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2 K. SOUNDARARAJAN

INTRODUCTION

The aim of this course is to study additive problems in number theory. Broadly, given
a sufficiently large set of integers A (or more generally a subset of some abelian group)
we are interested in understanding additive patterns that appear in A. An important
example is whether A contains non-trivial arithmetic progressions of some given length
k. One reason for considering arithmetic progressions is that they are quite indestructible
structures: they are preserved under translations and dilations of A, and they cannot be
excluded for trivial congruence reasons. For example the pattern a, b and a + b all being
in the set seems quite close the arithmetic progression case a, b, (a + b)/2, but the former
case can never occur in any subset of the odd integers (and such subsets can be very large).
Another class of questions we can ask is whether all numbers can be written as a sum of
s elements from a given set A. For example, all numbers are sums of four squares, nine
cubes etc. Waring’s problem and the Goldbach conjectures are two classical examples. In
the same spirit, given a set A of N integers we may ask for information about the sumset
A+ A:={a+b:a,be A}. If there are not too many coincidences, then we may expect
|A+ A| > N?. But when A is an AP note that |A+ A| < 2|A| —1. One of our goals for the
class will be Freiman’s theorem that if the sumset is small then A looks like a ”generalized
arithmetic progression.”
The subject may be said to begin with a beautiful result of van der Waerden (1927).

van der Waerden’s Theorem. Let k andr be given. There exists a number N = N (k,r)
such that if the integers in [1, N] are colored using r colors, then there is a non-trivial
monochromatic k term arithmetic progression.

van der Waerden’s proof was by an ingenious elementary induction argument on k£ and
r. The proof does not give any good bound on how large N(k,r) needs to be. A more
general result was subsequently found by Hales and Jewett (1963), with a nice refinement
of Shelah (1988), but again the bounds for the van der Waerden numbers are quite poor.

The Hales-Jewett Theorem. Let k and r be given. There exists a number N = N (k,r)
such that if the points in [1,k]"N are colored using r colors then there is a monochromatic
“combinatorial line”. Here a combinatorial line is a collection of k points of the following
type: certain of the coordinates are fized, and a certain non-empty set of coordinates are
designated as “wildcards” taking all the values from 1 to k.

A picturesque way of describing the Hales-Jewett theorem is that a “tic-tac-toe” game
of getting k in a row, played by r players, always has a result in sufficiently high dimen-
sions. Since there is obviously no disadvantage to going first, the first player wins; but
no constructive strategy solving the game is known. One can recover van der Waerden’s
theorem by thinking of [1,k]" as giving the base k digits (shifted by 1) of numbers in
[0, kN —1].

Erdés and Turan proposed a stronger form of the van der Waerden, partly in the hope
that the solution to the stronger problem would lead to a better version of van der Waer-
den’s theorem.

The Erddés-Turan conjecture. Let § and k be given. There is a number N = N(k, )
such that any set A C [1, N] with |A| > 0N contains a non-trivial arithmetic progression
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of length k.
In 1953, Roth proved the Erdés-Turdn conjecture in the case k = 3.

Roth’s Theorem. There exists a positive constant C' such that if A C [1, N] with |A| >
CN/loglog N then A has a non-trivial three term AP.

In other words, N(4,3) < exp(exp(C/d)) for some positive constant C. This stronger
result does in fact give a good bound on the van der Waerden numbers for £k = 3. We
know now thanks to Bourgain that |A| > N(loglog N/ log N)'/? suffices. Thus the double
exponential bound can be replaced by a single exponential.

Let r3(IV) denote the size of the largest subset of [1, N] having no non-trivial three term
APs. Then as mentioned above, r3(N) < Ny/loglog N/log N. What is the true nature of
r3(N)? If we pick a random set A in [1, N] we may expect that it has about |A|?>/N three
term APs. This suggests that r3(V) is perhaps of size N /3 However, in 1946 Behrend
found an ingenious construction that does much much better.

Behrend’s Theorem. There exists a set A C [1,N]| with |A] > Bexp(—cylogN)
containing no non-trivial three term arithmetic progressions. In other words r3(N) >

N exp(—cy/log N).

Roth’s proof is based on Fourier analysis. It falls naturally into two parts: either the set
A looks random in which case we may easily count the number of three term progressions,
or the set has some structure which can be exploited to find a subset with increased density.
The crucial point is that the idea of randomness here can be made precise in terms of the
size of the Fourier coefficients of the set. This argument is quite hard to generalize to four
term progressions (or longer), and was only extended recently with the spectacular work
of Gowers.

Returning to the Erdds-Turdn conjecture, the next big breakthrough was made by
Szemerédi who in 1969 established the case k = 4, and in 1975 dealt with the general case
k > 5. His proof was a tour-de-force of extremely ingenious and difficult combinatorics.
One of his ingredients was van der Waerden’s theorem, and so this did not lead to a good
bound there.

Szemerédi’s Theorem. Given k and 6 > 0, there exists N = N(k,d) such that any set
A C [1,N] with |A| > N contains a non-trivial k term arithmetic progression.

An entirely different approach was opened by the work of Furstenberg (1977) who used
ergodic theoretic methods to obtain a new proof of Szemerédi’s theorem. The ergodic
theoretic approach also did not lead to any good bounds, but was useful in proving other
results previously inaccessible. For example, it led to a multi-dimensional version of Sze-
merédi’s theorem, also a density version of the Hales-Jewett theorem (due to Katznelson
and Ornstein), and also allowed for the common difference of the APs to have special
shapes (e.g. squares).

In 1998-2001 Gowers made a major breakthrough by extending Roth’s harmonic analysis
techniques to prove Szemerédi’s theorem. This approach finally gave good bounds for the
van der Waerden numbers.
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Gowers’s Theorem. There exists a positive constant ¢, such that any subset A in [1, N]|
with |A| > N/(loglog N) contains a non-trivial k term arithmetic progression.

In this course, we hope to give an account of Gowers’s proof in the case k = 4. One of
the major insights of Gowers is the development of a “quadratic theory of Fourier analysis”
which substitutes for the “linear Fourier analysis” used in Roth’s theorem. Gowers’s ideas
have transformed the field, opening the door to many spectacular results, most notably
the work of Green and Tao.

The Green-Tao Theorem (2003). The primes contain arbitrarily long non-trivial arith-
metic progressions.

Note that up to N there are about N/log N primes. This density is much smaller than
what would be covered by Gowers’s theorem; even in the case k£ = 3 it is not covered by
the best known results on r3(N). We will not be able to cover the Green-Tao theorem,
but will give some of the ideas in the simple case £k = 3. Another result along those lines
is the celebrated three primes theorem.

Vinogradov’s theorem (1937). Ewvery large odd number is the sum of three primes.

Another brilliant result of Green and Tao, developing Gowers’s ideas, is that r4(N) <
N(log N)~¢ where r4(N) denotes the largest cardinality of a set in [1, N| containing no
four term progressions.

Another theme that we shall explore, and which also plays an important role in Gowers’s
proof, is Freiman’s theorem on sumsets. If A is a set of N integers then A 4+ A is bounded
above by N(N +1)/2, and below by 2N — 1. The lower bound is attained only when A is
highly structured, and is an arithmetic progression of length N. Clearly if A is a subset
of an arithmetic progression of length C'N then |A + A| < 2C|A|. More generally suppose
di, ..., d; are given numbers, and consider the set

{ag+ardi + ...+ agdi: 1 <a; <N, for 1 <i<Ek}.

We may think of this as a generalized arithmetic progression of dimension d. Note that
this generalized AP has cardinality at most Nj - - Nj. If these sums are all distinct (so
that the cardinality equals Ny - - - N ) we call the GAP proper. Note that if A is contained
in a gAP of dimension k and size < CN then |A+ A| < 2°CN. Freiman’s theorem provides
a converse to this showing that all sets with small sumsets must arise in this fashion.

Freiman’s theorem. If A is a set with |A + A| < C|A| then there exists a proper GAP
of dimension k (bounded in terms of C) and size < C1|A| for some constant Cy depending
only on C'.

Qualitatively Freiman’s theorem says that any set with a small sumset looks like an
arithmetic progression. Similarly we may expect that a set with a small product set
should look like a geometric progression. But of course no set looks simultaneously like an
arithmetic and a geometric progression! Thus we may surmise, as did Erdés and Szemerédi
that either the sumset or the product set must be large.
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Erdos-Szemerédi Conjecture. If A is a set of N integers then
A4+ A|+|A- Al > N*¢,
for any € > 0.

This is currently known for € > 3/4 (indeed a little better) thanks to results of Erdés-
Szemerédi, Solymosi, Elekes ... . The sum-product theory (and its generalizations) is
another very active problem in additive combinatorics, and has led to many important
applications (bounding exponential sums etc).

We end this introduction by giving a brief description of how ergodic theory connects up
with these combinatorial problems. The subject begins with a simple recurrence theorem
of Poincaré.

Poincaré recurrence. Let X be a probability space with measure p, and let T be a
measure preserving transformation (so u(T—1A) = u(A)). For any set V with positive
measure there exists a point x € V such that for some natural number n, T™x also is in

V.

Proof. This is very simple: note that the sets V, T='V, T=2V, ... cannot all be disjoint.
Therefore T~V NT~™~"V = () for some natural numbers m and n. But this gives readily
that VNT"V # () as needed.

It is clear from the proof that the number n in Poincaré’s result may be found below
1/pu(V). As an example, we may take X to be the circle R/Z, and take V' to be the interval
[—1/2Q,1/2Q)], and T to be the map = — x + 6 for some fixed number . We thus obtain:

Dirichlet’s Theorem. For any real number 0, and any Q > 1 there exists 1 < q < Q
such that ||gf|| < 1/Q. Here ||x|| denotes the distance between x and its nearest integer.

If X happens also to be a separable (covered by countably many open sets) metric space,
then we can divide X into countably many balls of radius €¢/2. Then it follows that almost
every points of X returns to within € of itself. That is, almost every point is recurrent.

We don’t really need a probability space to find recurrence. Birkhoff realized that this
can be achieved purely topologically and holds for compact metric spaces.

Birkhoff’s Recurrence Theorem. Let X be a compact metric space, and T be a con-
tinuous map. Then there exists a recurrent point in X ; namely, a point x such that there
1S a sequence ny — oo with T™ x — x.

Proof. Since X is compact, any nested sequence of non-empty closed sets Y1 D Yy D V3. ..
has a non-empty intersection. Consider T-invariant closed subsets of X; that is, Y with
TY C Y. By Zorn’s lemma and our observation above, there exists a non-empty minimal
closed invariant set Y. Let y be any point in Y and consider the closure of y, Ty, T?y, .. ..
This set is plainly a closed invariant subset of Y, and by minimality equals Y. Therefore
y is recurrent.

These are some basic simple results, of the same depth as Dirichlet’s pigeonhole prin-
ciple and its application to Diophantine approximation. In the example of Diophantine
approximation, we see that if ||nf|| is small then so are ||2nf)||, ||3nf]| etc. This suggests
the possibility of multiple recurrence.
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Topological Multiple Recurrence. Let X be a compact metric space, and T be a con-
tinuous map. For any integer k > 1 there exists a point x € X and a sequence ny — o0
with T x — x for each 1 < j < k.

This theorem is analogous to van der Waerden’s theorem, and indeed implies it. To see
this, let A = {1,... ,r} represent r colors, and consider Q = A%Z. Thus 2 is the space of
all r colorings of the integers, and by x € {2 we understand a particular r coloring of the
integers. We make () into a compact metric space (check using sequential compactness),
by taking as the metric d(z,y) = 0 if + = y and d(z,y) = 27¢ where ¢ is the least
magnitude for which either x(¢) # y(¢) or x(—¢) # y(—¢). We define the shift map 7" by
Tz(n) = z(n + 1). Now suppose we are given a coloring ¢ of the integers. Take X to be
the closure of T"¢ where n ranges over all integers. By definition this is a closed invariant
compact metric space, and so by the Topological Multiple Recurrence Theorem there is a

x € X and some n € Z with z(0) = z(n) = z(2n) = ... = x(kn). But from the definition
of the space X we may find an m € Z such that T"¢ and x agree on the interval [—kn, kn].
Then it follows that {(m) = &{(m +n) = ... = &(m + kn) producing a k + 1 term AP.

The above argument gives an infinitary version of the van der Waerden theorem where
we color all the integers. But from it we may deduce the finite version. Suppose not, and
there are r colorings of [— N, N] with no monochromatic k-APs for each natural number N.
Extend each of these colorings arbitrarily to Z, obtaining an element in €2. By compactness
we may find a limit point in €2 of these elements. That limit point defines a coloring of Z
containing no monochromatic k-APs, and this is a contradiction.

The ergodic theoretic analog of Szemerédi’s theorem is Furstenberg’s multiple recur-
rence theorem for measure preserving transformations, and this implies Szemerédi by an
argument similar to the one above.

Furstenberg’s Theorem. Let X be a probability measure space and let T be a measure
preserving transformation. If V is a set of positive measure, then there exists a natural
number n such that VT "V NT2"V N...NT~ "V has positive measure.
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THE HALES-JEWETT THEOREM
We begin with a warm-up result, which although unrelated may help set the mood.

Schur’s Theorem. Given any positive number r, if N > N(r) and the integers in [1, N|
are colored using v colors then there is a monochromatic solution to x +y = z.

First we need a special case of Ramsey’s theorem.

Lemma. Suppose that the edges of the complete graph Ky are colored using r colors. If
N > N(r) then there is a monochromatic triangle.

Proof. We will use induction on r. It is very well known that if » = 2 and N > 6 then
there is a monochromatic triangle. Suppose we know the result for » — 1 colorings, and we
need N > N(r — 1) for that result. Pick a vertex. There are N — 1 edges coming out of it.
So for some color there are > [(N —1)/r| edges starting from this vertex having the same
color. Now the complete graph on the other vertices of these edges must be colored using
only r — 1 colors. Thus if N > rN(r —1) —r 4+ 2 we are done.

Proof of Schur’s Theorem. Consider the complete graph on N vertices labeled 1 through
N. Color the edge joining a to b using the color of |a — b|. By our lemma, if N is
large then there is a monochromatic triangle. Suppose its vertices are a < b < c then
(¢ —a) = (c—0b) + (b—a) is a solution proving Schur’s theorem.

Let k and 7 be given natural numbers. Consider the cube [1, k]%V, and color each point
in it using r colors. The Hales-Jewett theorem says that if N is sufficiently large then
there will be a monochromatic line having k points. Here a (combinatorial) line means
the following: Let x = (x1,... ,2x) be a point, and let A be a non-empty subset of [1, N].
By x @ jA (where 1 < j < k) we denote the point y(j) whose coordinates are given by
yi(j) =x; if i ¢ A and y;(j) = j if i € A. The line x @ A consists of the points x & jA for
1 < j < k. In other words, A describes a set of coordinates whose entries are wildcards
taking all the values from 1 to k.

As a special case consider k = 3 and r = 2 which corresponds (essentially) to a game
of tic-tac-toe. The Hales-Jewett theorem guarantees that in high dimension a game of
tic-tac-toe never ends in a draw. Since the first person has a free move, and can steal any
winning strategy that the second person devises, it follows that the first player should win
such games.

We will now give two proofs of the Hales-Jewett theorem; the second, due to Shelah,
being a small but very important modification of the first. The proofs both proceed by
induction on k and r. Let HJ(k,r) denote the least N for which the theorem holds; we
wish to show that this is finite, and also derive some bounds for it. Note that if k& = 1 there
is nothing to prove and we may take HJ(1,r) = 1. Consider next the case that k = 2.
Take N = r and note that two of the r+1 points (1,1,...,1), (1,1,...,1,2), (1,...,2,2),
ey (1,2,2,0..,2), (2,2,...,2) must have the same color. Thus HJ(2,7) < r. Exercise:
show that HJ(2,r) =r.

First proof. We assume that HJ(1,r), ..., HJ(k — 1,r) all exist, for all values of r. We
now want to show that HJ(k,r) exists. Let Ny, ..., N, denote a very rapidly increasing
sequence which we will specify below, and set N = Ny + ...+ N,.
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Consider [1, k)Y as [1,k]™ x ... x [1,k]¥". Given a point x, in [1,k]V" we may define
an r-coloring of [1,k]™ x ... x [1,k]N*—1 by setting the color of (xi,...,X,_1) to be our
original color for (xi,...,x,). Call this r-coloring of [1,k]M x ... x [1,k]N"—1 as ¢y,

Ni+...+N,._1

say. The number of possibilities for ¢y, is naturally r* We now view these

N1+ AN

possibilities as a palette for coloring x, using r colors. If N, is sufficiently
large — precisely, N,. > HJ(k — 1, r’“N1+"'+NT71) — then by induction hypothesis we may
find a point y, and a non-empty A, C [1, N,] such that ¢y, g;a, is the same coloring for
each 1 < 5 < k — 1. In other words, for any given choice of x;, ..., x,_1, the color of
(X1y.-+ ,Xp—1,¥r ® jA,) does not change as j varies from 1 to k — 1.

We now want to repeat the same argument for x,._;. Given x,._; we have an r-coloring
of [1,k]N x ...[1,k]Nr=2 x [1,k] by setting the color of (X1,...,%X,_2,y, ® jA,) to be
the original color of (x1,... ,X,—2,X,—1,¥, ® jA;). There are P2k ek possible
colorings — since the colorings for y, @ jA, are the same for 1 < j < k — 1 we have a
2 in place of the more obvious k. Again we view each of these coloring possibilities as a
palette of colors for x,_1. Thus if N,_; is sufficiently large — precisely, N, > HJ(k —
1, r2kN1+"'+NT*2) — then we may find y,_; and a non-empty subset A,_; C [1, N,_1] such
that, given x1, ..., X,_9, and 1 < j,. < k, the color of (x1,... ,X;—2,¥r-1Djr—14r-1,y+ D
JjrA;) does not change as j,_; varies from 1 to k — 1.

We continue in this manner. In stage ¢ we require that N,._p41 > HJ(k—1, rze_lkN1+"'+NT_[)
and produce y,_¢4+1 and a non-empty subset A, _p41 C [1, N,—py1]. After r stages we will
have produced points yi, ..., y, and non-empty sets A, ..., A, such that the points
(y1 @ j141,y2 + j2A2, ..., yr D jrAr) and (y1 © j1 A1, y2 + ja A2, ..., ¥r @ Jj. Ar) have the
same color if for each 1 < i < r either j; = ji = k or j;,ji < k. But this is tantamount
to having an alphabet with just two elements: either j; < k or j; = k, and having an r
coloring on an r-dimensional cube on this 2 element alphabet. Thus we have reduced to

HJ(2,r)! The proof follows.

Y

The bounds produced by this proof are obviously not even astronomical.

Shelah’s proof. The proof given above reduces HJ(k,r) to HJ(2, ) using HJ(k — 1, ).
Shelah instead uses H.J(2, ) to reduce to HJ(k — 1, ) and the effect of this simple change
on bounds is dramatic!

Let R be a large parameter to be chosen, and let Ny, ..., Nr be a rapidly growing
sequence, and set N = N;+...+ Ng. Consider [1,k]" as [1,k]™ x ... x[1,k]V®. Consider

xp in [1,k]V® and associate to it an r-coloring ¢y, of [1,k]N x ... x [1,k]Nr-1 by giving
N1+ +NR_1

(x1,...,Xxr_1) the original color of (xi,...,xg). Note that there are r such

colorings. As before, we think of these as a palette of colors for the xg. Thus if Ng
N .+Np_ N .+Np_

is sufficiently large — precisely Ng > HJ(2,r* R By = pRTTTE  then we

may find yr and a non-empty set Ap C [1, Ng] such that ¢y.@ja, determine the same
coloring for j = 1 and 5 = 2. In other words, given any x;i, ..., Xg_1, the colors of
(X1,... ,Zr-1,YR ® jAR) are the same for j =1 and j = 2.

Now we repeat the same for xz_1. Consider the coloring on [1, k]M x- - - [1, k]Nr-2 x [1, k]
by setting the color of (x1,... ,Xr_2,y,®jAR) to be the original color of (x1,... ,Xr_2,Xr_1,y®
JjAR). There are p(R=DE™ T TNRE2 g ch colorings — the (k—1) arises because the colors for
J = land j = 2 are the same. Therefore, viewing these as a palette of colors for xz_1 we see
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that if Np_1 is large — precisely, Ng_1 > HJ(2, r(k_l)kN1+”'+NR_2) e L
then there exists yg_1 and a non-empty Ag_1 C [1, Ng_1] such that given x1, ..., Xg_o,
and 1 < jp < k, the color of (x1,... ,XRr—2,Yr—1 D jr—14RrR_1,YR ® jrAR) is the same
for jp—1 =1 or 2.

We continue in this manner. In stage ¢ we require that Ng_,11 > HJ(2, p(k=D)f R R )

pUe= D) RN TR0 produce yg_¢+1 and a non-empty Ar_py1 C [1, Ngp_py1]. After
R stages we find that (y1 @ j141,... ,yr ® jrAr) and (y1 ® j1A1,... ,Yr ® jrAr) have
the same color if for each i either 1 < j;,j/ < 2 or j; = ji. This is tantamount to having
a k — 1 alphabet (1 and 2 are identified) and r-coloring an R dimensional cube on this

alphabet. So if R > HJ(k — 1,r) then we are done.

Deduction of Van der Waerden’s theorem. Van der Waerden’s theorem states that if the
numbers [1, N| are r-colored then there is a mono-chromatic k-AP provided N is large
in terms of k and r. One way to deduce this from Hales-Jewett is to identify [1,k]V
with the numbers from [1, £"V] by means of the base k expansion: thus W (k,r) < kf/(km),
Alternatively, consider an r-coloring of [0, (k—1)N] and use this to get a coloring of [1, k]V
by setting the color of (z1,...,xy) to be the color of Y (z; — 1). A Hales-Jewett line on
[1, k] then gives a k-AP. Thus W (k,r) < (k — 1)HJ(k,7) + 1.
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RoTH’S THEOREM

1. Basic Fourier Analysis.

Throughout we will write Zy to denote Z/NZ. Often it may be convenient to assume
that IV is prime; since most of our results are insensitive to the exact value of N, this
assumption is largely harmless. Given f : Zy — C, we define the Fourier transform

f : Zn — C by setting
R n
fr) = Zn:f(n)e( -3
Here and throughout, e() denotes e?™. We may easily check the Fourier inversion for-

mula,
fimy =5 S Fe(5r).

Similarly we may easily check Parseval’s formula

N f)gln) = 3 F R,
n k

and in the special case f =g
NY )P =Y 1)
n k

Notation. Given a set A € Zy we will use A(n) to denote the characteristic function
of A; that is, A(n) =1 if n € A and 0 otherwise. Also, we will let f4 denote the balanced

function fa(n) = A(n) —|A|/N. Note that A(0) = |A| and that f4(0) = 0.

2. The Proof of Roth’s Theorem.

Roth’s Theorem says that if a positive density subset of the integers contains a 3-AP.
We now give a streamlined proof of this due to Gowers.

Let A C [1, N] with |A| = N. We assume that N is odd, and let B be the set of even
or odd numbers in A whichever is larger. Consider

1 A .
N Z B(r)?A(=2r) =#{z+y =22 (mod N): z,y€ B,z¢c A}.
r (mod N)

Here B(r) = > pep €(br/N), and similarly for A(r). By size and parity considerations, we
find that x +y = 2z (mod N) in fact implies that z +y = 2z so that we have a three term
AP. There are | B| such trivial 3-APs. So the number of non-trivial 3-APs is

1 o2 _ B4 Ty
CIR (Z;N)Bm A(=2r) - |B| = = _|B|+N§OB<T) A(=2r).

The proof now splits into two parts: when A has no large Fourier coefficients (A is
random), and when A has a large Fourier coefficient (A has a structure — linear bias). The
first case is easy, while in the second case we have to work a little to uncover the structure.
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First suppose that for all » # 0 we have |A(r)| < 62N/4. In this case

|A||B?
N’ZB 2r’<—Z\B _—N\B|< T

From (1) we deduce that there are many 3-APs in this case.
So we may suppose that there exists r # 0 such that |A(r)| > §2N/4. Equivalently we
have

) > (A(a) - dear/N)| = N,

where A(a) denotes the characteristic function of A.

Let 1 < @ < N be a parameter to be chosen shortly. We use Dirichlet’s theorem to
find b/q where ¢ < @ and (b,q) = 1 such that |r/N —b/q| < —=. We then divide [1, N]
into progressions (mod ¢). There are ¢ such progressions each Wlth N/q+ O(1) elements.
We now subdivide these progressions into M intervals each. Thus there are ¢M such
intervals in all, and each interval contains about N/(¢M) 4 O(1) elements. Let I denote
a typical such interval. We claim that on I, e(ar/N) is more or less constant. Indeed it is
e(ab/q + af) for some |0 < 1/qQ. Now e(ab/q) is constant as all elements of I are in the
same progression (mod ¢). The variation in e(af) is at most O(N|0|/M) = O(N/(qQM)).
Thus from (2) we find that

(SZTN <3| S (A(0) - d)efar/N)| = (‘Z \+0(£ﬁ>)

_ ; ‘ ;(A(a) —5)\ +0(qu)-

We will choose @ = v/N and M = Cv/N/(q6?) for a suitably large constant C. Then we
obtain

®) S )R

Plainly

Recall that I contains about N/(qM) elements, and so the relative density of A within
I is at least & + §%2/16 — this is referred to as a density increment argument. Now we
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take I and translate and dilate it so that it corresponds to the set [1, N/gM]. Note that
APs are preserved under translation and dilation. We have thus extracted a set of density
§ +62/16 lying in [1, N/(¢M)] = [1,62v/N/C], and it suffices to exhibit 3-APs in this set.
Now we may repeat the entire argument for this set.

If we iterate the argument D/§ times for an appropriate constant D then we can get a
density > 0.9 when it is easy to exhibit 3APs. After these iterations, the initial value of N
would have been reduced to §*N1/2" /C?. We wish this last quantity to be relatively large;
say > 103. Thus we would like N > (103C2/6*)2""°. Equivalently if § > ¢/loglog N, the
argument works.

3. Behrend’s Example.
Behrend constructed a surprisingly large set in [1, N] with no 3-APs.

Behrend’s Theorem A. There is a set A in [1, N| which is free of 3 APs and satisfies
|A| > N exp(—cy/log N). Here c is an absolute positive constant.

Behrend’s Theorem B. There exists a set A in [1,N] with |A] > 0N which has <
§¢los(1/O N2 three term progressions. Here ¢ is an absolute positive constant, and 6 > 0.

Proof of Theorem A. Consider points (x1,... ,rx) with z; € [0,d]. Thus there are (d+1)%
such points. Consider 27| 2. This is an integer in [0, Kd?] and so there exists n < Kd?
such that n = 5" 22 for more than (d + 1)¥ /(K d?) tuples. That is, there is a sphere with
many points. The argument rests on the fact that any line can intersect the sphere in at
most two points.

Consider the set A = {35 ;(2d+1)7"1} where (21, ... ,zx) is a point on our sphere.
Note that all elements of A are below (2d+ 1) and that |A| > (d+ 1)% /(Kd?). We claim
that A has no 3-APs. For, if

D wd+ )T Y z(2d+ 1) =) 2pi(2d + 1)

then x; + z; = 2y;, as z;, y;, and z; are all < d. In other words the points (z1,...,7x),
(y1,---,YK), and (z1,...,zx) all lie on a line, which is impossible.

Now take K about size v/log N, and d about size eV°8 Y, Then A is a set in [1, N] with
|A| > N exp(—cy/log N) with no 3-APs.

Proof of Theorem B. Let Ay be a set of 2M§ elements in [1, M] such that Aj is free of
three term progressions. Consider A € [1,2M K] which consists of all elements a = ag
(mod 2M) for some ag € Ag. Thus |A| = 2K M. If three elements in A lie in an AP,
then, since Ap has no 3-APs, they must all be congruent (mod 2M). The number of three
term progressions in A is therefore < (2M6§)K? < (6/M)(2M K)?. Theorem A furnishes
an example where M = exp(c(log1/46)?), and so the result follows.

4. Fourier coefficients alone do not control four APs: A quadratic example.

Let A C Zy be defined as follows: a € A if and only if there exists |b| < N§/2 with
a? =b (mod N). We claim that A(k) is small for every k # 0, but there are substantially
more four term arithmetic progressions in A than for a random set. It’s clear from the
definition that |A| = 6N + O(1).
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For k # 0 we have that

=Y eeam= 3 (555 () F)

neA n (mod N) |b|<SN/2r (mod N)

Regrouping, this is

L C [ )

) n (mod N) |b|<ON/2

When k # 0 (and suppose N is odd) the inner sum over n above is a Gauss sum which is
< v/N in magnitude. The sum over b is bounded by < min(§N, 1/||r/N||). It follows that

~ ]_ 1
Alk) < =VN min (6N, ——— | < V' Nlog N.
NV 3 min (5N )

This proves our first claim that A(k) is small for non-zero k.

To prove our second claim consider B C A defined by b € B if and only if v* = ¢
(mod N) for some |¢| < §N/14. Plainly |B| = §N/7 + O(1). The above argument shows
readily that B has no non-trivial large Fourier coefficients, and therefore we may find
> §3N? three term progressions in B. Consider one of those progressions a, a + d, a + 2d
all in B (and hence in A). We claim that a+ 3d belongs to A. To see this, note the identity

a® = 3(a+ d)? + 3(a + 2d)* — (a + 3d)*> = 0.

It follows that (a+ 3d)? has a representative (mod N) of size less than 7(§N/14) = §N/2,
proving our claim. Thus A has many more four APs than we would expect for a random
set (viz. §*N?).

5. Varnavides’s Theorem.
Varnavides’s Theorem is a stronger form of Roth’s theorem which counts the number
of three term progressions.

Varnavides’s Theorem. For every e > 0 there exists C(5) > 0 such that if A C [1, N]
with |A| > dN then A contains at least C(§)N? three term progressions.

Proof. By Roth’s theorem we know that there exists M = M (J) such that any set of IM /2
elements in [1, M] has a non-trivial three term progression. Now consider progressions
P(a,d) = a+ [1,M]d in [1, N] where we allow d < §N/M? and a < N(1 —6/M).

We claim that for many choices of a and d one has |A N P(a,d)| > 6M/2. Indeed we
have that for any given d

S JAnP(a,d)| =M 3 12M(5N—2N5/M>.

a<N(1—5/M) acA
Md<a<N(1—8/M)
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It follows that for each d there are > 6N values of a with |[A N P(a,d)| > §M/2, so that
in total there are > §2N?2/M? good progressions P(a,d).

By Roth’s theorem each good progression contributes at least one three term progression
in A. But of course some of these progressions could get over counted. Suppose we are
given a progression =, x+y, £+2y in A. To how many P(a, d)’s could this belong? Clearly
d must be a divisor of y, and moreover y/d < M. Therefore there are at most M choices
for d. Each choice of d fixes a in at most M ways. Therefore each progression is over
counted at most M? times.

Thus we have exhibited > §2N?2/M* distinct three term progressions, and this proves
Varnavides’s Theorem.

6. The large spectrum of a set.

Suppose A C Zy with |A| = dN. In our proof of Roth’s theorem a crucial role was
played by the large Fourier coefficients of A. Namely the set R = R(p) of values r with
|A(r)| > p|A|. From Parseval we see easily that |R| < p=26=1. A result of M. C. Chang
(which we may explore later) says that the set of large Fourier coefficients has a very rigid
structure.

Chang’s Theorem. The set R(p) is contained in a cube of dimension at most 2p~2log(1/6).
That is, there exist numbers r1, ..., v, with k < 2p~2?log(1/d) such that each r € R may
be written as ) e;r; where the €; take values —1, 0, or 1.
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WEYL’S EQUIDISTRIBUTION THEOREM AND DIFFERENCING METHOD

The idea of using Fourier analysis to study equidistribution goes back to Weyl. Here is his
celebrated equidistribution criterion:

Weyl’s criterion. Let uy, us, ..., be a sequence of real numbers. We say that this
sequence is uniformly distributed (mod 1) if either of the following three equivalent state-
ments holds:

(1) For every interval (o, ) € T we have

1
lim —#{n<N:u, (modl)e (a,f)}=0—a.
N—oco N
(2) For every non zero integer k we have

Z e(kuy) = o(N),

n<N

as N — oo.
(8) For every Riemann integrable function f on T we have

¥ 2 )= [ s

n<N

as N — oo.

Sketch of proof. We check easily that (3) = (2) and that (1) = (3). To complete the
proof one shows (2) = (1). This follows by using Weierstrass’s approximation theorem
to approximate the characteristic function of [«, (] by trigonometric polynomials.

As an immediate application of Weyl’s criterion we obtain that {nf} is uniformly dis-
tributed (mod 1) when 6 is irrational. Weyl generalized this substantially by showing that
the fractional parts of a polynomial p(n) which has an irrational coefficient (and which
is not the constant term) become equidistributed (mod 1). To achieve this he added a
crucial new idea which has come to be known as Weyl differencing.

To illustrate this, we first show that for odd N the Gauss sum " e(n?/N) has size v'N;
we used this previously in our quadratic example on four term progressions. We square

the Gauss sum
> e/

Now if we write n; = no + h then n% - n% = 2hns + h? is a linear polynomial in n,. Thus

the above equals
2hn2 —|— h2
> X T )=N
h (mod N)nz (mod N)

- L2 )

ni,n2 (mod N)

‘ 2

since only the term A = 0 survives. This proves our claim. The heart of the proof is that
a degree two polynomial is reduced by differencing to a degree one polynomial, and this
last sum is easy to evaluate.
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Lemma 1. Suppose |a — a/q| < 1/q* where (a,q) = 1, and ¢ > 2. Then for N > 1 we
have

N
Z e(na) < — + /(¢ + N)loggq.
n<N \/a

Proof. Call the sum in question S. Then

SP= > ela(nf-n3)= ) > e(a(2hny + h2)).

ni,ne<N |h|[<N ng>max(—h,0)
ne<min(N,N—h)

Recalling that » ., e(nf) < min(b — a,1/||0[)), the above is

< > min(N,1/[2hal).

|h|<N

Divide the terms |h| < N into intervals of length ¢/2. We may check easily that for each
interval, the sum over h is < N + gloggq. Since there are < N/q + 1 such intervals, our
claimed estimate follows.

From Lemma 1 and Weyl’s criterion it follows that if « is irrational then the fractional
parts of an? are equidistributed (mod 1). In particular it follows that ||[n?al| can be
made less than e for any given €; we observed this as a consequence of van der Waerden’s
theorem. The argument extends inductively to cover all polynomials having at least one
irrational coefficient (which is not simply the constant term). As an exercise, the reader
may try to bound > _ . e(nfa) for k > 3.

For our later applications we will need a more quantitative version of finding small frac-
tional parts of na (just as we needed Dirichlet’s theorem in the proof of Roth’s theorem).

Lemma 2. Given a rational number a/q with (a,q) = 1, there exists m < M with
3
lam?/q|| < \/g(log q)= /M.

Proof. We may assume that M < ¢q. We want to find solutions to am? = b (mod ¢) with
|b| being small, say < L. That is we want to estimate

1 Z Z Z <am —b)r )
<L+ (mod q)m<M

The term r = 0 gives a main term of (2L + 1)M/q. The terms r # 0 give, using Lemma 1
to estimate the sum over m,

<L - Z\/qlogqmln<

7"750

) < Viso

It follows that if L > ¢,/q(log q)% /M we will have such solutions, proving the Lemma.
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Corollary 3. Let a be any real number. For every M > 1 there exists a natural number
m < M with |m2a|| < (log M)/M3.

Proof. First we find a rational number a/q with ¢ < @, (a,q) = 1 and |a —a/q| < 1/(qQ).
If ¢ < M then by choosing m = ¢q we find that |[am?|| < ¢/Q < M/Q. Suppose now
that ¢ > M. Using Lemma 2 we may find m < M with [|am?/q|| < ,/g(log q)2/M, and

therefore , ,
Va(logq)? +M2 < VQ(ogQ)> M
M qQ — M Q

Choosing now Q = M 3 /log M we obtain the desired conclusion.

lamn?|| <

It is expected that one can find m < M with ||m2a|| < M ~1*¢ for any € > 0. Heilbronn
showed that one can achieve < M~27¢ and Zaharescu (about ten years ago) obtained
4
< M~7te,
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VINOGRADOV’S THREE PRIMES THEOREM

The still unresolved Goldbach conjecture states that every even number is the sum of two
primes. In the 1930s Vinogradov proved the striking result that every large odd number
is the sum of three primes. His method applies also to 3-APs in the primes, and this was
done by van der Corput. We will now discuss these results; to illustrate the ideas, we will
assume the truth of the Generalized Riemann Hypothesis and argue in the spirit of Hardy
and Littlewood, but the assumption of GRH can be removed with more effort. Below,
A(n) denotes the von Mangoldt function A(n) = logp if n is a power of the prime p, and
A(n) = 0 otherwise.

Vinogradov’s Theorem. Let N be a large natural number. Then

Y Am)AGR)A) ~ TSN,

ni+ngs+nz=N

where

S =I1(1- ) IL 0+ o)

pIN pIN

When N is odd we have G(N) > 1, and since the number of prime squares, cubes, etc.
is small, we conclude that there are many ways of writing a large odd number as a sum of
three primes.

Let

fl@) =Y A(n)e(na).

n<N
Note that

/Of<a)36(—Na)da: > A(n1)A(n2)A(ns),

ni+ngs+nz3=N

and our aim is to obtain an asymptotic formula for this quantity. The insight of Hardy and
Littlewood was that the exponential sum f(«) is large only when « is close to a rational
number with small denominator, and such values of a give the dominant contribution to
our integral. We already saw this feature for >~ _\ e(na) from Weyl’s method.

To gain an understanding of f(«a) we will invoke the Generalized Riemann Hypothesis.
What we need is the consequence of GRH for the distribution of primes in progressions.
Recall that there are ¢(g) Dirichlet characters x (mod ¢).} If x (mod q) is a non-trivial
Dirichlet character, then on GRH for z > ¢ we have

(1) Y(o,x) =Y An)x(n) < 2 log” z.

n<x

IThese are homomorphisms from (Z/qZ)* — T. The functions are extended to all of Z by setting
x(n) =0if (n,q) > 1.



ADDITIVE COMBINATORICS: WINTER 2007 19

If xo (mod q) is the trivial character then we have (on RH)

(2) (z,x0) = »_ A(n) + O(log® qz) = = + O(? log?(qz)).

n<x

Given (a,q) = 1, the orthogonality relation

1 Z X(n)X(a)Z{l ifnzc.z(modq)

#(q) LY 0 otherwise
shows that, for x > ¢,
3) Ywga)= D Aln) = g5+ Ot log” )

?(q)

n<x
n=a (mod q)

Lemma 1. Let a/q be a rational number with (a,q) = 1. Then we have, assuming GRH,

ZA e(na/q) = %JE—FO(\/q_xlog2 x).

n<x
Proof. We have

(4) ZA(n)e(an/q): (log® ) Z A(n)e(an/q).

n<x n<x
(n,q)=1

We could now split n into progressions (mod ¢), and invoke (3). But there is some loss
in doing this, and we would obtain an error term of < ¢/z log?  which is not sufficient
for our purposes. A better way to proceed is to express e(an/q) (for (an,q) = 1) in terms
of the multiplicative Dirichlet characters (mod gq):

1 1
e(an/q) = @, S > x)x(an)e(b/q) = 5@ > xlan)r(x).

b (mod q) x (mod q) x (mod q)

Here 7(x) denotes the Gauss sum

0= Y. xaela/q).

a (mod q)

It is well known that [7(x)| < /¢, and equality holds there when X is a primitive character
(see for example, Davenport’s Multiplicative number theory).
Using this in (4) we obtain that
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Using the GRH bound (1) for all non-trivial xy we see that such terms contribute <
/qz log? . It remains to handle the principal character yo. By (2) this term contributes

L7' x zlog? x :M rlog®
e (x0)(z + O(Vzlog" x) gz5((])( + O(Vzlog” x)),

since 7(xo) is a Ramanujan sum which is easily evaluated as u(g). This completes our
proof.

Lemma 1 allows us to handle f(a/q), and to pass to f(«) for nearby a we use a standard
technique known as partial summation.

Lemma 2. Assume GRH. Let « = a/q+ 3 where (a,q) = 1. Then

N
la) =50 [ c(oyts +0((1+ |BIN) VaR log? ).

Proof. Note that,

flo)= | " elwdi( Y Amjetan/a)) - / Ne(xﬁ)d(%x + B(r.a/a)).

n<x

say, for some error term E(x,a/q). The first term gives the main term of the Lemma. As
for the second term, integration by parts gives that it is

E(N,a/q)e(Nﬁ)—/O 2rife(xB)E(x,a/q)dx.

Using the bound of Lemma 1, we conclude the desired estimate.

Corollary 3. Select Q = N3, and let |o — a/q| < 1/(¢Q) with (a,q) = 1 and ¢ < Q.
Then, assuming GRH,

N e
f(a)<<¢(q)+N .

Proof. Lemma 2 reveals (with any @ and |a —a/q| <1/(¢Q) and ¢ < Q) that

3

N N N N2
f(a)<<w+<1+@)\/q_Nlog2N<<m+< QN—l—ﬁ)logQN.

The optimal choice is Q = N %, as in the Corollary, and the result follows.

Following Hardy and Littlewood, we say that points close to rational numbers with
small denominators lie on major arcs while the minor arcs form the complementary set.
Concretely, let us say that « lies on a major arc if |a — a/q| < 1/(¢Q) with Q = N3,
(a,q) =1 and ¢ < (log N)1°.
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Corollary 4. If m denotes the set of minor arcs, we have (on GRH)

2

/m|f(a)|3da < (lt)fgv—N)E"

Proof. From Corollary 3, it follows that if « lies on a minor arc then

N

f(a)<<w>

since ¢(q) > ¢/ loglog q and so if ¢ > (log N)'® we have ¢(q) > (log N)?. Therefore

N
/|f 3da<< / F@)fFda = 7= 10gN9 Z logN)

It remains now to evaluate the major arc contribution. Precisely, we are interested in «
with |a —a/q| <1/(¢Q) and ¢ < (log N)!V. Notice that the intervals for different rational
numbers are disjoint. This major arc contribution equals

1/(qQ)

/ f@pe(-Nayla= 3 3 / f(afq + B)*e(~N(a/q + B))dB.

g<(log N)10 1<a<q 1/(aQ)
(a,q)=

From Lemma 2 we see that

3

s _ 1a)

(/ON e(ﬁ:c)d:v)3 + O(ﬁ min (N2 |5’2)(1 + |B|N) \/q_Nlog qN))
+0((1+18IN)*(aN)? log*(aN) ).

With a little calculation we see that the contribution of the error terms above to (5) is
< Nete, T herefore, the major arc contribution is

(6)
(9)°
qgaogg:mw ;(3)3 <(1<Z.L)<q1 6(_Na/q)> </—1/<qc9)

1/(aQ)

(/ON e(ﬁx)dac)ge(—]\fﬁ)dﬁ> + O(N%+e).

The above factorizes nicely as a series and an integral. Let us tackle the integral first.
By making a substitution x = Ny and N3 = £ this is

N / ]:/(:Z) / c(u)dy) e(~€)ds = N*( / Z( / 1e(y&)dy)3e<—£>dg+o(@]gf))

= 2+ 0(4Q)?)
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Using this in (6), our major arc contribution becomes

2 3

g<(log N ¢<q> 1<a<q
B (a,q)=1

The sum over a is a Ramanujan sum. We are only interested in it for square-free ¢. It is
multiplicative, and equals —1 on primes not dividing N, and p — 1 on the primes dividing
N. At any rate, for a given ¢ the sum over a is no more than ¢(¢). Thus the sum over ¢
may be extended to infinity, with an error at most > 1,4 ny10 1(q)?/9(q)* < (log N)~10,
Therefore, our major arc contribution is

NS “@3( > e(-aN/ag)).

3
(a,q)=1

which by multiplicativity equals
2

- N; (1- 5 X e(-Nafp)) = %G(N).

_ 3
(p—1) <

This completes our conditional proof of Vinogradov’s Theorem.
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SUM-PRODUCT ESTIMATES: A PROOF DUE TO SOLYMOSI

Let A denote a set of N real numbers. Erdds and Szemerédi had the insight that if A+ B
is small for some set B (say of cardinality N) then A must have some additive structure,
while if A-C (the set of products ac) is small for some set C then A has some multiplicative
structure. Since we expect that multiplicative structures and additive structures should be
independent of each other, they conjectured that one of the two sets must always be large.
This circle of ideas has proved very fruitful in recent years. We illustrate this sum-product
theory by giving a beautiful proof of Solymosi.

Theorem. Let A, B and C be finite sets of real numbers, each having at least two ele-
ments. Then

A+ B| x |A-C|> (JAP|B||C])=.

In particular, if A, B and C' all have cardinality N then either A+ B or A-C' has cardinality
> Ni,

Proof. We remove 0 (if present) from the sets A and C; since our sets have at least two
elements, the modified sets are non-empty. Suppose now that 0 is not in A or C.

For each element a € A we let @’ € A denote the nearest neighbor of a. If there are
two choices for a’ pick the right hand neighbor. We wish to consider quadruples (a,a’, b, ¢)
where a € A, b € B, and ¢ € C. We call such a quadruple good if the following two
conditions hold:

(i). The number of u € A+ B with |a + b — u| < |a — a’| is at most 10|A + B|/|A].

(ii). The number of v € A - C with |ac — v| < |ac — d'c| is at most 10|A - C|/|A|.

We will obtain upper and lower bounds for the number of good quadruples, and this
will yield the Theorem.

First we consider the upper bound. FEach quadruple (a,a’,b,¢) may be recovered
uniquely from knowing s; = a + b, s = o’ + b, p1 = ac and ps = a’c. How many
choices for these four numbers can lead to good quadruples? The first number s; can be
chosen in |A + B| ways. But the second number so must then be one of the 10|A + B|/|A|
elements of A + B nearest to sq; else there would be > 10|A + B|/|A| elements u of A+ B
with |s; —u| < |s; — s3] = |a — d’| which would contradict (a,a’,b, ¢) being good. Similarly
the third number can be chosen in |A - C| ways, but the fourth is then fixed in at most
10|A - C|/|A| ways. Therefore the number of good quadruples is

|A+ B|?|A-C)?

<1
< 100 A2

Now we consider the lower bound. Let b and ¢ be given. We claim that there are at
least |A|/2 values of a leading to a good quadruple. The claim shows that the number
of good quadruples is at least |A||B||C|/2, which when combined with our upper bound
above establishes the Theorem. To prove the claim consider

d #{ucA+B: Jatb-u[<|a—d[}= > #facA: |(u—b)—al<|a—d[}.

a€EA u€eEA+B
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The RHS counts for a given (b — u) the number of a such that (u — b) is as close as the
nearest neighbor of a; clearly there are at most two such a, the ones enclosing b — .
Therefore the above is < 2| A+ B|. It follows that at most |A|/5 values of a € A can satisfy
#{uce A+B: |a+b—u| <|a—d|} > 10]A+ BJ; or equivalently 80% of the elements in
A satisfy criterion (i). Similarly 80% satisfy criterion (ii). Thus at least 60% satisfy both
criteria, proving our claim.

A small modification to this proof (exercise) shows that the Theorem holds for sets of
complex numbers as well. Solymosi has also shown that

A+ A x |[A- AP > |A]M

This inequality establishes firstly that either A4+ A or A- A has cardinality |A| 11 ¢ which is
the best currently known bound of this type. More remarkably it shows that if |[A + A| <
C|A| (so that A looks like a generalized arithmetic progression) then |A - A| > |A|?>~¢
which is essentially best possible.

The sum-product phenomenon is quite general. A particularly useful version is due to
the work of Bourgain, Katz, Tao, and Konyagin. Let p be a prime and A C F}, be a set
with |A| < p'~?. Then there is a constant ¢ = ¢(§) > 0 such that |A+A|+|A-A| > c|A|'Fe.
In other words, there are no approximate subrings of F,,.

There are other interesting proofs of the sum-product theorem. An elegant proof of
Elekes uses as its main ingredient a beautiful result of Szemerédi and Trotter in incidence
geometry.

Szemerédi-Trotter Theorem. Suppose we are given m distinct lines in the plane, and
n distinct points. Then the number of pairs (P,{) where P is a point lying on a line ¢ is

<m—+n+(mn)i.

Deduction of sum-product estimates. For points take the set (A+ B) x (A-C) and for lines
take y = c¢(x — b) for each b € B and ¢ € C. Thus n = |A+ B||A - C| and m = |B||C]|.
Each line contains |A| points and so we obtain that

[A[|BI|C| < |BI|C| + |A+ BI|A-C|+ (|B|IC||A+ B||A-C|)s,

and the result follows.

There are also interesting non-abelian analogs of these results. For example, Helfgott
has shown that if A is not contained in any proper subgroup of SLy(Z/pZ) and |A| < p3~°
for some § > 0 then |[A- A- A| > c|A|**¢ for some ¢ > 0 depending only on .

We end by highlighting two striking propositions on sumsets (due to Solymosi) which
follow easily from his method of proof above.

Proposition 1. Let A be a set of N real numbers a1 < as < ... < an such that the
successive differences a;11 — a; are all distinct. If B is any non-empty set of real numbers
then |A+ B| > |A||B|z.

First Proof. Given a € A let a’ denote its nearest neighbor as before. Consider triples
(a,a’,b), and call such a triple good if the number of u € A+ B with |a +b—u| < |a — d/|
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is at most 10|A + B|/|A|. Arguing as in the Theorem we obtain > |A||B| good triples.
To obtain an upper bound note that knowing s; = a + b and ss = a’ + b we may recover
(a,a’,b); here we use that the consecutive differences are distinct! The number of choices
of s1, so that lead to good triples is < |A + B|?/|A|, and our result follows.

Second Proof. Consider the numbers in A + B. Divide them into about N/2 disjoint
intervals with each interval containing about |A + B|/(IN/2) elements. We now count the
number of pairs (i,b) where 1 <47 < N and b € B such that a; + b and a;+1 + b both lie in
the same interval.

First we get a lower bound on the number of such pairs. Consider b as fixed. If (i,b)
does not form a pair then there must be an interval jump between a; + b and a;4+1 + b.
Since there are only N/2 intervals, the number of such jumps is < N/2. Therefore for
> N/2 elements i we will get a pair (i,b). Thus the total number of pairs is > N|B|.

Now let us find an upper bound for this number. Choose two elements lying in the same
interval. We claim that these can arise as a; + b and a; 1 + b for at most one pair (i,b).
Indeed the difference of the two elements must be a;+1 — a;. This fixes ¢ because of the
assumption that the successive differences in A are distinct. Once i is fixed, naturally there
is at most one choice for b. Thus the number of pairs is < N(|A+B|2/(N/2)) < |A+ BJ*/N.

Combining the upper and lower bounds we see the Proposition.

There is a generalization of Proposition 1 to two dimensions, which the reader may like
to think about.

Proposition 2. Let A ={a1 < ... <an} and C = {c1 < ... < cn} be two N-element
sets of real numbers such that the pairs of successive differences (a;11 — a;,ciy1 — ¢;) are
all distinct. Then for any non-empty sets B and D we have

|A+ B||C + D| > (N®B||D|)z=.

Deduction of the Sum-Product estimate. Without loss of generality suppose that A =
{a1 < ... < apn} is a set of positive real numbers. Set C = {loga}. Note that A and C
satisfy the hypothesis of Proposition 2. Apply that Proposition with B = A and D = C.

Erdés and Szemerédi have conjectured that |A + A| + |A - A| > |A|>7¢. Solymosi has
conjectured even more: if |[A| = |B| = |C] then |A+ B| + |A - C| > |A|>~¢. These remain
open. We record that the € in these conjectures is necessary. For example, if we take A
to be the numbers from 1 to N, then |A - A| = o(N?): this is the delightful multiplication
table problem of Erdds and the order of magnitude of |A- A| has been recently determined
by Kevin Ford. One can do better by choosing A to be the set of integers below M having
exactly K distinct prime factors, and then choosing M and K appropriately. In this
manner one obtains that the € in Solymosi’s conjecture must be > 1/loglog |A|. Perhaps
this is the right answer?
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VII. FREIMAN’S THEOREM

1. Statement of the result, and the ingredients of the proof.

Let A be a subset of the integers with |A| = N. There are at most N(N + 1)/2
possible distinct sums a + b with a and b in A. Thus |A + A| < N(N + 1)/2. This upper
bound can be attained when the numbers in A are spread apart: e.g. when they are
powers of 2. At the other extreme we must always have 2N — 1 elements in the sumset
A + A. For, if we arrange the elements in A as a1 < as < ... < ay then we have
a1t ar <aptas<...<artay <azt+ay <az+ay <...<any+an. It is easily
checked that |A + A| = 2N — 1 if and only if A consists of an arithmetic progression of
length N.

Recall that a generalized arithmetic progression of dimension d is a set of numbers of the
form zg + Z?Zl ajx; where the z; are given integers, and 0 < a; < r; for some numbers
rj. The size of a GAP is defined to be the number of (distinct) elements in this set. We
say that a GAP is proper if all the sums above are distinct; thus its size is [] ;T If Q

is a proper GAP of dimension d, then clearly |2Q| < 2¢|Q|. Therefore a big subset of a
proper GAP has small doubling. Freiman’s remarkable theorem offers a converse to this
statement.

Freiman’s Theorem. Let A be a set of integers for which there exists a set B with
|B| = |A| and |A + B| < C|A|; in particular, A could be a set with |A + A| < C|A|, or
|A — A| < C|A|. Then there ezist constants d and S depending only on C such that A
is contained in a GAP of dimension at most d, and size at most S|A|. In fact, we may

choose d < C>*, and S < €™,

Above we have given A as a subset of a GAP. With more effort, one can ensure that
this GAP is proper. We will describe below a beautiful proof of Freiman’s theorem due to
Ruzsa. There are three main ingredients in this proof:

e Pliinnecke’s inequalities. If A is a proper GAP then we see that not only does A have
small doubling, but also the sets kA — ¢A are small. Pliinnecke showed that if A is a set
with small doubling then kA — /A is automatically also small. In fact, as in our statement
of Freiman’s theorem it is enough for A to have a set B with |A| = |B| and |A+ B| < C|A]|,
and then it follows that kA — ¢A is small. This is quite powerful, and by itself yields an
elegant analog of Freiman’s theorem for groups with bounded torsion (see §3 below).

e Freiman homomorhpisms and Ruzsa’s embedding lemma. A Freiman k-homomorphism
between sets is a map that preserves relations of the form x1 + ...+ 2z = y1 + ... + yx.
A 2-homomorphism preserves arithmetic progressions. Ruzsa’s embedding lemma allows
one to pass from a set A (with small sumset 2A) of integers to a large subset A" which is
k-isomorphic to a subset of Z/N. Here N is of size comparable to |A|. In other words, the
problem for Z may be replaced with a problem for Z/N with N not too large.

e Bogolyubov’s lemma and the structure of 24 — 2A. Although a set A might lack
additive structure and appear rough, the sumsets kA for large k start looking smoother.
Bogolyubov found a simple Fourier argument that takes a large set A in Z/N and finds
a highly structured set in 2A — 2A. This highly structured set is a Bohr set, described
by means of certain Diophantine inequalities. The second part of this argument uses the
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geometry of numbers (in particular, Minkowski’s second theorem) to extract from the Bohr
set a large GAP.
Putting all these ingredients together one obtains Freiman’s theorem.

2. Plunnecke’s inequalities.
One of the key steps in the proof of Freiman’s theorem is the following:

Pliinnecke’s Theorem A. If A is a set of integers for which there exists a set B with
|A+ B| < C|B|, then
kA — (A < C* B,

for all integers k and £. In particular, if |B| = |A| then |kA — LA| < CFA|, and this
conclusion holds for sets A satisfying |A + A| < C|A| or |A— A| < C|A|.

The proof of this Theorem relies on some results of Pliinnecke in graph theory. A layered
graph of level n is a directed graph whose vertex set may be written as the disjoint union
of n 4+ 1 sets Vp, Vi, ..., V,, and whose edge set consists solely of edges from V; to V;;;
for some 0 < i <n —1. Given a layered graph GG we define the i-th magnification ratio by

_ | Im; (X))
biG) =t =37
X#0

where Im;(X) denotes the set of vertices in V; that may be reached by a path starting
from some vertex in X.

Example 1. Consider a layered graph of level 3 with Vj having three vertices, V; having
one vertex, and V5 having five vertices. Suppose all three points in Vj are connected to
the point in V7 and that the point in V; is connected to four of the vertices in V5. Then
D, equals 1/3 and D equals 4/3.

A Pliinnecke graph is a special type of layered graph satisfying the following two prop-
erties:

Forward Splitting: Suppose that 0 <7 < n — 2 and that u, v, wy, ..., wg are such that
uweVy,ve Vg, wj € Viyo and (u,v), (v,w;) are all edges in our graph. Then there exist
distinct vy, ..., v in V44 such that (u,v;), (vj,w;) are all edges in the graph.

Backward Splitting: Suppose that 0 < i < n — 2 and that there are distinct uq, ..., ug
(in V;), v in V;41 and w in Vj49 so that (u;,v), (v,w) are all edges in our graph. Then
there exist distinct vy, ..., vg in Viy; such that (uj,v;) and (v;,w) are all edges in our
graph.

It is clear that Example 1 is not a Pliinnecke graph.

Example 2. This is the key example. Suppose A and B are any two sets of integers and
take V; = A+iB. Connect a vertex v in V; to a vertex w in V; 41 exactly when w —v € B.
We can check that this graph is Pliinnecke thanks to the commutativity of addition.

Example 3. This is a special case of Example 2 called the independence graph. We
take A to be {0} and B to be a set of h numbers such that all the possible n-fold sums
of elements in B are distinct (for example, take B to be {1,(2n),(2n)2,...,(2n)"~1}.

Note that the i-th vertex set contains (th;;*l) elements (exercise). Therefore D;(G) equals
(i

2

) in this example. We will denote this graph by I,,(h).
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Example 4. Suppose that G and H are two layered graphs of level n with vertex sets
Vo, ... Vi and Wy, ..., W,,. The product graph G x H has a vertex set given by V; x W;
for j =0, ..., n. There is an edge from (v;, w;) to (vj41,w;+1) precisely if there (vj, vjy1)
is an edge in G’ and (wj,wj41) is an edge in H. With this definition the product of two
layered graphs is a layered graph. Moreover, check that the product of two Pliinnecke
graphs is a Plinnecke graph.

Example 5. This is more of an observation on Pliinnecke graphs which will be useful
later on. Given a vertex v; € V; let dy(v;) denote the number of edges coming out of v;,
and let d_(v;) denote the number of edges coming into v;. Suppose v;11 € V;11 is joined
to v; by an edge. Then the first Pliinnecke condition shows that dy(v;) > d4(viy+1). The
second Pliinnecke condition shows that d_(v;) < d—_(v;41).

With these preliminaries in place, we can now state Pliinnecke’s result in graph theory.

Pliinnecke’s Theorem B. Let G be a Plinnecke graph of level n. Then the magnification
ratios satisfy the inequalities

DN ol
W ol
Ss3 [

Dy >D3 >D3 >...>2D

Before discussing the proof of Theorem B let us first deduce Theorem A.

Deduction of Theorem A. Consider the natural additive Pliinnecke graph with V; = B+ A.
By assumption we know that D; < |A+ B|/|B| < C. By Theorem B, it follows that for
each k > 1 we have D;, < C*. In other words, there exists a non-empty subset B’ of B
with |B’ + kA| < C*|B’|. Tt follows immediately that |[kA| < C*|B| proving Theorem A
in the case ¢ = 0.

To deduce the full strength of the Theorem we need the following simple, but very useful
Lemma of Ruzsa.

Ruzsa’s Lemma. For any three sets U, V., W we have

U|lV —=W| <|U+VI|U+W|.

Proof. To each difference d € V. — W associate a pair (v(d),w(d)) € V x W with v(d) —
w(d) = d. (Of course there may be many solutions to v —w = d; we just pick one.) Then
given (u,d) € U x (V — W) we may map it to (u + v(d),u +w(d)) € (U+V) x (u+ W).
This map is injective, and therefore the inequality follows.

Returning now to the deduction of Theorem A, we see easily from Rusza’s lemma that
AllkA = £A] < |(k + 1)AJ[(¢ + 1) A| < CHE2 B,

which is certainly good enough for any applications, but with a little more effort we
can recover the stated version. If ¢/ > k then applying Theorem B twice we may find
B" C B' C B with |B' + kA| < C¥|B'| and |B" 4+ (A| < C*|B"| (why?). Now use Ruzsa’s
Lemma with U = B”, V = kA, and W = (A.

We now turn to the proof of Theorem B. There are two main steps in the argument.
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Lemma 1. Let G and H be layered graphs of level n. Then for eachi =1, ..., n we have

Lemma 2. Let G be a Plimnecke graph of level n with D,, > 1. Then there exist at least
|Vo| paths from Vi to Vi, such that the vertices of these paths are all disjoint. Consequently,
D;>1 foralli=1, ..., n.

Assuming these lemmas let us now deduce Theorem B.

Deduction of Theorem B. When D,, = 1 the result follows by Lemma 2. Therefore we
may assume that 0 < D,, < 1 or that D,, > 1. Let’s start with the former case. Let r and
h be some natural numbers to be chosen, and consider the graph G" x I,,(h). By Lemma
1 we know that

h+n-1

Dy, (G" % I,(n)) = Dy(G)" Dy (I (R)) = Dn(G)’“< n

Given r we will choose h to be the least number so that the above is at least 1; therefore
h < n!% Dy,(G)~% + 1. Then it follows from Lemma 2 that D;(G"I,,(h)) > 1 so that

1 , 1 :

DG > ———=>h">n"D,(G) " +1)"".

Extract 7-th roots above, and let 7 tend to infinity; it follows that D;(G) > D, (G)"/™ ,
proving Pliinnecke’s bound.

The case when D,, > 1 is similar, except that we reverse the independence graph I, (h)

so that the magnification numbers are now small in size. We leave the details to the reader.

Lastly, we turn to the proof of the Lemmas. The first lemma is straightforward, but the
second requires more careful thought, and relies on Menger’s theorem from graph theory.

Proof of Lemma 1. Let V; denote the vertex sets of G and W; the vertex sets of H. Let
A be a subset of Vj with [Im;(A)| = D;(G)|A| and B a subset of Wy with |Im;(B)| =
D,;(H)|B|. Then Im;(A x B) = Im,;(A) x Im;(B) from which it follows that [Im;(A x B)| =
D;(G)D;(H)|A x B|. This shows that D;(G x H) < D;(G)D;(H).

We must now show that D;(G x H) > D;(G)D;(H). Let X be a non-empty subset
of Vo x Wy. We write X as the disjoint union of {v} x H, where H, denotes the set of
all w € Wy with (v,w) € X. Of course we need consider only those v for which H, is
non-empty. Let Y C Vi x W; denote the union of {v} x Im;(H,). Then note that

Y] = Z [Im; (H,)| > D;(H) Z |Hy| = D;(H)|X].
veVy veVy
Now write Y as the union of sets G, x {w} where w runs over elements in W;. If Z C V; xW;
denotes the union of Im;(G,,) x {w} then it is plain that Z = Im;(X). Moreover
1Z] = ) mi(Gw)| = Di(G) Y |Gu| = Di(G)|Y| = Di(G)Gi(H)|X],
weW; weW;

which completes our proof.

For the proof of Lemma 2 we require Menger’s theorem from graph theory (see for
example, Bollabas’s Modern Graph Theory).
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Menger’s Theorem. Let G be any graph, and let a and b be two distinct vertices with
(a.b) not an edge. Then the maximum number of vertex disjoint paths from a to b equals
the minimum number of vertices separating a from b. Here two paths from a to b are called
vertex disjoint if they share mo vertices in common apart from a and b. A set of vertices
is said to separate a and b if every path from a to b must contain one of these vertices.

Proof of Lemma 2. Introduce two vertices a and b at the ends of our Pliinnecke graph,
connecting a to all vertices in Vj and connecting all vertices in V,, to b. We wish to show
that there are |Vj| vertex disjoint paths from a to b. Suppose the maximum number of
such paths is m, and our goal is to show that m > |Vy|. Let my, ..., m, be m such
vertex disjoint paths. By Menger’s theorem there exists a set S of m vertices s1, ..., S;
separating a and b. Suppose that we have labeled these vertices so that s; lies on path ;.
In addition we choose our separating set .S so that

s
=0

is minimal.
Claim: Such a minimal set S is contained in Vj U V,,.

Assuming the claim, we can finish the proof of Lemma 2. Consider the vertices in Vj
that are not in S. Since D,, > 1 these vertices must have an image in V,, of at least
the same size. All those image vertices must necessarily be in S, completing our proof.
Actually, this argument shows that (by the minimality property of S) our separating set
is in fact Vj.

It remains lastly to prove the Claim. Suppose not. By rearranging if needed, we may
assume that s, ..., sq are the elements of S lying in some V; with ¢ # 0, n. Let s
denote the predecessor of s; on path 7, and sj denote its successor on that path. By
the minimality condition imposed on S, we know that the set {sy,...,8.,8¢11,--- ;5m}
is not a separating set. This means that there exists some path 7 which does not contain
any element of that set. Therefore there must exist some s (which is in {s,...,s,} and
thus in V;) which lies on the path 7. Let r € V;_; denote the predecessor of s on 7. Note
that r is not equal to s; for =1, ..., ¢.

Consider three sets of vertices A = {si,...,s;,7} C Vio1, B = {s1,...,8,} and
C={s],... ,54}. Consider the graph induced by our original Pliinnecke graph on these
sets A, B and C'": that is, consider the graph H on three layers A, B, and C with an edge
connecting vertices in A and B (or B and C) precisely if that edge belonged to the graph
G. Observe that every path (in G) from A to C' must pass through B (that is, it remains
a path in H); else, one cound extend that path into a path from a to b avoiding the set S.
It follows that our subgraph H is Pliinnecke.

Consider now our Pliinnecke subgraph H. We use the notation of Example 5 above.
The number of edges emanating from A is equal to the number of edges entering B

d(r)+ dy(s;) = Zd_(sj).

= j=1
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Since H is Pliinnecke we know that d_(s;) < d (s;r) and that d(s;) < dy(s; ). Thus the

above is . .
<3 (sh) =S di(s) < 3 di(s)),
j=1 =1

q
=1
which is a contradiction. This settles our Claim, and the Lemma.

3. Freiman’s theorem in a bounded torsion group.

Pliinnecke’s results apply not just to addition in Z, but within any abelian group (check).
If we consider a torsion group where each element has order at most r, then we can deduce
the following elegant quantitative analog of Freiman’s theorem (due to Ruzsa).

Ruzsa’s version of Freiman’s theorem in a bounded torsion group. Let G be an

abelian group, such that every element of G has order at most r. Let A be a finite subset of
4

G such that |A+ A| < C|A|. Then A is contained in a subgroup H with |H| < C?rC | Al.

Proof. 1t is helpful first to consider the case when A is symmetric: that is a € A implies
—a € A. We will find a set X C 34 of size < C* such that the subgroup generated by
A is contained in 24 + (X) where (X) denotes the subgroup generated by X. Clearly
(X)| < rIXI < #0" and [24] < C|A| by assumption, and a stronger inequality than
claimed in the Theorem follows. We choose X to be a maximal subset of 34 such that the
translates A 4+ x for € X are all disjoint. Since the elements of A 4 x all lie in 4A which
has size < C*|A|, it follows that | X| < C* as desired. By maximality, we see that if t € 34
then A + t intersects A 4+ x for some x € X. This implies that t € A — A+ X =2A + X.
Therefore 34 C 2A 4+ X, and hence 44 C 3A + X C 2A + 2X, and so on. Therefore

<A> = UjleA C 2A + <X>,

as we wanted.

When A is not symmetric, the same argument works with a tiny modification. We
consider maximal X C 24— A with A+x disjoint. Then it follows that 2A—A C A—A+ X,
and iterating this we get jJA — A C A— A+ (X). Hence (4) C A — A+ (X), and since
|A — A] < C? we recover precisely the estimate of the Theorem.

4. Freiman Homomorphisms and Ruzsa’s embedding lemma.

Definition. Let A and B be subsets of some additive groups G and H. A Freiman k-
homomorphism from A to B is a map ¢ such that if xt1 + ...+ xr =y1 + ... + Yk S a
relation among elements in A then ¢(x1) + ...+ ¢(xk) = ¢(y1) + ... + ¢(yx) holds as a
relation in B. If ¢ is invertible, and gives a k-homomorphism from B to A, then we say
that ¢ is a k-isomorphism.

Remark 1. Note that if ¢ is a k-homomorphism then it induces a map from kA to kB
by sending x1 + ... + zx to ¢(z1) + ... + ¢(xk). If ¢ is a k-isomorphism, this map is a
bijection and so |kA| = |kB].

Remark 2. A 2-isomorphism preserves arithmetic progressions. For, if a +¢c = b+ b
are three consecutive terms of an AP, then ¢(a) + ¢(c) = ¢(b) + ¢(b) as well. Moreover,
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a 2-isomorphism preserves GAPs. Precisely, suppose we have a GAP (in A) given by
ap+arz1 + ...+ agz, with 0 < x; < nj, then its image is the GAP ¢(ao) + (¢(ao + a1) —
P(ao))z1 + (¢(ao + az) — ¢(ao))x2 + ... + (#lao + ax) — ¢(ao)) .

Remark 3. If ¢; : A — B and ¢5 : B — C' are k-homomorphisms then ¢2 o ¢; gives a
k-homomorphism from A to C. If ¢; and ¢, are isomorphisms then so is the composition

¢2 0 P1.

Example 1. Let A C Z and let N be any natural number, and consider the reduction
map (mod N). This obviously is a k-homomorphism for any k. But usually it is not an
isomorphism. If N is very large then this map can be inverted. Precisely, if A lies in an
interval of length I then for N > I we can invert the map, and for N > kI the inverse
map is a k-homomorphism.

Example 2. Let ¢ be a number coprime to N and consider the map ¢ : Z/N — Z/N
given by x — gx. This is a k-isomorphism for any k.

Example 3. This is closely connected to example 1. Consider ¢ : Z/N — Z by choosing
a representative for a congruence class lying in [1, N] and identifying that class with this
integer. This is not a k-homomorphism as it stands, but if we restrict ¢ to a subset of
Z/N such as {jN/k < x < (j 4+ 1)N/k} then it is a k-homomorphism.

Example 4. Let A be a finite set in Z¢. By translating (which is an isomorphism of all
orders) we may assume that the elements of A all have positive coordinates. Pick a base
b which is very large and exceeds k times the maximum coordinate of any element of A.
Map (ai,...,aq) € A to aib+ axb* +... + aqb® € Z. This map gives a k-isomorphism,
because the base has been chosen so large that there are no carries. This example can be
used to extend Freiman’s theorem from Z to Z¢ for any d.

Example 5. Let A be a sparse set; for example, A = {1,2,4,...,2" 1}, We claim that
A is not 2-isomorphic to a subset B of Z/N for N < n(n + 1)/2. This follows since
|2A] =n(n+1)/2=[2B| < N.

Example 5 shows that not all sets can be embedded into Z/N for a small value of N.
Our aim in this section is to show that if A is a set of integers with |kA —kA| < C|A| then
we may extract a large subset A’ of A such that A’ is k-isomorphic to a subset of Z/N
where N is a relatively small prime.

Ruzsa’s Embedding Lemma. Let A be a set of integers with |kA — kA| < C|A|. Then
for any prime N > 2C|A| we may find a subset A" of A with |A’| > |A|/k such that A’ is
k-isomorphic to a subset of Z/N.

Before we do this, we present a warm-up problem of Erdés which may illuminate the
construction.

Proposition 1. If A is any set of N integers, then we may extract a sum-free subset of
A with cardinality > N/3.

Proof. Pick a very large prime p. For each 1 < ¢ <p — 1 define A, to be the elements in
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A such that ga is congruent to a number in (p/3,2p/3). The probability that this happens
is 1/3, and so for some ¢ we must have |A4,| > |A|/3. This is the desired subset of A: for,
if a +b=cin A, then ga + ¢b = gc, but this is impossible as a congruence (mod p).

Note that the proof implicitly uses the constructions of Examples 2 and 3, together with
a simple probabilistic argument.

Proof of Ruzsa’s Embedding Lemma. Let p be a very large prime. For each 1 <¢<p—-1
we find a subset A, of A such that |4,| > |A|/k and that the dilates ga for each a € A,
all lie in an interval (jp/k,(j + 1)p/k) (mod p) for some 0 < j < k — 1. Clearly such A,
exists by the pigeon-hole principle.

Now consider the map from A, to [1,p] by sending a to ga and then reducing that
(mod p) to get a representative in [1,p]. By construction the image of this map is in
lip/k, (j + 1)p/k] for some j, and this map is a k-isomorphism.

Take the image of the previous map, and view it (mod N). Thus we have a map from
A, to Z/N and this is plainly a k-homomorphism. The question is if it can be inverted
and is a k-isomorphism. We will show that if IV is suitably large, then for some ¢ it is
indeed a k-isomoprhism.

If the map (call it ¢) is not a k-isomorphism, then there must be a coincidence ¢,(aq)+
oot dglag) = @g(b1) + ... + ¢4(br) where the a; and b; are in A, with > a; # > b;. This
means that (ga1), + ... (qgar)p # (gb1)p + ...+ (gbr)p (where (n), denotes the reduction
of n (mod p) taken in [1,p]), but that the two sides are congruent (mod N). That is for
some non-zero number ¢ with |¢| < p/N we have

(N = (qa)p + ...+ (qar)p — (ab1)p — - .- — (qbk)p-

Note that we can get away with [¢| < p/N because by construction all (ga), lie in an
interval of size p/k. Viewing this relation (mod p) we obtain that

(IN=gq(lag+...+ar—by —...—b;) (mod p).
Given aj + ...+ ap — by — ... — by there are at most 2p/N bad values of ¢ for which this
can happen. Further, the number of choices for a; + ...+ ar — by — ... — by is at most

|kA — kA| < C|A|. Therefore the total number of bad values of ¢ for which a coincidence
can occur is < C|A|(2p/N), so that if N > 2C|A| then there will be some value of ¢ with
no coincidences, giving us the desired isomorphism.

5. Bogolyubov’s Lemma and Bohr sets.
Bogolyubov’s Lemma says that if A is a subset of Z/NZ with |A| = 6N then 24 — 24
contains a highly structured set known as a Bohr set.

Definition. Let N be a large prime and rq, ..., rp be k distinct reduced residue classes
(mod N). We define the Bohr set B(ry,... ,T%;61,...,0k) to be the set of all residue
classes s such that ||srj/N|| < 6; for each j =1, ..., k. If & = dy = ... = & and

K ={ry,... ,ry} then we will abbreviate the Bohr set B(ry,... ,rg;01,...,0%) as B(K;0).
We will refer to k as the dimension of our Bohr set.

We postpone to the next section a discussion of the structure of Bohr sets: the main
input there will come from Minkowski’s geometry of numbers.
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Bogolyubov’s Lemma. Let A be a subset of Z/N with |A| = 6N. Then 2A—2A contains
a Bohr set B(K;1/4) of dimension k < 1/62.

Proof. Let as before A(r) denote the Fourier transform of our set A. Note that

Y A(r)]? = NJA| = 6N?,

by Parseval, and so there are at most 1/(6)\?) large Fourier coefficients |A(r)| > A|A|. Of
course r = 0 is one of these large Fourier coefficients, and let ry, ..., rp be the non-zero
large Fourier coefficients. We claim that if A> = § is small enough, then the Bohr set
B(ry,...,r,;1/4) is contained in 24 — 2A, which establishes Bogolyubov’s Lemma.

Let b be an element of this Bohr set. Consider

> JA@)ebr/N) = > |A(r)[" cos(2mbr/N)

r (mod N) r (mod N)
= N#{b=ay +as —as — ay (mod N)},

and we must show that this is positive. The contribution of 7 = 0 is |A|*. The contribution
of r; for all the large Fourier coefficients is positive, because cos(2wbr;/N) > cos(n/2) =0
for elements in our Bohr set. Finally the contribution of the small Fourier coefficients
(those less than A|A| in size) is in magnitude

<NJAP Y AW = NAPN = A
r (mod N)

by our choice of A. It follows that our sum above is indeed positive, and therefore b €
2A — 2A as desired.

6. The structure of Bohr sets: Input from the geometry of numbers.
We will show here that the Bohr sets have a lot of structure, and contain big generalized
arithmetic progressions.
Remark 1. First we note that B(K;¢) is pretty big. This is Dirichlet’s theorem on
Diophantine approximation. Divide [0,1)* into cubes of size 6*. There are about (1/46)"
such cubes. Now consider the N points (nr;/N,nre/N, ... nri/N) viewed (mod 1). By
the pigeonhole principle one cube contains about §*N such points. The difference set of
those points is contained in the desired Bohr set. Thus |B| > 6*N.
Remark 2. Take an element in B(K;2N~#). By our previous remark there is a non-zero
n € Z/N in this Bohr set. Clearly nf will belong to B(K;8) for each 1 < £ < §N# /2.
Thus B(K;§) contains a 1-dimensional arithmetic progression of size > dN'* /2.

Our goal in this section is to show the following Proposition.

Proposition. The Bohr set B(K;d) contains a proper GAP of dimension k and size at
least (6/k)*N.

To achieve this we require some input from the geometry of numbers. We review briefly
the facts that we will need; for further information the reader may consult Siegel’s beautiful
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Lectures on the geometry of numbers, or Cassels’s An Introduction to the Geometry of
Numbers.

A lattice of R* is a discrete subgroup of R¥. Equivalently, a lattice may be described
as the subgroup generated by linearly independent vectors vy, ..., vy. The lattice is said
to be of full rank if ¢ = k.

Example 1. ZF is a full rank lattice.

Example 2. Obviously NZF is a sublattice of the lattice Z*. Of particular interest to us
is the lattice generated by NZ* and the vector (r1,... ,r%). For example, if k =2, N =5
and (r1,72) = (1, 1) then this lattice is generated by (1,1) and (5,0).

From now on, assume that our lattices have full rank. Given a lattice A with basis vy,
..., Uk, a fundamental domain for R* /A is the parallelopiped {Z?Zl zjvj: 0<ux; <1}
Note that every element of R* can be written uniquely as a lattice vector plus an element
from this fundamental parallelopiped. The volume of a fundamental parallelopiped is an
invariant of the lattice, independent of the choice of the basis. We denote this volume by

Vol(A).

Example 3. The lattice Z* has volume 1. The lattice NZ* has volume N¥. The lattice
generated by NZF and (ry,...,7;) has volume N*~! (assuming one of the r;’s is coprime
to N).

An open convex set C in R* will be called a convex body. The body is centrally
symmetric (about the origin) if z € C implies —z € C.

Blichtfeld’s Lemma. Let C be an open set and A a lattice. If the volume of C' exceeds
the volume of A then there are two points x # y in C with x —y € A.

Proof. For each point A € A consider the translate A+ C'. If these translates intersect, then
we are done. Suppose they are all disjoint. Consider a big box B. The box contains about
Vol(B)/Vol(A) lattice points. Thus the set of translates A + C' for A € B has volume at
least about Vol(C)Vol(B)/Vol(A), but this should still be contained in a box just slightly
larger than B. This gives a contradiction.

Minkowski’s First Theorem. Let C be a convex, centrally symmetric body such that
Vol(C) > 28 Vol(A). Then C contains a non-zero lattice point.

Proof. Use Blichtfeld’s lemma for %C’ , and note that C' = %C’ — %C.

Given a convex body C we let A\C' denote the dilated body {A\z : =z € C}. Let A\; be
the infimum of values A such that AC' contains a non-zero lattice point. We may express
Minkowski’s first theorem as saying that A} < 2¥Vol(A)/Vol(C). In general this is best
possible; consider A = Z* and C = (—1,1)¥. But in the above example we see that the
closure of C' contains not just one, but k linearly independent lattice points. This suggests
a refinement of the bound in Minkowski’s first theorem. Define the successive minima
A1 < Ag < Az <. < Ay by letting A denote the infimum of A such that AC' contains j
linearly independent lattice vectors.

Minkowski’s Second Theorem. With the above notation we have

AL A < 28 Vol(A)/ Vol(C).
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This remains a beautiful and deep result, for whose proof we refer to the books of
Cassels or Siegel mentioned earlier. We are now in a position to establish the structure of
Bohr sets.

Proof of the Proposition. We consider the full rank lattice A generated by NZF and

(r1,...,7%) (see examples 2 and 3). Its volume is N*~1. Let C be the convex body
(z1,...,xx) with |2;| < 1. The volume of C is plainly 2*¥. By Minkowski’s second the-
orem there exist k linearly independent lattice points b1, ..., by with b; € \;C, and

A1+ A < N¥=1 Consider linear combinations Z 1 b;n; Where In;| < N/(kX;). Tt

is clear that the coordinates of these vectors are bounded by ijl Aj(ON/(kA;)) = ON.
Furthermore, if we write each b; as (b;jr1,...,b;7%) (mod N) then we have just shown
that Y77, bjn; (with |n;| < dN/X;) lies in our Bohr set B({ry,...,r1};d). This is the
sought-for GAP of dimension k.

It remains to show that our GAP is proper, and then evaluate its size. If 2?21 bjn; =

Z 1 bjn’; then it follows that Z b;n; = Z§:1 b;n’ (mod N). However the coordi-
nates of both these vectors are all § 5N in size; thus congruence (mod N) implies equality.
Linear independence of the b;’s now shows that n; = n/. Thus our GAP is proper. Its

j .
size is plainly
k

k
SN k
(el ]) = Iy = () v
j=1 j=1
using the Minkowski bound.

7. The proof of Freiman’s Theorem.
Let A be a subset of the integers with |24| < C|A|.
Step 1. By Pliinnecke’s inequality we then know that

I8A — 8A| < C'°|A|.

Step 2. Applying now Ruzsa’s embedding lemma, we may find 4; C A with |4;]| > |A|/8
such that A; is 8-isomorphic to a subset A of Z/N with N being a prime between 2C'¢| A|
and 4C16|A|.

Step 3. By Bogolyubov’s Lemma 245 — 245 contains a Bohr set B(K;1/4) of dimension
< 1024C32.

Step 4. From the geometry of numbers we conclude that 245 — 245 contains a proper
generalized arithmetic progression of dimension 1024C32 and size > e~ |A,|. Now
2A — 2A is 2-isomorphic to 245 — 2A5 and since arithmetic progressions are preserved
under 2-isomorphisms, 24 — 2A contains a proper generalized arithmetic progression of
dimension 1024C32 and size > ¢~ € |A|. Call this progression @, and throw away excess
clements if necessary so that Q is of size about e~ |A] .

Take X to be a maximal set in A such that the translates QQ+x for z € X are all disjoint.
Plainly |X| = |Q + X|/|Q] < C®|A|/|Q] since Q + X C 34 — 2A and using Pliinnecke’s
inequality. Furthermore, by the maximality of z we see that for any a € A we must have
Q+an@+ X # 0 which implies that A € X + Q — Q. Now Q — Q is a generalized
arithmetic progression of the same dimension as @), and size < 91024C% |Q| < |A]. Viewing
every element of X as contributing an extra dimension, we obtain Freiman’s theorem.
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8. Chang’s refinement: getting a polynomial bound for the dimension.

We now give Chang’s refinement which allows for a polynomial bound for the dimension.
Recall that after step 4 (of §7) we produced a proper GAP @ in 2A — 2A with dimension
1024C3? and size about exp(—C?3)|A|. Set Qo = @Q and let Y, denote a maximal set in A
such that Qo + y are disjoint for y € Y. If |Yy| < 2C then we declare ourselves done, else
we pick Xy to be a subset of Y, with cardinality 2C, and then set @)1 = Q¢ + Xo. Now
we repeat the same process, selecting a maximal Y7 in A such that Q1 + y are disjoint for
y € Y7, and picking a subset X; of Y; with cardinality 2C. Proceed in this manner until
we terminate in a set Y; of cardinality < 2C. By the maximality of Y; we get that

t—1

ACYi+Qi—-Qi=Yi+ > (X; - X)) +(Q - Q).

=0

The set on the RHS above is a GAP of dimension < 2C(t + 1) + 1024C32 and size <
32C(1+1)91024C% () « 320(t+1)| A|. Tt remains now to estimate ¢.
Note that
Q¢ = Q1] Xi—1] = 2C1Q11| = ... = 2C)'|Q).

On the other hand,
Qi CA+Qi1 C...CtA+Q C (t+2)A — 24,

so that |Q;| < C'+4| A| by Pliinnecke. Since |Q| is about e~ |A|, estimates it follows that
t < C33. Thus the dimension of the GAP in Freiman’s theorem is < C3* and the size is
< exp(C34)|A].

By adding some extra ingredients, including Chang’s structure theorem on large Fourier
coefficients, one can further reduce the bound on the dimension of the GAP is Freiman’s
theorem to < C?%(log C)?, and size factor S may be made < exp(22°C?(logC)?). The
dimension of the GAP in Freiman’s theorem cannot be made smaller than C: to see this,
take A to be the sumset of the interval [1, N/C| and a set S of cardinality C' which is very
sparse. Then the sumset A 4+ A is about size C|A|, but one cannot hope to realize A as a
large subset of a GAP with dimension significantly smaller than C'.

We end by giving a small variant of Freiman’s result which will be useful in Gowers’s
proof.

Freiman Variant. Let A be a subset of Z with |A+ A or |A — A| < C|A|. There exists
a proper progression Qg of dimension < 2048C3? and size > e=C% |A| such that

AN Qo] > C|Qo| > e 4.

Proof. We follow the argument of §7, making a few small changes. Most notably, in
Bogolyubov’s Lemma if we allow the dimension to go up to 2/6% then we can ensure
that every element in that Bohr set B(K;1/4) has at least |A|*/(2N) representations
as a1 + ag — ag — a4. Following now the argument earlier up to step 4, we find that
2A — 2A contains a proper GAP @ of dimension 2048C32? and size about exp(—C33)|A4],
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and moreover each element in ) has > C _16]A|3 representations as a1 + as — az — ay.
Thus

Z Qa1 +as —az —aq) = Z #{q= a1+ az —az — as} > |Q|C~%|A?,

a1,&2,@3,@4€A qEQ

and so there exists some choice of as, ag, as such that

ZQ(al +ay —az —ag) = AN(Q — ax + az + ag) > C1Q|.

Taking Qo = Q) — as + a3 + a4 we have proved our result.
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VIII. GOWERS’S PROOF OF SZEMEREDI’S THEOREM FOR FOUR TERM PROGRESSIONS

1. Roth’s theorem revisited: The Gowers U? norm.
Let f:Z/N — C be given. We define its Gowers U2 norm by

1715 = w5 3 F@) Tl + D)@t f(a+b+c)

a,b,c

Thus, this is an average of f over parallelograms a, a + b, a + ¢, a + b + c. Note that a
three term progression a, a + b, a + 2b arises as a special parallelogram: namely a square
with b = ¢. We will now see that the U? norm controls the distribution of functions in
three term progressions.

Lemma 1. Let f1, fo and f3 be three functions from Z/N to C. Then

> A@fa(a+ d)fs(a+2a)| < N min |1filloe.
a,d

i=1,2,3

Proof. Call the LHS as S. Cauchy’s inequality gives that
2 -
S NI | Y fla+dfsat2a)| = NI S falat d)fala+ o) fa(a+2d) fola + 2).
a d a de

We reparametrize this, setting A =a+d and A+ k = a + e, so that a + 2d = A+ d and
a+2e=A+d+ 2k. So, we get

SQgNZ)ng(A+d)f3(A+d+2k).

Ak d

Replace above 2k by k (assuming that N is odd), and use Cauchy’s inequality again. Thus

St < N4ZZf3(A+d)fg(A+e)f3(A+d+k:)fg(AJreJrk).
Ak d,e

Writing a = A+d, a+b= A+ e (so that b = e — d), ¢ = k, we obtain that the above
equals

N° Z fa(a)fa(a+b)fs(a+c)fz(a+b+c) = N®| f3] 5.

a,b,c
We have shown that S < N?||f3||y2. By symmetry, the Lemma follows.

Lemma 2. Let A be a subset of [1,N] with |A| = 0N. View A in Z/N, and let f
denote the balanced function of A: f(n) =1—48 ifn € A, and f(n) = —6 otherwise. If
| flloz < 63/32, then either there exist N28/32 three term progressions in A, or there
exists a sub-progression of length N/3 on which A has density > 9§/8.
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Proof. Let A; and Ay denote AN[N/3,2N/3]. If this set has cardinality < §/N/4 then one
of the two sets AN[1, N/3] or AN[2N/3, N] must have cardinality > 36/N/8 and we would
be done. If |[AN[N/3,2N/3]| > 6 N/4 then we see that the number of (genuine) three term
progressions in A is at least

ZAl )Az(a+d)Ala+2d) =6 Ai(a)Az(a+d) + > Ai(a)Az(a+ d) f(a + 2d)
a,d a,d
& o 2
z 15V - [ fllr= N7,
using Lemma 1. This proves the Lemma.

What does it mean for the U? norm to be large? Here we must fall back on Fourier

coefficients. Notice that )
£l = WZ |f(R)*
k

Therefore, using Parseval we see that if ||f||pz > §2/32 (as in Lemma 2) then §12N? <«
maxy, | f(k)|2 so that maxy, | f(k)| > 65 N. This is similar to, but weaker than, the criterion
we obtained directly in Roth’s proof. What has been gained is that the definition of the
U? norm lends itself readily to generalization, unlike Roth’s proof.

2. The Gowers U? norm and four term progressions.
Analogously to the U2 norm, we define the U3 norm of f : Z/N — C by

113 = N4 > @) fla+0b)fla+c)f(a+d)f(atbtc)f(atbtd) f(a+etd)fla+b+c+d).
a,b,c,d

This is an average of f over parallelopipeds. Now define
A(f, k)(n) = f(n)f(n+k).
Then we see that

1715 = 3 S IAG DI
b

Just as the U? norm controls three term progressions, the U3 norm controls four term
progressions.

Lemma 1. Let f1, fa, f3, fa be functions from Z/N to C. Then

|3 frpatact dfsfa+ 20)fula+30)] < N°_min Ao

Proof. Call the sum in question S. Cauchy’s inequality gives that
2
S?<NY ‘ 3" fola+ d)fsla+2d) fala + 3d)‘
a d

=NY"N fala+d) fola+e)fa(a+2d)fs(a+ 2€) fa(a + 3d) fa(a + 3e).

a de
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Rewrite a + d as a, and write e = d + k. Then the above is
NZZA fa, k) (@) A(f3,2k) (a + d)A(f4, 3k)(a + 2d).

The inner sums over a and d are now over various functions evaluated on three term
progressions. Therefore, by Lemma 1, the above is

< N®Y (IA(fa, 38) |2
k

Replacing 3k by k (assuming N is not divisible by 3), Hélder’s inequality now gives that
this is

< NI Fallfrs-
The Lemma follows.

Lemma 2. Let A be a subset of [1, N| with |A] = 6N. We view A in Z/N and let f
denote the balanced function of A. If || fllus < 6*/144 then either there exist N25* /72 four
term progressions in A, or there exists a sub-progression of length 2N /5 on which A has
density > 255 /24.

Proof. Let Ay = Ay = AN[2N/5,3N/5]. If |A;] < 0N/6 then either A N [1,2N/5] or
ANI[3N/5, N] has size at least 50N/12, so that there would be a sub-progression of length
2N/5 where A has density 256/24. Suppose now that |A;| = |A2| > 0N/6. The number
of genuine four term progressions in A exceeds

Z Ay(a)Ag(a+ d)Ala+2d)A(a+3d) =6 As(a)Az(a+ d)A(a + 2d)
a,d

+ Z A1(a)Az(a + d)A(a + 2d) f(a + 3d).

The second term above is bounded in size by N > H fllus, by Lemma 1. The first term above
equals

52 ZAl JAz(a+d)+8  Ai(a)As(a+d)f(a+2d) > 6%|A1 > — SN?||f|l=,
a,d
by Lemma 1 of the previous section. Therefore the number of genuine four term progres-
sions in A is at least
0*N?/36 — ON?(| fllv= — N?|| flls-
A homework problem shows that ||f||gz < || fllos < ||fllvs .- ., and therefore the Lemma
follows.

The argument generalizes in an obvious manner, using (k — 1)-dimensional parellelop-
ipeds to define a Gowers U*~! norm which controls the distribution of k term arithmetic
progressions. Precisely, we define inductively

21@‘71

k 1
115w = N S AU D)Fw
b
and then

gooe

a,d
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3. Extracting structure out of a large U2 norm.
Suppose now that we have a function f : Z/N — [—1,1] with ||f||lys > a. We wish to
extract some additive structure that f must possess. Recall that

1
1l =5 2 AU RIE =

k (mod N)

Since each ||A(f, k)||= is < 1, we see that there are at least a®N/2 values of k for which
IA(f, k)||f2 > @®/2. Let B denote the set of such values k.
For k € B we know that

8

T I8, = 5 S AT RO

—

< (maX|A(f, ) Z|A LE)(O)]? < —maX|A( £, E) (0|2,

where we used Parseval at the last step. Therefore there exists some large Fourier coefficient
of A(f,k). That is for each kK € B we may find a ¢(k) (making some choice among the
large coefficients) such that

(1) IA(S, k) (6(R))| > Nat/2.

Summarizing the argument so far, we have produced a large set B (with at least a8N/2
elements) such that for & € B there exists ¢(k) satisfying (1).

The crucial observation in Gowers’s proof is that the map ¢(k) is far from arbitrary,
and behaves “linearly” for many values of k.

Proposition. Let f : Z/N — [—1,1], and suppose that B and ¢ are as above. Then
there are at least a®*272 N3 quadruples (by,ba,b3,bs) € B* with by + by = bz + by, and
¢(b1) + ¢(b2) = ¢(b3) + ¢(ba)-

Proof. From (1) and our definition of B we know that

(2) > A, R) (o(k))? > O‘_wN3
8

keB

Expanding out m)(qﬁ(k:)) we see that the LHS above equals

> > f@f@+k)fy >f<y+k>e(_%>

keB xz,y

_Zf flz+u) Zfa:—f—k: (x+u—|—k:)e<—u¢(k)>

N
keB

(3) <Z‘2Afu (z + k)ha ()],
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where we have written h, (k) = B(k)e(—u¢(k)/N) with B(k) denoting the characteristic
function of B. Using Cauchy’s inequality above we conclude that

(4) —N4<ZZ‘ZAfu (2 + k)ha(k)]

Let us consider the sums over  and k, treating u as fixed. Let F,(x) = >, A(f,u)(z+
k)h, (k). Then

Fu(r):ZFu(x —xr/N) = ZZAfu (x4 k)e(—(z + k)r/N)hy(k)e(kr/N)

Thus Parseval gives

1 3
2 —
> IF @) = NZrA £ ) () N(Zm fru))l) (Zrh
Trivially we see that |m)(r)| < N, and by Parseval ) |m)(r)|2 < N2, and so the

above is .
<N( Y lhu(=n1)’

Inputing this into (4) we conclude that

=Y (D
which by Cauchy’s inequality gives
5 .
ﬁN <D D (-

Upon recalling the definition of h,, (k) we see that the RHS above precisely equals N? times
the number of desired additive quadruples. Therefore, the Proposition holds.

\/
NI

v
NI

4. Additive Quadruples and The Balog-Szemerédi-GowersTheorem.

Freiman’s theorem finds structure in A provided A+ B is small for some set B of the same
size as A. Suppose instead that we have a set B (with |B| = |A|) and we know that for
many choices of (a,b) € A x B we get a+ b lying in a small set, then can we still form any
conclusions about A? More precisely, we assume that we are given a subset G of A x B
with |G| > a]A|? and such that S = {a +b: (a,b) € G} is small. Then what can we
conclude about A? The answer is that A contains a big subset A’, and B contains a big
subset B’ such that A’ + B’ is small; and now we can find structure in A’ as in Freiman’s
theorem. This is the Balog-Szemerédi theorem.
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We will need a variant of the Balog-Szemerédi theorem due to Gowers. Let A and B
be sets with |A| = |B|, and |A + A| < C|A|, and let r 44 p(n) denote the number of the
number of ways of writing n as a + b with a € A and b € B. Note that

S rarn(n) = |4]|B],

n

and that |A + B| equals the number of n with 744 5(n) # 0. Using Cauchy’s inequality it
follows that
> rarn(n)® = |A[Y/|A+ B| > |AP/C.

The LHS counts the number of additive quadruples (a1, b1, az,be) with a; + by = ag + ba.
Thus having small A + B implies the existence of many additive quadruples. Gowers’s
variant assumes the existence of many additive quadruples, and finds large subsets of A
and B whose sumset is small.

The Balog-Szemerédi-Gowers Theorem A. Let A and B be subsets of an abelian
group, with |A| = |B|. Suppose there are at least | A|® additive quadruples (ay,by,as,bs) €
A X B x Ax B with a; + by = as + by. Then there are subsets A’ of A and B" of B with

|A'] > o?|A]/(16V/2), |B'| > o?|B|/16, and |A" + B'| < 2%a713|A.

The Balog-Szemerédi-Gowers Theorem B. Let A and B be two subsets of an abelian
group with |A| = |B|. Let G be a subgraph of the complete bipartite graph between A and
B, with G having at least |A||B|/K edges. Suppose that A+c B ={a+0b: (a,b) € G}
has cardinality |A +¢ B| < K1|A|. Then there exist subsets A" of A and B’ of B with

4’| > |Al/(4V2K),  |B'|>|B|/4K),  and  |A'+ B'| <2PK°K}|A|.

Equivalence of the two versions. Suppose we are given A and B with many additive quadru-
ples. That is > rat+p(n)? > a|A|>. Then there are at least a|A|/2 popular sums n with
ra+rp(n) > alA|/2 (why?). Define the graph G by letting (a,b) be an edge in G precisely
when a + b is a popular sum. The number of edges in G is at least a?|A|?/4, and since
there can be at most 2|A|/a popular sums, we also have |A +¢ B| < 2|A|/a. Therefore
version A follows from version B.

Conversely, suppose we are given a subgraph G as in version B. Then ) ray.g(n) =
|G|, and so > rai.p(n)? > |G|>/|A +¢ B| by Cauchy’s inequality. Therefore there are
at least |G|?/|A +¢ B| additive quadruples, and we can deduce version B from version A
(at least, up to constants).

It is version B that we will focus on proving. The idea is that since GG contains a
proportion of all edges from A to B, there will likely be many paths of length 2 from A to
A, and many paths of length 3 from A to B. Once we quantify these paths of lengths two
and three, the result follows easily. The situation is analogous to the sumsets 24, 3A etc
becoming more and more smooth.
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Lemma 1. Let G be an undirected bipartite graph having two vertex sets A and B (that
is, the edges connect points in A to points in B). Suppose that the edge set has cardinality
|A||B|/K for some K > 1. Given ¢ € (0,1), there exists a subset A’ of A with |A’| >
|A|/(vV2K) such that for at least a proportion (1 — €) of the pairs (a1, az) € A’ x A’ we
have at least €| B|/(2K?) paths of length 2 in G connecting a1 and as.

Proof. For a € A let B(a) denote the points in B connected to a, and similarly for b € B

let A(b) denote the points in A connected to b. Let €2 denote the subset of A X A consisting

of pairs (a1, as) for which there exits fewer than €|B|/(2K?) elements in B(a1) N B(as).
Clearly >, 5 |A(b)| equals the total number of edges |A||B|/K. By Cauchy’s inequality

it then follows that
SN 1= AW = |APIB|/K.

beB al,ageA(b) beB
Further
YooY 1= > Y. 1<|QBl/(2K?) < ¢[AP|B|/(2K?).
beB al,aQEA(b) (al,az)EQ bEB(al)ﬂB(ag)

(a1,a2)EQ
Combining the above two relations we find that

2 L AP 18]
bEZB(vub)\ ——(l4@)2 naD) = T

so that for some b € B one has
1
|A(D)? — g(lA(b)2 nQl) > |A*/(2K?).

The Lemma follows upon taking A’ to be this set A(b).

Lemma 2. Let G be a bipartite graph as above, having an edge set of size |A||B|/K. We
may extract a set A" of A such that |A"| > |A|/(4v2K), each vertex in A" has degree
at least |B|/(2K), and for each a1 € A” there exist at least (1 — 1/(16K))|A”| vertices
as € A” such that ay and as are joined by at least |B|/(256 K3) paths of length 2.

Proof. We remove from A all vertices with degree < |B|/(2K). Let A denote the set of
remaining vertices, and consider the induced subgraph on vertex sets A and B. Since at
most |A||B|/(2K) edges are removed from our original graph, our new graph has at least
|A||B|/(2K) edges. Furthermore, |A| > |A|/(2K).

We take ¢ = 1/(32K) in Lemma 1, and thus find a subset A’ of A with |A/| >
|A|/(2v/2K) (why?) such that for a proportion 1 —1/(32K) of the pairs (ay,az) € A’ x A’
we have at least |B|/(256 K3) paths of length 2 connecting a; and as. It follows that for
at most half of values a; € A’ can there exist more than 1/(16K) of values as € A" with
(a1,a2) not connected by many paths of length 2. Take A” to be the good half of A’. This
proves our Lemma.
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Lemma 3. Let G be a bipartite graph as above having an edge set of size |A||B|/K. We
may find subsets A’ and B’ of A and B with |A'| > |A|/(4v2K) and |B'| > |B|/(4K) such
that for any a € A’ and b € B’ there exist > |A||B|/(2'°K®) paths of length three joining
a and b.

Proof. Take A’ to be the set A” extracted in Lemma 2. We must now find the set B’. We
will take B’ to be the set of vertices adjacent to at least |A’|/(8K) elements from A’. Note
that the number of edges connecting A’ to B is at least |A’||B|/(2K). Therefore at least
|B|/AK of the vertices in B must be connected to |A’|/(8K) vertices in A’; in other words,
|B'| > |B|/(4K). If a € A" and b € B’ then we have at least |A’|/(8K) vertices in A’ that
are adjacent to b, and at most |A’|/(16K) of these can have the property that there are few
paths of length two connecting them to a. Thus there are at least |A’|/(16K) vertices as
that are both adjacent to b, and have at least |B|/(256K3) paths of length two connecting
a and as. Thus there are at least |A||B|/(21°K®°) paths of length three connecting a and
b.

Proof of Balog-Szemerédi-Gowers B. By Lemma 3 we may extract large sets A’ and B’
with at least |A||B|/(2'° K®) paths of length 3 connecting any two elements in these sets.
Thus given a and b in A’ and B’, we can find more than |A||B|/(2'° K®) pairs b; and az in
B and A with (a,by), (a2,b1), (ag,b) all being edges in our graph G. That is a + b; = =z,
as + by =y and ag + b = z are all elements of A +5 B. Now note the identity

a+b=a+b—(by+ax)+tas+b=x—y+z

We know lots of solutions to this equation with x, y and z in A +5 B. But the total
number of choices for x, y and z is at most |A +g B|®> < K}|A|3. Therefore the number of
distinct possibilities for a + b is at most

KIAP s
AR w2 KL

which completes our proof.

5. Linearity of the map ¢ on a big set.

We now resume the argument from §3. Let I' = {(b,¢(b)) : b € B}. So I' is a subset of
(Z/N)? possessing many additive quadruples. By version A of the Balog-Szemerédi-Gowers
Theorem we know that there exist subsets I'y and I'; of I' with

Ty | = |T2| = 2730281, and T 4 Ty| < 2200078401,

Now we would like to use Freiman’s Theorem. However, our version of Freiman’s the-
orem was for subsets of Z, and to apply it here we need to make a couple of two isomor-
phisms. Identify (Z/N)? with [1, N]? and divide it into four squares. Then we may pick
subsets I's C I'y and I'y C I'y with each being a quarter of the size of these sets, each
contained in a square. The sets I's and I'y are naturally two isomorphic to subsets of Z?2.
By picking a large base, these sets I's and I'y are seen to be two isomorphic to two subsets
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of the integers I's and I's. Now apply Freiman’s Theorem. More precisely, we will use the
Freiman variant given in VIL.8.

In this way, we conclude that there exists a proper progression @ in (Z/N)? whose
916 . _9l7

and size > exp(—a~* )N such that

rnQ|>a*" Q|

dimension is <€ o~

Since () is proper it contains a one dimensional progression of length > exp(—a‘216)N o
Cover @ by translates of this progression. It follows that there exists a one dimensional

16
progression Py (in (Z/N)?) having size > exp(—a 2" )N®"  and satisfying [T’ N Py| >
a2’ |Py|.
Summarizing, we have shown the following Proposition.

Proposition. Keep the notations of §3. There is a progression P in Z/N of size >

16
exp(— _216)]\7“2 , and a linear function n — 2An + p such that |B N P| > n|P| (with
n>a?’), and for k € BN P we have (k) = 2\k + p.

6. Extracting quadratic bias.
Our aim is now to show that f correlates locally with a quadratic phase function. We start
with the following simple version.

Proposition 1. Let f:Z/N — [—1,1], and suppose that for some \ € Z/N we have
S AR @A) > (N,

k€Z/N

Then for some r € Z/N we have
An? +rn
|2 sme(F)| 2 Vew

Proof. Expanding out the hypothesis we obtain that

(N? < sz Fl@+ k) f(y) f(y + k)e(2Mk(y — 2))
_sz flx+k)f(z+u)f(z+u+ k)e(2Aku).

Now observe that 22 — (z + k) —(x+u)?+ (x + k +u)? = 2ku, and so the above equals
D f@e(Ma®) f(z + k)e(=Ax + k)*) f(z +w)e(—Az +u)®) f(z+ k + w)e(Mz + k +u)?).

x,k,u

If we set g(z) = f(x)e(Az?), then the above equals N3||g||7;2. Therefore
1 N N
CN? < Nlgllg= = 5 D_19(r)[* < N max |g(r) |

using Parseval. This yields the Proposition.

With a little more effort, the same argument extends to cover the information given in
the Proposition of §5.
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Proposition 2. Keep the notations of §5. For every x € Z/N there exists r, € Z/N such

that
> f(k:)e(—W)‘ 4\/_N|P]

x keP+x

Proof. In the notation of §5 we have that

P 8
> IAGR) @M+ ) = L |PIN?.
keP
Expanding out the LHS we obtain

ZZ]‘ flx + k) (x+u)f(a:+u—l—k)e<(2>\kT+m).

keP z,u

Now each w may be written as £ + y where £ € P and y € Z/N in exactly |P| ways.
Therefore the above is

|sz x+k;f(x+y+£)f(x+y+k:+£)e<
x,y k,leP
For some y € Z/N it follows that

1) Z‘ 3 f(x+k:)f(x+y+€)f(x+y+k:—l—£)e<

T kLeP

Now we separate the variables k and ¢ by writing 2A\kl = A((k + £)? — k? — £?). We
think of x as being fixed, and focus on the sums over k and £. We write g1 (k) = g1 .(k) =
flx + k)e((=Ak? + 20ky)/N), g2(£) = f(z +y + Le((=M? + pl)/N), and g3(k + £) =
flx+y+k+0e\k+£)?/N) provided k and ¢ are in P and k + £ is in P + P. For other
values of k, £ or k + ¢ we set these functions equal to zero. Thus the inner sums in (1)

give, by Parseval
Z 91(k)g2(€)gs(k + £) Z gi(r —T).
By Cauchy-Schwarz and Parseval, this is

< oy () (5 2 10200F) (3 Yo n()R) < s v PIE AP

(2M\k + p) (0 + y)>
N )

2NKL 4 20\ky + pl na® .,
> — .
N >) - 4 PPN

Using this in (1) we have shown that

— k2 + 2Xky — rk na
Zmax‘Zf(x—Fk)e( )‘ |P|N.
x " keP N 4\/_
That is, for every x there exists 7, such that

S| S swe( - 2L 2 2y,

x ke P+x

which proves our Proposition.
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7. Application of Wey!’s inequality leading to density increment.

Let us recall the proof of Roth’s theorem in the case when there is a large Fourier coefficient
of f. Say f(r) is large. In this case, the idea was to dissect the interval [1, N] into sub-
progressions on which e(rn/N) is roughly constant. This is achieved by using Dirichlet’s
theorem to approximate /N by a/q for some small ¢, then splitting n into progressions
(mod ¢), and subdividing those progressions into small intervals.

Lemma 1. Let P be a progression (mod N) of length R, and let 1 (x) = ax be a linear
function. There exists a partition of P into (mod N) progressions Py, ..., Py each of
length about R (so M is about R%), such that for x, y € P; we have

le(¢1(2)/N) — e(¢r (y)/N)| < R™1.

Proof. Without loss of generality we may suppose that P = [1, R]. By Dirichlet’s Theorem
we may find ¢ < VR such that ||ga/N|| < 1/v/R. Divide [1, R] into the progressions
(mod ¢q). If one of those progressions is a + jq with 1 < j < R/q, then divide that
progression into sub-intervals for j each of length about Ri. In this way we arrive at the

R desired sub-progressions, and for any x, y in one of these sub-progressions we plainly
have ||(11(x) — 11 (y))/N|| < Ri|lga/N|| < R™%. This proves the Lemma.

We now extend the argument above to the case when f correlates locally with some
quadratic polynomial, as in §6 above. The aim is to dissect that progression P + x into
sub-progressions on which the quadratic phase is roughly constant.

Lemma 2. Let P be a progression (mod N) of size R, and let 1o(x) = ax? + Bx be
some quadratic function. We may split P into (mod N) progressions Py, ..., Py each
of length about R (so that M is about R%), such that for x, y € P; we have

le(a(x) /N) — e(1h2(y)/N)| < RT3,

Proof. Without loss of generality we may suppose that P = [1, R]. By Weyl’s Theorem
(see Corollary 3 of Chapter IV) we may find ¢ < Rz such that ||¢2a/N|| < R™s. Divide
P into the progressions (mod ¢), and divide each of those progressions into intervals of
lenlgth R3z. In this manner we obtain about R32 sub-progressions each of length about
R3z.

Consider one of the above sub-progressions. It looks like a + jg for some a, and 1 < j <
R32. Now

: 2 2
1/)2((11\;-](1) _ %(a—i—jq)Q n %(a—i—jq) _aa ]\%[—ﬁa +j2qNa +j2aacjv+ﬂq'

Here the first term is constant and doesn’t vary on this sub-progression. The second term
viewed (mod 1) changes by at most R1s||¢2a/N| < R~ 1. The last term gives a linear
polynomial in 7, and we may employ Lemma 1 to make that term locally constant. That
is, using Lemma 1 we may divide our values for j into sub-progressions of length R on
which the last term varies (mod 1) by at most R~ 5. This establishes our Lemma.

The progressions above are in Z/N. We now show that progressions in Z/N can be
broken up into not too many genuine (over Z) progressions.
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Lemma 3. Let P be a Z/N progression of length R. Then we may partition P into 4vVR
genuine arithmetic progressions.

Proof. Let the progression P be a 4 jq with 1 < j < R. We find, by Dirichlet’s Theorem
¢ < VR with |[£g/N| < R™2. Use this to divide our progression P into sub-progressions of
j (mod ¢) . Sub-divide those progressions into intervals, as needed. The whole argument
is quite similar to Lemma 1.

Proposition 4. Let P be a progression as in §6, and denote its size by R. For each
x € Z/N we may partition P + x into about AR336 genuine arithmetic progressions Py 1,
oy Ppoyr (with M about AR5 ) such that

M N
> XY |z ENR

x€Z/N j=1 kePy m

Proof. We start with the estimate of Proposition 2 of §6. Then use Lemma 2 to split P+x
into about R1% progressions (mod NN) on which the exponential factor there is essentially
constant. Then subdivide these progressions using Lemma 3 to obtain genuine arithmetic
progressions. Thus we obtain the Proposition.

Corollary 5 (Density Increment). Keep the notations of Proposition 4. There is a
genuine arithmetic progression Q) of size at least (77048/128)Rﬁ such that

AN Q| > 1QI(d +na®/128).

Proof. Note that

S Y fm=o

2€Z/N j=1 kE€P, um

Therefore, adding this to the estimate of Proposition 4 we obtain that

8

Zimax (0, 3 f(k)) > %NR.

z j=1 keP, v

The contribution of terms with |Py a| < (na®/128)R=56 to the above is < (na®/32)NR.
Hence the contribution of long intervals to the above sum is big, and the Corollary follows.

8. Gowers’s Theorem for four term progressions.

We recapitulate the argument. We have a set A € Zy with |A| = §N, and f is the
balanced function of A. We may suppose that [|f|ys > 0%/144, else we have density
increment on a subprogression of length 2N /5 (see §2). This implies the existence of large
Fourier coefficients A(f, k)(¢(k)) for k lying in a big set B. The map ¢ was seen to be
weakly linear (possessing many additive quadruples) in §3. This weak linearity led, via
Balog-Szemerédi-Gowers to linearity on a largish progression P (see §4 and 5). From the
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linearity of the function ¢ we then obtained long progressions on which f had quadratic
bias (Proposition 2 of §6). Finally in §7 we dissected those long progressions into sub-
progressions where the quadratic phase function was roughly constant. This led finally to
the increase in density of A on a sub-progression.

Precisely, the above argument leads to a (genuine) sub-progression of [1, N] of size at

17
least exp(—(5_220)]\752 on which the relative density of A is at least § + 272" 52", Now

we iterate this argument. The argument can be iterated at most 22° 6=2" times. After
40 s—220
so many iterations, we obtain a very large set of numbers below exp(—2§—%" )N 6% .

If this is large, then we obtain the desired four term progressions. This is satisfied if
9 > (loglog N)_2740. Equivalently, if

220

240

N > exp(exp((1/6)° ")),

then a set of density J in [1, V] contains a four term progression.



