dimensionality. So A is contained in an arithmetic progres-
sion of dimension at most a~2C%y~!, and cardinality at most 2F2% " |Q| < 2k2° " |24—2A]
< kC420 77| Al
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The constants from this theorem can be chosen to be d = exp(C®) and k = expexp(C*),
where a, > 0 are absolute constants.

Using a refinement of the same approach, a better result can be obtained for set
differences of the same set (see [2]):

Theorem 6.4. Let C' be a positive real number. Suppose A is a set of integers satisfying
|A—A| < C|A| and |A| > % Then A is a subset of an arithmetic progression of
dimension at most |C —1| and cardinality at most expexp(C7) where v > 0 is an absolute
constant.

It is likely that a result with very much the same constants is true for A + A. These
theorems can be generalized to theorems about abelian groups [4], [13].

We now turn to results concerning difference sets, which will eventually aid in finding
four-term arithmetic progressions in the next chapter.
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THE BALOG-SZEMEREDI-GOWERS THEOREM

Lemma 6.5. Let Ay, Ao, ..., A, be subsets of an N element set S, let v > 0 and suppose
that 0" |A;| > ymN. Then there exists B C {1,...,m}, of cardinality at least v°m/2,
such that for at least ninety-five percent of pairs (i,7) € B x B, |A; N A;| > v2N/2.

Proof. The idea will be to show that this is true of a randomly chosen subset B, and thus
there exist such B. So, let z1,xo,..., x5 be chosen randomly and independently from S
and define B = {i : {z1,22,...,75} C A;}. Then Prob[i € B] = (|A;|/N)® and thus
the expected size of B is Y ;v (|4;]/N)® > m(> |Ai|/mN)® > v°m (justify this inequality).
Then, by the Cauchy-Schwartz inequality, E[|B|?] > E[|B|]* > v1"m?2.

If |A; N Aj] < 42N/2, then Probli,j € B] = Prob{{z1,z2,...,25} C A; N A;} <
(v2/2)° = ~'9/32. Define C = {i,j € B x B : |A; N Aj| < ¥*N/2} so that E[|C]|] <
y10m?2/32. Therefore E[|B|? — 24|C|] > v'!%m? /4, which implies that there exist z1, ..., 5
for which |B| > v®m/2 and |C|/|B|* > 1/24 < 1/20.

The following result is due to Balog and Szemerédi [1]. However the constants they
gave were at least exponential in «; and it was Gowers who gave polynomial growth:

Theorem 6.6. Let A be a subset of an abelian group, and o > 0. Suppose that there are
> a|A]® quadruples a,b,c,d € A for which a —b = ¢ —d. Then A contains a subset A’
such that |A’| > c|A| and |A" — A’| < C|A| where ¢ and C' depend on o only (we can take
c=2712a10 gnd C = 2%60722).

Proof. Let |A] = n and r(x) = (A*x A)(x) = #{a,b € A: x = a — b}. Trivially we have
>, r(z) = n? and r(z) < r(0) = n as well as r(z) = r(—z), and by hypothesis that
Zx 7“(1‘)2 > an?. Let X = {33 7& 0: T(l‘) > (J,/TL/Q}. Using the last inequality one can show that
| X| > an/2 —1.

We now construct a graph GG with vertices corresponding to the elements of A, and the
edges defined so that a ~g b if and only if a — b € X. Define I'g(a) :={b € G : a ~¢ b}
to be the set of neighbours of @ in G. Then ) _,|T'c(a)] = #{a # b € A: a ~g
by = > . exr(x) > |X|an/2 > an/2(an/2 — 1). Applying Lemma 6.5 with m = N =
n and v = a?/4, we deduce that there exists B C A with |B| > a!%n/2!! such that
ITa(a) NTg(b)| > an/32 for at least ninety-five percent of pairs (a,b) € B x B.

Now define a new graph H with vertex set B and edges defined so that a ~py b if
and only if [Tg(a) NTg(b)] > an/32. Let A’ be the set of vertices of H with degree
> 3|B|/4. Since the average degree in H is at least (19/20)|B| we deduce that |A’| > 4|B|/5, and
so |A'| > a'%/(5-2%). Now define R(z) to be the number of representations of = as
1+ To + 23+ T4 — Y1 — Yo — Y3 — yg With x1,x2, 3,24, Y1, Y2,y3,ys € A. We will show
that if z € A’ — A’ then R(x) > cn” for a certain constant x > 0 depending only on a. But
then kn|A" — A'| <3 44 R(x) <3, R(z) =n®, and so [A' — A’| < n/k as desired.

Now for each x € A" — A’ select a,a’ € A’ for which x = a — a’. If a ~p b then there
are at least a'n/32 values of ¢ for which a —¢,c —b € X. If a — ¢ € X then there exists
> an/2 pairs x1,y; € A for which a — ¢ = 21 — y1, and similarly there are > an/2 pairs
T2,y € A for which c—b = x5 —ys. Taking all these representations for all such ¢ we have >
(a*n/32)(an/2)? = an3/27 quadruples x1,y1, T2, y2 € A for which a—b = x1 —y; +x2—yso:
To verify that these representations are distinct note that if we are given a, x1,y; we can
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recover ¢ as a — x1 + y1. If @’ ~g b then we can similarly find such representations for
b—a’, and adding these together we find representations for a — a’ as desired which are all
distinct as we can recover b in each case. Therefore R(x) > |T'g(a) N Ty (a’)|(a®n3/27)?;
and we have [T;(a) 1Ty (')] > [Ty ()| + [y (a)| — |H| > 3|BJ/4+3|B|/A~|B| = |B|/2.
and the result follows with x = 22 /226,

An alternate but useful version of this result is as follows:

Theorem 6.6A. Let A be a subset of an abelian group and S C A x A with |S| > B|A|?
for given 8 > 0. If #{a+b: (a,b) € S} < (1/0)|A| then A contains a subset A" such that
|A’| > c|A] and |2A"] < C|A| where ¢ and C depend on 3 only (we can take ¢ = 2712330
and C = 213037330),

Proof. Let B ={a+b: (a,b) € S} and r(z) = #{(a,b) € S : a + b = x}, so that there
are > > pr(x)? quadruples a,b,c,d € A for which a — b = ¢ — d. Now by the Cauchy-
Schwarz inequality we have > _pr(x)? > (3, cp7(2))?/|B|] = |S|?/|B| = §°|A[]*. The
construction of A’ then follows from Theorem 6.6 with o = 33; and then |A’+ A’| < C5|A]
by Corollary 6.5.

Corollary 6.7. Let A C ZF with |A| = m for which there are > cm?® solutions to a — b =
¢ — d with a,b,c,d € A. Then there exists a generalized arithmetic progression Q) of
cardinality at most Cm and dimension at most d such that |AN Q| > em, where C and d
depend only on c.

Proof. In the previous result we have A’ for which |A’ — A’| < |A’|, and so |[24"| < |A/|
by Corollary 6.5. But then by the Freiman-Ruzsa Theorem there exists such a generalized
arithmetic progression which contains A’.

The following result will be very useful in studying four-term arithmetic progressions
in the next chapter.

Corollary 6.8. Let B C Z/NZ be a set of cardinality BN, and let ¢ : B — Z/NZ be such
that #{a,b,c,d € B:a—b=c—d and ¢(a) — ¢(b) = ¢(c) — ¢(d)} > aN3. Then there
exist constants v and n, depending only on 3 and ¢, a Z/NZ-arithmetic progression P of
cardinality at least N7 and a linear function v : P — Z/NZ such that 1 (s) = ¢(s) for at
least n|P| values of s € P.

Proof. Let A = {(a,¢(a)) € (Z/NZ)? : a € B}. We proceed as in Corollary 6.7 except now
we need the Freiman-Ruzsa theorem in a finite group (see ***); in this case the relevant
constants are all polynomial in «.

Write @ as C(ag, . ..aq; N1, ..., Ng) with NyN5 ... Ny > c¢N, and therefore there exists
j for which N; > (cN)¥/? (we will take j = d by re-ordering the N; if necessary). Then
we can think of () as a union of arithmetic progressions mod aq4 of length N, with starting
points given by C'(ag,...aq—1; N1,..., Ng—1). At least one of these, call it P must contain
(|A]/|Q|)Ng elements of A. But an arithmetic progression simply consists of points on a
line and therefore the elements of (a, ¢(a)) € AN P must satisfy ¢(a) = Aa + v for some
A\, v €Z/NL.

Following Ruzsa’s proof of Freiman’s Theorem, we may take v = off and n =
exp(—a~K), where K > 0 is an absolute constant.
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Additional Notes

We now look briefly at a selection of results concerning the structure of set sums
themselves — this is the direct class of problems as opposed to the inverse problems of the
type we have been studying until now. It is natural to consider sums of very dense sets.
The following important theorem is due to Bourgain [6]:

Theorem 6.9. Let A, B C [N] of densities « and [ respectively. Then A + B contains

an arithmetic progression of length at least exp [caﬁ log N] 1/3, where ¢ > 0 is an absolute
constant.

This theorem was shown to be almost best possible by an ingenious construction due
to Ruzsa [28]:

Theorem 6.10. Let € > 0. Then there exists p(e) such that for every prime p > p(e),
there exists a symmetric set A of residues modulo p such that |A] > (1/2 —¢)p and A+ A
contains no arithmetic progression of length emp[logp]2/3+5.

THE SET OF SUBSET SUMS

For A = {a; < as < --- < a}} define the set of subset sums A*) = {Dpepb: BC A}
Erdés conjectured (for $ 300) that aj >> 2% whenever the subset sums of A are distinct
with a; > 1 (note that a; = 2°~! is an example of such a sequence); and showed [9] that
ap > 2% /k for k > 2. Loosely speaking, Fraenkel [12] showed that the sequence of powers of
two is the most dense sequence with subset sums distinct, under any reasonable definition
of density: that is, for any such sequence, and any decreasing convex function f we have
S flag) € Y0, F(2).

Using only elementary techniques Lev [23] showed the following strong structure the-
orem: If m is an integer for which |[A®)| < m|A|—4m3 and |A| > 8m?> then A®) is a union
of at most m —1 arithmetic progressions with the same common difference. He conjectured
that this should hold with |A®)| < m|A| — (m — 1)? which would be best possible; for if
A is the multiset {1}»~™+1 U {2}~ then A®) = C(0,1,2;n —m + 1,m — 1) which can
be shown to not be a union of m — 1 arithmetic progressions with the same difference, if
n > 2m — 2 and x is large enough.

Let Ay :={> 4cpb: B C A, |B| = k}. Freiman [13] and, independently, Erdés and
Sérkozy [10] proved that if A = {1,2,..., N} and k > 100(N log N)*/2 then Ay D {rj :
J < j < J+ ck?} for some ¢ > 0.

SUMFREE SETS

A is a sum free set if there are no solutions to a + a’ = a” with a,a’,a” € A. If N
is prime then one can easily show that there is a sumfree subset B of A C Z/NZ, with
|B| > (JA] —1)/3: Select = (mod n) so that zA N (N/3,2N/3] is maximal, and then let
B={a€A: ax € (N/3,2N/3]}. Note that by + ba # bs with by, b, b3 € B for if b, = za;
then a1 + a2 = ag which is evidently impossible. Also (N —1)|B| >

N-1

N leAN (N/3,2N/3] = Y #{w: ax € (N/3,2N/3]} = |A*|([2N/3] - [N/3])

r=1 acA*
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where A* = A\ {0}, and so |B| > (|A| — 1)([2N/3] — [N/3])/(N —1) > (|A| — 1)/3.
Alon and Kleitmann [1] improved this to the optimal coefficient (which cannot be 2/7
as in the notes).
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SZEMEREDI’S THEOREM

We prove Szemerédi’s Theorem [16] for four term arithmetic progressions, following
Gowers [7]; in a proof that is analogous to our earlier proof of Roth’s theorem. The
difference is that a stronger notion of uniformity, namely quadratic uniformity is used
here. Let D := {z € C : |z|] < 1} be the unit disc, and throughout we consider functions
f:Z/NZ — D. If A C Z/NZ then we may take f(x) = fa(x) = A(z) — |A|/N for
example.

For a > 0 we say that f is a-uniform if

Y fr)t < anNt.

Also call set A a-uniform if f4 is a-uniform.

Lemma 7.1. Let f : Z/NZ — D. Ifmax, |f(r)| < a'/2N then f is a-uniform. Moreover,
if f is a-uniform then max, |f(r)| < a'/*N. Finally, if f is c-uniform then

>[5 st = | < vanigls

for any function g : Z — C.
Proof. If max, |f (r)] < a'/2N then by using Parseval’s identity we have

Y IF)]* < max|f(r) |Z\f 1> < aN? Y| f (@) < aNt.

For the next part note that |f(r)[* < o |7(r)|* < aN* and the result follows. For the
final part, we know that if f is a-uniform then, using Parseval’s identity twice and the
Cauchy-Schwartz inequality,

DI felats =R =32 1s + o)t 2= < S Il
= YO < (S 1) (S laer)
<ol AN Y ) = 0V ANE Y [g(o)

Define A(f; k)(x) = f(x)f(z — k). We say that f is quadratically a-uniform if
ZZ|A Fik)(r)[* < aN>.

We will show that sufficiently large quadratically a-uniform sets contain four-term arith-
metic progressions. More generally we define

A(f ki, ko, oo kr) = AA(fs ki, kay oo ki) k).
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The value is independent of the order in which we take the k;. Moreover we have the identity

(7.1) ST =N D Af kD (),
T x,k,l
as well as
(7.2) SSSAGREI = NS Ak @)
kT kil =

Lemma 7.2. If f is quadratically a-uniform, then f is a/%-uniform.

Proof. Take (7.1), apply Cauchy-Schwarz and then (7.2) to obtain
. 2 2 "
(S 1Fo) < NS Ak @) = N3 IAG R < aN,
r kil =z k,r

We now repeat the Proposition 3.1 in this context:

Lemma 7.3. Let fi, fo, f3 : Z/NZ — D. Suppose that fs is a-uniform. Then we have
}Za o Ji(a) f2(a+d) f3(a + Qd)‘ < al/AN2.

Proof. 1t S =73, , fi(a)f2(a +d)fs(a + 2d) then by Lemma 7.1 we have

SI=| 3 Al@)fb)fale \—\szl ) fa(=20) f5(7)]

a+c=2b

< 5 max fo(n) (X1A0) ?)" -(er|f2<r>|2)1QS%-awN.Nz:amN;

Lemma 7.4. Let f1, fo, f3,fa : Z/NZ — D and a > 0, with (3, N) = 1. Suppose fy is
quadratically a-uniform. Then | Za’d fi(a)fa(a + d) fs(a + 2d) f4(a + 3d)| < oY/3N2.

Proof. Let S be the sum we are estimating. Then, by the Cauchy-Schwarz inequality,
) 2
S12 < N YOS fala)fala+ d)fsla+2d) fala + 3d))
a d

<N IR @P [ fala+ d)fala+2d) fala+ 30)|

a d
< NZng a—+d)fa(a+e)fs(a+2d)f3(a+2e)fs(a+ 3e)fs(a+ 3e)
= NZZA (fo; K)(D)A(f35 2k) (b + d)A(fa; 3k) (b + 2d),

taking k = d — e and b = a + d. Now define a(k) := N~*Y |A(fa; k) (r)[* so that
A(fa; k) is a(k)-uniform, and ), a(k) < aN as f4 is quadratically c-uniform. Therefore,
by Lemma 7.3 (with f; replaced by A(fj+1,jk) for j =1,2,3), we have

ISP <N a(3k) /AN <o/t
k

by a simple optimization argument.
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Theorem 7.5. Let Ay, Ay, As, Ay C Z/N7Z with |A;] = 6;N. Suppose that As is a*/?-
uniform and Ay is quadratically a-uniform. Then

Z Al A2 CL + d)Ag(CL + 2d)A4(CL + 3d) - (5152(5354]\[2 < 5041/8N2

Proof. Set fi(xz) = A;(x)—6;. Replace the A;(-) with f;(-) +J; in the above sum obtaining
sixteen sums! We group the terms by the number of f; involved: First, when there are no
fi involved we have the term Za’d 81020364 = 01020304 N?, which is thus the main term,
and the rest are error terms. If we have just one f; involved (say f4) then the term is
Za’d 010203 f1(a + 3d) = 510203 Zbd f4(b) = 0 taking b = a + 3d for fixed d; and the same
is true for the other such terms. If we have two f; involved (say f3 and f4) then the term
is > 4.q0102f3(a + 2d) fa(a + 3d) = 0102, . f3(c) fa(b) = 0 where b = a + 3d and then
¢ =b—d, and the same is true for the other such terms. By Lemma 7.2 we know that Ay
is a''/2-uniform, as well as As: now if we have three f; involved then at least one of them
must be f3 or f4, so we may apply lemma 7.3 suitably modified. Finally if we have all f;
involved then we may apply lemma 7.4.

Corollary 7.6. Fix 6 > 0. Suppose that A C {1,...,N}| with |A] = 6N, and that A is
quadratically a-uniform. If a < §32/272 and N > 430/6*, then A contains an arithmetic
progression of length four or we can find a subprogression where A has density at least %5.

P’I"OOf. Let Al = A2 = AN [2N/5,3N/5] and A3 = A4 = A If |A1| S 6N/10 then
either AN[0,2N/5] or AN [3N/5,N) has at least 99N /20 elements and thus the second
outcome. Now note that if (a4 (¢ — 1)d)y € A; for i =1,2,3 and 4 then a+ (i —1)d € A; fori =1,2,3
and 4. Thus the number of such four term arithmetic progressions is, by Theorem 7.5,
> (6%/100 — 5a'/8)N? > N, so there exists such an arithmetic progression with d # 0.

We now turn to the case where f is not quadratically uniform. If A is the corresponding
set of density §, then we plan to show that A intersects a Z-arithmetic progression P C
{1,2,..., N} of size at least N¢ and such that |AN P| > (§ + ¢)|P| where ¢ and d depend
only on « and 4.

Lemma 7.7. Suppose that f is not quadratically c-uniform. Then there exists a set B,
of cardinality at least aN/2, and a function ¢ : B — Z/NZ such that

ST ARG = (a/2)2N°.

keB

Proof. Select ¢(k) so that |A(f;k)(¢(k))| is maximized. Since f is not quadratically o-
uniform, 3>, 32 |A(f; k)(r)|* > aN?, and therefore must be a set B of more than aN/2
values of k for which ) IA(f; k)(r)[* > aN*/2. But then, by the second part of Lemma
7.1, we have |A(f; k)(¢(k))| > (a/2)/4N for each k € B and the result follows.
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Lemma 7.8. Suppose that f : Z/NZ — D, B C Z/NZ and ¢ : Z/NZ is a function such
that, for some a > 0,

> IA(f3E)((k))]? > aN®.

keB

Then there exist at least a* N3 quadruples (a,b,c,d) € Bx B x Bx B such that a+b = c+d
and ¢(a) + ¢(b) = ¢(c) + ¢(d).

Proof. We have that

DUIAUSRGENIZ =D D F(s)f(s = k) F0)f(t = k)e(d(k)(s — t)/N)

keB keB s,t
=Y > F()f(s—k)f(s—u)f(s — k — u)e(d(k)u/N)
keB s,u
<SS TR (s — k= wel@(k)u/N)|
u,s keB

so a?N <" v(u) by Cauchy-Schwarz, where

3Z‘Zf s—k)f(s— —u)e(gb(k)u/N)’z,

s keB

By the first part of Lemma 7.1 (with the roles of k and s swapped), we have that e(¢(k)u/N)
is not y(u)?-uniform, and so 3, |3, c 5 e((o(k)u+rk)/N) ‘4 > v(u)2N* by definition. Now
>, Y(w)? > atN since Y, v(u) > @®N, and therefore

!N < S ()N < SIS e(okyu + k) /N) [

u,r k€EB

3 e (et o0) —sto)— ol > (roi o)

a,b,c,deB u

= N?#{(a,b,c,d) € B*: a+b=c+dand ¢(a) + ¢(b) = ¢(c) + ¢(d)}

Lemma 7.9. Suppose that ¢ : Z/NZ — Z/NZ has at least aN? additive quadruples.
Then there exist n,~y, depending only on «, and an arithmetic progression P of length at
least N7 such that for some A and p,

STIAGf )k + ) = N2 P,
keP

Proof. This follows from Corollary 6.8 with v = o® and 1 = exp(—a~%).
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Lemma 7.10.1. Let f,g: Z/NZ — D. Let A,B C Z/NZ and C = A+ B. Then there
exists r,, for each v € Z/NZ such that

2| 2 o (W#) Z%(%)UQEL“;JC(QJ)Q(QJ—CL)e(W)‘Q'

T |wex—A

Proof. We have

Z’Zf g(x —a) (W)‘z

a€EA =

_ — (2Xa + p)(x — y)
= 33 sl af Gy —a) e (EHEZ)

GEA x,y
(2ha +p)(b+ 2)
ageAbGEBmEZf g(z —a) (aj—b—z)g(a:—a—b—z)e( ~ )

replacing y by x — b — 2 for each b € B. Now set hy(z) = f(x)e((Ax? + px)/N), hao(x) =
g(x)e(\x?/N), hs(z) = f(z = 2)e((A\a® + (n — 2A2)2)/N), ha(z) = f(z — 2)e((A2? —

2Xzx)/N) for a given value of z, so that the above equals

\_1}13>| Se (%) S (@) S Y hae — a)hs(w — b)ha(e —a —b).

acAbeEB

The last two sums here can be rewritten as, with C = A + B,

_ZZthx—ahgaz—b)fM(m_C)Z (W)

a€AbeEB ceC

which is, in absolute value

< | S (F)| TSR0 ()| [ ()
< (|B||C|)1/2m3x > ha(z—a)e <_Tm)‘ = (|B||C|>1/2m,?LX > glwe <W#)‘
a€A wee—4

by Cauchy-Schwarz, since > | > ,cp h(z — d)e(rd/N)|> = N> cp |R(z — d|* < N|D|.
The result follows collecting the above estimates.

Lemma 7.10.2. Let f: Z/NZ — D. Let n >0 and P C Z/NZ be an Z/N Z-arithmetic
progression with |P| < min{3,n}N/10 such that

YA R) @Mk + )| = | P|N?
keP
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for A\, € Z/NZ. Then, there exists a partition of Z/NZ into translates Py, Pa, ..., Py_1
of P or P with an endpoint removed, such that for each i we can find r; € Z/NZ so that

sz </\:r:-|—rl)

i |xEP;

> nN/2.

Proof. Taking g = f and B = A = P in Lemma 7.10.1 so that |B|/|C| > 1/2, we obtain
by our hypothesis,

>

x

S fw ()\w + rpw )

wexr—P

n
> —|P|N.
_\/§||

If P={v+is:0<i<m-—1} and suppose N = gm + r with 0 < r < m — 1. With
v; = (m+1)jfor0 < j <r,and v; = mj+rforr < j < gdefine P; = {is: v; <i <wvjy1},
so that Py, P1,...P,_; is a partition of Z/NZ. Therefore

S| 5 s (2 5) gz 1

7 wey+P;

as m < min{3,n}N/10, and the result follows by picking y so that the remaining sum is
maximal, and changing the definition of y + P; to P;.

Given t € Z/NZ define |t| = N||t/N|| to be the least residue of ¢ (mod N) in absolute
value. For any set S C Z/NZ define diam(S) = max{|z — y| : z,y € S}.

Lemma 7.11. Suppose that positive integers [, m,r < N are given for which 1 < (m/r)'/3.
If P is a Z/NZ-arithmetic progression of length m and ¢ : Z/NZ — Z/NZ is a linear
function then P can be partitioned into subprogressions P;,i > 1 of lengths | orl — 1, such
that diam(o(P;)) < N/r for each i.

Proof. P maps linearly to {0,1,2,...m — 1} so we may take this as P, without loss of
generality. By the pigeonhole principle, there exists 0 < ¢ < j < rl such that [¢(j)—¢(i)| <
N/rl; but as ¢ is linear we may take d = j — i < rl such that |¢p(d) — ¢(0)| < N/rl. Set
Q =A{z,z+d,...,x + (I — 1)d}. Then |¢(z + ld) — ¢(x)| < l|p(d) — ¢(0)] < N/r so
diam(¢(Q)) < N/r As each congruence class modulo d has size at least m/d > m/rl > I,
we can split P into copies P; of @), differing in length by at most one.

In the next lemma, we apply Weyl’s Theorem (Theorem 4.2):

Lemma 7.12. Let ¢ : Z/N7Z — Z/NZ be a quadratic polynomial and let P be a Z/NZ-
arithmetic progression of length m. Then for any | < m'/33, P can be partitioned into
subprogressions Py, i > 1, of lengths | or | — 1, with diam(¢(P;)) < N (133 /m)'/16.

Proof. As in the previous result, P maps linearly to {0,1,2,...m — 1} so we may take
this as P, without loss of generality, as long as we appropriately adjust ¢. Then, for
#(x) = ax? + bx + ¢ we can choose d < D so that |ad?| < D~'/°N, by taking a = a/N
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in Theorem 4.2. Define Q; = {i,i +d,...,i + (L — 1)d} with I3 < L < m/d and
0 <i<d-—1,and write ¢(i + kd) — ¢(i -i—]d) = ad?(k?* — j%) +i(i+ kd) —1; (i + jd) where
Yi(z) := (2ai + b)(x — i) is a linear function. We now can apply Lemma 7.11, partitioning
each @); into subprogressions R of length { or [ —1 with diam(«;(R)) < N/r for each such R,
provided I < (L/r)'/3. Then we have diam(¢(R)) < (L?/D'® +13/L)N taking r =< L/I°.
For given I, D this is minimized with L = [D/1% so we have diam(¢(R)) < (12/DY/®)N
provided 1?° < D < (m/1)'/6. Thus we may take D = (m/1)*®/16 provided | < m!/33.

Lemma 7.13. Let ¢ : Z/NZ — Z/NZ be a quadratic polynomial and m < N. For given
n > 0 there exists integer k < n~16/33m32/33 sych that [0, m — 1] can be partitioned into

arithmetic progressions Py, Pa, ..., Py, of lengths differing by at most 1, and such that, if
f:Z/NZ — D is any function with

(%)

Proof. By Lemma 7.12, for any | < m!'/33 (taking k = [m/l] + O(1)), we find such

Py, Py, ..., P for which diam(¢(P;)) < N(133/m)'/16. Select any z; € P; and note

that if © € P; then |e(p(z)/N) — e(d(z;)/N)| < diam(¢p(P;))/N < (133/m)'/16. There-
(z

fore |3, cp, f(2)] =12 sep, f(@)e(d(x)/N)[+O( (133 /m)1/16). Therefore, by the triangle
inequality,

> nm, then Z‘Zf ‘>77m/2.

j=1 ze€P;

<3| stoe (%) = | X sto ¢ om0,

Jj=1 |z€P;

and the result follows provided [ <« n'6/33;,1/33

Szemerédi’s Theorem. There exists an absolute constant ¢ > 0 such that if A C
{1,2,...,N} with |A| > N/(logloglog N)¢ then A contains an arithmetic progression
of length four.

Proof. Regard A as a subset of Z/NZ. If A is quadratically a = §32/272-uniform, then the
theorem is proved, by Corollary 7.6. Let f(z) = A(x)—d and suppose f is not quadratically

a-uniform. By Lemma 7.7, there exists a set B of cardinality at least «N/2 and a function
¢ : B — Z/NZ such that

STIAS k) (G(R)[? = (a/2) NP,

keB

By Lemma 7.8, ¢ has at least (a/2)° N3 additive quadruples and so, by Lemma 7.9, there
exists an arithmetic progression P with |P| > N7 and

YA R) @Mk + )| = | P|N?
keP
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for some 7,y > 0 depending only on «.
By Ruzsa’s proof of Freiman’s Theorem, we may choose 7 = o and n > exp(—a~
where K > 0 is an absolute constant. By Lemma 7.10.2, we then have

Z Zf(a:)e </\x2]-vwix)

7 IEPZ‘

)

> nN/2.

where the P; are as in Lemma 7.10.
Apply Lemma 7.13 in each P; to obtain further progressions F;;, of cardinalities
differing by at most 1, and with average lengths Cn®/33| P|1/33 (for some constant C' > 0)

and such that .
SN @) = v/

7 jzl I‘GPZ‘j

A consequence of Lemma 7.12 is that we can insist that the P;; are Z-arithmetic progres-
sions, except that (by Lemma 2.3) the average length of P;; is C|P|}/218:128 where C' > 0
is a constant and no F;; has more than twice this length.

Relabel the P; js as Q1,Q2, ..., Qr, where M = N—7/218:128 4nd the Q; have average
length N7/2:18128 = Ag $™ f() = 0, we have

ZQ > f@)|+ Y f(@) = 0N/

i z€Q; r€Q;

The contribution of @Q; with |Q;| < \/N/M is at most 2N/ M < nN/8, therefore there

exists @; such that |Q;[ > \/N/M such that ‘ZmEQi f(@)] + 2 peq, f(@) 2 n|Q;|/8. This
implies that > .o f(z) > n|Q:|/16.

So we have shown that there exists an arithmetic progression @, of length at least
VN/M > NY/418128 — N quch that [AN Q| > (§ + exp[—6°])|Q|, where ¢ > 0 is a
constant. Rewriting this in terms of §, a four-term arithmetic progression must be found
when 0 > (logloglog N)~¢ for some ¢ > 0.
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BORING, TECHNICAL PROOFS

Proof of Lemma 2.10. Assume that the result in false and consider the counterexample
with |C}| minimal.

We begin by supposing that there exists ¢; € C; such that ¢; + H; C S3. Note that
the elements of ¢; + H; must belong to different cosets of Hs else ¢; + h1 = ¢o 4+ ho and
c1+ hy = co+ kS and so by — hy = hi — he € Hy N Hy = {0}. Therefore we may write
So = ((e1 + H1) U CY) + Hy. Now if for each hy € Hj there exists hy € Hy such that
(c1 + hy + hy) € S1 then |So \ Si| > |Hy|, and thus |S; U Sa| > |S1| + |H1|.- Hence we
may assume that there exists hy € H; such that (¢; + hy + Hz) C S7. But Sy is closed
under addition by elements of H; and so (c¢; + Hy + H2) C S7, and therefore we may write
S1 = ((c1 + Hy)UCY)+ Hy. But now S; = (1 + Hy + Ha) U S; where S; = C} + Hj, and
the result follows from the induction hypothesis.

Now, since the elements of c; + Ho must belong to different cosets of H; we deduce
that |(co + H2) N S1| < |C1| and so |S1NS3| < |C1]|C2|. Therefore |S; US| = |S1]|+|S2] —
510 S| = [Si] +[S2] — [C1]|Cel.

We may now assume that for every ¢; € C there exists hy € Hy such that ¢c;+hy & So;
and therefore |S7 U Sy| > |Sa| + |C1]. Since all of the above arguments may be made with
the roles of S; and Sy exchanged, we also have |S; U Sa| > |S1] + |Cal.

Let us suppose that |S;|+|H;|—1 > |S1USs| for j = 1, 2. The equations of the last two
paragraphs imply that |Hy|—1 > |Cq|(|H2|—|C4]) and |He|—1 > |Cy|(|H1|—|C2|), and then
|C1| < |Hz2|—1and |Cq| < |Hyi|—1, respectively. Since all these terms are positive these can
be combined: [Hy[—1 > |Caf(|Hz|=1)—|Co|(|C1|—1) = [Ca||C[(|H1|=|C2|)—|Co(|C1| 1),
so that (|C1]|C2|—1)(|C2|+1—|H1|) > 0. Therefore either |C1| = |Ca| =1, or |Cs| = |H1|—1
(and |C1| = |Hz2| — 1 by symmetry). In the first case |S1 U Sa| = |S;| + |H;| — |S1 N Sa| for
each j, so we get the result, with equality if and only if S; NSy # (). In the second case
|S1 U Sa| > |S1| +|S2| — |C1]|C2| = |S;| + |H;| — 1 for each j, so we get the result, with
equality if and only if |S1NSs| = |C1]|C2|. In this situation one has that C; —Cy C Ho— Hy;
and that for every ¢; € C] there exists a unique h; € Hy such that ¢; +h; € S. (Go on to

fully classify when one gets equality in the lemma).
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