CHAPTER 3

Small doubling and the Freiman-Ruzsa theorem

3.1. Introduction

In the last section we made a fairly detailed study of the operation of set addition,
and we defined the doubling constant o[A] := |A+A|/|A| of a set A. Colloquially, we
say that a set A has small doubling if o[A] is rather small: this term is particularly
appropriate when o[A4] is constant, say o[A] ~ 100.

A central question in additive combinatorics, the “inverse question for small dou-
bling”, asks for some description of those sets A with small doubling. This question
may be asked in any abelian group, or indeed in nonabelian groups as we shall do
in a later chapter.

The notion of small doubling is somewhat hereditary: if o[A] = K and if A’ C A
is a set of cardinality 6| A| then it is clear that o[A’] < K/d. For this reason it is of
particular interest to classify sets of small doubling which are “basic” in that every
set of small doubling is economically contained within a basic set.

3.2. Small doubling in F5°

Consider the vector space F$° consisting of all infinite sequences (a,)22, with
an, € Fy. This group is often a very useful model setting in which to test addi-
tive combinatorial arguments. The huge amount of torsion in this group can be
very helpful. T know of no better place to see this than in the following result of
Imre Ruzsa, giving an answer to the inverse question for small doubling in F5°.
When thinking about F$°, recall that addition is the same as subtraction!

THEOREM 3.1 (Ruzsa). Suppose that A C FX is a finite set with o[A] < K. Then
A is contained inside some subspace H with |H| < exp(CKY)|Al.

Proof. Pick a set X C 3A with the property that the translates A+x, x € X, are all
disjoint, and which is maximal with respect to this property. Since |, x(z+4) C
4A, it follows that | X| < |4A|/|A|, a quantity which is bounded by C K¢ from Ruzsa
calculus. Now suppose that y € 3A. By the supposed maximality of X we must
have (y+A)N(z+ A) # 0 for some x € X, which means that y € X +2A. It follows
that 34 C X + 2A. Adding copies of A, we then obtain 44 C X + 34 C 2X + 24,
5A C 3X +2A, and so on. It follows that the group (A) generated by A is contained
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20 3. SMALL DOUBLING AND THE FREIMAN-RUZSA THEOREM

in (X) + 24, a set of size at most 21X1|124] = 2IXIK|A|. The theorem follows
immediately. Ll

3.3. Small doubling in Z: GAPs and the Freiman-Ruzsa theorem

The inverse question in Z is more complicated. For a start, there do not exist sets
with more than one element whose doubling constant is 1. Indeed we have the
following almost trivial bound.

LEMMA 3.1. Suppose that A C Z is a set of n integers. Then |[A+ Al > 2n — 1.

Proof. Order the elements of A as a; < as < --- < a,. Then we have
at+ar<arta<---<arta, <axta, <---<ap+ay,
and explicit exhibition of 2n — 1 distinct elements of A. L]

One can show without too much pain (see the example sheet) that equality occurs
if an only if A is an arithmetic progression of length n. Since small doubling is
hereditary, any reasonably dense subset of an arithmetic progression will have small
doubling. A crucial observation, however, is that these are not the only examples.

DEFINITION 3.1 (Generalised Arithmetic Progression or GAP). Suppose that xg
and x1,...,xq are integers and that Lq,..., Ly are positive integers. Then any set
of the form

P .= {$0+l1$1++ldl‘d0<ll <L1}
is called a GAP. The dimension of P is declared to be d and its size L;...Ly. P
is said to be proper if all Ly ... L, elements are distinct, that is to say if |P| =
Ly...Ly.

Now P+ P is contained within the GAP {2z¢+ 1121+ +1lgxq: 0 < I; < 2L; — 1},
and so in particular if P is proper then o[P] < 2¢. Thus these GAPs must be added
to our list of “basic” examples.

Remarkably there are no further examples. This is the content of the so-called
Freiman-Ruzsa Theorem. We will prove a version of this theorem with relatively
good bounds; this result is due to Chang [?] though much of the proof is based on
Ruzsa’s ideas [?].

THEOREM 3.2 (Freiman-Ruzsa; Chang). Suppose that A C Z is a finite set and that
o[A] < K. Then there is a GAP, P, with dim(P) < CKY and |P| < exp(CKY)|A],
which contains A.

3.4. Freiman homomorphisms

In his remarkably insightful 1966 book [?], Freiman made an attempt to treat
additive number theory (as it was then) by analogy with the way Klein treated
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geometry: as well as sets A, B, ... of integers one should study maps between them
and, most particularly, properties invariant under natural types of map. This was
doubtless regarded as somewhat eccentric at the time, but the notion of Freiman
homomorphism is now quite important in additive combinatorics.

DEFINITION 3.2 (Frefiman homomorphism). Suppose that s > 2 is an integer. Sup-
pose that A is a subset of some abelian group G and that B is a subset of some other
abelian group H. Then we say that a map ¢ : A — B is a Freiman s-homomorphism
if we have

dlar) + -+ dlas) = ¢(ah) + - + ¢(al)

whenever a1 +---+as=a} +---+a’.

If 7 : G — H is a group homomorphism then 7 induces a Freiman homomorphism of
all orders on any set A C GG. The notion of Freiman homomorphism is rather more
general, however. For example, an arbitrary bijection between {1,10,100,1000}
and {1,100, 10000, 1000000} is a Freiman 2-homomorphism since neither of these
sets has any nontrivial additive relations a + b = ¢ + d. We shall see some more
useful examples shortly.

The map ¢ is said to be a Freiman s-isomorphism if it has an inverse ¢! which
is also a Freiman s-homomorphism. We caution that, contrary to what is often
expected in more algenraic situations, a 1-1 Freiman homomorphism need not be a
Freiman isomorphism. An excellent example of this is the obvious map

¢:{0,1}" — Fy

which is a Freiman homomorphism of all orders. It is not, however, a Freiman
isomorphism of any order since there are a great many more additive relations
amonst elements of F4 than there are in {0,1}".

In the following lemma we record some more-or-less easy to prove facts about
Freiman homomorphisms.

LEMMA 3.2 (Basic facts about Freiman homomorphisms). Suppose that A, B and
C are sets inside abelian groups. Let s > 2 be an integer. We have the following.

(i) Suppose that ¢ : A — B and ¢ : B — C are Freiman s-homomorpisms.
Then so is the composition 1 o ¢.

(ii) Suppose that ¢ : A — B is a Freiman s-homomorphism. Then it is also
a Freiman s'-homomorphism for every s’ satisfying 2 < s’ < s.

(iil) Suppose that ¢ : A — B is a Freiman s-homomorphism and let k,1 > 0
be integers. Then ¢ induces a Freiman s’ homomorphism q’; tkA—-1A —
kB — 1B, for any integer s’ < s/(|k| + |I]).

(iv) The above three statements are true with “homo” replaced by “iso” through-
out.

(v) Suppose that P is a GAP and that ¢ : P — B is a Freiman s-homomorphism
for some s = 2. Then ¢(P) is a GAP of the same dimension.

(vi) Suppose that m > 1 is an integer, and consider the group Z/mZ to-
gether with the “unwrapping” map ¢ : Z/mZ — {1,...,m} which sends
a residue x to the least positive integer congruent to x(modm). Suppose
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that A C Z/mZ and that (A) is contained in an interval of length at
most m/s. Then ¢ is a Freiman s-homomorphism on A.

Proof. Essentially all of this is quite easy, and is a good exercise in checking that
one has understood the definitions. (i) is trivial. (ii) may be established by the
simple expedient of introducing dummy variables. Indeed if

al_l’_..._i'_a,s,:a/l_'_..._'_a;,

then we may add s — s’ copies of a to each side, for some arbitrary a € A. Since ¢
is a Freiman s-homomorphism we then have

dlar) + -+ dlas) + d(a) +--- + ¢(a) = d(ay) +--- + d(ay) + d(a) + - - - + ¢(a);

cancelling the ¢(a)s from both sides yields the result. To prove (ii), define b :
kA —1A — H by

dlar+ - +ap —a) = —ap) = §(ar) + -+ ¢lax) — o(ay) — -+ = élay).
It is conceptually easy, though notationally rather irritating, to verify that ¢ is
well-defined and in fact defines a Freiman homomorphism of the order stated.

Part (iv) is immediate: simply apply (ii) and (iii) to the inverse map ¢ 1.

To prove (v) it clearly suffices to assume that s = 2. Let ¢ : P — ¢(P) be a Freiman
2-isomorphism, and suppose that P = {xg + l1x1 + -+ lgzq : 0 < I; < L;}. Set
Yo = ¢(x0), and define y1,...,yq4 by yo +y1 = ¢(xo + z;) for i = 0,1,...,d; we
claim that ¢(xg+lix1+- - +laza) = yo+liya +- - - +layq for all 4, . .., 4 satisfying
0 < l; < L;. This may be established by induction on l; + - - - 4 l4, noting that we
have defined the y; in such a way that it holds whenever i1 +---+1; =0 or 1. To
obtain the statement for (I1,...,1l3) = (1,1,0,...,0), for example, one may use the
relation
w0 + (zo + 21 + 22) = (20 + 71) + (T0 + T2)

to conclude that

d(x0) + ¢(wo + 21 + 22) = P20 + 71) + P(T0 + T2)
and hence that ¢(zg + x1 + 2) = yo + y1 + Y2, as required.

Finally let us consider (vi). The point here is that if one restricts attention to sets
A C Z/mZ for which ¢(A) is contained in an interval of length at most m/s then
two sums aq + - -+ + a5 and af + - -- + a, are equal mod m if and only if their lifts
Y(a1)+- - -+v(as) and ¥(a))+- - -+1(al) are equal, since there is no “wraparound”.
U

3.5. Ruzsa’s model lemma

In this section we prove a remarkable lemma of Imre Ruzsa. It asserts that a subset
of Z with small doubling has a large piece which is Freiman isomorphic to a dense
subset of a cyclic group Z/mZ. In that setting one has tools available which are
cannot be brought to bear on subsets of Z which, despite having small doubling,
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might be highly “spread out”. Most particularly one may use harmonic analysis as
an effective tool in Z/mZ.

PROPOSITION 3.1 (Ruzsa’s model lemma). Suppose that A C Z is a finite set and
that s > 2 is an integer. Let m > |sA — sA| be an integer. Then there is a set
A" C A with |A’| > |Al/s which is Freiman s-isomorphic to a subset of Z/mZ.

Proof. By translating A if necessary we may assume that A consists of positive
integers. Let ¢ be a prime number greater than all elements of A, and consider the
composition of maps

7% 7)q7 25 7)q2 L5 7 I 7 /mZ

where 7, and m,, are reduction mod ¢ and m respectively, D, is multiplication

(dilation) by A € (Z/qZ)* and % is the unfolding map from Z/qZ to {1,...,q}.

Now 4, Dy and m,, are Freiman homomorphisms of any order. By Proposition
?? (vi) ¥ is a homomorphism of order s when restricted to any subset of Z/qZ
whose unfolding lies in a subinterval of Z of length at most ¢/s. Since Z/qZ may
be partitioned into s sets with this property (the inverse images under ¢ of the
intervals {z € Z : jq/s < x < (j + 1)q/s}), it follows from the pigeonhole principle
that for each X there is a set A" C A, |A’| > |A|/s, with the property that the
composition ¢ := m,, 01 o Dy o my is a Freiman s-homomorphism when restricted
to A’

Everything we have said so far holds for an arbitrary A. To conclude the proof
we show that there is a choice of A for which ¢|4 is invertible, and for which its
inverse is also a s-homomorphism. For this choice of A, ¢ will then be a Freiman
s-isomorphism when restricted to the set A’ just defined. To this end it suffices to
show that whenever

¢lar) + -+ ¢las) = d(ah) + -+ + ¢(a))
we have
aj+ - +as=ay +--+al,

since this clearly implies that ¢ is one-to-one. The only way in which these con-
ditions can fail to hold, for a given A, is if there is some non-zero expression
d=a+ - +as—a) — - —aj such that m, o9 o my(Ad) = 0. Let us fix d
and ask about values of A for which this phenomenon occurs: lacking imagina-
tion, we call them “bad for d”. As A ranges over (Z/qZ)*, my(Ad) of course covers
(Z/qZ)* uniformly, and hence the “unwrapped” set 1 o m,(Ad) covers each point
of {1,...q — 1} precisely once. The number of elements z in this interval for which
Tm(2) = 0 (that is to say =z is divisible by m) is at most (¢ — 1)/m. Since each d
lies in the set (sA — sA) \ {0}, it follows that the number of A which are bad for
some d is at most

-1
q—(\sA—sA| -1)<qg-1,
m
the inequality being a consequence of the assumption that m > [sA—sA|. Tt follows

that there is at least one A which is not bad for any d. By our discussion, the map
¢ will then have an inverse which is a Freiman homomorphism of order s. ]
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In our applications of this lemma the set A will have small doubling, we shall take
s = 8, and it will also be convenient to take m to be prime.

COROLLARY 3.1 (Ruzsa’s model lemma). Suppose that A C 7 is a finite set with
o[A] < K. Then there is a prime p < CKC|A| and a subset A’ C A with |A’| >
|A|/8 such that A’ is Freiman 8-isomorphic to a subset of Z/pZ.

Proof. Tt follows from Corollary 2.1 that [8A — 84| < CK“|A| (in fact, if one has
the Pliinnecke-Ruzsa inequalities mentioned just after that corollary we obtain the
more precise bound |84 — 84| < K'%|A|). Now by Bertrand’s postulate (or some
even weaker result) there is a prime p satisfying |8A — 8A| < p < 2|8A — 8A|. This
prime of course satisfies the bound p < CK¢|A|, and by the preceding proposition
there is a subset A’ of A with |A’| > |A|/8 which is Freiman 8-isomorphic to a
subset of Z/pZ. Ul

3.6. Bogolyubov’s lemma

Suppose that A C Z has doubling constant at most K. By applying Ruzsa’s model
lemma, we can locate a set S C Z/pZ with size op, where o > cK ¢, which is
Freiman 8-isomorphic to a subset of A and, furthermore, for which |S| > £|A|. The
aim is now to find some structural properties of S which may be “pulled back”
under this Freiman 8-isomorphism in order to tell us something about A. This is a
little trickier than it might at first sight seem: a Freiman 8-isomorphism can only
“see” sums of at most 8 terms such as s; - - - &+ sg, and in particular it cannot see
all of the group Z/pZ.

The following result, known as Bogolyubov’s lemma, is what we need. Before
stating it we require a definition.

DEFINITION 3.3 (Bohr sets in Z/pZ). Suppose that R = {rq,...,r;} is a set of
nonzero elements of Z/pZ and that € > 0 is a parameter. Then we define the Bohr
set B(R,¢) with frequency set R and width ¢ by

B(R,e) :={x € Z/pZ : ||rix/p|lpjz <& fori=1,... k}.
The parameter k is said to be the dimension of the Bohr set.

LEMMA 3.3 (Bogolyubov). Suppose that S is a subset of Z/pZ with cardinality op.

Then 2S — 2S contains a Bohr set of dimension at most 4/0% and width at least
1
E.

Proof. We use harmonic analysis on Z/pZ. Thus if f : Z/pZ — C is a function

then, as in Chapter 1, we define f(r) := E,cz/pzf(x)e(—rz/p). We recall Parseval’s
identity, namely that

(ol f(@))/ = I fllz = I Fll2 = QO Fr))'>
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Let us also recall the notion of convolution: if g : Z/pZ is another function then we
write

frg(@) =Eyf(y)g(z —y),
whereupon we have the relation (f x g)" = fg. In Chapter 1 we saw that I flle =
IIf = ||%/ ? which was at the time our justification for introducing the convolution.
The most basic reason for an additive combinatorialist to be interested in convolving
functions is the observation that if f = 1y and g = 1y then f*g has support U+ V.

In other words, 1y * 1y is a functlon supported on U 4 V' whose Fourier transform
is easy to understand in terms of 1U and 1y.

We shall also require a further, very important, property of the Fourier transform:
the inversion formula. This states that f may be recovered from its Fourier trans-
form via the relation

Z f(r)e(ra/p).

It is very easily proved using the orthogonahty relations as in the proof of Lemma
1.4. Note that we are summing over r and not taking expectations: see the discus-
sion immediately following the proof of Lemma 1.4 for the reasons for this.

Returning to the proof of Bogolyubov’s lemma, note that f(z) = 1g* 1g* 1_g %
1_g(x) is supported on 25 — 25. Note also that 1g(r) = 1_g(r), and so f(r) =
Ts(r)l.

Let R be the set of all 7 # 0 for which [1g(r)| > ¢3/2/2. Since |15z = o!/2,
it follows immediately from Parseval’s identity that |R| < 4/02. We claim that
B(R, 10) C 25—28. To prove this, it suffices by our earlier discussion to show that
f(z) > 0 whenever x € B(R,¢).

By the inversion formula and the fact that f is real we have
z) = Z [Ts(r)|*e(ra/p) = Z Ts(r)|* cos(2mra/p).

To bound this sum below, we divide it into three pieces: the term r = 0, the terms
withr € R, and all other terms. Clearly

1s(0)* = o™

Now if r € R then cos(2nrz/p) > 0, and so we simply bound the sum of these
terms below by 0. Finally

3
> 4 0 4 g 0 2
> [is(r)*eos(@rra/p) = — Y [ls(r)|* = 7 > s,
r¢ RU{0} r& RUO r
and this is equal to 0*/4 by Parseval’s identity. Combining all of this we obtain
o4
f(ac)>a4+o—Z > 0,

as required. O
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3.7. Geometry of numbers and progressions in Bohr sets

The ultimate aim of this section is to investigate the structure of Bohr sets, and in
particular to establish that they contain large GAPs. In order to do this we must
first develop some tools from a a subject called the geometry of numbers.

In so far as we shall investigate it in this course, this is the study of lattice points
inside convex bodies. For us, K C R? will be a centrally symmetric convex body,
that is to say a set such that —x and %(x +y) lie in K whenever x and y do. The
closed centrally symmetric convex bodies are exaactly the same thing as the unit
balls of norms on R?, and let us recall that this is often a useful way of thinking
about them.

A lattice is a discrete subgroup of R?. We shall assume some of the basic theory
of lattices as may be found in any number of books. In particular any lattice A
whose R-span is all of R? has an integral basis v1,...,vq, which means that A is
the direct sum Zvi @ Zvs & - - - ® Zvg, or in other words every element of A can be
written using integer coordinates relative to the basis vq,...,v4. The determinant
det(A) is defined to be the determinant of the column matrix (vq,...,vy), which
turns out not to depend on the particular choice of integral basis, or equivalently
the volume of the fundamental parallelepiped spanned by vq,...,vq.

The following lemma is simple but surprisingly powerful. We say that A is nonde-
generate if det(A) # 0, or equivalently if the R-span of A is all of R?.

LEMMA 3.4 (Blichfeldt’s Lemma). Suppose that A is a nondegenerate lattice and
that K is a set with vol(K) > det(A). Then there are two distinct points x,y € K
with x —y € A.

Proof. This is what is often called a “volume-packing argument”. By considering
the sets KN B(0, R) as R — 0o, whose volumes tend to that of K, we may assume
that K lies inside some ball B(0, R). Now let us suppose that the conclusion is
false: then no translate of K contains two points of A, or in other words

D lk(x—t)1a(x) < 1

for all t € RY. Let R’ be much bigger than R, and average this last inequality over
t lying in the ball B(0, R’) to obtain

1
Z 1A(X)(vol(B(O, R)) /B(O,R') Le(x = t) dt) st

Since K C B(0,R), the inner integral equals 1 if ||x|| < R’ — R (and zero if
IIx|| > R + R). Therefore

(3.1) > 1) 1p0,r—r) (%) dx < vol(B(0, R)).

However it is “clear” by tiling with fundamental parallelepipeds that

A% S0, 2 000 0 = iy
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Letting R’ — oo in (3.1) and noting that vol(B(0, R'))/ vol(B(0, R’ — R)) — 1, we
obtain a contradiction. O

Suppose now that K C R? is a centrally-symmetric convex body and that A is
a lattice. We define the successive minima A1,..., g of K with respect to A by
defining Ay to be the infimum of all those A for which the dilate AK contains k
linearly independent elements of A. Note in particular that the closure A\, K does
then contain k& independent elements of A. We may use this observation to pick
a directional basis for A with respect to K; choose by, bs,... in sequence so that
bi € AKX N A, and such that the vectors by, ...by span a k-dimensional subspace
of R,

The directional basis by, ..., by is manifestly a basis for R? consisting of elements
of A, but we caution that it need not be an integral basis for A. One of the questions
on the second example sheet asks you to find an example.

We turn now to one of the most important results in the subject, with one of the
more mysterious proofs I have come across.

THEOREM 3.3 (Minkowski’s second theorem). Suppose that K C R? is a cen-
trally symmetric convex body and that A is a nondegenerate lattice. Let the suc-

cessive minima of K with respect to A be \1,...,A\q. Then we have the inequality
A1 ... Agvol(K) < 2¢det(A).

Proof. 1t is convenient to assume, by passing from K to its interior K° if necessary,
that K is open. This does not affect any aspect of the statement of the theorem.
Fix a directional basis by,...,by for A with respect to K. The openness of K has
the nice consequence that AKX NA is spanned (over R) by the vectors by, ..., bg_1.
Indeed if it were not we could choose some further vector b in Ay K N A, and by
the openness this would in fact lie in (A —e)K N A for some € > 0, contrary to the
definition of the successive minima .

Write each given x in coordinates relative to the basis vectors b; as z1b1+- - -+x4by.
We now define some rather unusual maps ¢; : K — K, by mapping x € K to the
centre of gravity of the slice of K which contains x and is parallel to the subspace
spanned by by,...,b;_; (for j = 1, ¢1(x) = x). Next, we define a map ¢ : K — R?
by

d
B(x) =Y (N — Aj1)8;(x),

Jj=1

where we are operating with the convention that Ay = 0. Let us make a few further
observations concerning the ¢; and ¢. In coordinates we have ¢;(x) = >, ¢;;(x)b;,
where ¢;;(x) = @; for i > j, and ¢;; depends only on x;, ..., x4 for i < j. It follows
that
d
qb(X) = Z bz ()\zxz + ’(/Jj (l‘i+1, . ,LL‘d))

i=1
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for certain continuous functions ;. It follows easily that vol(¢(K)) = A1 ... Ag vol(K),
the determinant of the Jacobian of the transformation x; = \;z; + ¥i(zit1, ..., %q)
being particularly easy to evaluate due to the matrix being upper triangular.

Suppose, as a hypothesis for contradiction, that A;...\gvol(K) > 2¢det(A). By
Blichfeldt’s lemma and the preceding observation this means that ¢(K) contains
two elements ¢(x) and ¢(y) which differ by an element of 2- A = {2X : X € A},
and this means that 1 (¢(x) — ¢(y)) € A. Write x = > x;b; and y = > y;b;, and
suppose that k is the largest index such that ) # yx. Then we have ¢;(x) = ¢;(y)
for ¢ > k, so that

2 2 5
= i()\j —Xj-1) (W) .

This has two consequences. First of all the convexity of K implies that %(gbj (x) —
¢;(y)) € K for all j, and hence (again by convexity) $(¢(x) — ¢(y)) € ApK.
Secondly we may easily evaluate the coefficient of by, when (¢(x)—¢(y)) is written
in terms of our directional basis. It is exactly Ax(xg — yr)/2. In particular this is

non-zero, which is contrary to our earlier observation that A N Ax K is spanned by
b17...,bk,1. ]

Our foray into the geometry of numbers had a specific purpose, namely to clarify
the structure of Bohr sets. To conclude this section we record the following corollary
in that vein. This will be the only result we need in subsequent work.

COROLLARY 3.2 (Structure of Bohr sets). Suppose that R = {r1,...,rx} C Z/pZ 1is
a set of k frequencies, and that e < 1/2 is a parameter. Then the Bohr set B(R,¢)
contains a proper GAP of dimension k and size at least (¢/k)*p.

Proof. Consider the lattice A = pZ* + (rq,...,7)Z. Since p is prime, this may
be written as a direct sum pZF @ {0,1,...,p — 1} - (r1,...,7r}), a presentation
which makes it fairly easy to see that det(A) = p*~!. Let K C R* be the box
{x : |x]|oo < €}, that is to say the set of all x with |z1],...,|zx| < e. This is
a closed, centrally symmetric, convex body. Let bq,...,by be a directional basis
for A, and let A1,..., \; be the successive minima. From the basic definitions of
these objects we know that ||b;|lcc <eX; foralli =1,...,k. Set L; := [1/\;k] for
i=1,...,k. Then if 0 < [; < L; we have ||l;b;||c < €/k and whence

Hllbl + -+ lkbk”oo < e.

Now each b; lies in A and hence is congruent to x;(r1,...,r,)(modp) for some x;,
0 < z; < p. Abusing notation sightly, we think of these z; as lying in Z/pZ. The
preceding observation implies that

(lhzy + - - + lpzg)rs
p

lr/z <e
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for each ¢, or in other words the GAP {lyx1 + -+ + lgar : 0 < I; < L;} is contained
in the Bohr set B(R,¢).

It remains to prove a lower bound on the size of this progression and also to establish
its properness. The lower bound on the size is easy: it is at least k=%(A;... \x) 7!,
which, by Minkowski’s Second Theorem and the fact that det(A) = p*~! and
vol(K) = (2¢)*, is at least (¢/k)*p.

To establish the properness, suppose that

lixy + -+ gy = l/13?1 + -+ l;gxk(mOdp)v
where |I;], [I}| < [1/kX;]. Then the vector
b= (3 —l))b1+ -+ (lx —})bg

lies in pZ* and furthermore

k

1

Ioll < 32 |57 | il < 220
i=1 g

Since we are assuming that £ < 1/2 it follows that b = 0 and hence, due to the

linear independence of the b;, that I; = I} for all i. Therefore the progression is

indeed proper. ]

3.8. Chang’s covering argument and the conclusion of the proof

Ruzsa’s model lemma, Bogolyubov’s lemma and Corollary 3.2 allow us to proceed
from a set A C Z with o[A] < K to the conclusion that 24 — 24 contains a large
GAP. We will go over the details a little later, but let us first supply the final
piece in the proof of the Freiman-Ruzsa theorem, a covering lemma of Chang which
allows us to use this information to efficiently place A inside a GAP.

LEMMA 3.5 (Chang). Let K > 2 and that n < 1/2. Suppose that A is a finite
subset of Z with o[A] < K and that 2A —2A contains a proper GAP P of size n|A|
and dimension d. Then A is contained in a GAP of size at most 2d77_CKC|A| and
dimension at most d + C K% log(1/n).

Proof. We describe an algorithm for selecting some non-negative integer ¢ and
subsets 5;, i < t, of A. Let L be a positive integer to be specified later. Set Py = P.
Let Ry be a maximal subset of A for which the translates Py + =, © € Ry, are all
disjoint. If |Rg| < L then set ¢ = 0 and Sy = Ry, and terminate the algorithm.
Otherwise take Sy to be any subset of Ry of cardinality L, and set P, = Py + Sp.
Take R; to be a maximal subset of A for which the translates P + x, x € Ry, are
all distinct. If |Ry| < L then set t = 1 and S; = Ry and terminate the algorithm.
Otherwise choose S; C R; with |S1| = L and set P, = P; +.57. Continue in this
way.

We claim that for a suitably chosen L this is a finite algorithm. Indeed the fact
that the translates P; + x, x € S;, are all disjoint means that |P;{| = |FP;||S;| for
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1 <t—1. It follows that
(3.2) IP| > |PI[So] ... |Si—1] = nL'n.

Observe, however, that
PCP+A+A+---+A,

where there are ¢ copies of A. Since P C 24—2A this means that P, C (t+2)A—2A4,
and hence by Corollary 2.1, the bounded for iterated sumsets under the assumption
of small doubling, we have |P,| < K¢t |A|. If L = K2C then, the algorithm can
last no more than ¢ steps where ¢t < C'log(1/n) (this is a slightly crude estimate).

Let us examine what happens when the algorithm finishes. Then we have a set
R; C A, |Ry| < L, which is maximal subject to the translates P + z, © € Ry, being
disjoint. In other words if @ € A then there is x € R; such that (P;+a)N(P+z) # 0,
and so

(33) A g Pt_Pt+Rt g (P—P)+(So—SO)+~'-+(St,1—St,1)+Rt.

Now it is clear that for any finite set S the difference set S — S is contained in a
GAP S of dimension at most |S| and size at most 3/°/, namely the one in which
the z; are the elements of S and the “lengths” L; are all 1. It follows from (3.3)
that A C @, where @ is the multidimensional progression

Q=P—-P+So+-+5_1+R:.

The dimension of () satisfies
t—1
dim(Q) < dim(P) + > _[Si| + |Re| < d+ L(t + 1) < d+ CK log(1/n).
i=0
To estimate the size of @, note that the properness of P implies that |P—P| = 2¢|P|.

Hence
t—1

QI < |P— P|- [ 315 8lfel < 2430+ py.
i=0
The claimed bound follows immediately from a crude application of the estimate
t < Clog(1/n), the choice of L = K2¢  and the fact that P C 24 — 2A (which
means that |P| < K¢|A| by Corollary 2.1). Ul

We are now in a position to conclude the proof of the Freiman-Ruzsa theorem,
which is merely a pleasant putting-together of the facts we have just assembled.
Suppose that A C Z is a set with o[4] < K. Then:

(i) There is a set A’ C A with |A’| > |A|/8 which is Freiman 8-isomorphic
to a set S C Z/pZ, where p is a prime with p < CK“|A| (Ruzsa’s model
lemma, Corollary 3.1);

(i) 25 — 2S5 contains a Bohr set B(R, 1) with |R| < CK® (Bogolyubov’s
lemma, Lemma 3.3);

(iii) That Bohr set in turn contains a proper GAP, P, with dimension at most
CK® and size at least exp(—CKY)|A| (Geometry of numbers, Corollary
3.2);
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(iv) The set 24 — 2A contains a proper GAP, P, with dimension at most
CKC and size at least exp(—CK%)|A| (Basic facts about Freiman ho-
momorphisms, specifically Proposition 3.2 (iii), (iv) and (v)), and

(v) A is contained in a GAP with dimension at most CK® and size at most
exp(CKY)|A| (Chang’s covering lemma, Lemma 3.5).

This concludes the proof of the Freiman-Ruzsa theorem: it is one of the classics of
this or any other subject. L]



