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SUMMARY

We prove a new bound on a version of the sum-product problem studied by
Chang. By introducing several combinatorial tools, this expands upon a method of
Croot and Hart which used the Tarry-Escott problem to build distinct sums from
polynomials with specific vanishing properties. We also study other aspects of the
sum-product problem such as a method to prove a dual to a result of Elekes and
Ruzsa and a conjecture of J. Solymosi on combinatorial geometry. Lastly, we study
two combinatorial problems on sumsets over the reals. The first involves finding
Freiman isomorphisms of real-valued sets that also preserve the order of the original
set. The second applies results from the former in proving a new Balog-Szemerédi

type theorem for real-valued sets.
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CHAPTER 1

INTRODUCTION

For a set A in some group G, the sumset, the difference set, and the h-fold sumset

are defined as
A+A={a+d :a,d € A},
A—A:={a—ad :a,d € A},
hA :={a1+...+ap:a; € A}.

Additive combinatorialists are often interested in analyzing the size and structure of
the sumset when A is finite. How large and how small can |A + A| be? How does
|A + A| depend on |A|? Does A + A contain an arithmetic progression, and if so, of
what length?

On the other hand, often one knows something about the sumset — generally its
size in relation to the original set — and one would then like to infer that the original
set contains some structure based on this information. The most well-known result
in this direction is Freiman’s theorem [18] which states that if |A + A| < K|A|, then
A is contained in a generalized arithmetic progression of size O (|A|) and dimension
Ok (1).

Modern proofs of Freiman’s theorem rely on a so-called ‘good-modeling’ or ‘small-
modeling’ lemma. Such a lemma shows that one can, for most combinatorial purposes,
map a set in one additive group or set to a more convenient one — usually Zy or [1, N|
— while preserving additive properties of the original set. When doing so with real-
valued sets, one encounters two inconveniences. First, the order of the set is not
usually preserved under the mapping. Second, one would like to control the value of

N when condensing the original set into [1, N]. Previous results have overcome the



latter difficulty. In Chapter 3, we present a mapping that overcomes both difficulties
for sets with a sufficiently small sumset.
In the same chapter, we also study several applications. When analyzing the

sumset, one naturally comes across the equation
a+b=c+d; a,bc,de A

The number of solutions to this equation is called the additive energy of a set,
E(AA) :={(a,b,c,d) € A* : a+ b= c+d}. When the additive energy is o(|A?),
it is easy to see that the sumset has substantial size |A + A| = (| A|). Conversely,
one can have sets where the additive energy is ©(|AJ?), and the sumset still is large
— consider the union of an arithmetic progression and a geometric progression of the
same length. A theorem of Balog and Szemerédi [2] states that any set with large
additive energy must contain some large subset whose sumset hsa size O(|A|). That
is, if F(A, A) = ©(]A]?), then there exists a subset A’ C A such that |A'| = O(]A])
and |A" 4+ A’'| = O(]4']). In Chapter 3, we study an analogue of this theorem which
incorporates the indices of the original set.

If A is contained in a ring R instead of simply a group, we can define the product

set, the quotient set, and the h-fold product set as

AA:={a-d:a,d € A},
AJA ={a/d :a,d € A},

A ={ay-...-a:a; € A}

Usually, one is working in a field (or at least an integral domain), and results about the
sumset carry over in a straightforward manner to the product set. More interestingly,
it turns out that there is some interplay between the behavior of the sumset and the

product set. Consider two examples:



B={2":i=0,...,n—1}.

We see that A + A = {2,...,2n}, and so |A + A| = 2|A| — 1. Similarly, B.B =
{20:9=0,...,2n — 2} and so |B + B| = 2|B| — 1. However, by the prime number
theorem, there are ©(n/logn) primes in A, and hence |A.A| = Q(n?/(logn)?). By
uniqueness of binary representation, |B + B| = ©(|BJ?). Hence, we see that in both
examples, either the sumset or the product set is large. By considering AU B we can
of course have both the sumset and the product set be large, but it seems impossible
to have both sets be small. That is, either the sumset or the product set has size
quadratic in n. Erd6s and Szemerédi conjectured this is always the case. We study
this problem, its generalizations and variants, and its connections to combinatorial

geometry in Chapter 2.



CHAPTER 11

THE SUM-PRODUCT PROBLEM

2.1 Pairs of Sums and Products

In 1983, Erdés and Szemerédi stated the following two conjectures [14]:

Conjecture 1. (Sum-Product Problem) For any € > 0, there exists an ng = no(e)

such that if A C R s of size n > ng, then
|A.A] 4+ |A+ Al > |A]*

Conjecture 2. (h-fold Sum-Product Problem) For any ¢ > 0 and for any h € N,

there exists an ng such that if A C R is of size n > ng, then
IhA] + |A®)] > A,

Although resolution of either conjecture is currently out of reach, there has been

considerable progress on Conjecture 1.

Theorem 3. ([14],/24],[11],[15],[28],[29],[22]) There exists an 0 < ¢ < 1 and an

absolute constant ¢ > 0 such that for any A CR
|A+ A| + |A.A| > c|A|M.

Initially, results were only proven when A C Z. In that case Theorem 3 was
first proved by Erdés and Szemerédi with an unspecified, but fixed value e > 0 [14].
Their method was refined by Nathanson and then Chen who showed one could take
e = 1/31 [24] and € = 1/5 [8] respectively. In the case when one assumes A C R,
Ford used a similar method to prove one could take e = 1/15 [15]. Elekes showed one
could take ¢ = 1/4 in R by exhibiting a beautiful correspondence between incidence

geometry and the sumset and product set [11].



Theorem 4. There exists a ¢ > 0 such that for any finite A C R,
A+ AJJAAL A - A[[AA] A+ A|A/A]|A = A||AJA] = | AP,

Elekes’ proof of Theorem 4 relies on the Szemerédi-Trotter theorem, and hence,
the constant ¢ depends on the so-called Szemerédi-Trotter constant. An incidence

between a point and a line is a pair (p, £) such that p is a point on .

Theorem 5 (The Szemerédi-Trotter Theorem). [30] For any set of points P C R?
and any set of lines L in the plane, the number of incidences between P and L,
I(P, L), satisfies

I(P.L) < e (PPPILP +|P| + |L])

for some absolute constant ¢ > 0.

Originally proved by a complicated combinatorial argument relying on cell de-
compositions in the plane, Szekely simplified the proof by showing that Theorem 5
follows quickly from the crossing number inequality in graph theory. We now prove

Theorem 4 using the Szemerédi-Trotter theorem.
Proof. Let A ={ay,...,a,}. Consider the following sets of lines and points:

El = {y:ai(x—aj):ai,ajGA} Pl :A“‘AXAA

£2 = {y:az(l’—i—a,])a,“a]eA} 7)2 :A_AXAA
1
Ly:={y=—(r—ay):a,a; € A} Ps:=A+AxA/A

a;

1
Ly={y=—(r+a;): a0, € A} Py:=A—-AXA/A

We finish the argument for £; and P;, and the others follow an identical argument.
Since y = a;(x — a;) goes through the points (ay + a;) for all k = 1,...,n, we have
that the number of incidences is at least |A||£4|. Since a; determines the slope, and

a; determines the y-intercept, |£;| = |AJ?, and so

I(Py, L)) > |AP.



On the other hand, by Theorem 5,
I(P1, L1) < c(|JA+ APPIAAPPIAMS 4 |A+ AlJAA| + |AP).

Hence,

3
% < AP — AP < c(|A+ APBJAAPPIAIY? + | A+ A||AA)).

If |A+ A||A.A| is the dominant term, we get a stronger result. Hence,

A 3
% < clA+ AP AAPB| AP

which implies that
AP < |A+ A|JAA

]

This breakthrough on Conjecture 1 was significant not only because it provides an
improvement on the value of € in Theorem 3, but it also interpolates in an intermediate

ground where the sumset or the product set is small.

Corollary 6. There exists a ¢ > 0 such that for any A C R, if |A+ A| (or|A.A|) is

at most |A|'"*0, then |A.A| (or |A 4 Al respectively) is at least |A>/>79.

Elekes and Ruzsa [13] created another geometric argument to prove a best possible

result, up to the constant ¢, when the sumset is small.

Theorem 7. There exists a ¢ > 0 such that for any § >0, if ACR and |[A+ A| <
|A|}0) then |A.A| > |A|>=¢ for A sufficiently large.

Solymosi [28] expanded upon this geometric connection between sums and prod-
ucts and point-line incidences by showing one can take ¢ = 3/11 — ¢ in Theorem 3
for any 6 > 0 given that A is sufficiently large. He improved upon this further a
few years later and showed that one can take € = 1/3 — ¢ [29]. The latter argument
surprisingly avoided the use of the Szemerédi-Trotter theorem despite also relying on

combinatorial geometry.



Theorem 8. For any set A C R,

A|4
A.AA+A22|—.
A-AAT AR 2 grog AN

Up to a constant factor and the power of the logarithm, one cannot prove a

stronger lower bound on |A.A||A + A|*> as seen by taking A to be an arithmetic

progression.

Theorem 9. [16] For A={1,...,n}, |A+ Al =2n—1 and

n?
A Al =
4.4 @(aogn)caoglognw)

—loglog2 1
log 2 log 2 + 1.

where ¢ =

Theorem 8 also provides a significant improvement to Corollary 6 (and to the

constant ¢ in Theorem 7) when one assumes that the sumset is small.
Corollary 10. For any A C R, if |A+ A| < |A|'*?, then

|A|2—26
AAl > ——
A-Al 2 grog AT

Notice however that if one assumes the product set is small and apply Theorem 8,

we do not get any real improvement over Corollary 6. This direction is still open:

Conjecture 11. There exists a ¢ > 0 such that if A C R s sufficiently large and if
|A.A| < JA|YF then |A + A] > |A]<.

There have been a sequence of results towards this conjecture. First, Chang
proved it for integral sets [7], but her technique relied heavily on prime factorization
properties of the integers. When one assumes that |A.A| = O(|A4|), Chang [7] showed
that one can use Freiman’s theorem to deduce that |[A+ A| = Q(]A]?). We remind the
reader that Corollary 6 showed that |A.A| < |A|'*? implies that |A + A| > |A]3/27°.

Shkredov and Konyagin improved this recently [22] to the following.



Theorem 12. If A CR and |A.A| < |A|'*°, then
A+ A > |A]rEe

and

|A+ Al > |AlzF3520,

In the same paper, they were even able to improve Theorem 8 slightly past 4/3

in the exponent.

Theorem 13. If A C R, then
A+ A +|AA] > c|Al3" 5

We now prove Conjecture 11 under the assumption of a certain other conjecture.
This is significant because Iosevich, Roche-Newton, and Rudnev recently presented a

beautiful but flawed argument of the following conjecture [20].

Conjecture 14. Let A CR. Then,
{(x1,...,x8) € AB: mxy — T3y = T5T6 — rrxs}| = O(|A|6 log | Al).

Proposition 15. If Conjecture 14 s true, then there exists an absolute constant c
such that for every 0 < € < %, there exists an n € N such that if A C R is sufficiently
large with |A.A| < |A|'T¢, then |A — A| > cimms |A|2|AT)E Equivalently,

5
A—A A.A3>CL.
A= AllAAR = e T

Proposition 15 is almost a dual to Theorem 8. It would be interesting to see if

one could in fact prove such a dual.

Conjecture 16. If Conjecture 14 is true, then there exists ¢,d > 0 such that for
every 0 < e < 1 5, if A C R s sufficiently large, then

Al

A—A A.AZZC—.
A= AllAAR 2 e 1Ay



Proof of Proposition 15. Let A C R be a finite set such that |A.A| < |A]'*. Letting
r(z) = |{(a,b) € A% : ab = z}|, we have that

Y ) =14P

T€A.A

and

> r(@)’ = Ex(A) = [{(a,b,¢,d) : ab = cd}|.

T€A.A

By a dyadic pigeonhole argument, there exists a ¢t € {0,...2log|A|} such that

A 2
> g )

z€A. Ar(z)€[2¢,2tH1]

Let C:={(z,y) € Ax A:r(xy) € [2/,2"1)}, and let D := {zy : (z,y) € C} C A.A.

Note that (1) is counting the size of C, so |C| > A%'TA'. Observe that
A <101= 3 vty < 2. 2)
2log |A| — -

zeD

Since D C A.A, and |A.A| < |A|'™¢, we get that

t > ’A‘l_e
~ 4log |A

Now, let I, := {(a,b) € C': ab € wA}. We have that

Z]Iw] :ZZ]{(l’,y) € C:ay=dewA}.

weA weA deD

Switching the order of summation, we get that

:ZZ]{(az,y)eC:xy:dewAH-

deD weA

Observe that this is equal to

=> H(x,y) € C:ay=d}* > 27|D|.

deD

So,

4-2%|D)
Eu(|ly|) > ——. 4
(1) > =3 g



Let
. 4 . _ .
Juw = {(x1,29,...,28) € C" 1 ;19 — X314 = T5X6 — T7xs; T1T2 € WA}

We will use Conjecture 14 applied to A to give an upper bound on E(|.J,|). First,
note that

Z | Jw| = Z Z {(@1,...,28) € C': mywy € WA; 2129 — T3y = T5T6 — L7}
weA weA (1‘1,1‘2)60

Again, changing the order of summation,

Z ZH T1,...,28) € C: w11y € WA; 31Ty — D374 = T5T6 — T7A8 )]
(xl xg)ECwEA
= Z H{(xq,...,28) € C*: x11y — T324 = T5T6 — xrxg}| - r(x1ms)
(z1,22)€C

< (21, .., w8) € O s wyy — w3y = w506 — w75} 2 < |A[ log | AJ2"

by Conjecture 14. Thus,
E(]J,]) < |A]P2" log | A|. (5)

We will show that for some w € A,

‘ ’2—36
(log [A])®

The theorem will quickly follow once this is established.

[Lu[* > | Sl (6)

For a contradiction, suppose that for all w € A

| |273e

(log |A])®

ol < 2= msg ol

If this is true, then
2 e

> < s sl

Using Holder’s inequality on the left sum and (4), we get that

L) _ 2|t
]u) 4 > (Zw| w )
2l 2 2= >

w

10



On the other hand, using (5) we have that

A|2 3e |A|8 362t log |A|
L|* < C' T
2 Mol < Gog pare 2 el < g

Thus, we have that
28t’D‘4 ’A|8—362t
AP (log |A])T

However, using (2) and (3) on the left side of this inequality gives us a contradiction
for an appropriately chosen constant c. Thus, we may assume there exists a w such

that (6) holds. For such a w, let
G =1, x I, = {(x1, 79, 73,74) € C% : 2129 € WA, 1374 € WA}

and

n(s) := |{(z1, 22, x3,24) € G : 1129 — T374 = S}|

and let
S :={s: There exists (z1, %2, r3,24) € G : 109 — T374 = S }.

Then, we have that by Cauchy-Schwarz

Sonior 2 g

seS

On the other hand,

log | A])®
(e < Ml < It SRS

sES

Note that |G| = |I,,|?, so combining the above two inequalities, we get that

|A|2—3€
(log |A])®

Lastly, observe that |S| < |A— A| since for each s € S, s = wa; —was = w(a; —ay) €

w(A — A). O

11



2.2 Combinatorial Geometry

As shown in the proof of Theorem 4, results in combinatorial geometry can have a
significant impact on sum-product theorems. In fact, Elekes’ treatise [12] contained
many connections between combinatorial problems on points and lines and additive
combinatorics. Amirkhanyan et al [1] demonstrated — not for the first time — that
the relationship is reciprocated by using additive combinatorial tools to prove the

following geometric theorem.

Theorem 17. [1] For every e > 0, there exists 0 < § < e such that for sufficiently
large n = n(e, ) the following holds: if A C R has size n, then every set of at least
n¢ lines in R?, each of which intersects A x A in at least n' =0 points, contains either

two parallel lines or three lines with a common intersection point.

A variant of this theorem was conjectured in Elekes’ treatise. The conjecture was
attributed to Solymosi. We say a set of lines is in general position if no two are

parallel and no three intersect at a point.

Conjecture 18. For any ¢ > 0, if there exists a set of lines, all of whom contain
at least ¢N points in an N x N Cartesian product, then at most d = d(c) can be in

general position.

Although clearly Theorem 17 and Conjecture 18 are related, Conjecture 18 is still
technically open. It seems possible to perhaps use the techniques in the proof of
Theorem 17 to prove Conjecture 18 directly. One of the main lemmas used in the
proof of Theorem 17 is the following reduction which we prove here. We say a line is

k-rich in a set of points P if it contains at least k£ points in P.

Theorem 19. For every € > 0, there exists 0 < § < € such that for sufficiently large

n =n(g,0), the following holds:

12



If A C R, |A| = n, then every set of at least n'~¢ lines in R?, each of which
intersects A x A in at least n'=° points, contains either two parallel lines or C =

C(e) > 0 lines with a common intersection point.

First, we will prove Theorem 19; then, we will prove that Theorem 19 implies
Theorem 17. A key idea in our proofs is that we can combine rich lines in a grid in
a natural way in order to to get more. However, the number of rich lines in a grid is
bounded, and after several iterations, we obtain structural properties on the sumset
and product set of the grid. Function composition is the natural group action on
lines; however, our action will be slightly modified so that (f,g) — f~'og. We define
the operation * by f* g = f~'og. Given two sets L, L' of n'~°-rich lines, we would

like to consider the set of lines f * g which retain a large amount of richness in A x A.
LxL:={fxg:f,ge€Land |fxgn(AxA)|>n"%/2}. (7)

A priori, one may have that L * L does not contain many lines compared to L — why
should f * ¢ contain many points in A x A? However, the following lemma shows that

this is not the case since the x operation preserves richness.

Proposition 20. Let A C R, and let L be a set of lines y = ax + b such that each

line in L is n'~%-rich in A x A. Then for at least 2'?; pairs of lines f,g € L, f*g is

1—26 . .
n rich in A X A.

2

We need the following combinatorial lemma. Let A C R be a set of size n.

Lemma 21. Given sets Ay, ..., Ay C A such that |A;| > n'= foralli=1,... k, we

must have at least 22% pairs (A;, Aj) with |A; N A;| > %725

Proof. Let B = {(i,7) : |Ai N Aj| > %%} For a contradiction, suppose that

k2
|B| < oworE

13



Then,

1,

(i,7)€B (i,5)eB°
kZ n1725
<n-—+k*-
monm T 2
< k*n'=%,

However, letting d(z) := |{i € [k] : © € A;}|, we have by Cauchy-Schwarz

2

2
DN A=) d(x) > <n1/2 Zd(@) =n | DA =k
i, €A z€A

i€[k]

which is a contadiction. O
Now, we prove Proposition 20.

Proof. For each f € L, let Xy :={z € A: f(z) € A}, and similarly Y; := {y € A :
f7'(y) € A}. Observe that Xy = Y;-1. Thus, for f,g € L, if |Y; NY,| > %%, then

1-26

flog=fxgis "5—richin A x A. Apply Lemma 21 to all the sets X, and the

result follows. 0

We need the following deep and technical theorem from [1] as well as its corollary.
A set of lines forms a star family if there is a single point p that is contained in every
line in the family. A set of lines is in near-general position with star families bounded
by C'if no two lines are parallel and any star family has size at most C'. Roughly
speaking, the following theorem says that not only does the % operation preserve

richness, but it also preserves the property of general position to an extent.

Theorem 22. [1] For all 0 < ¢ < 1, there exists 0 < oy < € such that for all
0 < a < ag, there exists 0 < 0y < a such that for all 0 < 6 < 0y and for finite sets A
with |A| = n sufficiently large, the following holds:

If L is a set of at least n® lines in near-general position (with star families bounded

by some constant C' = C(e,a) > 0) which are n*~°-rich in A x A, then:

14



(i) If L L contains a family P of parallel lines, then |P| < 2|L* L|n*/|L|.
(i) If L * L contains a star family S, then |S| < 2C|L  L|n*/|L|.

(11i) If Py denotes the set of lines in L x L with common slope A, then |Py| > n® for

at most n® numbers \.

() If S, denotes the set of lines in L x L with common meeting point p, then

|Sp| > n® for at most n® points p.

Corollary 23. For all0 < € < 1 there exists 0 < ag < € such that, for all0 < a < «y,
there exists 0 < 0o < « such that for all 0 < § < &g and for sufficiently large n, the
following holds:

Let A CR be a finite set with |A| = n, and let L be a set of at least n® lines which
are all n*=%-rich in A x A. If L contains no parallel lines and all star families in L
are bounded above in size by C' = C(e, ), then there exists a subset R C L * L such

that

e |R| > |L|n= for some absolute constant c,

e R contains no two lines which are parallel, and

e at most k = [e/a] lines of R pass through any given point of R?.
2.2.1 Proving Theorem 19, the Weakened Theorem

Using Corollary 23, we are now ready to prove Theorem 19. A major tool used will
be the commutator graph, which we draw from [12].
Let A C R, let § > 0, and let L be a set of n'~%-rich lines in R%2. The commutator

graph on L is the graph G = (V, E), where

V(G)=L*LUL ' L*

15



(with the minor change that we require minimum richness only n!= for each line in

LxLand L™ % L™') and

={f*g 97" xf "} flge L, fxgeLxLgt«f el xL"}.

We draw attention to the fact that the lines f * g and ¢g~! * f~! have the same slope.

Hence, any edge of the commutator graph is between two parallel lines.

Proof of Theorem 19. Let € > 0,let 0 < § < ¢, and let A C R with n = |A| > 0.
Suppose for a contradiction that L is a set of at least n!~¢ lines, all n'~%-rich in A x A4,
and that L is in near-general position with star families bounded in size by a constant
C > 0 independent of n. Consider the commutator graph on L.

If |V(G)| > n'** then we contradict Theorem 5, so let us assume that |V (G)| <
!t We claim that |E(G)| > n27%. If this is true, then there is a vertex with
degree at least |[E(G)|/|V(G)], so there is a connected component (corresponding to

1-106

a set of parallel lines) of size n , in contradiction with Theorem 22(i).

Let S(f) = X(f) x Y(f) for each f € L. By applying Proposition 20 to the

collection of sets S(f), where each set S(f) has size at least n?~%

, we must have at
least n2749/2 > n?7% pairs S(f), S(g) with [S(f) N S(g)] > n?7%9/2 > n?>~°. Note
that for any sets Aj, Aa, A3, Ay, (A1 X A3) N (Ag x Ag) = (A1NAy) x (A3NAy). Thus,
since |S(f) N S(g)| = n*7, we have |X(f) N X(g)] = n'™ and |Y(f)NY(g)| >
n'=% . Thus, we have at least n?>~%° pairs f,¢g € L such that f * g and ¢! % f~!
each n'~-rich.

Let f;, g; denote the lines such that P, := {fi * g;,g; ' * f; '} is a pair of n'=>
rich lines. Given an index i, f; and g; intersect at a unique point (x,y); it then
follows that y is the unique fixed point of f; x ¢g; and x is the unique fixed point of
g; ' * f71. Suppose there were 2C + 2 indices iy, ..., isco such that P, = P, for all

1 <7,k <2C + 2. Then there would exist C'+ 1 indices i, ..., 1

Yiet

such that

P — —_— . . _1 _1 T e e e T —1 —1
fin i, == ficir * Gic,, and 9i;, * fij1 = = Gics * fig,y-
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Since for each 1 < k < C' + 1 there is a unique (z,y) such that fis, * i, (y) =y and
9, kl * fi;:(x) = x, it follows that f;; and g;; all intersect the point (z,y). Since the
fijk * gy;, Must all have the same slope and L has no parallel lines, we cannot have

that f;; = fij,; for k # k' or else Gis, = iy well, contradicting distinctness of the

pairs. Similarly we must have g;, # g;, for k # k'. The collection
Tk

must therefore contain at least C' + 1 distinct lines (a single line may appear as an
fi, at most once and as a g;; at most once). But then we have a set of more than
C' concurrent lines at (x,y), contradicting the hypothesis that L is in almost-general
position.

Thus, for each edge e, there are at most 2C + 2 pairs {f; 0 g; ', g; ' o f;} equal to

e, so the total number of edges in G is at least n>7%°/(2C + 2) > n* % yielding a

contradiction with Theorem 22(i). O

We remark that taking § < ¢/12 is sufficient for the proof to go through.
2.2.2 The Weakened Theorem Implies the Strong Version

For ¢ € L x L, let P(¢) be the set of all pairs (f,g) € L x L such that fxg=¢.

Lemma 24. For all 0 < e < 1, there exists 0 < ag < € such that, for all 0 < a < ),
there exists 0 < 0y < « such that for all 0 < § < 0y and for sufficiently large n, the
following holds:

Let A C R have size n, and let L be a set of at least n® near-general position lines,
all of which are n'~%-rich in A x A. Then there exists a set L' C L x L such that L’

is a set of lines in near-general position, |L'| > |L|n=°** and for all ¢ € L',

L[

>
POl 2 3 L % L| n®
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Proof. Let
S:={(f,g) € LxL: fxgisn'®rich}.

By Proposition 20, |S| > |L|* n=3. Let

L2
T:= {(f,g) €S:|P(frg)l < 2|L‘*—|L,ng,5}

If |T'| > |S| /2, then we obtain an absurdity:

1 1 1
LeLl= 2 Bl = 2 PUral T 2= PUeg)

(f,9)es (f,9)eS\T (f,9)eT

2|L % L|n*
S\T|+ —"——F—
IS\TI+ ==

1
— |T| > |L* L.
L]

Thus, |S\T| > |LI*n3/2 > |Ln%. Letting L' = {f g : (f,g) € S\ T}, we
then have |L'| > |L|n=%. Apply Corollary 23 to deduce that L’ contains a subset of

|L| =524 lines in near-general position. O

Proposition 25. Theorem 19 implies Theorem 17.

1—

Proof. Let L be a set of n¢ lines in general position, all of which are n'~°-rich for some

L**| n®* for all k up

0 > 0 to be chosen later. Fix a < ¢, and suppose ’L*(k“)‘ >
tom = |2/a]. (By Corollary 23, we may further assume that L* is in near-general
position for all j < k at the cost of a factor of n?® each iteration.) Redefining ¢ if

necessary, we can take 1 — 4 -5 > 0. For sufficiently large n, we then have

L*(m+1)| > n6+ma > n2.

But this violates Theorem 5, so such an m cannot exist. Therefore there exists
k < 2/a such that

‘L*(k+1)| < |L*k| n5a.
In this case, let L' = L** for the smallest such k (such that the above inequality would
now read |L' x L'| < |L'|n®), let o/ < ba such that o < e, let N = |L'|, and choose

§" < 5%§ such that ¢ < «'.

18



By applying Lemma 24, we can restrict our attention to a subset L” C L' x L' of

size at least Nn =24 guch that all lines in L” are in near-general position and, for

all ¢ € L,
S N? S N N
) |L/ % L/| n35’ — 2n5a+36’ > Qna’+36’

P(0)]
If /is a line in L”, then ¢ = f x g for some f,g € L'. We will then have at least

1 ! ! 1 ! ! !
E |L”’ (ana —46 )2 Z ENSnfE)a —86 > N3n76o¢

solutions (f, g, f',¢') € L x L x L x L to the equation

fx f(0) = g g(0) (8)

(The factor of 1/C comes from the fact that L” is a set of lines in near-general position,
so at most C lines will share a y-intercept.)

Now, fixing f’, ¢’ in (8) and letting f, g vary, we can interpret (8) as the line f/'x¢’,
where the x and y variables are the y-intercepts of f and g. Letting B be the set
of y-intercepts among lines in L”, we may interpret the above count of solutions to
(8) as stating that many of the lines f’* ¢’ are Nn~"®-rich in the new grid B x B.
Indeed, let

S:={(f.d) e L' x L': f'x ¢ is Nn ™ rich in B x B},

and let p(f’, ¢’) denote the number of points that f’ x ¢’ intersects in B x B. Then,
for a contradiction, assume |S| < N2n =8, This implies the absurdity:
Non~=0 = 3" p(f )+ D> p(fg) < IS|IB]+[S(NnT™) <
(f".9")es (f.9")€se

|S| Nn® + (N? — |[S|)Nn™™ < |S| Nn® 4+ N30~ < aN3p ™ <« N3n =6,

(Note that this requires N > n* which is satisfied provided o/ < ¢ because N >
nf.) Thus, |S| > N?n=% and that implies that we have at least Nn =% lines that

are all Nn~"-rich in B x B. Moreover, since L’ is in near-general position, we may
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extract a set of lines from S * S that are in near-general position, and this set has size
at least Nn=1%". However, this is in contradiction with Theorem 19, since SxS is a set

of N'™7-rich lines in near-general position for some v > 0, and |S * S| > N7, O

2.3 Multifold Sums and Products

Progress on the h-fold version of Erdés and Szemerédi’s conjecture has been much
slower. Essentially the only real progress towards Conjecture 2 is the following theo-

rem of Bourgain and Chang that only holds for sets of integers.

Theorem 26. [/] For every b > 0, there exists and h € N such that for any A CZ
[RA|+|A®] > A

One can take b to be on the order of (logh)'/* — far from the conjectured bound
of ©(h). This result relies heavily on analytic estimates that only hold over Z, and
it is still open whether Theorem 26 holds over R. Generalizations of the geometric
approach used in the 2-fold sum-product conjecture have typically resulted in bounds
where b is bounded, not an unbounded function of h. Theorem 26 was a generalization

of techniques introduced by Chang who first proved the following weaker theorem.

Theorem 27. [6] For any h € N, there exists a K = K(h) > 0 such that if A C 7Z
and |A.A| < K|A|, then
[RA| > c(K, h)|A]".

A significant shortcoming in Chang’s approach is the dependence of ¢(K,h) on
K. The conclusion of Theorem 27 becomes trivial when K is taken any larger than
log |A| due to Chang’s use of Freiman’s Structure Theorem. When |A.A| is very close
to |A|, Freiman’s Structure Theorem provides a precise characterization of A — that it
is a large subset of a geometric progression — which allows one to analyze the nature

of the h-fold sumset.
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A second shortcoming in Theorem 27 is that it only holds for integral sets. Several
years afterward, Chang was able to remedy both shortcomings individually. By an
ingenious use of the Subspace Theorem, Chang proved that Theorem 27 also holds

for real-valued sets.

Theorem 28. [7] For any h € N, there exists a K = K(h) > 0 such that if A C R
and |A.A| < K|A|, then
hA] > (I, )| A"

Additionally, Chang proved a version of Theorem 27 that allowed one to take K

to be up to a small power of |A|.

Theorem 29. [7] For any h € N, there exists an € > 0 such that if A C Z and
|ALA| < |A]YTE, then
[hA| > A"

where 0, — 0 as € — 0.

Proving a real-valued version of the Bourgain-Chang theorem has been a major
research goal in this area. Hence, one might try to prove a real-valued version of

Theorem 29 as a first step.

Conjecture 30. For any h € N, there exists an ¢ > 0 such that if A C R and
|ALA| < |A|*TE, then
[RA| > | AP0

where 9, — 0 as € — 0.

Croot and Hart used the Szemerédi Cube Lemma to prove a weaker form of

Conjecture 30.

Theorem 31. [9] For every h € N there exists an € := € (h) such that the following

holds: for any 0 < € < €, there exists an ng := ng(e, h) such that if A C R is of size
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n > ng and |A.A| < |A]MTE, then
|hA| > |A|910gh/2*fh(€)
where ¢ is an absolute constant, and fr(€) — 0 as € — 0.

A similar theorem was also proved by Li [23] who generalized Solymosi’s geometric
approach to Theorem 8 to multifold sums by a clever induction argument. Konyagin
[21] proved this theorem in yet another way, but neither i nor Konyagin could
improve the exponent to a super-logarithmic function. However, in the same paper,
Croot and Hart were able to get a polynomial function in the exponent when one

considered h-fold sums of A.A.

Theorem 32. [9] For every h € N there exists an € = €(h) > 0 such that the following

holds: there exists an ng := ng(e, h) such that if A C R is of size n > ng then
\h(A.A)| > |A’Q((h/logh)1/3).

A key ingredient to Theorem 32 is a corollary to the Tarry-Escott problem as
well as combinatorially finding geometric progressions in sets with product sets of
size |A|'*°. Expanding upon this idea with several technical combinatorial lemmas
involving graph theory, dependent random choice, Ruzsa calculus and other additive

combinatorial tools, we prove the following strengthening of Theorem 31.

Theorem 33. For any h € N, there ezists an € = ¢(h) > 0 such that the following

holds: there exists an ng = ng(e, h) such that if A C R is of size n > ngy and
|ALA| < |AJ'TE, then
|hA| Z |A|cexp\/ﬁlogh

for some absolute constant c.
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2.3.1 Layout and Notation.

In Section 2, we list some well-known additive combinatorial results that we will
need. We also include several lemmas that are directly from [9]. For completeness,
we include the proofs of these lemmas. In Section 3 and 4, we prove new, key lemmas
that we will need to prove Theorem 33. Section 5 contains the proof of Theorem 33.
In addition to the notation introduced in the beginning, we define the difference and

quotient set as follows:
A-—B:={a—-b:acAbe B}

A/B:={a/b:ac Ajbe B\ {0}}

All sets are assumed to be finite subsets of R unless indicated otherwise. The additive

energy F(A, B) is defined as
{(a,b,a', b)) e Ax Bx Ax B:a+b=d +1V}|

We say that f > ¢ if ¢ = O(f) and f > g if f(n) > c(k)g(n) for n sufficiently
large. We say that a polynomial p(z) vanishes at x = a to order j if x = a is a root
of order j but not j + 1. All graphs are finite and undirected. For a graph (G, E),

A(G) denotes the maximum degree of G. We will abuse notation and denote |G| as

V(G)].
2.3.2 Lemmas and Known Results

The Pliinnecke-Ruzsa inequality is ubiquitious in additive combinatorics and will be

needed in our proof.

Lemma 34 (Plinnecke-Ruzsa Inequality). [25/[/31] Let A be a subset of a finite
abelian group such that |A+ A| < c|A|. Then, |kA — (A| < cFH| Al

We will also need the following lemma which exists in many different forms ([31],

Chap. 2).
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Lemma 35. Let X,Y CR. Then,

RYY
(X -X)n{y -Y)|

IX+Y|> |
In particular, if (X — X)N (Y —=Y) = {0}, then | X +Y| = |X||Y].
Proof. The additive energy of X and Y can be bounded from above by
EX)Y):={(x,2,y,y) e X x X XY xY :x+y=2a+y'}|

=z, 2"y,y) v =2 =y =y}

- Z ‘{($,$,7y,y'):x—x’:t:y_y/H

teX-XNY-Y

<X =X)n ¥ =Y)||X][[Y]

On the other hand, one can use Cauchy-Schwarz to bound the additive energy from

below:
(XY
E<X7Y>: |{({L‘,y)€XXYCC+y:S}|QZ—
SEXZ+Y |X + Y|
Combining the two inequalities proves the lemma. O

We will use several lemmas from [9] whose proofs we include for completeness.

First, we state a result of Wooley on the Tarry-Escott problem [32].
Theorem 36. For every k > 3, there exists two distinct sets
{al,...,as},{bl,...,bs} g Z

such that for all 7 =1,... k
LW
i=1 i=1
but
Soaktt 3t
i=1 i=1

Moreover, s < (5/8)(k + 1)2.

We will need a useful corollary of this result.
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Corollary 37. For all k > 2, there exists a monic polynomial f(z) having coefficients
only 0,1,—1 having at most 2k* nonzero terms such that f(x) vanishes at x =1 to

order exactly k.

Proof. For k = 2,3, verify the corollary by hand by considering (z — 1)(2? — 1) and
(x — 1)(z* = 1)(z* — 1). For k > 4, we use Theorem 36 as follows. Note that for
k > 4, we have that k* > (5/8)(k + 1)%. Apply Theorem 36 to get two distinct sets
{a1,...,as} and {by,...,bs} with the properties stated in the lemma. If these sets

are not in Zsq, then let a := min{ay, ..., as, b1, ...,bs} otherwise, a := 0. Let
S
flx):=a7¢ Z g% — gl
i=1

Since the sets are distinct, it is clear that the polynomial is monic, has at most 2k?
nonzero terms, and only has coefficients 1, and —1. To see that f has the correct
order of vanishing at x = 1, we use the fact that f vanishes at x = 1 to order exactly
k if and only if f and its first k£ — 1 derivatives vanish at x = 1, but the kth derivative

does not. Let 1 < ¢ < k — 1. Consider the ¢th derivative of f evaluated at z = 1:

s

=Y ai = bt g (@ =) g (@i — b))+ go

where g; is some constant depending only on ¢ and a. Since the a;, b; satisfy the
conditions of Theorem 36, the fth derivative is equal to zero if 1 < ¢ < k — 1.

Moreover, the kth derivative of f at = 1 then simplifies to

s

FO) = af = b #0.

i=1
So f has a zero at x = 1 of order precisely k. m
Lemma 38. For every k € N, there exists an ng = no(k) such that if A C R is of
size n > ng and no dyadic interval [x,2x) contains more than s elements of A, then,
|AJ*

A
|EA| >

sk
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Proof. Without loss of generality, we may assume half the elements of A are nonneg-
ative, else, replace A with —A and repeat the proof since |kA| = |k(—A)|. Denote

the nonnegative elements as A" := {a; < ... < ay}, and let
B = {ags, ays, ags, - - - ,am%”s}.
Now, consider kB. Suppose
bi+...+b,=0b+...+0. (9)

for some by < ... < by, b) < ... <V, € B. We claim that this implies b; = b for
alli=1,...,k. Let t € {1,...,k} be the largest integer such that b, # b,. Without
loss of generality, if b, > b}, then in fact b; > 2b, since they belong to nonconsecutive

dyadic intervals. Moreover,
b+ . b+, <V +b, <b <b+...+b.
Hence, all the sums b; + ...+ by are unique, and so

A"

B A
|kA| > |kB| = 18] >k |B|k > —.
k sk

Let C CR. We call Cy,...,C k1 a decreasing partition of C' if
k—1
c=Ja

i=0
and for any distinct 4, j € {0,...,k —1}, if i < j, then |¢| > |d| for all c € C;,d € C;.
Lemma 39. Suppose that C' C R — {0}, and let

1=00>0;>...> 0,1 > 0.

Moreover, suppose that C' has the property that for any ¢ > d € C,

c 0;
s ol 1
a7 (10)
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foralli=1,... k—1. Then for any decreasing partition Cy, ...,Cx_1 of C, we must
have that the sums

6050 + 6151 + ...+ ck_lék_l
are distinct for all (co,c1,...,c5-1) € Co x Cp X ... X Cl_q.

Proof. Suppose

k—1 k—1
D abi =) o (11)
1=0 =0

where ¢;,¢; € C;. Let j be the smallest integer in {0,...,k — 1} such that ¢; # c.

Hence, we need only consider

k—1 k—1
i=j i=j

We will now derive a contradiction proving no such j exists and so (11) only holds
when ¢; = ¢ for all 4. For a contradiction, suppose ¢; > ¢;. Dividing by c}d; on both

sides and rearranging, the sum becomes

G-y a-ald
¢ S ¢ 0
By (10), this implies that
k-1
C. — C; 5@ 6
Z L S . 5— > ij(s—ﬂ
i G J J

On the other hand, since the C; form a decreasing partition,

/

/
Cj

<2

for all i > j + 1. Also, since 641 >y >0 forall £ > j +1

o < 0541

0j 0

So we get a contradiction since this would imply

kzi C; — C; 61
c. (Sj

i=j+1 J

< Qk(sji.
dj
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2.3.3 Finding a Long Geometric Progression in A/A

The following two lemmas are variants of Lemma 2 in the work of Croot and Hart
[9]. The first one is a repackaged version of the main idea in [10] which allows one
to combinatorially find long progressions in difference (or quotient) sets. The second
lemma builds upon the first by taking (N +1)-tuples and showing that one can project

them in a way that satsfies properties we will need later on.

Lemma 40. For any ¢ > 0 and any integer N > 2, there exists a 6 = §(e, N) > 0
such that if B C A C R with |B| > |A|°, |A.A| < |A|*¢, and A sufficiently large,
then the following holds. There ezists o« € R and 8 € B/B\ {1} such that there are

at least |A|NT2-TN* quples (a,yo, ..., yn) € ANT2 such that
ay;f' € aA
forallt=0,... N.

Proof. Let ¢ > 0, N € N, and let § = 7eN?. Let B C A C R be such that
|A.A| < |A]**€ and |B| > |AJ]°. Consider the following set E:

{<b17b27a17a27uvv7y07 - YN, 20, - - 7ZN) € B2 X A2N+6 : UCleiZZ' = ua2b;yl}
For a vector t = (tg,...,tx) € A®) x AW x AN+ et
r(t) = [{(b,v,a,z2,...,2x) € Bx AN vab'z; =t; fori =0,...,N}|.

Note that here is where we use the fact that B C A in order to assume that vab’z; €

AG+3) Now, one can use the Cauchy-Schwarz inequality to bound the size of E:

Bl — . ) S |B|2|A|2N+6
= Et:r( "2 A A A

By the Pliinnecke-Ruzsa inequality, since |A.A| < |A]'*¢, we then have that for all 4,
|A®| < |A]**. Thus, for N > 2,

|E| > |B|2|A|N+5—e(3+4+...+N+3) > |B|2|A|N+5—66N2.
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We call a tuple in F trivial if b; = by since this would lead to # = 1. The number of
trivial solutions in E is at most |B||A|¥*5. Hence, for our choice of § = 7eN? and A

sufficiently large, the number of nontrivial solutions is at least
‘BIQ‘A’NJ&)*GGNQ i ‘BHA|N+5

By the pigeonhole principle, there exists a (b, by, u,v,a;) € B% x A® such that there

are at least

1

_6eN?2 _7eN2
|B|2|A|3 (|B’2|A|N+5 6eN° |B||A|N+5> > |A|N+2 TeN

tuples (az, Yo, - - -, YN, 20, - - -, 2n) such that for i =0,..., N
valb’izi = anbéyi.
Rearranging the above, we get that

u bg ‘
Zi = Q2—— | 7~ | Vi
vay bl

Letting o = “* and 6 = Z—f proves the lemma. O]

Lemma 41. Let N,/ € N, € > 0 and let ¢ = 20M°% N1 There exists an ng =
no(N, ¢, €), § = 0(e, N) such that if A C R is of size n > ng then the following holds.
If |A.A] < |A|YFe, then for any B C A with |B| > |A]° there exist Yy,..., Yy C A

such that
1. |Yz| > |A|1—O(ecN4)‘

2. For any collection of subsets Y, C'Y; satisfying |Y/| < ¢ there exists an a € R,
0 € £\ {1}, and an A’ C A of size at least \/|A] such that

ay;f' € aA

forallae A', y; €Y/, i€{0,...,N}.
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We first need a graph theoretic lemma. It is a slight variant of a lemma found in
the excellent survey by Fox and Sudakov about the technique of dependent random
choice [17]. For a graph G and T' C G, let I'(T") denote the set of common neighbors

of T'; that is, the set of all vertices adjacent to every vertex in 7.

Lemma 42. Let v,m,r € N. Let G = [X,Y] be a bipartite graph with |E(G)| edges.

If there exists a t € N such that

s~ (1) (50) =

then there exists a set of vertices in'Y of size v such that every r of them have at

least m common neighbors.

Proof. Let T'C X be a set of t vertices chosen uniformly at random with repetition.
Let T'(T") denote the set of common neighbors of T, and let Z = |['(T")|. Then, by

linearity of expectation and Hdélder’s inequality

(|N<y>|)t . _E@)

E(Z)=> P(TCN(y) =) X[ ) S IX[Ey e

yey yey

Now, let W be the random variable associated to the number of sets of r vertices in
['(T) with less than m common neighbors. We want W to be small so that we may
modify all these deficient sets and prove the lemma. First, if a set S C Y is also a
subset of I'(T), then S is adjacent to every vertex in 7" by the definition of common
neighborhood. Hence, the common neighborhood of S, T'(S), must contain T. The

probability that we chose only elements from I'(S) when we chose T is

(IF(S)I)t
| X|
Moreover, there are at most ('f') such sets S if S has size r. Hence, the expected

number of sets of r vertices in I'(T") with less than m common neighbors can be

= (59 (1) ()
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Therefore, there exists a choice of T such that

B@F (VN [ m)
— N e Sl B — ) >
2= v~ e ) Uxp) 2

Let T be chosen such that the above holds. For each set S C I'(T") of size r with less
than m common neighbors, remove a vertex arbitrarily from S. After this process,
[(T) still has at least v vertices left, and every set of size r has at least m common

neighbors. O]

Proof of Lemma 41. Apply Lemma 40 to get an o« € R and a b; > by € B such that

there are |A|N+2-7N* tuples

T:= (a7y07 S 7yN) S AN+2
such that

aayd' € Afori=0,...,N (13)
where § = by /by. Let G[X,Y] be the bipartite graph defined by X = A, Y = AN*L,
and edges defined by the set T'. Observe that for any constant r depending only on
¢ and N there exists a t and an € such that if A is sufficiently large, then

| AJ{(N+2-TeN?) B | AN+ |AJt/? N |A|N+1—7etN2 . |A‘T(N+1)—t/2
AT AT A )=

r

> %’A|N+1—7etN2.

In particular, one may choose t = 2r(NN + 1). Hence, we may apply Lemma 42 with
vy = LANTI=2aN iy = |A|V2 and 7 = ¢(N +1). Let Y C Y denote the set found
by Lemma 42 with the specified property.

Each vertex v € Y is associated to a corresponding (N +1)-tuple; fori = 0,..., N,
let Y; be the projection of Y’ onto the ith coordinate axis. One can see that |Y;| >
| A|1=OeN") - Consider an arbitrary collection of subsets Y/ C Y; satisfying |Y/| < c.

Let y;; € Y/. Our goal is to show there is a fixed set A’ C A of |A|'/? elements such

that (13) holds for all y; j, a € A", i ={0,...,N}.
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Since y; ; € Y/ C Y, there exists a corresponding (N + 1)-tuple
(UQ,Ul, v Ui—15 Yigy Wit 1y - - - ,UN) cY’.

For each y; ;, arbitrarily choose such a tuple in Y’, and denote the tuple as v; ;. Let
V' be the collection of all such v; ;. So, letting |V| < ¢(N + 1) be the constant r in

1/2

the application of Lemma 42, we can conclude that there is a set of |A|'/* vertices

in X adjacent to every vertex in V. Let A’ be this set of |A|'/? vertices. Hence,
there is a set of |A|'/2 elements such that for any y;; € Y/ (13) holds for all a € A4’,

ie€{0,...,N}. O
2.3.4 Intersections of Multifold Sumsets

We now prove the following lemma that gives us information when lots of multifold
sumsets intersect trivially. This lemma is what introduces a significant amount of
loss in the strength of our overall bound in Theorem 33 — that is, it is the main

obstruction in improving the exponent exp(cy/logh) to some fixed power of h.

Lemma 43. Let ACR and (,t € N. Let A; C A fori=1,...,2" be such that

2t
() f(t,0)ee D A — f(t,4)e00D A; = {0}
i=1

Then, if |A;| > n, then there exists ani € {2,...,t + 1} and an j € {1,...,2'} such
that
(671 + (YA > ns |0 A,

The functions f and ¢ in the above lemma are defined as follows. For a € N,

b=1,...2% define f(a,b) recursively as follows:

1) =1, f(1,2) =2,
fla,2b —1):= fa—1,b);b=1,...,2°7" (14)

f(a,2b) :==2f(a,2b —1) =2f(a —1,b);b=1,...,2°7" (15)
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For the benefit of the reader, we list the first few values of f(a,b):
F(L1) =15 £(1,2) =2
F2.1) = 15 £(2,2) = 2 f(2.3) = 2 f(2,4) = 4
F3.1) = 15 £(3,2) = 2 £(3.3) = 2 /(3,4) = 4
F(3,5) = 2 f(3,6) = 4; £(3,7) = 4 f(3,8) = 8

Observe that

f(a,b) = 2* for some k < a. (16)
Denote ¢(a,b) :=log, f(a,b) + 1. Observe that by (15),
g(a,20) = g(a,20 — 1)+ 1 (17)

and by (16),
g(a,b) <a+1. (18)

The following covering lemma, which is potentially of independent interest, is the

main tool in proving Lemma 43.

Lemma 44. For any X,Y in an abelian group G and any integer 1 < K < /| X]|,

there exists an X' C X such that either
L | X|>Kand X' —X'NY =Y ={0}, or
2. 1x") > Bl apd X' — X' C 2v -2V
This follows quickly from the following graph theoretic lemma.

Lemma 45. For any graph G and any 1 < K < /|G|, G contains an independent

set of size at least K or a vertex of degree at least |G|/ K.

Proof. If G has a vertex of degree at least |G|/ K, we are done. Hence, the maximum

degree of G, A(G) is less than |G|/K. By the greedy algorithm, we can find an

Esn Rl vessl 1)

independent set of size
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If A > K, by the right hand side of (19), we can find an independent set of size

|G|+ A G|+ A K(|G]+ A)
— | = || = K.
A+1 G 1 IGl+K |~

If A < K, then by the left hand side of (19), we can find an independent set of size

|G| -1 G| -1
LAJrl +1> % + 1.

Let |G| =¢q- K +r where 0 <r < k—1, and for any = € R, let [z] =z — || denote

the fractional part of x. Then,

G| -1 G| -1 Gl -11 |G| K -1 r—1
S|l e = e e

K K K K K
G| K-—1 r—1
:—+ _
K K K
Gl K-1 r—-1_ |G|
_ =l _ e
X K R

Note that we used the fact that K < /|G| in the last inequality. Hence, we can find

an independent set of size K if A < |G|/K. O

Proof of Lemma 44. Let G = (V, E) be the graph defined by V(G) := X and {u,v} €
E(G) if u—v € Y =Y. Observe that since Y — Y is symmetric, these edges are
undirected. If G contains an independent set X' of size at least K, for any distinct
u,v € X' u—v¢Y —Y. Hence, X’ — X'NY —Y = {0}. Otherwise, G contains a
vertex, a, of degree at least ‘%' Letting the neighborhood of this vertex be X', for
any u,v € X', {u,a} and {a,v} are edges. Since u —v = u — a + a — v, we have that

u—v ey -2Y. OJ

Proof of Lemma 43. We perform the following algorithm to find such an ¢, j as in the
conclusion of the lemma. We outline steps j =0,...,t — 2.

Step 0: Let Ag; := (9D A; Fori=1,...,2""! apply Lemma 44 with

2=

X = A072i—17 Y = A072i, and K = KO =ns3",
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and observe which case holds. If for any ¢, Case 1 holds, we halt since this implies

that there exists an X’ C X with | X'| > ns and
|(€9(t,2i—1) +£g(t,2i))A| > |A0,2i—1 + AO,2i| > ’X/ +Y| _ |X’||Y| > n3%|€g(t’2i)z42¢|.

This satisfies the conclusion of the lemma with k = ¢(¢,2i) and j = 2i. Hence, we
may assume Case 2 holds for all i. Therefore, there exists an X’ C X such that
X' — X' C2Y —2Y. Adding X' — X’ to itself multiple times also implies for any
positive integer s, sX’ — sX’ C 2sY — 2sY. In particular for s = f(¢,2i — 1),
ft,2i — )X — f(¢,2i — )X ' C2f(t,2e — )Y —2f(¢,2i — 1)Y
=2f(t,2i — 1)Ap —2f(t,20 — 1)Ap o (20)

= f(t,2i) A2 — f(t,2i) A 2.
where we used (15) in the last equality. Also,

2 — D)X — f(t,2i — 1)X' C f(t,2i — )X — f(t,2i — 1)X

(21)
= f(t,20 —1)Agi1 — f(t,2i — 1) Ag i1
Letting A;; := X', we then have that by (14), (20), and (21)
2t71 ot
() £t = L) Ay — f(t—1,) A, C () F(t0) Aoy — f(t,) Ao,
i=1 i=1
2t
= () f(t, D)0 A; — f(t,0)0"D A; = {0}
i=1
And we also have that
| Ag,2i1]
Al > — )
A =
The next steps, Steps 7 = 1,...,t — 2, are iterations of this argument with a very

slight change in the choice of X and Y in the application of Lemma 44.
Step j: For 1 <j <t—2 let A;; C A; ;9,1 be as specified in Step (j-1) of the
algorithm. In particular, A;; satisfies

|Aj—1,2i—1’

Al >
| ]7l| = Kj—l
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An easy inductive argument shows that there exists an r such that
Aji CAj_190i1C ... C Ay, C =i 4, (22)

where we draw the reader’s attention to the fact that the subscript A;; determines
the exponent at the end, g(t — j,7). For i = 1,...,2"771 apply Lemma 44 with
X =A0i1,Y =40, K =K = naf%J We first check that K < v X. We have

that
n

-3t .37
n i=t—j+1 > \/ﬁ
KoKyi-...-Kj_4

X >

On the other hand, since j <t — 2,

Now, observe which case holds in our application of Lemma 44. If for any i, Case 1

holds, we halt since by Lemma 35 this implies that

X'+ Y] = |X]Y| > Kj|A; ]

K.
> K']1 | A1 4i-1]
e
(23)
K.
> : | Ao
jflKjfZ . KO
> nﬁwg(t_j’%)/lrh
On the other hand, using (22) and (17), we have
X' +Y|<|X+Y|=[Aj2i-1 + A2l
<|Aj_14i—3+ Aj_14i-1] (24)

S |A0,r’ + AO,T‘| S |(€u +€u+1)A|

for u = g(t — j,2¢ — 1) and some integer r’. Combining (23) and (24) shows that we

have satisfied the conclusion of the Lemma.
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Hence, we may assume Case 2 holds for all i. Therefore, there exists an X’ C X
with | X'| > | X|/K; such that X' — X’ C 2Y —2Y. Moreover, for any positive integer
s, sX' —sX' C2sY —2sY. For s = f(t —j — 1,9)

= 2f(t — 5 — 1,0)Ajor — 2f(t —j — 1,0) A;
(25)

= f(t—7J, Qi)Aj,Qi — f(t—J, Qi)Aj,Qi-
where we used (14) in the last equality. Also,
fE=7—1)X' = ft—j-1L)X Cf(t—j—- L)X - ft—j— 19X

= f(t =7, 20 = 1)Ajoi1 — f(t — 7,20 — 1)Aj21

(26)
Letting A;4;,; := X', we then have that by (15), (25), and (26)
ot—j—1 ot—j
i=1 =1

We now proceed to Step j+1 with A;,;,¢=1,...,t—7—1.
Step t — 1: If we have not halted, then at this point, we only have 2 sets,

Ai_11, Ay—1 2, such that
FLDA 1 — f(L DA N f(1,2) A0 — f(1,2)A4-10 = {0}.
Since f(1,1) =1, f(1,2) =2, and
Ay — AN Ai1o— A0 CA 11— A1 N2A4 15 — 24,42 = {0}
we then have by Lemma 35

|Ar—11 4+ Ar12] = [Ai—11]]As—12].
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Tracing back our steps in the algorithms as we did in (23) and (24), we get that
|Ar—21|[Ar—23] > | A3 Ai-35]
K © KL
[Ar—s,1[[Ar—3]
Z T o2 o2
Ki KoK 5

| A1 1]|At—12] >

(27)

[ Ao 1][Ao2t-141] R
= : - > nsttl |£ AQt—1+1|
K371K15272Kt273 . Kg

Note that we used the fact that |Ag;| > n in the last inequality. On the other hand,

|Ar11 4+ Ar1o] <Aoo+ Aiag| < A3+ Ais 5|

(28)
< |Aoq + Agar-141|
<AL + P Ay ] < |(0+ A
Combining (27) and (28) completes the proof of the lemma. O

2.3.5 Proof of Main Theorem

The proof of our main theorem is iterative. The argument splits into two cases: in one
case, we prove our bound directly similar to [9]; the other case we have to iteratively
use Lemma 43 to get a small amount of growth each iteration while passing to subsets

of our original set. After enough iterations, we prove our bound.

Proposition 46. Let h € N. Let

[ 1 h
k = exp mlogi and { := k5.

There ezists an € = € (h) such that for any 0 < € < € there exists an ng := ny(e, h)

such that if A C R is of size n > ng and |A.A| < |A|*F€, then either
[nA| > |A[*®
or there exists an A’ C A and a ¢ := c(h) such that |A'| > |A|'™, and
(€ 67 AL > |Alz |64
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for some i € {2,... log (8k°) + 1}.

Proof of Proposition 46. Let A C R be such that |A.A| < |A|'*¢. Let k, ¢ be constants
depending on h as specified in the statement of the proposition. Apply Corollary 37
to get a set of polynomials f;(z) for j = 2,...,k — 1 such that each polynomial has
coefficients in {—1,0, 1}, f;(z) has a root at © = 1 of order exactly j, and f;(z) has

at most 252 < 2k? nonzero terms. Let fo(x) :=1, and fi(z) =z — 1.
N :=max{deg(f;) : j=0,...,k—1}
j

and let S C {0,..., N} be such that ¢ € S if and only if there is an f;(z) such that
the coefficient of x* is nonzero. Let M := |S| and observe that M < 2k3.

Denote A :={a; < ... < ay}, let 0 <0 < 1/4 be a parameter chosen later, and
let s := |n°]. Let

B' = {ai7 Ait1s - - - 7ai+s—1}

be chosen such that a;,,_1/a; is minimal. By Lemma 38, if no dyadic interval contains
more than s elements of A, we are done. Hence, B’ C [z,2x) for some x € R. Let
0 < 7 < 1 be a small constant depending on h to be chosen later. There exists a

subinterval
ly,y +y2) € [z, 2)
with at least vs elements of A in it. Let B be the intersection of A with this subin-

terval. So B C A has the properties that |B| > s and for any b,V € B,

b
1

<.

The latter property will be important when we later consider polynomials with roots
at 1 evaluated at g
Apply Lemma 41 with N, ¢, ¢, B tofind aset of Y; C A, a € R, § € B/ B, satisfying

the conclusion of the lemma. We will discard some of the sets from Yy, ..., Yy in the
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following way. If ¢ ¢ S, then we throw out Y;. Abusing our notation, relabel the

remaining sets as Y7, ..., Yy Let t = [log, M| < [log, 2k3]. If
M
() ¢y —¢'y; = {0}
i=1

then we may apply Lemma 43 to conclude that there exists an i € {2,...,t+ 1} and

aje{l,...,2'} such that for e sufficiently small,
(671 + ) A] = (' =OCND)T || > |||,

This satisfies the second conclusion of the proposition, so we may assume that there

exists a nonzero [ in the above intersection. That is, a nonzero § such that for

i=1,.... M,
0t 20t
p= E i — E Vi
J=1 j=lt+1

where y; ; € Y;. Letting Y/ :={y;; : j = 1,...,2('}, by the conclusion of Lemma 41,

there exists an A’ C A of size at least |A|'/? such that
ay; ;0" € aAfori=1,...,M, and any a € A". (29)

Denote A" := {a1 < az < ... < aua}, and let C := {a;,, a;,, ..., a; } where

nl/4

A/
i; = j|n'*] and r = V |J :
This ensures that we have
g > 0 for any ¢, € C (30)

by our choice of B" along with the fact that s < |[n'/4|. Decompose C' into disjoint
sets Cy, . . ., Cr—1 where all elements of C; are greater than all elements of C; for i < j,
and for all i =0,...,k—2, |Cy| = [|C|/k]. For i =0,...,k—1, let §; := fi(f). Now

consider sums of the form
Y= {5(6050 + 6151 4+ ...+ Ck_l(sk_l) 1C € CZ} (31)
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We verify that C' and 9; satisfy the requirements of Lemma 39 as follows. Since

6ic1 fioa(w) gi-1()
where the coefficients of g; and g;_; depend only on k, we may choose v small enough
such that
0—-1< gi*l(e).
9i(0)

So we have that ¢;_; > §; forall i =1,...,k — 1. Let ¢,d € C. From (30), we have
that § > 6. However, by choosing § small enough, we can assume that in fact £ > 0"

for some r = r(k) to be specified later. Hence,

10 —1=0O-D)A+0+...+60)> (01

d
By choosing r > 2k - (9), we have
- —1>0-1)2k- =2k :
d =3 ) gi—1(0) 0i—1
So by Lemma 39, all the sums of the form (31) are distinct, and so
k—1
X[ > H |Cil.
i=0

We can rewrite (31) by grouping like powers of 6 as

k—1 k—1 k-1
B [(Z 6071'01') 90 -+ (Z 6171'CZ'> 91 + ..+ (Z EM,ici> HN]
=0 1=0 1=0

where ¢, ; € {—1,0,1}. Recall that S is the set of powers of § that have at least one
nonzero coefficient in some polynomial f;. Denoting S as i1 < iy < ... < ip, We can

rewrite the above as

k—1 k1 -
B [(Z €i1,ici> 9 1 (Z €i2,i0i> 02 + ..+ (Z eiM,iCi> eiM] _
=0 =0 i=0

Distribute 8 to each summand, and expand it uniquely for each power of 6 to get

k—1 ¢t k—1 ¢t
= Z Z €ir,5C (Y1i — Yresd) 0 + .+ Z Z €iriCi (Ui — Ynroga) 0 (32)
j=0 =1 j=0 i=1
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Since our choices of # and y; ; satisfy (29), we have that each element in this sum is

in +a x A. Hence, we have that for /1, 5 large enough,
u— leiltas
|€1(Oé S A) — EQ(O{ * A>| = |€1A — EQA' Z H |Cz| Z \‘?J >>k |A|T
i=0

Recall that ¢ = k%, M < 2k* and ¢ = [log, M| < [log, 2k*] < log, 8k°. Also, recall
that M is the number of powers of 6 that occur in . Each 0 has at most k coefficients,
and 8 € I'A—(*A. So, we have at most kM - 2¢' nonzero terms in o € X. We bound

this as

kM - 2£t S 2k4k810ge8k5 S 2k10010gk

So, choosing k := exp 4/ 1(1)—0 log% proves our proposition:

hA| > /TRA = RA] > | A2V ik losh)

2.3.6 The Iterative Case
We are now able to prove Theorem 33.

Proof of Theorem 33. We iteratively apply Proposition 46 in the following algorithm.
Step 0: Let k and ¢ be functions of h as specified in the statement of Proposition 46,
and let 0 < € < ¢ where € is some unspecified function of h taken to be sufficiently
small. Let ¢y := £, Ay := A, and ¢ := €. Since |Ag.Ap| < |Ap|'*, we may apply
Proposition 46 to Ag. If [hAg| > |Ao[*®) then we are done. Else, there exists an
i€{2,...,log, (8k°) + 1} and an A} C A, such that

1

(€7 +071) Aol 3>, | Ao| 7265 [ AG| and [AG] > [Ao|'

where ¢ is a constant depending on h. Let A; := Aj and continue to Step 1.
Forj=1,..., %E, we do the following.

Step j: Let A; be as specified in the previous step. Since

1+e;_q

J
A3 Aj] < [Aj1Aja] S JAja 97 < 4T < A oo
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where we assumed €;_; is sufficiently small in the last inequality. Let €; := 2ce;_;.

Let ¢; := ¢ — j. This determines h; and k; as
hj _ eg—S(log (£—5))? k _ (lf j)1/8-
Applying Proposition 46 to A; with and h;, we get that either
[RA| > hyAj] > [A;[2F) > | A A 45000 > | 4| A-@O00) — | 400
which proves the theorem for € sufficiently small — so we exit the algorithm. Or, there
exists an A} C Aj of size |A;| > [A;|'~*9 and a t; € {2,...,log (8%") + 1} such that
1

(67 + 677 A 2 |45 167 A5 = | Ay 0|07 A5 = namss | € A
where we used the fact that € is sufficiently small and n is sufficiently large depending
on h in the last inequality. Letting A;, := A} we continue to Step j + 1.
Analysis of Algorithm: Since ¢; = ¢ — j, and we perform at most ¢/2 steps,
¢; > ¢/2. Assume the algorithm runs and finishes Step ¢/2. Each step in the algorithm

produces a t; € {2,...,log (8k°) + 1}. By averaging, there is some integer s €

{2,...,log (8k°)+1} that appears in the algorithm at least times. Denote

2(log (8k5)+1)

Ji,---,Jq as the steps in which s is chosen. It is easy to verify that by the definition
of gj,
2 2

and so we must also have that

So,
_ RTINS
(65, + 65 Ajy | = 3w |65, 47 | >

> naw | (65 4+ 07 Ay | > naew |65 Al | >
ZMn ’( j2+ 72 ) ]2’—”23k ’]2 ]2|—

q 1 e 1 Qlk
Z N, 23k6 |(€j + ES )A] | Z n2(10g(8k5)+1) 23k6 — n ( )
q Ja q
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where we used the fact that ¢ > 57 and ¢ = k% in the last inequality. Since

4
log (8k°)+1)

5 < glog8k5 < kS(logBks) < klOOlogk —h
g = =

we have that

[RAP = (65, + 657 Ay > n®

proving our theorem. 0
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CHAPTER II1

ORDER-PRESERVING FREIMAN ISOMORPHISMS

Let G; and G5 be additive groups, and let A C G; and B C G,. A Freiman k-

homomorphism is a map ¢ : A — B such that

¢(x1) + .+ olar) = o(yr) + - + o(yr)

whenever

1+ ...+ =Yy1+ ...+ Y.

Such a map ¢ is called a Freiman k-isomorphism if the converse holds as well. If A

and B have an ordering, then ¢ is order-preserving when
o(a) < ¢(b) if and only if a < b.

A Freiman 2-isomorphism will frequently be refered to as just a Freiman isomorphism.
Freiman isomorphisms are used to transfer an additive set A in some arbitrary abelian
group into a more amenable ambient group or set (such as R, Zy, or [1,n]) while
preserving the additive structure of A. We refer the interested reader to Chapter 5
of [31] for a detailed exposition on the various uses of Freiman isomorphisms.

The main tool we introduce in this paper allows one to find an order-preserving
Freiman isomorphism from a set of n integers to the interval [—cn, en] N Z where ¢
is not too large provided that the original set is additively structured. We call this
tool a ‘Condensing Lemma’ since, in a sense, it allows one to view sets with small

doubling as dense subsets of an interval.

Theorem 47. [Condensing Lemma] For any K > 0, there exists a c¢1,co such that if

A CZ is such that |A+ A| < K|A| then the following holds: there exists A C A with
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|A'| > ¢1]A|, and there exists an order-preserving Freiman 2-isomorphism ¢ : A" —

[—CQ|A,|, CQ|A/|] N7Z.

Since the constants ¢; and ¢y depend exponentially on K, we do not bother spec-
ifying their exact value. In order to prove the Condensing Lemma, we need a version
of the so-called Bogolyubov-Ruzsa lemma which guarantees us a large generalized
arithmetic progression GG in 24 — 2A when A has a small doubling. For more on this
important result, we refer the reader to the recent work by Sanders [26] who gives

the best-known bounds for the constants c;, ¢y, and c3 stated below.

Theorem 48 (Bogolyubov-Ruzsa Lemma). Suppose A C 7Z satisfies |A+ A| < K|A|.
Then, there exists absolute constants cy, co, c3 dependent only on K such that 2A—2A
contains a proper, symmetric, generalized arithmetic progression G of dimension at
most ¢, and size at least cy|A|. Moreover, for each x € G, there are at least c3|A|?

quadruples (a,b,c,d) € A* withx =a+b— c — d.
Along with the Pliinnecke-Ruzsa estimates, one can also deduce that |G| < K*|A].

Theorem 49 (Plinnecke-Ruzsa Inequality [31]). If |A + A| < K|A|, then for any

positive integers £,m, we have that [(A — mA| < K“4™|A|.

For our purposes, we will define a generalized arithmetic progression G as G =
{Zle xid; : |z;] < L;}. The proof of the Condensing Lemma consists of first
applying Sanders’ theorem so that we may approximate A by a generalized arith-
metic progression GG. Then, after passing to certain subsets, we use some techniques
from convex geometry to show that there is a generalized arithmetic progression
G = {3F ad, - || < L;/4} that shares the additive properties of G and is con-
tained in an interval of length O(|G]).

After we prove the Condensing Lemma, we provide some applications. Let A =

{a1 < as < ... < a,} be a finite subset of the integers, and denote the indezed energy
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of A as

EI(A) :={(i,j,k,0):a;+a; =ar,+aq and i + j = k + [}.

The reader may be more familiar with the additive energy of a set which can be used
to control the size of the sumset:

Al

|A+ Al

E(A) = [{(¢,4,k,0) :a; +a; = ap + i }| >

We determine the precise relationship between F(A) and EI(A). Although the in-
dexed energy of a set has not been directly studied, the additive properties of a set
and how they interact with the related indices has appeared in various forms. Soly-
mosi [27] studied the situation when a; + a; # a; +a; for i — j = k — [ = ¢ for a fixed
constant ¢, and in particular when a set A has the property that a;41 +a; # a;41 +a;
for all pairs 4, j. Brown et al [5] asked if one finitely colors the integers {1,...,n},
must one be forced to find a monochromatic ‘double’ 3-term arithmetic progression
a; + a; = 2a;, where i 4 j = 2k?

Layout and Notation. In section 2, we state some basic notions from convex
geometry, and then we prove the Condensing Lemma. In section 3, we study the
indexed energy of a set, providing both an extremal construction of a set with large
additive energy and small indexed energy as well as proving a Balog-Szemerédi-Gowers
type theorem to find a subset with large indexed energy. Section 4 contains further
applications and conjectures related to the Condensing Lemma as well as the indexed
energy.

We write [a,b] for [a,b] N Z, and similarly for [a,b), (a,b), and (a,b]. For two
functions f, g, we write f > g if f(n) > cg(n) for some constant ¢ and n sufficiently

large. We write f >k g if ¢ is allowed to depend on K. The doubling constant

|A+A|

of a set A is e

A set has small doubling if its doubling constant is O(1). A
generalized arithmetic progression G is a set {a + x1dy + ... xxdy : |x;] < L;}; we call

k the dimension of G; |G| is the volume of G. Moreover, G is proper if the volume of
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G is maximal — (2L; + 1)*.
3.1 Condensing Lemma

The following lemma in conjunction with Theorem 48 will allow us to prove Theo-

rem 47.

Lemma 50. Let G and G’ be proper generalized arithmetic progressions of the form
k k
G = {Z a;d; : |a;] < Li} and G' = {Z a;d; - |a;| < 4L;}
i=1 i=1

where a;,d; € Z. Then, there exists a constant ¢ = ¢(k), d\,...,d, € Z, and a map ¢

with the following properties:
1. ¢(Z§:1 a;d;) = Zf:l a;d; for |a;| < Lj.
2. ¢ 1s an order-preserving Freiman 2-isomorphism.
3. For any x € G, |¢(z)| < c|G].

In order to prove this lemma we need some definitions and results from convex

geometry, from which we refer the reader to [3] as a reference.
3.1.1 Convex Geometry

A set K C R"™ is said to be a convex cone if for all o, 5 > 0 and x,y € K we have

ax+ fy € K.

Fact 51. The set of solutions to the system of linear inequalities

k
Zai7]~x¢>0;ai,j€R and j=1,...,n (33>

i=1

1S G CONVeTr cone.

Proof. Let x and y be solutions to the system of linear inequalities defined above and

let a, B > 0. It is trivial to verify that ax and x + y are also solutions to (33). [
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For points x1,...,x,, € R" and non-negative real numbers ay, ..., a,,, the point

m
1=1

is called a conic combination of the points X, ..., X,,. The set co(D) is defined as all
conic combinations of points in D C R™ and is called the conical hull of the set D.
For a non-zero x € R"™ the conical hull of x is called a ray spanned by x. A ray R of
the cone K is called an extreme ray if whenever ax + fy € R for a« > 0, § > 0 and
x,y € K then x,y € R. An extreme ray is a 1-dimensional face of the cone. A set
B C K is called a base of K if 0 ¢ B and for every point x € K, x # 0, there is a

unique representation x = \y with y € B and A > 0.

Fact 52. Let
k

A= {($1,~-,Ik)ERk:Zai,jxi>0f0rj:1,...,€}

=1

be the solution set to a system of linear inequalities in R* with a nonempty set of
solution space in the positive quadrant of R¥. Then, the closure of A has a compact

base.

Proof. Observe that A is an open set, and since there is at least one solution, it is
nonempty. By Fact 51, A is also a convex cone. Let cl(A) be the closure of A, and
let H := {(z1,...,7) € R* : 2y + ... + zp = 1}. We claim that B := cl(A) N H is
a compact base of cl(A). Clearly B is a subset of cl(A) — {0}. Let y € cl(A) and
consider the line A\y. Since A is a convex cone, this line is contained in ¢l(A) for all
A > 0. If this line intersects B, then B must be a compact base, but clearly it does

at A= —L— O

Y1+ tyr
Theorem 53 (Cor. 8.5 [3]). If K is a conver cone with a compact base. Then every

point ¢ € K can be written as a conic combination

z=Y Ny, \>0, i=1..m,

=1

where the x; each span an extreme ray of K.
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Lastly, we need the well-known linear algebraic result known as Cramer’s rule.

Theorem 54 (Cramer’s Rule). Let A be a k X k matriz over a field F with nonzero

determinant. Then, Ax = b has a unique solution given by

det(Ai) 1

T T det(A) ’

where A; is obtained by replacing the ith column in A with b.

The broad idea of the proof of Lemma 50 is as follows. We are given a generalized
arithmetic progression G := {Zle a;d; - —L; < y; < L;}. In a sense, this can be
indentified with the point (dy,...,d;). What we would like to find is another gener-
alized arithmetic progression, H := {Zle bid; : —L) < b; < L.} which maintains the
same additive structure as G, but is much more compact. Viewed another way, we
want to find a point (d},...,d}) much closer to the origin than (di, ..., d) that also
satisfies certain inequalities (these are what maintain the additive structure). Hence,
we reduce our problem to finding an integer solution, relatively close to the origin, to

a set of linear inequalities.
3.1.2 Proof of the Condensing Lemma

The crux in the proof of the Condensing Lemma is to first prove it for generalized

arithmetic progressions; that is, to first prove Lemma 50.

Proof of Lemma 50. Given G as in the statement of the Lemma, consider the follow-

ing set of inequalities:

k
i=1

We will first prove that if (d},...,d},) is an integer solution to the above system of

inequalities, then the map ¢ : G — Z defined by
k k
i=1 i=1
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is an order-preserving Freiman 2-isomorphism.

To see that ¢ is order-preserving, if

k k
Z aidi < Z bzdz
=1 =1

for two elements in G, then
k

Z(bi —a;)z; >0

=1

is one of the inequalities in (34) that (dj, ..., d}) must satisfy; so

k k k k
0 <Z aidi> = Zaidé < Zbid; =¢ (Z bidz) )
i=1 i=1 i=1 i=1
For the converse, if
k k
> ad, <) bid; (35)
i=1 i=1

and
k

Z(bi - ai)di <0,

=1

then we get a contradiction as follows. First, if

k

Z(bi - ai)di =0,

i=1
then b; = a; because G is a proper generalized arithmetic progression. Hence, (35)

cannot hold in this case. If

k
> (b — a;)d; <0, thenz b)d; > 0
i=1
which implies that
k
> (a; = b)x; >0
=1
is an inequality in (34) satisfied by (d},...,d}), again contradicting (35).

If we have points in GG such that

k k k k
Z Z d:zsidﬁzmdi
i=1 =1 =1 1

i=
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then
k k

=1 =1

Moreover, |a; + b;|,|s; +t;| < 2L;. Hence, each side of (36) corresponds to an element
in G', and by the fact that G’ is proper, we must have that a; + b; = s; + t; for
1 =1,..., k. This implies that indeed, ¢ is a Freiman 2-homomorphism:
k k k k
S adi+ Y bidi = sidi+ )t (37)
i=1 i=1 i=1 i=1
For the converse, if (37) holds and (36) does not, then without loss of generality, we

may assume
k

Z(ai +b; — s; — t,)dl > 0.

=1

However, a; + b; — s; — t; € [—4L;,4L;], and so the inequality

k
Z(ai +b; — s — tz)l’z >0

i=1
is satisfied by (d},...,d}) which contradicts (37). This proves ¢ is a Freiman 2-
isomorphism.

Now, we bound the image of ¢. Consider the system of inequalities defined in
(34); by Fact 51 the solution space forms a convex cone. Moreover, this interior is
nonempty since there is a solution — (dy, . . ., di). Also, x; > 0 is one of our inequalities
foralli =1,..., k so the solution space is in the positive quadrant of R¥. Let K be the
closure of the cone defined by the inequalities in (34). By Fact 52, K has a compact
base. So, we may apply Theorem 53 to conclude that each x € K can be represented
as conic combinations of the points on its extreme rays. Because all extreme rays have
dimension 1, they are each intersections of k — 1 linearly independent hyperplanes
corresponding to the system (34). For each extreme ray, we show how to find an
integer point on it; then, taking a conic combination of these integer points will allow

us to find an integer point in the interior of the cone.
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Let the following hyperplanes define one of our extreme rays:
{ai1e14+ ... +aprg=0:1=1,... . k—1}. (38)

This system of equations will have all the points along our extreme ray as a solution.
Hence, we may treat one of the variables x; as a free variable while the other variables
depend on it. Without loss of generality, assume that xj, is the free variable, and let

us solve the system for the case when x;, = 1. We will use Cramer’s rule. Let

a1 cee A1k
az1 cee A2k
A =
arg—1,1 -+ Qp—1k—1

and let A; be the determinant of the same matrix with the ith row and column

replaced by —a;; for j =1,..., k —1:

a1 ... G141 —Qa1k ai41 -+ A1 k—1
Ai =
ag—1,1 --- Qg—14—1 —O0k—1k QAk—14+1 --- Ok—1k—1
By Cramer’s rule, the solution to the system is given by z; = % fore=1,...k—1.

By instead choosing x, = c instead of x; = 1, we see that we can require that any
multiple of this is also a solution to (38). Hence, (|Aq],...,|Ak_1],|A]) is an integer
solution to our system that lies along our edge. For convenience, let Ay := A.

Now, we may get such an integer solution for each of our extreme rays. Because
cone K has interior points, then not all extreme rays belong to the same face, in
particular, we may take a set of k + 1 of such rays that do not all lie along the same
face and get k +1 integer solutions as we did above. Call these solutions py, ..., Pyy;-
We can bound the entries of p; by using a trivial bound on the determinant of our

matrices formed above. We have that for ¢ = 1,...  k, since each entry |a; ;| < 4L;,
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the determinant is bounded as follows:
A < 4R ][ L
J#i
Moreover, the sum, p; +...+p;; =: (d}, ..., d}) does not belong to any of the faces
of K so, it belongs to the interior of the cone, and hence, satisfies (34). Lastly, this

implies that the image of ¢ is bounded as follows:

k k k
‘¢ (Z yidi> Z yid; Z Lyd;
i=1 i=1 i=1

Soif g € G, ¢(g) € [—45(k + DG, 4*(k + D)I|G]]. O

i Li(k+ 1)(4* k! T L))

i=1 JFi

k
< (k+ D) ] Ly
j=1

< <

The proof of Theorem 47 follows easily from applying Theorem 48 to a set with

small doubling. We need the following trivial fact.

Fact 55. Let ¢1 be an order-preserving Freiman isomorphism, and let ¢o(z) = x + a.

Then ¢o, p1 0 Po and ps © ¢ are order-preserving Freiman isomorphisms.

Proof of Theorem 47. Let A C Z be such that |[A 4+ A| < K|A|. All constants ¢; in
the following depend only on K. We may apply Theorem 48 to A to get a generalized
arithmetic progression G C 24 — 2A with |G| > ¢1|A|, dimension at most ¢y, and for
each z € G, there are at least c3|A|> quadruples (a, b, ¢,d) € A* with x = a+b—(c+d).
Hence,

{(a,b.c,d) € A*:a+ b~ (c+d) € G}| > c3 AP|G.
So, we can find a triple (b, ¢, d) such that
Hae A:a+b—(c+d) € G} > c3|Gl.

Let AA ' ={a€A:a+b—-—c—-—deG}. Let @ =G —-b+c+d So, A C G,
|A’| > ¢3|G’|, and G’ is a proper generalized arithmetic progression of the same size

and dimension as G.

o4



Denote G’ as
k
i=1
By Fact 55, we may assume u = 0, else simply shift everything in A’ and G’ by —u,

and work with those sets instead. Let

G" = {Zxd | < LLZ-/4J}.

Apply Lemma 50 to G” to get an order-preserving Freiman isomorphism ¢ : G” —
[—c4|G"|, c4]G"|]. We have that A" C G’, but A’ N G” may not be large. However, by
considering the 4% different translates, G” + v, where v = j|L;/4| for j = 0,1,2,3,

1 =1,...,k there exists an integer v such that
|A"'N(G" +v)| = (A —v)NG"| >4 |4

Let A” := AN (G" +v). So, ¢ is an order-preserving Freiman isomorphism from
A" — v to [—c4|G"|, c4| G”|], and by Fact 55, ¢o(x) := ¢(x) — v is an order-preserving
Freiman isomorphism from A” to [—c¢4|G”|, ¢4|G"|]. By Theorem 49, since G C 2A —
2A and |A + Al < K|A|, we must have |G| <x |A|, and so [—c4|G"|, cs|G"|] =

[—c5|A”|, 5| A”|], proving the lemma. O

3.2 Indexed Energy

One always has the following relationship between the additive energy and indexed
energy:

A2 < EI(A) < E(A) < |A]®.
If A is an arithmetic progression the relationship is strengthened to EI(A) = E(A).
Moreover, for an arithmetic progression A, E(A) is maximized. Thus, it is natural
to wonder if one loosens the restriction to F(A) > |A|? then is EI(A) > |A]?? We

provide a counterexample to show that this is false.

Theorem 56. There exists an integer N such that for every n > N, there exists

A C [n] such that, E(A) > |A]> and EI(A) < 2000|A[*(log |A|)?.
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Thus, one can indeed have the additive energy Q(|A|®) while the indexed energy
is O((JAllog|A|)?). However, when the additive energy is large, it turns out that
one can still pass to a large subset A’ C A, |A’| = Q(|A]), which has indexed energy
Q(|A’[]). We note that when passing to a subset, the subset does not inherit the same
indices as the superset, but rather it is reindexed in the natural way. Hence, ET(A’)

is not bounded from above or below by EI(A).

Theorem 57. For any K > 0, there exists c1,co dependent only on K such that if A
is a finite set of integers with |A + A| < K|A| then the following holds. There ezists
an A" C A such that EI(A") > c1|A']> and |A'| > 3] A|.

We mention in passing that the condition that |A + A| <k |A| may easily be
loosened to E(A) >k |A|*> by applying the following well-known result of Balog-

Szemerédi [2] and Gowers [19] to pass to a subset with small doubling.

Theorem 58 (Balog-Szemerédi[2], Gowers[19]). For any K > 0, there exists ci, ¢z
such that if A C 7Z is such that E(A) > K|A|? then there exists A’ C A with |A'| >
c1|A| and |A"+ A'| < | A').

3.2.1 Indexed energy in subsets of [1,7]

It turns out that if A is a dense subset of an interval, then there is a simple algorithm
that can find a subset A’ C A with |A’| > |A| and EI(A’) > |A’|?>. Thus, the general
case may then be quickly deduced by applying the Condensing Lemma. We first
begin with a lemma that states, loosely speaking, that if A is a dense subset of [1,n],

then one can choose a large subset A’ C A that is equidistributed over the interval.

Lemma 59. For every 6 > 0, there exists c1,ca,c3, N such that if A C [1,n] with
n > N and |A| = dn, then the following holds. There exists an A’ C A, |A'| > c1|A|

and for c3|A|* pairs of integers 0 < i,j < n/cy, we have that

| A" N [icg, jeo)| = J — i (39)
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It is easy to establish that a set with property (39) has large indexed energy.

Lemma 60. For every d > 0, there exists co,c1, N such that if A C [1,n] withn > N
sufficiently large and |A| = én, then A has a subset A" C A with |A'| > ¢1|A| and
EI(A") > ¢ A2

Proof of Lemma 59. It suffices to prove that there exists an A’ C A and ¢y, o, 3
dependent on ¢ such that the following holds: |A’| > ¢;]A|, for e3]A| integers 0 < i <
n/cy,
A" N[0, ic9)| = 1.

Once this statement is established, then for any pair of integers ¢,; satisfying the
above, we have |A'Nicy, jea)| = j —i. This would prove the statement of the lemma.

Denote A = {a; < as < ... < asy}. Let d = [2]. We may assume d|n, if not,
replace n with n < n’ < 2n where d|n/. Such an n’ exists if n is sufficiently large,
and the proof will proceed in the same manner with only a slight modification in our
constants ci, ¢z, c3. Let I; = [(j — 1)d,jd) for all j =1,..., 5. Let A; = ANI;. We

pick our subset A’ as follows:
o Step 1: If A; # () then let X; = {a;}. Else, X; = 0.

o Step k: If |Ax U Xj_1| < k, then Xy := A, U X_;. Else, arbitrarily choose
Y - Ak so that |Y U kal‘ = k and then let Xk =Y U kal.

It is clear this algorithm ends after % steps. Let A’ = X n.

To prove that A’ satisfies the conclusion of the lemma, we analyze the algorithm
as follows. First, note that X; C X, C ... C X» = A" and | X;| < i for all i. Now,
the sets X; for which | X;| = i we will call good, and the others we will call bad. Note
that if X; is good, then |A’ N[0, id)| = 7; hence, showing that lots of X; are good will
prove the lemma. Let J = {ji, j2,...,Jjx} be the set of indices such that Xj, is good.

Observe that for indices between j; and j;11, we must not have enough elements to
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make any of those corresponding sets good. More precisely,

k—1

|Aji+k| <k—-1- Z |Aji+5|’

s=1

This implies that

Jit1—Ji—1

U Aji+k

k=1

< Jiy1 — Ji — 2.

So, we must have that

k—1Ji+1—Ji—1

U U Aji+s
=1 s=1

Thus, we have that én — > on/2 elements of A are distributed over good intervals.

k—1
SZjiH—jz‘—Q:jk—jl—Q(k—l)Sij
i1

al3

Since each interval is of length d, then we must have that k£, the number of good

intervals, is at least

on _ nd?
>
2d — 4
This in turn gives us a lower bound on |A'| = jp > k > ”T‘SQ = 2|A]. O

Proof of Lemma 60. Apply Lemma 59 to A to get A’ ¢y, ca, c3 as in the lemma. Let
A = {by < by < ... <byp}. Let J ={j:]|ANI[0,c5)] = j}. We know that
|J| > c2|Al. Now, let A” = {b; : j € J}. Since EI(A") > [{(i,j,k,1) € J*: b; + b; =
bp + by and i + j = k + [}|, we will simply work with these quadruples from A”.
However, our final set will still be A’ since we need to keep the indices of elements
the same as they were in A’.

For all of the following, b; will be assumed to be from A”. Let t € {2,...,2m}.
For t < m, there are t — 1 pairs (¢,5) € [1,m] x [1,m] such that i + j = ¢. For
t > m, there are 2m — (¢ — 1) pairs (4,j) € [1,m] x [1,m] such that i + j = t. Let
a; be defined so that for t € {2,...,2m} there are oy(t — 1) pairs (4,j) € J x J with
i+ j =t and there are oy (2m — (t — 1)) such pairs for t € {m +1,...,2m}. Observe
that for such pairs (i, j) € J x J, we have b; +b; € [(t —2)d, td). Thus, there are only

2d values that b; + b; can take. For every ¢ € [0,2d — 1], let ¢; denote the number of
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pairs (¢,7) € J x J with b; + b; = (t — 2)d +i. We can bound the indexed energy of

A’ as follows:

2d—1 m 2d—1 2m
EI(A) 2> > e2="Yt+ > >
t =0 t=2 =0 t=m+1 1

Using Cauchy-Schwarz, one has

> 2_1d <Z(at(t —1DP+ D (w(m—t+ 1))2)

t=2 t=m+1

Using Cauchy-Shwarz again,

11 [ (& ’ o i
> o (Zat(t—1)> + ( > at(Qm—t+1)>

t=2 t=m+1
Since
m 2m
at—1)+ Y a@m—t+1)=|J
t=2 t=m+1

one of the sums must be at least |J|*/2. Hence, we have that
[

2md

EI(A) > = colA?

for some constant ¢y depending only on 4. O]

Now, we are ready to prove Theorem Theorem 57.

Proof of Theorem 57. Let A be a finite subset of integers with |A + A| < ¢|A|. All
constants ¢; in the following depend only on ¢. Apply Theorem 47 to A to get a set
A" C A with |A'| > ¢;]A| and an order-preserving Freiman ¢ : A" — [—co| A'|, c2| A'|].
We may assume at least one third of the elements are in [1, ¢p| A’|] or simply shift A’
by v = ¢3|A’|. Apply Lemma 60 to ¢(A’) to conclude that ET(p(A")) > c3|d(A)]? =
c3|A']3. Tt is easy to see that EI(¢(A')) = EI(A’) since ¢ is an order-preserving

Freiman 2-isomorphism, so the result follows. O

29



3.2.2 An Extremal Construction
The proof of Theorem 56 follows from the following lemma.

Lemma 61. Letn € N, and let p € (1,2) and denote p=1+¢. Let A= {[aP]:1<
a < [n'?|}. Then, EI(A) < 16e'n?logn.

Proof of Lemma 61. Let x,y € [1,|[n'/?]] with  +1 < y. The main part of the

argument is to establish the following bound:

ey —z)

Y4 D __ ]_P_ _1P>
o’y —(z+1)P = (y—1) %

(40)

For now, assume (40) holds. If z + y = z + w, then by convexity, x? + y? # 2P 4+ wP
unless z = x and y = w or vice versa. However, it may happen that r +y = 2z + w
and 2P| 4+ [y?] = [2P] + |wP]. Since [a?| = a? — [aP], where [a?] is the noninteger

part of a?, we must have that if x +y = z + w and

[z ] + [y"] = [2"] + [w”]

then

|2P 4+ yP — 2P —wP| < 2.

So, fixing an x and a y, we can bound how many other pairs z and w can have
z4+w==x+yand |2?] 4+ |wP] = |2P| + |y?]. More specifically, we find the largest ¢
such that

Py —(x+1)P — (y—t)P < 2.
Using (40), the triangle inequality, and letting k = y — x we get that

e(k+2) e(k+2(t—1))
Tt -)

Each term in the sum is greater than or equal to %, so we get a lower bound of %

ek
Py — (e 4+t —(y—t) > —+ —-=
SRR 2y 2(y-—-1)

So, if t > —%_ then we cannot have
e(y—=)

2] + [y"] = [z + 7] + [y = D)7).
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This allows us to conclude that any quadruple (z,y, z,w) with x + y = z + w, with

r<z<w<y,z<r<y<w,w<y<zr<zory<w<z<zxwemust have that

|z — x| < e(ﬁx). Accounting for an extra factor of 2 for when x < w < z < y and so

on, we can bound the indexed energy of A

EI(A)gzzZE(;—fx)

y <y

Estimating this summation by using the harmonic series gets us that

16
EI(A) < —n’logn
€

concluding the proof assuming that (40) holds.
Now, we work to establish (40). First, since f(x) = 2P is convex for p > 1, it is

easy to establish the following bound for any k£ > 1:
p(z+ k)P > (2 +1)P — 2P > pa?!

Assuming p = 1 + € < 2, we have that 2P~! is concave. Doing a similar analysis for

g(x) = 271 we get that
(p—1D)aP 2> (x+ k)P =Pt > (p— 1)z + k)P2,
Let k =y — x, and we have
Py — (o 1P — (y— 1) =

=y’ = (y— 1" = (@ +1)" —a”) > ply — D' = pla + 1)’
Since z = y — k, we have

plly =1 = (y—k+ 1P > pl(k—2)(p— 1Dy — 1)P?] > %

where we remind the reader p =1+¢, € € (0,1). O

1
logn”

Theorem 56 follows by letting € =
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Proof of Theorem 56. Let A be as in the above lemma, let ¢ = @. Then, for n

sufficiently large

1
|A| = LnlieJ = \‘nlﬁ_loénJ = \‘2 .nmJ 2 \‘%J Z g

€ €

So, AC [1,n], |[A] = §, and A+ A C [1,2n]. Thus, |A+ A| <2n < 18]A|. Hence,

El AP
E(A) > > .
W22 s

By the lemma above, for A sufficiently large,

EI(A) < 16n*(logn)* < 16 - (9]A|)*(log 9] A|)* < 1296|A[*(log 9] A|)?

< 2000]A|*(log | A])>.

3.3 Further Applications and Conjectures

Since [(A x B)+ (A x B)| = |A+ A||B + B|, it is obvious that if |[A+ A| < K|A| and
|B + B| < K|A|, then for any C C A x B of size 6|A||B|, one has |C + C| <k |C].
However, if |C| = O(\/[A[|B]), one has little control of |C' + C|. Does there exist a
C C A x B with |C] = ¢y/]A[|B], and |C + C| <k |C|? Clearly one could simply
take C' = {(a,b) : a € A} for a fixed b € B. If we forbid such sets lying on vertical
or horizontal lines by additionally requiring that for any distinct (z,y), (2, w) € C we
have (z — z)(y — w) > 0, the answer is not as obvious.

For a set C' C A; x ... x A, call C' a diagonal set if for any distinct pairs of
elements (x1,...,zx), (y1,...,yx) € C, one has x; —y; > 0 for all i or x; — y; < 0 for

all 7.

Theorem 62. For any k, K € N, there exists c1,co such that the following holds.
Let Ay, ..., A C Z be sufficiently large sets of size n such that |A; + A;| < K|A,|
for allt =1,... k. Then, there exists a diagonal set C C Ay X ... X Ay such that
|C + C| < c1|C| and |C] = ca(|Ay] . .. |Ak])Y*.
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Proof. We may apply the Condensing Lemma to each A; individually to find constants
14, Co; depending on K such that there exists a subset A, C A; that is Freiman
isomorphic to a set B; C [0,c¢14n], and |A]| > co;n. Let ¢; be the maximum of
{c1, 1 =1,...,k} and let ¢y be the minimum of {cy; : ¢ = 1,...,k}. So, we may
view all the B; as being dense in the interval [0, ¢;n]. Next, we claim that there exists

t1,...,tx € Z such that
k

((Bi+t)

=1

k
c
2

> —zk_ln.

We prove this by induction on k. For & = 1, it is trivial. For the induction step, let

X,Y C [1,n] be of size d;n and dan respectively. Then,

n—1
d X +tnY| = |X|[Y] = 616n%

t=—(n—1)

Hence, there exists a ¢ such that
010
(X +8)NY]|> 17%

Letting X := B, and Y = ﬂf;llBi + t; finishes the inductive argument. Now, let
C" =Nk B;+t; for such aset of t;, i =1,...,k Denote C' := {r; < ... < z,,}. We

let C' be the following set:
Co={(w;—t1, 2 —to, ..., x —ty) i =1,...,m}.

Since z; — t; € Bj, we have that C C By x ... X By. Since z; —t; > x, —t; for ¢ > £,

C' must be diagonal. Also, |C| = |C'| € [zf—én, n]. Lastly, it is easy to see that
2k
|IC+C|=1|C"+ " <2n = —|C"].
€2
0

Although the above application is similar in spirit to the indexed energy problem
— letting A x B := A x [1,|A]] - there are several subtle differences. Mainly, in the

indexed energy problem, when we pass to a subset, we are forced to reindex the set
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in a very specific way. The following conjecture however would be general enough to

imply Theorem 57.

Conjecture 63. Let A, B C 7Z be sets of size N such that |A + Al|,|B+ B| < KN.
Then, there exists c¢q,co depending only on K such that the following holds. There
exists an A" C A with |A'| > «1]A|, and if we denote A" := {a| < ... < a}} and

B :={b <...<b,}, then

{(ai, d}, ay,, ay) = aj + a; = ay + ay and b; + b; = by 4+ be}| > co] A

17 g0

Conjecture 63 is true in the case where B = [1, N] (or any arithmetic progression
of size V) since this then becomes the indexed energy result. It would be interesting
to know whether the conjecture is even true in the case where B is a generalized
arithmetic progression of dimension 2.

Another problem closely related to the indexed energy problem is as follows. Let

ACZ andlet f: A— Zbe such that |f(A)+ f(A)| < c|A|, and |A+ A| < ¢|A|. Let

E¢(A) :={(a,b,c,d) :a+b=c+d, f(a)+ f(b) = f(c) + f(d)}.

When f is the indexing function, Ef(A) becomes E1(A). What is the relation between
E¢(A) and E(A)? Does there always exist an A" C A with |[A'| > |A|, and E;(A’) >
|A|*? Here, we point out to the reader a subtle but important difference between this
problem and the indexed energy problem: when passing to a subset, there is a natural
way to reindex a set which is distinctly different than how a function restricted to a
subset behaves. Therefore, F¢(A) is not a generalization of EI(A), but instead, it is
a different quantity altogether. There is not always an A’ C A with E;(A’) >k |A]?
when E(A) > K|A|?. For instance, let f be the indexing function, let A be as in

Theorem 56, and since sets are not reindexed

E(A) < EI(A) <k |AlPlog |A.
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Moreover, |{(a + d', f(a) + f(d')) : a,a’ € A} > |A|*/log|A|. As an openended
question, we ask if there are any reasonable conditions that we can impose on f or A
to arrive at a different conclusion?

Lastly, we remark that the content of Lemma 59 is making a statement about
equidistribution of a set in an interval. This has been a well-studied topic in discrep-
ancy theory; however, we are not aware of it appearing in this specific, combinatorial
form — where one is allowed to pass to a subset of the original set, and one only
requires that for lots of interval, the subset is well-distributed. We tepidly conjecture
a generalization of Lemma 59 to higher dimensions, but it would also be interesting

if a counterexample was found.

Conjecture 64. Let A C [1,n] x [1,n] be of size |A| = dn®. There exists constants
1, Ca, c3 depending only on & such that the following holds. There exists an A* C A

such that |A'| > c1|A| and for con? pairs 0 < 4,7 < njecs, |A'N[0,ic3) x [0, jc3)| = ij.
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