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Abstract

In this paper we prove that any sumset or difference set has large E3 energy.
Also, we give a full description of families of sets having critical relations between
some kind of energies such as Eg, T and Gowers norms. In particular, we give
criteria for a set to be a

e set of the form H + A, where H + H is small and A has “random structure”,
e set equal to a disjoint union of sets H; each with small doubling,

e set having a large subset A’ with 24’ equal to a set with small doubling and
|A" + A'| =~ |A|*/E(A).

Keywords: additive combinatorics; additive energy; sumsets; Gowers norms

1 Introduction

Let G = (G, +) be an abelian group. For two sets A, B C G define the sumset as
A+B:={reG : z=a+b,ac A, be B}

and, similarly, the difference set

A-B:={reG : z=a—-b,ac A,b€ B}.
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Also denote the additive energy of a set A by
E(A) = Ex(A) = |[{a1 —d} = ay — ay, : ay,d),as,ay € A},
and Ei(A) energy as
Ev(A)={a1 —aj=ay—ay=---=a, —a, : ay,ay,...,ag,a, € A}. (1)

The special case k = 1 gives us E;(A) = |A|* because there is no any restriction in
the set from (1). So, the cardinality of a set can be considered as a degenerate sort of
energy. Note that a trivial upper bound for Ex(A) is |A[**1. Now recall a well-known
Balog—Szemerédi-Gowers Theorem [37].

Theorem 1. Let A C G be a set, and K > 1 be a real number. Suppose that E(A) >
|A|?/K. Then there is A’ C A such that |A'| > |A|/K® and

A — A| < K°|A], (2)
where C > 0 is an absolute constant.

So, Balog—Szemerédi—-Gowers Theorem can be considered as a result about the struc-
ture of sets A having the extremal (in terms of its cardinality or E;(A) in other words)
value of E(A). Namely, any of such a set has a subset A" with the extremal value of
cardinality of its difference set. These sets A" are called sets with small doubling. On the
other hand, it is easy to obtain, using the Cauchy—Schwarz inequality, that any A having
subset A’ such that (2) holds, automatically has polynomially large energy E(A) >x |A[?
(see e.g. [37]). Moreover, the structure of sets with small doubling is known more or
less thanks to a well-known Freiman’s theorem (see [37] or [25]). Thus, Theorem 1 finds
subsets of A with rather rigid structure and, actually, it is a criterium for a set A to be a
set with large (in terms of E;(A)) additive energy: E(A) ~g |A]® ~x (E1(A))%/2.

In the paper we consider another extremal relations between different energies and
describe the structure of sets having these critical relations. Such kind of theorems have
plenty of applications. It is obvious for Balog—Szemerédi-Gowers theorem, see e.g. [37],
3], [14], [15], [19], [21] and so on; for recent applications using critical relations between
energies Eo(A) and E3(A), see e.g. [32], [33] and others. Before formulate our main results
let us recall a beautiful theorem of Bateman-Katz [3], [4] which is another example of
theorems are called “structural” by us.

Theorem 2. Let A C G be a symmetric set, 7y, 0g be nonnegative real numbers and A has
the property that for any A, C A, |A.| > |A| the following holds E(A.) > E(A) = |A]**™.
Suppose that T,(A) < |A|*T370F90  Then there exists a function fr, : (0,1) — (0, 00) with
fro(m) = 0 asp — 0 and a number 0 < a < 1_42” such that there are sets X;, H; C G,
B; C A, j € [|A|*~F0(00)] with

|Hj| < [A[oretinteo) | XG| < Ao ol (3)
|Hj — H| < |[H,["o0) (4)
(X; + Hj) N Bj| > |A]'7Folo0) (5)

and B; N\ B; =0 for alli # j.
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Here T,4(A) is the number of solutions of the equation a, +as+a3+as = a)|+ah+a4+al,
ai, as, as, ayq, ay, ah, ay,ay € A and this characteristic is another sort of energy. One can
check that any set satisfying (3)—(5), E(A) = |A|*T™ and all another conditions of the
theorem is an example of a set having T,(A) < |A]*T3™F0 Note that if E(A) = |A]**™
then by the Holder inequality one has T4(A) > |A[**3™. Thus, Theorem 2 gives us a
full description of sets having critical relations between a pair of two energies: E(A) and
T4(A).

There are two opposite extremal cases in Theorem 2 : o« = 0 and a = I_TTO For
simplicity consider the situation when G = [F4. In the case @« = 0 by Bateman-Katz
result our set A, roughly speaking, is close to a set of the form H + A, where + means
the direct sum, H C F% is a subspace, and A C F% is a dissociated set (basis), |[A| ~
|A|/|H| ~ |A|'*"™. These sets are interesting in its own right being counterexamples in
many problems of additive combinatorics. The reason for this is trivial. Indeed, the sets
have rather mixed properties: on the one hand they contain translations H + A\, A € A
of really structured set H but on the other hand they have also some random properties,
for example, its Fourier coefficients (see the definition in section 2) are small. Our first
result says that a set A is close to a set of the form H + A iff there is the critical relation
between E3(A) and E(A), that is E3(A) > |A|E(A). For more rigorous formulation see
Theorem 22.

In the situation o = 1‘%, G = F3 our set A looks like a union of (additively) disjoint
7o

subspaces Hi, ..., Hy (see example (iii) from [26]) with k = |A|72 . Such sets can be
called self-dual sets, see [33]. In our second result we show that, roughly speaking, any
such a set has critical relation between E3(A) (more precisely, the product E(A) - E4(A))
and so—called Gowers U3-norm of the set A (see the definition in section 7) and vice versa.
Theorem 46 contains the exact formulation.

These two structural results on sets having critical relations between a pair of its
energies are the hearth of our paper. In the opposite of Theorem 2 almost all bounds
of the paper are polynomial, excluding, of course, the dependence on the number k of
the considered energies E;, T), or U if its appear. Moreover the first structural theorem
hints us a partial answer to the following important question. Consider the difference set
D = A — A or the sumset S = A+ A of an arbitrary set A. What can we say nontrivial
about the energies of D, S in terms of the energies of A? In view of the first example
above, that is G = F3, A= H + A, |A| = K, E(A) ~ |A]?/K we cannot hope to obtain a
nontrivial bound for additive energy of D or S because in the case D = S = H+ (A+A),
and hence it has a similar structure to A with A replacing by A + A. On the other hand,
we know that the sets of the form H + A have large E3 energy. Thus, one can hope to
obtain a good lower bound for E3(D) and E3(S). It turns out to be the case and we prove
it in section 6. Roughly speaking, our result asserts that if |D| = K|A|, E(A) < |A]}/K
then

Es(D) > KAl (6)

and a similar inequality for A + A.
The paper is organized as follows. We start with definitions and notations used in the
paper. In the next section we give several characterisations of sets of the form A = H+A,
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where H is a set with small doubling, A is a “dissociated” set. Also we consider a “dual”
question on sets having critical relations between T, and E energies, that is the situation
when T4(A) is large in terms on E(A). It was proved that, roughly speaking, A contains
a large subset A’ such that the sequence A’,2A’ 3A’,... is stabilized at the second step,
namely, A’ + A’ is a set with small doubling and, besides, |4’ + A’| ~ |A|*/E(A) in the
only case when T,(A) > |A|?E(A), see Theorem 23.

Section 6 contains the proof of inequality (6) and we make some preliminaries to this in
section 5. For example, we obtain in the section an interesting characterisation of sumsets
S = A+ A or difference sets D = A — A with extremal cardinalities of intersections

IA|<|DN(D+z)N---N(D+x,)| < AW

and, similarly, for S, see Theorem 28. It turns out that for such sets D, S the set A
should have either very small O(]A|**°()) energy E(A) or very large > |A[>~°() additive
energy. In other words either A has “random behaviour” or, in contrary, is very structured.
Clearly, both situations are realized: the first one in the situation when A is a fair random
set (and hence A+ A has almost no structure) and the second one if A is a set with small
doubling, say.

In section 7 we consider some simple properties of Gowers norms of the characteristic
function of a set A and prove a preliminary result on the connection of E(A) with E(A N
(A+s)), s € A— A, see Theorem 39. It gives a partial counterexample to a famous
construction of Gowers [14], [15] of uniform sets with non-uniform intersections E(AN(A+
s)) (see the definitions in [14], [15] or [37]). We show that although all sets AN (A + s)
can be non-uniform but there is always s # 0 such that E(AN(A+s)) < [AN(A+s)[>,
¢ > 0, provided by some weak conditions take place. This question was asked to the
author by T. Schoen.

In the next section we develop the investigation from the previous one and characterize
all sets with critical relation between Gowers U?-norm and the energies E, E; or E3. Also
we consider some questions on finding in A a family of disjoint sets AN (A + s) or its
large disjoint subsets.

A lot of results of the paper such as Bateman-Katz theorem are proved under some
regular conditions on A. For example, the assumption from Theorem 2 require that for
all A, C A, |A.] > |A| the following holds E(A.) > E(A). We call the conditions
as connectedness of our set A (see the definitions from sections 3, 7) and prove in the
appendix that any set contains some large connected subset. Basically, we generalize the
method from [31].

Thus, we have characterized two extremal situations of Theorem 2 in terms of energies.
Is there some similar characterisation for other cases of the result? Do exist criteria in
terms of energies for another families of sets? Finally, are there further characteristics of
sumsets/difference sets which separate it from arbitrary sets?
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2 Definitions

Let G be an abelian group. If G is finite then denote by N the cardinality of G. It is
well-known [23] that the dual group G is isomorphic to G in the case. Let f be a function
from G to C. We denote the Fourier transform of f by f,

= fl@)e(=¢-2), (7)

zeG

where e(r) = €™ and £ is a homomorphism from G to R/Z acting as £ : x — £ - x. We
rely on the following basic identities

Sl@r =+ SR, 0

zeG feé
2 1 e N
S| sty o) = xS TP o)
yeG zeG geé
and . R
fla) =5 D FE)els ). (10)
¢eG
If
(f % g)( Z fy and Z FW)gly + )
yeG yeG
then _
frg=f3 and fog=fg=7/3, (11)

where for a function f: G — C we put f°(z) := f(—=z). Clearly, (f % g)(x) = (g * f)(2)
and (fog)(x) = (go f)(—z), x € G. The k—fold convolution, k& € N we denote by *, so
kg 1= *k(kp_1).

We use in the paper the same letter to denote a set S C G and its characteristic
function S : G — {0, 1}. Clearly, S is the characteristic function of a set iff

S(z) = N1 (S0 8) (). (12)
Write E(A, B) for the additive energy of two sets A, B C G (see e.g. [37]), that is
E(A, B) = |{a1 +by=ay+by : ay,as € A, bl,bg € B}| .

If A= B we simply write E(A) instead of E(A, A). Clearly,

E(A,B)=) (AxB)(2)*=) (Ao B)(x)’ =) (Ao A)(x)(BoB)(x). (13)

x x x
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and by (9),
E(A.B) =+ S IA©PIBOP (14)
3

Let

1 ~
Th(A) ={a1+  +a,=da, +-- +d : al,--.,ak,a’l,---,azeA}lZNZIA(OP'“
3

and more generally
Ti(Ay, .. Ay) ={an++a,=a,+ - +a), : a,a] € Ay, ... a,a; € Ap}.
Let also
or(A) = (Ax, A)0)={ar+---+ar =0 : ay,...,a, € A}|.

Notice that for a symmetric set A that is A = —A one has 09(A) = |A| and o9(A) =
Ti(A). Having a set P C A — A we write op(A) := ) p(Ao A)(x).

For a sequence s = (s1,...,8,_1) put AP =BN(A—5s))---N(A—-s;41). IfB=A
then write A, for A4, Let

Ex(A) =) (AoA)a)f = > [A (15)

zeG 81,--,8_1EG

and

Ex(A,B)=) (AoA)(z)(BoB)2)'= > |BIf (16)

zeG S1,--,8k—1€G

be the higher energies of A and B. The second formulas in (15), (16) can be considered
as the definitions of Ex(A), Ex(A, B) for non integer k, k > 1. Similarly, we write Ex(f, g)
for any complex functions f, g and more generally

Ec(fi - fi) =Y _(fro f)(@) .. (fuo fi)(x).

xT

Putting E;(A) = |[A]>. For aset P C G write Ef (4) := >, p |Asl¥, EF(A) := EJ(A). We
put E5(4) for E(4) = 3,0 |4,/*
Clearly,

Bt (4,B) = Y (Ao A)(@)(B o B)(x)'

xT

= Y (T AWBw -+ B+ a) = EA(A),BY, (7

L1y Lh—1

where

A(A) = Ap(A) = {(a,a,...,a) € A*}.
We also put A(z) = A({z}), z € G.

Quantities E;(A, B) can be written in terms of generalized convolutions.
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Definition 3. Let £ > 2 be a positive number, and fy,..., fr_1 : G — C be functions.
Denote by

Ck(an e 7fk71)(331, ce ,331@71)

the function

Ck(an . ,fk_l)(:pl, . ,.Clﬁk_l) = Z fo(Z)fl(Z + 371) e fk—l(z + .fl?k_l) .

Thus, Co(f1, fo)(x) = (fi0 fo)(z). If fi == fi = f then write C¢x(f)(21, ..., 25-1) for
Crlfi- o fo) (@, ma).
In particular, (Ag(B) o A¥)(x1,...,2) = Co1 (B, A, ..., A) (1, ..., 7%), k > 1.
Quantities Ex(A) and Ty(A) are “dual” in some sense. For example in [33], Note 6.6
(see also [28]) it was proved that

(S5

)2k < Ex(A)Tr(4),

-~

provided by k is even. Moreover, from (7)—(10), (12) it follows that Eg(A) := Zx(jo
A)e(z) (Ao AY(x) = N*HT,(A) and T,(|A]?) = N2 1Eg(A).

For a positive integer n, we set [n] = {1,...,n}. Let z be a vector. By ||z|| denote the
number of components of z. All logarithms are to base 2. Signs < and > are the usual
Vinogradov’s symbols and if the bounds depend on some parameter M polynomially then
we write <7, > )s. If for two numbers a, b the following holds a <, b, b < ;s a then we

write a ~j; b. In particular, a ~ b means a < b and b < a.
All polynomial bounds in the paper can be obtained in explicit way.

3 Preliminaries

Let us begin with the famous Pliinnecke-Ruzsa inequality (see [22] or [37], e.g.).
Lemma 4. Let A C G be a set. Then for all positive integers n,m the following holds
InA —mA| < K"™|A]. (18)

We need in several quantitative versions of the Balog—Szemerédi-Gowers Theorem.
The first symmetric variant is due to T. Schoen [27].

Theorem 5. Let A C G be a set, K > 1 and E(A) > %. Then there is A’ C A such
that
Al

Al> =
[A> ==,

and

1A' — A < K4 A
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Also we need in a version of Balog—Szemerédi—-Gowers theorem in the asymmetric
form, see [37], Theorem 2.35.

Theorem 6. Let A, B C G be two sets, |B| < |A|, and M > 1 be a real number. Let also
= |A|/|B| and € € (0,1] be a real parameter. Suppose that

|Al|B|?

E(A,.B) > —————. 19
(4,B)> (19)

Then there are two sets H C G, A C G and z € G such that

A
(H+2)n B> M~OOL=|B|,  |A] <. MO-WLe |’H‘| (20)
|\H — H| <. MWL |H|, (21)
and

AN (H+A)| > MW 72| 4] (22)

The next lemma is a special case of Lemma 2.8 from [34]. In particular, it gives us a
connection between E3(A) and E(A, As), see e.g [28].

Lemma 7. Let A C G be a set. Then for every k,l € N
Z E<A57 At) = Ek;.H(A) .
sll=k—1 Jel=t-1

In particular,

Now recall a lemma from [30], [33].

Lemma 8. Let A be a subset of an abelian group, Q C A— A. Then

S a5 AP
2 TEMA)
and E2(A)oh (A
4@ A, A) - Ex(4) > % (23)

Let also give a simple Corollary 18 from [32].
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Lemma 9. Let A C G be a set. Then

¥, AP Es(4)

We give a small generalization of Proposition 11 from [28], see also [21].

Lemma 10. Let A C G be a set, n,m > 1 be positive integers. Then

AT = A(A)] = [A"A" — A(A)] (24)

and
AT+ A(A)] > A" max{|A" + A(A)], |[A" = A(A)[} (25)

In particular,
A2 —A(A)| = > JA— A= |AA- 4], (26)
sEA—A

and

A%+ A(A) = D JA+ A > [Almax{|A+ A],|A - A} (27)
SEA—-A

Proof. In view of [28], Proposition 11 it remains to prove the second bound from (25)
in the case m = 1 only, namely, that |[A"™ + A(A)| > |A||A" — A(A)|, n > 1. But
(a1 +a,...,an +a,an11 +a) € A"+ A(A) iff a,11 € Ay, 5., Where s; = a; — ay1,
(S1,...,8,) € A" — A(A). Thus

.....

A"+ AA)] = > [ A+ Aspsnl 2 [A]JA" — A(A)]
(51,08n) EAT—A(A)
and the result follows. O
We will use the Katz—Koester trick [18]
A—A, C(A-A)_,, A+ A, C(A+ A, (28)
and its generalization (see e.g. [34])
A—Az C(A-A) 3z, A+ Az C(A+A)z (29)

very often.

Finally, recall some results from [33]. We begin with an analog of a definition from
[31].
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Definition 11. Let a > 1 be a real number, 8,7 € [0,1]. A set A C G is called
(e, B,7)—connected if for any B C A, |B| > | A| the following holds

E.(B) > (ED E.(A).

Thus, a set from Theorem 2 is a (2, 3, y)—connected set with 5,y > 1. The Holder
inequality implies that if E,(A) < v 71A]**|A — A|'™* then A is («, 3,7)—connected for
any (. As was proved in [31] that for o = 2 every set A always contains large connected
subset. For integers o > 2, see the Appendix.

Our first lemma from [33] (where some operators were used in the proof) provides a
nontrivial lower bound for Es(A), s € [1,2] in terms of E(A).

Lemma 12. Let A C G be a set, and B, € [0,1]. Suppose that A is (2, 3,7)-connected
with 8 < 1/2. Then for any s € [1,2] the following holds

E(A) > 27 |A]"PE2(4). (30)

The second lemma from [33] provides an upper bound for eigenvalues of some oper-
ators. To avoid of using the operators notation we formulate the result in the following
way.

Lemma 13. Let A C G be a set. Then for an arbitrary function f: A — C one has
E(A, f) < E(AIIF113- (31)
Further, there is a set A" C A, |A'| > |A|/2, namely,
A= o+ ((Ax A)o A)(x) < 26(A)|A]} (32)
such that for any function f : A" — C the following holds

. < e, (33)

Moreover for any even real function g there is a set A C A, |A'| > |A|/2 such that for
any function f: A" — C one has

Y g@)(fof Zg 2|A|1Zg (Ao A)(@) - IfIl2- (34)
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Note that if f = A, A C A then bound (31) can be obtained using the Cauchy—Schwarz
inequality. Further, estimate (34) is a generalization of (33) which was proved in [33], see
Lemma 44. Bound (34) can be obtained in a similar way.

We finish the section noting a generalization of formula (23) of Lemma 8. That is just
a part of Lemma 4.2 from [33].

Lemma 14. Let A, B C G be finite sets, S C G be a set such that A+ B C S. Suppose
that 1 is a function on G. Then

\B;Q.(Zw )(A o A)( )) BAZW )(S 0 9)(x). (35)

4 Structural results

In this section we obtain several general structural results, some of which have applications
to sum—products phenomenon, for example. These results are closely related to the Balog—
Szemerédi-Gowers Theorem. We adopt the convention of writing G as an additive group.
The proofs follow the arguments from [28] and [29].

Now we formulate the first result of the section.

Proposition 15. Let A C G be a finite set, and M > 1, n € (0,1] be real numbers. Let
E(A) = |A]?/K. Suppose that for some set P C A — A the following holds

> (Ao A)(s) =nlAP, (36)

seP

and
D A+ A< MKIAP. (37)
seEP

Then for any € € (0,1), there are two sets H C G, A C G and z € G such that

E(A) Kl
(H + 2) N A| > 1 ke TAP Al <<arp-1,x 1H|’ (38)
|H — H| <1 |HI, (39)
and
JA(H + M| > k- 1A (40)
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Proof. Using Lemma 8 with @) = P, we see that
Al

Bs(4) > S (41)

We have

|Aln _AM?
S e < (g ) S = G
s : |A5‘<2K?M

Applying Lemma 7, that is the formula E3(A) = > E(A, A,), combining it with (41), we

get 2 4
> E(A, A,) > AL (42)

2MK
st |As|z27 2 M- 1K 1| 4|

Put

E(A, A,)

= max _— .

=, |As|z2- 12 M-1K 114 |A|| Ag|?

Using (42), we have

2 4
Al
A|E(A) > p|A] - AP > .
HIAIE(A) > 44 S jare T

st |As|Z27In2M—1K 1| A|

Thus, > 3&. Hence there is an s with [4,] > 271'9*M 'K~ A| and such that

E(A, Ay) > 27" M~'n?|A||As]?. Applying the asymmetric version of Balog-Szemerédi-
Gowers Theorem 6, we find two sets A, H such that (38)—(40) take place. This completes
the proof. O]

We write the fact that sets A, H, A satisfy (38)—(40) with n > 1 as
Note that the degree of polynomial dependence in formula (43) is a function on e.

Example 16. Let H C F} be a subspace and A C F} be a dissociated set (basis). Put
A = H + A, where + means the direct sum, and |A| = K. Detailed discussion of the
example can be found, e.g. in [33]. If s € H then A; = A and hence A+ Ay, = A+ A. If
s € (A+ A)\ H then A, is the disjoint union of two shifts of H and thus |A+ A,| < 2|A].
Whence
S A+ A< H||A+ Al +2]A+ AJJA] < K|AP,
s€A+A

and E(A) ~ |A]?/K. Tt means that condition (37) takes place in the case A = H + A.

Taking P = A — A and applying Proposition 15 as well as formulas (26), (27) of
Lemma 10, we obtain the following consequence.
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Corollary 17. Let AC G be a set, M € R, € € (0,1) and E(A) = |A]?/K. Then either
|42 A(A)] > ME|A]?
OT’A%MJ{E A+H

Note that for any set A C G with E(A) = |A|*/K the inequality |A? + A(A)| > K|A|?
follows from Lemma 8 and a trivial estimate E3(A) < |A|E(A). We will deal with the
reverse condition E3(A) > |A|E(A) in Proposition 20 and Theorem 21 below.

The next corollary shows that if a set A is not close to a set of the form A + H then
there is some imbalance (in view of Pliinnecke-Ruzsa inequality (18)) between doubling
constant and additive energy of A or A — A.

Corollary 18. Let A C G be a set, M, € € (0,1) be real numbers and |(A—A)+(A—A)| >
|A — A]3/|A]2. Then either

M1/2|A|4
|A— Al

MI|A — AJ*
[(A—A) £ (A-A4)

E(A) > or E(A—A)>

or Army e N+ H, where K = |A — A|/|A].

Proof. Put D = A — A. Suppose that E(A) < Ml‘/;‘|‘4|4 because otherwise we are done.
In view of Corollary 17 one can assume that > |A — A,| = MY2|A||D|. Thus, by the
Katz—Koester trick (28)

A_ASQ(A_A)—S’ A+ASQ(A+A)Sa (44)

and the Cauchy-Schwarz inequality, we get

WE@U><§]DODEO ><XNA—&0 > (M'2|A||D])?.

seD seD
Hence M|DJ
E(D) > M|D||A]® >
[(A—A) £ (A—-A)
where the assumption of the corollary has been used. This completes the proof. O

The quantities E(A+ A) (and hence |A? + A(A)] in view of Lemma 10, see also Propo-
sition 29 below) appear in sum-products results (in multiplicative form). For example, in
[21] the following theorem was proved.

Theorem 19. Let A, B C R be finite sets. Then

|BIE*(AA)

B+ AAJ?
1B+ AA"> log | A
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Here EX(A) := [{a1as = azay : ay,a9,as3,a4 € A}|. Thus, by the obtained results, we
have, roughly, that either E*(A), EX(AA) can be estimated better then by Lemma 10,
see formulas (26), (27) or A has the rigid structure A ~ A - H. Usually, the last case is

easy to deal with. Similar methods were used in [21].

Now we obtain another structural result. Using Lemma 8 as well as a trivial estimate

Es(A) < |A|E(A) one can derive Proposition 15 from Proposition 20 below.

Proposition 20. Let A C G be a set, and M > 1 be a real number. Suppose that

AlE(A
Ey(4) > AT
Then there is A’ C A such that
E(4)
Al
1> Ty

and
|A"— A < M log' M - |A'].

Further, take any ¢ € (0,1) and put K := ’?:). Then A =y A+ H.

Proof. First of all prove (46), (47). Let
Pp={z « 27HA|/(2°M) < |A.| < 2]A]/(2°M)}, j € [L],

where L = [log(4M)]. By the pigeonhole principle there is j € [L] such that

|A|E(Jl> ES(A) 3
< < .
S—57 S E | Az

2ML TEP;
Put P = P; and A = 2j|A\/(22M). Thus
8ME

Hence, by the Cauchy—-Schwarz inequality

26 \[2E2(A)

247| A|3L2 < E(A, P) < (E(A)Y2(E(P)V2.

Note that

) o [Pl|A]P2%72
A) > Z | A > Toin

zeP

and therefore
|P| < 262_2jM2E(A)|A|_2.
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It follows that

12774 3 3 3
WMAEA) PP [P

E(P) > 25| A[SLA T 260[222i[4 T 210 [4[4

= u|P|*. (51)

By Theorem 5 there is P C P such that |P’| > p|P| and |P’ — P'| < u~*|P’|. Note that

N P2 701A|
Z(AOP)(Z') = Z(AOA)(@ > g

€A zEP!

and so there exists x € A such that the set A’ := AN (P’ + z) has the size at least
|P'|2773M 1. We have

A= A< |P =Pl Y|Pl < w27 MA| < MPL|A. (52)
Finally, from (48), say, one has

M2E(A)  E(A)
P .
PI> SaiapL > MIARD (53)

and because _ ‘
|A'| > |P|1273 M~ > p|P| - 273 Mt

the result follows.
To obtain (38)—(40), that is A ~y k= A+ H, K = |A’PE"!(A), note that by the first
inequality of (49) and the bound |P| < 2627% M?2E(A)|A|~2, we have

BMPEX(A) _ |A||PP
P>

E(A, P) > , > .
(A, P) 247| APPL? 26722

Also, by the definition of the number K, and inequality (53) the following holds
|A|/|P| < MLK <, K.

Applying the asymmetric version of Balog—Szemerédi-Gowers Theorem 6 with A = A,
B = P, and recalling (53), we obtain the required inequalities, excepting the first in-
equality of (38), where it remains to replace P by A. Put H' = (H + z) N P. We have
|H'| > ke |P|. Thus, by the definition of the number A and estimate (53), we obtain

E(A
D (Ao H)(x) =) (Ao A)(z) > 27 A|H'| >y ke AP >uke (T) . (54)
€A xeH' | ‘
Hence there is w € A such that
, E(4)
This completes the proof. O
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Assumption (45) of the Proposition 20 is a generalisation of the usual condition E(A) >
HE (hecause E(A)|APPM ! < E*(A) < Es(A)|A]?) and Es(A) > EL (because E5(A) >
|A|*M~! > |A|E(A)M ). Further, one can check that the same consequences (38)—(40
hold if we replace condition (45) by Es(A) > |A|Es_1(A)/M, s > 3. Let us write the
correspondent result.

~—

Theorem 21. Let A C G be a set, s = 3 be a positive integer, and M > 1 be a real
number. Suppose that

|A|E571(A>
—

Take any € € (0,1) and put K := Ef—@. Then A =g poxe N+ H, |H| >5 u k- |Al/K.

Es(A) > (56)

Proof. The arguments almost repeat the proof of Proposition 20, so we skip some details.
Using dyadic pigeonholing and the assumption, we find P C A — A, A < |A,| < 24,
r € P with

MYAIE,-1(A) < Eo(A) <ogar Y [Au]® iogar A 'ap(A).

zeP

Thus, by the Cauchy—Schwarz inequality
M72AIE2 (A)AT27D <00 E(A, P)
On the other hand |P|A*~! < E,_;(A) and hence
E(A, P) > 1050 M 72| Al|P)?.

Note that by (56) and our choice of the set P, we have

ﬂ <Lm A’ < A
|P| Eci(4) ~ Eia(4)”
and, again,
Al A
~ =5 > —1 -5 _ | > ]
|P| ~iogar Es(A)A™ > M AIE,_1 (A)A VEA Z MK

After that apply the asymmetric version of Balog—Szemerédi-Gowers Theorem 6 and an
analog of the arguments from (54)—(55). This concludes the proof. O

The more general assumption E,(A) > |A|PE,_x(A)/M* implies that for some j € [k]
one has E;_;11(A) > |A|Es—;(A)/M. Thus, we have considered the common case. Note,
finally, that estimates (46), (47) are the best possible. Indeed, take G = F§, A = H + A,
where H < F7 is a linear subspace and A is a dissociated set (basis).

Now we can prove a criterium for sets having critical relation between E(A) and E3(A)
energies.

THE ELECTRONIC JOURNAL OF COMBINATORICS 21(3) (2014), #P3.44 16



Theorem 22. Let A C G be a set, and M > 1,e € (0,1) be real numbers. Put K := é’?f).

Then

Es(A) > k- |A|E(A)
if
A %M,KE A + H.

Proof. In view of Proposition 20 it remains to prove that if A ~p - A 4+ H then
Es(A) >y k- |A|E(A). Put Ay = AN (H + A). We have |Ay| >y ke |A]l. Then

|APIHP? <arke |A]P[H|? < E(Ay, H)|Ay — H| S E(A, H)|A||H — H| <k E(A, H)|A].
Thus

(AIH*)? < (Z(AO A)(z)(H o H)(ﬂf)) < Es(A)ES)5(H) < Es(A)|H[.

T

In other words
Es(A) > ke |AP|H| > - E(A)|A].

To get the last estimate we have used the fact |H| >y k= E(A)|A|~2. This completes the
proof. n

Recall that
Te(A) ={a1 4+ +ar=a 4+ +a, : ar,...,a,adl,...,a, € A}|.

We conclude the section proving a “dual” analogue of Proposition 20, that is we replace
the condition on E3(A) with a similar condition for T4(A) and moreover for T¢(A). Again,
the proof follows the arguments from [28].

Theorem 23. Let A C G be a set, and M > 1 be a real number. Suppose that

Al*E(A
T4 > AEE 67)
Then there is A’ C A such that
A
4> —A (58)
M3logs |A|
and
Y A]°
InA" —mA'| < (M3log* |A|)* "™ M| A - (59)
E(4)
for every n,m € N.
Moreover, if
Al»T, (A
Tou(4) > ACTs(A) (60)

M Y
s = 2 then formulas (58), (59) take place. Conversely, bounds (58), (59) imply that
Tas(A) > 10g |4, 5 |A|I>T,(A).

THE ELECTRONIC JOURNAL OF COMBINATORICS 21(3) (2014), #P3.44 17



Proof. Put Ty = T4(A), Tos = Tas(A), a = |A|, Ly = [log(16Ma*~1/T,)] <, loga. Let
Py =A{z : 27T, /(2" Ma®) < (Axgy A)(z) < PT,/(2'Ma*)}, jelLy].

Put f;(z) = Pj(x)(A*s_1 A)(z). Thus,

(A, A)(z ij 2)(Axgy A)(x), (61)

where Q = {z : (Ax*,1 A)(z) < 27*M'T,a~*}. Substituting formula (61) into the
identity

Tao(A4) =) ((Axey A) o (Axey A))(2)

xT

and using assumptions (57), (60), combining with the definition of sets P;, €2, we have

2_1T25(A) < Z Z f]l f]2 f]3 fj4)<3:)‘

J1,J2,J3,.J4=1

Applying the Holder inequality, we get

2L Ta () < 30 S0 £) (@) (0 f)(a).

=1 =
By the pigeonhole principle there is j € [L4] such that

GZSTS T25

T

Put P=P;, f = f; and A = 27T, /(2*Ma®). Thus

a®T,
o <E (63

Clearly, |P| < 4T,A™2 Using the last inequality, the definition of the number A and
bound (63), we obtain

a2sTS 25A2 22] ’P’?)
> = u|P|*.

E(P 2—/ Py p—— = =
(P) 2M LIAY o |27ML4T2 o |215M3L§ 215 \[3 L

To estimate the size of P we note by (63) that

| |3 CLQSTS

> 4
2MLAA* (64)
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After that use arguments (51)—(52) of the proof of Proposition 20. By Theorem 5 there
is P’ C P such that |P’| > p|P| and |P’ — P'| < u~*|P'|. Applying Pliinnecke-Ruzsa
inequality (18), we obtain
InP' —mP'| < p~4tm| p| (65)
for every n,m € N. We have
AP <Y (Axe g A@)Pl(x) = Y (Ao P+ +2,).
x T1,..,Ls—1EA

By (64) and the definition of the number A there is x € (s — 1)A such that the set
A" := AN (P — x) has the size at least

T 1/3 2%9/3q a
/ / —(s—-1) —(s—-1) S
| A’ > |P'|Aa 2 plP|Aa > [ (_MLAS;AGS_:),) NBLIP > MELER

We have by (65) that

|TLA/ . mA/| < |TLP/ . mP/| < M_4(n+m)|P/| < /L_4(n+m)’A/’CLs_1A_1 <

a2571

Ts

< ,u—4(n+m)M’A/| .

for every n,m € N.
Conversely, applying bound (59) with n = m = s, combining with the Cauchy—Schwarz
inequality, we obtain

T

2
A" < (Z((A' *s-1 A') 0 (A% A’))(%)) < Tos(A)[sA" = sA'] <

<o (MPlog! [A])*M - |4

A 2s—1

s(A)
Using (58), we get
Tos(A) >, T (A)|A |7 A7C=D (M3 logh |A]) B M1 >,
> To(A)| AP M 352 10g~545 | A] |
In other words, Tos(A) >>u10g(4l,s |A|** Ts(A). This completes the proof. O

So, we have proved in Theorem 23 that, roughly speaking, A" — A’ is a set with small
(in terms of the parameter M) doubling and vice versa. Thus, A’ does not equal to a
set with small doubling but A’ — A’ does. Results of such a sort were obtained in [28],
[32] and [33]. Note, that we need in multiple |A[?E~'(A) in (59), because by (58) and the
Cauchy—Schwarz inequality, we have the same lower bound for |A" — A’|.

It is easy to see that an analog of Theorem 23 takes place if one replace (57) onto
condition T,(A) > |A[**=2E(A)/M, where s is an even number, s > 4, and, further, even
more general relations between Ty, energies can be reduced to the last case (and Theorem
23) via a trivial estimate T4(A) < |A]*Ts_1(A). We do not need in such generalizations
in the paper.
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5 Sumsets: preliminaries

Let A C G be a set. Before studying the energies of sumsets or difference sets we
concentrate on a following related question, which was asked to the author by Tomasz
Schoen. Namely, what can be proved nontrivial concerning lower bounds for |A + A,
s # 07 The connection with A + A is obvious in view of Katz—Koester trick (28). We
start with a result in the direction.

Theorem 24. Let A C G be a set. If E3(A) > 2|A]® then
|A’10

A= AJE2(A) (66)

3
(max |A+ AS|> >
s#£0

Now suppose that A is (3, 3,7)—connected with 3 < 1/2, and E3(A) > 2*y~1AJ]?. Then

AP

’ A
<nsn¥ag<\Aj:As|) >y A

(67)

Proof. Write E = E(A), E3 = E3(A), and a = |A|. Let us begin with (66). Denote by
w the maximum in (66). By the Cauchy-Schwarz inequality and formula (31) of Lemma

13, we obtain
a®|A]> < E(A4, A,)|A £ A, <EYPIAL|A £ A (68)

Multiplying the last inequality by |As|, summing over s # 0 and using the assumption
Es(A4) > 2[AP, we get

a’Ey* < wE. (69)

On the other hand, by Lemma 8, we have
o <E; Y JA+A|<EA-Aw. (70)

s€A—A, s#0

Combining (69) with (70), we obtain
, 410

T

as required.
Now let us obtain (67). Using Lemma 13, we find A", |A’| > |A|/2 such that estimate

(33) takes place. As in (68), we get
2E
| A]* S E(A ADIA £ A < —|AJ|A £ A (71)
a
By assumption E3(A) > 24y~ A[]>. Using the connectedness, we obtain
A"

!/ A !/
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Multiplying inequality (71) by |A.|, summing over s # 0, we have in view of (72) that
a’E3(A") < a 'EE*(A)w. (73)
Combining the last formula with first inequality from (72), we get
a*yE3(A) < a 'EE*(A)w . (74)

On the other hand, summing the first estimate from (71) over s # 0 and applying Lemma
7, we see that
a’E*(4') < wEs. (75)

Combining (74), (75), we obtain
5

w? > il

This completes the proof. O

From (66) it follows that if |A— A| = K|A|, E(A) < |A]*/K, E3(A) > 2|A]? then there
is s # 0 such that |A—A,| > K'/?|A| as well as there exists s # 0 with |[A+A,| > K/3|A.
It improves a trivial lower bound |A £ A| > |A|. Using bound (67) one can show that
there is s # 0 such that |A — A,| > K'/?|A| (here E(A) < |AJ]?/K), provided by some
connectedness assumptions take place.

We need in lower bounds on Ex(A) in Theorem 24 and Proposition 25 below to be
separated from a very natural simple example, which can be called a “random sumset”
case. Namely, take a random A C G and consider A + A. This “random sumset” has
almost no structure (provided by A 4+ A is not a whole group, of course) and we cannot
say something useful in the situation. It does not contradict Theorem 24 and Proposition
25 (see also the results of the next section) because the energies E;(A) are really small in
the case.

Now we give another proof of estimate (67) which can be derived from inequality (77),
case k = 2 below. Actually, it gives us even stronger inequality, namely, |A? — A(A,)| >
|A]PE71(A) for some s # 0, or, more generally, (see formulas (79), (80) below)

APFE, 1 (A)
max |A* + A(A m | s
nax| (As)] > Tglx{ E (B () } : (76)

provided by some connectedness assumptions take place. In particular, taking r = k and
r = 1 in the previous formula, we get

2k+1 2k—1
max |AF £ A(A,)| > max { 4] AP E(A) } :

Ex(A) = Ega(A)
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Proposition 25. Let A C G be a set, k > 2 be a positive integer. Take two sets D, S
such that A— AC D, A+ ACS. Then

VAP < Y (Ao Af(a)di(x) < (Ao A)f(x)(D o D)¥(x), (77)
x#0 x#0

YNAP < Y (Ao A (a)si(x) < ) (Ao AF(x)(S 0 §)H(x), (78)
x#0 x#0

provided by A is (k+1,8,7)—connected with 3 < 1/2 and Epy1(A) > 2F2y7H AR Here
di(z) = 3o Da(@)(D 0 Do) " Har), si(x) = 3, Sal@)(Se + D) (a).

Proof. Using Lemma 13, we find A’, |A’| > |A|/2 such that estimate (34) takes place with
g(2) = (Ao A)k(z). It follows that

2E;11(A)

[APFIALP < A" £ A(AL)[Erga (A7, A) < [AY £ A(4,)] A

A - (79)

|k71

Multiplying the last inequality by | A’ and summing over z # 0 (to obtain (76) multiply

by AL/ 1), we get

VAP Epia (A) < JAPFYEL (A) < Epaa(A) Y [AP £ A(A)|[A. (80)
x#0

Here we have used the fact

|A/|2 (k+1) .
Eri1(4) > |A|2—k+1Ek+1( ) > 2| AT

and the assumption Ej,1(A) > 2F2~y71| A|*T1. Note that by Katz—Koester trick (29), one
has |A* — A(A,)| < di(z), |A* + A(A,)| < sp(z) (or just see the proof of Proposition
29 below). Finally, dj,(z) < |D.|*, si(z) < |S:|* and we obtain (77). This completes the
proof. O]

Using Katz—Koester trick or just the Cauchy-Schwarz inequality one can show that
(77) trivially takes place in the case k = 1 without any conditions on connectedness of
A or lower bounds for any sort of energy. Under the assumptions of Proposition 25 from
(77) it follows that

2IA[%2 & gy (A)E3 (D)

and similarly for S. Some weaker results but without any conditions on A were obtained
in [28].

Results above give an interesting corollary on non-random sumsets/difference sets.
Put D=A—-A, S = A+ A. Then for an arbitrary positive integer k£ and any elements
a,...,ax € A, we have

AC(D+a)(D+a) - (YD+a), AC(S—a)()(S—az)- [ |(S—a). (81)
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In particular, there is € D, x # 0 such that |D,|,|S.| > |A] (also it follows from
Katz—Koester inclusion (29)). By Corollary 17 (see also Lemma 10) one can improve it
to |D,|,|S:] = K¢| A, where K = |A]’E7!(A). Theorem 24 gives us even stronger result.

Corollary 26. Let AC G beaset, D=A—A, S=A+A, E(A) = |AP/K, Suppose
that A is (3, 3,7)—connected, B < 1/2, and E3(A) > v 124 A|>. Then there is x # 0 such
that | D,|, |S.| > y/2KY2|Al.

One can get an analog of Corollary 26 for multiple intersections (81) but another
types of energies will require in the case. Nevertheless, some weaker inequality of the
form |Dz| > K°¢|A| can be obtained, using Proposition 20 and Theorem 21. Here K =
|A[*E. ' (A), k > 2. Interestingly, we do not even need in any connectedness in this
weaker result.

Proposition 27. Let A C G be a set, k > 2 be a positive integer, ¢ € (0,1] be a real
number, Ex(A) > k*Ex_1(A), and K = |A|*E. ' (A) < |A|'"¢, K, = |APPE"Y(A). Then
for all sufficiently small ¢ = e(c) > 0 there is T = (z1,...,25_1) with distinct z;, j € [k]
such that

|Dz| ,|Sz| >k |A| - min{K*®, cx-K1}, (82)

where the constant cie satisfies cxe >ge 1 and, again, the degree of the polynomial
dependence is a function on c.

Proof. Suppose not. Take any set P C A¥~! — A(A). Applying Lemma 7, one has

AP (z |Af|) _ (z z<AoA£><z>) CEen() S A A <

reP ZeP =z zeP

Note that the assumption Ey(A) > k*E;_;(A) implies

!/

k—1 ’
— 2 2 2
RS MV DI FEE (I RS ) iV ENCT

— =

T x

where the sum " above is taken over ¥ = (x1,..., 7 ;) with distinct ;. Now take P
such that A < |Az| < 2A for & = (x1,...,24-1) € P, where all z;, j € [k] are distinct

and £, (A)

D 1A > oL

< log K

zeP
Of course, such P exists by the pigeonhole principle and bound (84). Using the last
inequality, and recalling (83), we obtain

|A]?Er(A)

AlP|P|A? <« E;q(AVKE|A]|.
e < MPIPIAT < Een(HK|A
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In other words, Ex1(A) >k- |A|EL(A). Put M = max{K*®, k}. Applying Proposition 20
as well as Theorem 21, we see that A ~); A+ H. After that put A’ = AN(H + A). Then
|A’| > |A| and |H| >y |A|/K. Further, as in the proof of Theorem 22, we get

[H["|AT [H[*|AN*

! — -\ / k

X GBI = 34 110 > pr e > i e

[H|*| A .

Al|lH
A A — s > A
and hence
Do |AGH > A I (85)
57”1'”:19_1

In particular, there are at least >, |H|""! elements ¥ € H*~' — A(H) such that |A%| >,
|A|. We can suppose that the summation in (85) is taken over ¥ = (x1,...,x,_1) with
distinct x; because the rest is bounded by

(k ) 1) S (Ao H)Ha) < (k R 1> HIHA] < JAIHT"

xT

The last estimate follows from the assumption K < |A|'*™¢. Choosing any such Z and
using the Cauchy—Schwarz inequality, we obtain

AP AP
E(A, A,) ~ M E(4)

A+ Az > |A £ AL > = | A

and in view of Katz—Koester trick (29), we see that |Dz|, |Sz| are huge for large K. This
concludes the proof. O

Using Proposition 27 one can derive an interesting dichotomy result.

Theorem 28. Let ACGobeaset, D=A—A S=A+A k>2, and M >1,¢ € (0,1)
be real numbers. Put K = |A|*"1E,'(A). Suppose that for any vector ¥ = (x1,...,T5_1)
with distinct z;, j € [k] the following holds

|Dz| < M|A|  or, similarly, |Sz| < M|A|.

Then either Ex(A) <, ja,k |AlF or E(A) > a1 |A]P. Again, the degree of the poly-
nomial dependence is a function on €.

Proof. Put K; = |A|?E~'(A). Suppose, in contrary, that Ex(A) > a1 |A[F and
E(A) <M, |Ale, & |A|3 Then K <M, Al k |A| and K, > M, |Al¢, k 1. Trivially, Ek(A) <
|AJF=2E(A) and hence

|A| > jae, 0 K = Ky > a6, 1

THE ELECTRONIC JOURNAL OF COMBINATORICS 21(3) (2014), #P3.44 24



Finally, by the upper bound for the parameter K we see that the number ¢ which is
defined as K = |A|'™¢ can by taken depending on e only. Thus, everything follows
from Proposition 27, the only thing we need to consider is the situation when Ej(A) <
k*Ej_1(A). But in the case

|AF < Er(A) < K2Er_1(A) < K2|A[FPE(A).

In other words E(A) > |A|* and this concludes the proof. O

Thus, if | Dg| , |Sz| are not much larger than | A| then either A is close to what we called
a “random sumset” or, on the contrary, is very structured. Clearly, the both situations
are realized.

6 Energies of sumsets

Let A C G be a set. Throughout the section we put D = A — A and S = A + A.
As was explained in the introduction one can hope to prove a good lower bound for
Es(D), E5(S). It will be done in Theorem 30 below but before this we formulate a simple

preliminary lower bound for E (D), EP(S). Similar lower bounds for EP (D), EP(S) were
given in Corollary 5.6 of paper [21]. Further, it was proved in [28] (see Remark 8) that
opi1(D) = |AF — A(A)|. Now we obtain a similar lower bound for EP (D). Recall that by
EP(D) we mean o3(D) = op(D), that is >___,(D o D)(x).

zeD

Proposition 29. Let A C G be a set. Put D =A—A, S=A+ A. Then for all k > 1
one has
EL(D) = |AM! = A(A)] = [A - A|A]*, (86)

and, similarly,

D2 S(@)S * DY) 2 [AM + AL > [AF max{|4 - AL |4 + A

EZ(S) = [A[F7HA% + A(A)] > A" max{|A — A[,|A + A[}. (87)
Proof. The second estimates in (86), (87) follow from Lemma 10. Further, it is easy to

get (or see e.g. [28]) that

AR —AA) < D> D) ... D(wen) [ D(=

Ty Thot1 i#]j

< Z D(:Lj)...D(ZL‘]H_l)D(l'l—ﬂ?Q) D m1_1%—‘,-1 ZD DOD ( ) EkD(D)
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as required. Similarly,

AT LA < ) S() . S(ar) HD z; — 1;) <

< Z S(x1)...S(xp1)D(xy — 29) ... D(x1 — Tpa1) ZS )(S * D)*(x) .

Finally, by Lemma 10, we get

EJ(S) =D (S09)(s) = ) IA+ A" 2 A" ) A+ Al =

seD seD seD

= [AFA% + A(A)] > [A]f max{|A — A|,[A+ Al}.
This completes the proof. n

Interestingly, that some sort of sumset, namely, A" + A(A) gives a lower bound for an
energy, although, usually, an energy provides lower bounds for cardinality of sumsets via
the Cauchy—Schwarz inequality. The trick allows to obtain a series of results in [28]—[30].
Although bounds (86), (87) are very simple they can be tight in some cases. For example,
take A to be a dissociated set or, in contrary, a very structural set as a subspace.

Now we formulate the main result of the section concerning lower bounds for some
energies of sumsets/difference sets. Again we need in lower bounds on E;(A) in Theorem
30 below to be separated from the “random sumset” case.

Theorem 30. Let A C G be a set. Take two sets D, S such that D =A—A, S=A+A.
Then

) ) A"
E3(D,A,A), E;(S,AA) > A— APE(A)’ (88)
and
(EZ(D))* > max { |D|*? AP (ED(9))* = max < |S|*? AP . (89)
3 "E9(A)| D2 [ K TEY(A)|D]?
Further, let 8, € [0,1] be real numbers, B < 1/2. If A is (2, 8,7)-connected then
E3(D, A, A), E3(S,A,A) > | A]E(A). (90)
Suppose that A is (3/2,5,7) and (2, B,7)—connected, correspondingly. Then
A 33/4E A A 17/2
EP(D), ED(S) >y D2 e gb(g) oA (o)

E9/4(A) log |A]” ES/2(A) log |A]

correspondingly.
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Proof. Write E = E(A), E3 = E3(A), and a = |A|. Let us obtain bounds (88), (90). Using
Lemma 13, we find A’, |A’| > |A|/2 such that estimate (33) takes place. As in the proof
of inequalities (68), (71), we get

QAL < E(A A A% A < A A £ A, (92)
a

Multiplying the last inequality by |A.|, summing over s and using Katz—Koester trick, we
have

a’E3(A’) < a 'E-E3(D, A) (93)
and similar for S. On the other hand by the second part of Lemma 8, we obtain
a’ 2
(\A — A,) a® < B*(A))a* < E3(A) - E3(D, A) (94)

and using the first part of the lemma, we have the same bound for the set S

(%) @ < openier (88) <e ) ISP < i) 5., 09

for details, see [30]).

where D = {x € D : |A| = (d)?/2|D]}, op(A") = (a)?/2 (
A= BE A y(x) = (X0 A)(x).

)
Another way to prove the same is to use Lemma 14 with B
Combining (93) and (94), (95), we get

2 2
E3(D>A)a E3(Sv A) > |A . A‘QE(A)

Using the tensor trick (see [37] or [33]), we have (88). If A is (2, 3,~)—connected then
E(A") > ~E(A)

and combining the last inequality with (93) and the second bound from (94), we get (90)
(to obtain lower bound for E2(S, A) one should use Lemma 14).
It remains to prove (89) and (91). Returning to (92)—(93), we obtain

Ey(4) < EYALPIA £ 4|

or, by the Holder inequality
a’E3(A") < B’E}(D). (96)

On the other hand, by Lemma 8 for any P C A’ — A’, we have

op(A) < Es(A)> A+ A

seP
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Applying the Holder inequality, we get
a“op(A') < E3(A)|PIPEY (D) (97)

and similarly for S. Now choose P C A’— A’ such that P = {s € A’— A" : p < |AL| < 2p}
for some positive number p and such that

S g » 222,

e log a

Of course, the set P exists by Dirichlet principle. Combining the last inequality with (97),
we obtain

a®E5 (A')log ™t a < a®(|P|p*?)" < E3(A)ED (D). (98)
Using estimates (96), (98), we have
(ER(D))*E® > o**E3 (A log™*a. (99)
Thus
D), (EX(S) > -
E : -
(B s E9|D|2log* a

Applying the tensor trick again, we get (89). To obtain (91) recall that A is (3/2, 5,7)-
connected set. Hence by (99), we obtain

(EP(D)'E > 7'a"E (A log ™ a

and the first formula of (91) follows. Further, because A is (2, 8, y)—connected set then
using Lemma 12 for A’ as well as (99), we have

(EY(D))’E® > 7*a'"log % a

and the last estimate coincide with the second inequality in (91). This completes the
proof. n

From (89), the definition of the number K as |D| = K|A| and the assumption E(A) <
|A]? /K, we get

Es(D) > K74 A" (100)

An upper bound here is K?|A|* and it follows from the main example of section 4, that

is G =F%, A= H + A. Note also that the second inequality in formula (91) is weak but
do not depends on the size of A — A or on energy Ez/»(A).

As for dual quantities Tx(D), Tx(S), our example A = H + A shows that there are
not nontrivial lower bounds for Ty(A £+ A), in general, which are better than simple
consequences of Katz—Koester

Te(D) 2 [APTioa(D) > ... > [APEPE(D) > |AP*2|D],
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Te(S) = |APT1(S,...,8,D) > ... > |A|2(k_2)E(D) > |A|2k—2|D|

(just use (D o D)(z) > |A|D(x) and (S o S)(x) > |A|D(x)). The reason is that the
structure of A + A is similar to the structure of A in the case, of course. Nevertheless, it
was proved in [28], Lemma 3 that

| A" < Eqp(A)Ti(A £ A), (101)

and also in [33], Note 6.6 that

<Z$EP(A o A)(x)
|A]

I
) < Ear(A)Th(P), (102)

where P C D is any set. So, if we know something on Es;(A) then it gives us a new infor-
mation about Ty(A =+ A). Trivially, formula (101) implies that T, (A4 A) > |A|**T2/E(A).
Again, the last inequality is sharp as our main example A = H + A shows.

Vsevolod F. Lev asked the author about an analog of (102) for different sets A and
B. Proposition 31 below is our result in the direction. The proof is in spirit of [33]. For
simplicity we consider the case k = 2 only. The case of greater powers of two is considered
similarly if one take M? M*, ... or just see the proof of Theorem 6.3 from [33] (the case
of any k). We do not insert the full proof because we avoid to use the operators from [32],
[33] in the paper which is considered to be elementary.

Proposition 31. Let k > 2 be a power of two, A, B C G be two sets, and P C A — B.

Then
> wep(Ao B)(
]AWQ\BP/Q

4k
$)> <Ew(A,...,A,B,...,B)Tu(P).

Proof. Let k = 2. Define the matrix
M(z,y) = P(z — y)A(x)B(y)

and calculate its rectangular norm (e.g., see section 7)

AL(M) <ZA?(M) = Y M(z,y)M(@ y)M(z,y)M (', y) =

! gy
Z,Y,x",Y

=3 3 Pla-y)P@ —y)Pla—y)P@E —y) =

z,x'€A y,y'€B
= Z C4(B7AaA7 B)(aaﬁ77)P(a)P(ﬂ)P(a/ - 7)P<ﬂ - ’7) )
a,B,y

where \;(M) the singular numbers of M. Clearly,

Sepldo B)la)

)\1(M) 2 ’A|1/2|B‘1/2
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Thus, by the Cauchy-Schwarz inequality, we get

> wep(Ao B)(z) 8
( |A|Y/2| B|1/2 )<E4(A,A,B7B)E(p)

as required. This completes the proof. O

We end this section showing that there is a different way to prove our Theorem 30 using
slightly bigger sets D, or S, not A+A,. The proof based on a lemma, which demonstrates,
in particular, that A+ A contains approximately |A[?E~1(A) almost disjoint translates of
A, roughly. In the proof we use arguments from [1].

Lemma 32. Let A, B C G be two sets. Then there are
s > 274 A||B|*E"Y(A, B) (103)

disjoint sets A; C A+b;, |A;| = |A|/2, b; € B, j € [s].
Moreover, for any set S C A+ B put o = > _o(Ax B)(x). Suppose that o > 16|B].
Then there are

zeS
s> 27%°|A|7?|B|"'E"Y(A, B) (104)
disjoint sets S; C SN (A+10;), |S;| =27%|B|™, bj € B, j € [s].

Proof. Let us begin with (103). Put S = A+ B. Our arguments is a sort of an algorithm.
At the first step of the algorithm take A; = A + b, where b € B is any element of B.
Suppose that we have constructed k disjoint sets Ay, ..., Ag. If there is b € B such that
[(A+b)\ LIS, A;| > |A]/2 then put Ay = (A+b)\ LI}, A; and take b1 = b. Suppose

that our algorithm stops after s steps. If s > |B[/2 then we are done. Put U = | [;_, 4;
and B, = B\ {b1,...,bs}. Then s|A|/2 < |U| < s|A| and |B,| > |B|/2. We have

272 AIB| < 27YAJIB.| < ) (Ao U)(2)Bi(a).

Using the Cauchy—Schwarz inequality, we obtain
274 A?| B> < E(A, B)|U| < E(4, B)s|A]

and the required lower bound for s follows.
Let us prove the second part of the lemma. Put a = |A|, b = |B|. First of all note

that
7= (AxB)w) = IS (A+ 1)

z€eS z€B

and hence there is x € B such that |[SN (A + z)] > ob™!. Put b = z, and let S; C
SN (A + by) be an arbitrary set of size [eob™'], where ¢ = 1/8. After that using the
arguments as above, we construct a family of disjoint sets S; C SN(A+b;), |S;| = eob™?,
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bj € B, j € [s]. If s > 0/(4a) then we are done. If not then put U = | [;_, S; and
= B\ {by,...,bs}. We have B, C B, |J B!, where

B.={x€B, : (AolU)(z) >cob '},
B! ={reB, : |(A+2)\S|>a—2c0b"'}.

Further, because

(a—2e0b )|B/ < D [(A+D)\SI <D [(A+2)\S| <ab=> [(A+z)( S| =ab—0c

zeBY z€EB z€B
we see that |B!| < (b—o/a)(1+ 4ec/(ab)). Thus,
Bl >b—s—(b—oc/a)(1+4ec/(ab)) =2 o/a—4ec/a—s > o/4a.

Finally, we obtain

eob™! - o/da <) (AoU)(z)Bi(x) < Y (Ao U)(x)B(x)

T x

and hence, in view of the condition ¢ > 16b the following holds
(eab™M)? - (0/4a)* < |U|E(A, B) < (2e0b™)sE(A, B).
Whence, s > 27803a72b"1E~1(A, B). This concludes the proof. O

Now let us show how to get (90), for example. Applying Lemma 32 with A = A,
B = —A, we obtain

5(D, A, A) ZEg (Aj, A, A) > |APETL(A)Es(A) (105)
provided by (3, 3,y)—connectedness assumptions, 3,7 > 1 (by the way bound (105) is
tight as our main example H 4+ A shows). On the other hand, we have by Lemma 8 that

E?(A)|A|* < E5(A)Es(D, A, A).
Combining the last two bounds, we get (90).

Using similar arguments and the second part of Lemma 32, we obtain the following
consequence, which shows, in particular, that the popular difference sets [15], [37] have
some structure in the sense that they have large energy of some sort.

Corollary 33. Let A C G be a set, P C A— A. Suppose that A is a (3, 3,~)-connected
set, B < 2730p(A)|A|7L. Then

Ea(P, A, A) > 2799 2op(A)E(A)]A] . (106)
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Proof. Let 0 = op(A). On the one hand, using Lemma 32 with A = A, B = —A, we
construct the family of disjoint sets P; € PN (A — aj), a; € A, |Pj| = 27%c|A|™, the
number s satisfies (104). Put A; = P; +a; C A. Thus, by connectedness of our set A, we
have

4] o’

s S 6
Ex(P,A) > S Es(PA) = 3 Es(d;, 4) > ( 2 ) E4(4) > 2% T ).
j=1 j=1

On the other hand, applying Lemma 8, we get
o'E*(A)|A|7° < E3(A)E3(P, A).

Combining the last two inequalities, we obtain bound (106). This concludes the proof. [

7 On Gowers norms

The notion of Gowers norms was introduced in papers [14, 15]. At the moment it is a
very important tool of investigation in wide class of problems of additive combinatorics
(see e.g. [8]—]15], [20], [24]) as well as in ergodic theory (see e.g. [2], [6], [16], [17], [35],
[36], [38], [39], [40]). Recall the definitions.

Let G be a finite set, and N = |G|. Let also d be a positive integer, and

0,1} ={w = (wi,...,wq) : w; €{0,1},j=1,2,...,d}

be the ordinary d—dimensional cube. For w € {0, 1} denote by |w| the sum wy +- - - +wy.
Let also C be the operator of complex conjugation. Let & = (z1,...,2q), 7 = (2, ..., 7))
be two arbitrary vectors from G¢. By 7 = (#%,...,7%) denote the vector

fw { xT; if Ww; = 0,

T = ’ . _
! x; fw; =1.

Thus % depends on & and 7.
Let f: G? — C be an arbitrary function. We will write f(%) for f(z1,...,24).

Definition 34. Gowers U¢-norm (or d—uniformity norm) of the function f is the following

expression
1/2¢

[Allga= (N2> > [ c“r@) : (107)

7eGe ¥ eG? we{0,1}4

A sequence of 2¢ points 7 € G?, w € {0, 1} is called d—dimensional cube in G¢ or just
a d-dimensional cube. Thus the summation in formula (107) is taken over all cubes of
G?. For example, {(x,v), (2, y), (x,y), (z',y)}, where z, 2, y,y’ € G is a two—dimensional
cube in G X G. In the case Gowers norm is called rectangular norm.
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For d = 1 the expression above gives a semi-norm but for d > 2 Gowers norm is a
norm. In particular, the triangle inequality holds [15]

1+ gllgs <[ flle + llgllpa- (108)
One can prove also (see [15]) the following monotonicity relation. Let f,,(z1,...,24-1) :=
f(z1,...,24). Then
_ d—1 d—1
N7UY  l feallfas < NN (109)
zq€G

foralld > 2
If G = (G,+) is a finite Abelian group with additive group operation +, N = |G|
then one can “project” the norm above onto the group G and obtain the ordinary (“one-

dimensional”) Gowers norm. In other words, we put the function f(xy,...,z4) in for-
mula (107) equals “one-dimensional” function f(xy,...,zq) := f(pr(z1,...,x4)), where
pr(zy,...,7q) = o1 + - -+ + x4. Denoting the obtained norm as U?, we have an analog of

(109), see [15], [37]
[fllga=s < [1f [l (110)

for all d > 2. It is convenient to write

Iflle = N=E 0 > [T c¥for(@) = (111)

ZeG? G we{0,1}4
=>" > II c“f@+w-h). (112)
T hi,....hq wE{Oyl}d
In the case f = A, where A C G is a set, we have by formula (112) that

| Allgee = Z |A7T (51, ,d) )

815--+38d

where 7(sy,...,84) is a vector with 2¢ components, namely,

d
7T(81,. . .,Sd) = (Z Sj8j> y €j S {O,l}d
j=1

Note also

1Alarr = Y 1 Angor,esa) - (113)

515-+,5d

Further, [|Afyn = E;(A) = |A]? and [|Afl = E(A).

In definitions (107), (111) we have used the size of the set G/group G. The results of
the paper are local, in the sense that they do not use cardinality of the container group G.
Thus it is natural to ask about the possibility to obtain an analog of (110), say, without
any NN in the definition. That is our simple result in the direction.
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Proposition 35. Let A C G be a set. Then for any integer k > 2 one has

1A || (3k—2)/(k—1)
[Allge+s > AT (114)
In particular, ,
JAlLo > % (115)

Proof. We have

[ Allgx = Z |A (81508 |: Z ZZAW(81,---,Sk—1)(Z)AW(817---781<—1)(Z+Sk):

81y--+3Sk S1y--3Sk—1 Sk z

Z ZAT((SL---»SIC—I)<Z) ’ |A7r(51,...,sk_1)| . (116)

S1y-38k—1 2

Thus, if the summation in (116) is taken over the set

Qi = (1o 58m)  Arrsenl = Al @K Alo) ™) (117)

then it gives us (1 — 1/2k) proportion of the norm ||Al|;«. Let us estimate the size of Qy.
Clearly,

Qull Al 2RI Al 7" < Y T Ar(srsi )| = [ Alles

515-3Sk—1

and whence |Qy| < 2k| A||Z-. || All;+. Certainly, the same bound holds for cardinality of
any set of tuples (s;,,...,$;, ,) defined similar to (117) and having the size k — 1. Hence,
by the standard projection results, see e.g. [5], we see that the summation in (116) is taken
over a set S of vectors (si, ..., s;) of size at most (2k||A||Z,..[|Al,})* =Y. Returning to
(116) and using the Cauchy—Schwarz inequality as well as formula (113), we obtain

2

27| Al < > Arsl | SIS D [Anorsn] <

(Sl,...,sk)GS S1,--,Sk

< RN AN 1AL ) F D ) Al
The last inequality implies that

(8k—2)/
Al

||A||u’“+1 > Cy 2%k/(k—1)
||A||u,!1

where 0 < C < 1 depends on k only. Using the tensor trick we obtain the result. This
completes the proof. O
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Remark 36. Estimate (114) is sharp as an example of a sufficiently dense random subset
of a group G shows. For higher Gowers norms one can obtain by induction a similar sharp
inequality ||Allx > E(A)2 -+ A|~(2"~4-9) Tt demonstrates expected exponential (in
terms of E(A)) growth of the norms.

In the next section we will need in a statement, which is generalizes lower bound for
U3-norm (115).

Lemma 37. Let A, B C G be two sets. Then

Z <Z A(z)B(x + s1)A(z + s9)B(z + s1 + 52)) > % . (118)

851,82

Proof. We use the same arguments as in the proof of Proposition 35. One has

E(A,B) =YY A(x)B(x+ s1)A(z + 2)B(x + 51 + 52) =

=" BA@)BA =YD Ay(2)|B.,.

Because of Y |As| = |A]%, >, |Bs| = | BJ?, we get for the set S above that
5] < (APIBIPE (A, B Thus

E(A.B) < S| Y (Z A(z)B(x + s1)A(x + $2) Bz 4 51 + sz)>

51,52

and the result follows. O

Using (115) and the Cauchy—Schwarz inequality, we have a consequence.
Corollary 38. Let A C G be a set and |[A — A| < K|A| or |[A+ A| < K|A|. Then

Al
||A||u3 Z F .

Inequality (115) gives us a relation between ||Alys = >, E(As) and E(A). W.T.
Gowers (see [15]) constructed a set A having a random behavior in terms of E(A) (more
precisely, he constructed a uniform set, that is having small Fourier coefficients, see [15])
such that for all s the sets As have non-random (non-—uniform) behavior in terms of E(A;).
Nevertheless, it is natural to ask about the possibility to find an s # 0 with a weaker
notion of randomness, that is E(A,) < |As*7¢, ¢ > 0. This question was asked to the
author by T. Schoen. We give an affirmative answer on it.
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Theorem 39. Let A C G be a set, E(A) = |A?/K. Suppose that for all s # 0 the
following holds

MIA]
K
where M > 1 is a real number. Let K* < M|A|. Then there is s # 0 such that |As| >
|A|/2K and

|As| < (119)

N93/79

E(A,) < S5

AP (120)

Proof. Let
P:={s : |As] > |A|/2K}.

Find the number L satisfying L := maxgcp |A;]*)E7!(As). In other words for all s € P,
one has E(A,) > |A4|?/L. Our task is to find a lower bound for L.

Put
C(z,y) = C3(A)(z,y) == [AN(A—z)N (A -y
and
Clz,y) = Co(A)(z, g,z —y) = [AN(A—z)N(A—y) N (A—z+y)|.
Clearly,

Clz,y) < C(z,y) < min{|Ag|, [4y[}. (121)
for any x,y. Put also
P = {(z,y) : Clz,y) > |A|/(4KL)}.
We will write P, ;=P N ({z} x G), and P, := PN (G x {y}). Put also
P =Pn{(z,y) : 1 —y=2A\}.

Our first lemma says that the size of P and some characteristics of the set can be
estimated in terms of L and M.

Lemma 40. We have
|AJ?

< |P| < 4L|AJ?. 122
1 <Pl < ALJA (122)
Further, for any nonzero y and X\ the following holds
4M?L|A
Py|, [P < % (123)
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Proof. By the Cauchy-Schwarz inequality, we have

S AP =275 (A) = 27 YAl K2

seP

Hence

A4
2|K|2L S %ZIASP < E(A) <) E(A
= X AL DAL AC =) =3 Cry),
S zZ,xy

We can assume that |A| > 4K L'/? because otherwise the result is trivial in view of the
condition K* < M|A|. Since

Al3
ZCmy—E A) = ’K|

it follows by (121) and the assumption |A| > 4K L'/? that

Al* 52 M|AJ\*
< —_— .
4K2L Z al K [P
0#£(z,y)EP
In other words 3 L M2 < |P|. On the other hand
Al 5 |A]°
i< Yy <Y ) £ =2
(z,y)EP T,y

and we obtain the required upper bound for the size of P.
Further, for any fixed y # 0 the following holds

4K L AMAL|A|
Pyl < Cla,y) = |A—||A| —
A< Tar 2 | v K
Finally,
4K L 4K L 4M?L|A
Pl= Y Pew<Tr X Y=< P
(z,y) « z—y=A | ’ () : z—y=X\ = | |
as required. O

Now, we show that some norm of P is huge. Actually, we use the function C not C in
the proof.
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Lemma 41. One has

A5
29[|(L|4M6\ Z |Z73xy+x (2 +z,y + ). (124)

v,y &

Proof. As in the proof of Lemma 40, we get

4[‘?[’,]\/[ s Z C(z,y) ;A(@;P(w)z‘l(zﬂ)z‘l(wy).

Using the Cauchy—Schwarz inequality, we obtain

A o / /
16K|2L|2M2 S Z A(2) )Y Play)Alz + 2)A(z + y) P2 y) Az + ') A(z +3/) <
T,y xlvy/

Z P(ZL‘, Yy + ZIZ')P(I’, + xz, y, + I)C4(A)(y, xla y,) .
w’y7xl’y/

Applying the Cauchy—Schwarz inequality again, we have

A 2
BRATANA \y;/|z77xy~l—x (@ +z,y +2)|° X E4(A) <
: Lo 2MPIAP
< Z \ZP(w,y+x)73(w +z,y +z)|* x —%
yx'y T
because K3 < K* < M|A| < M?|A| and hence
M2 Al? 2M?|APP

£4(4) < A1+ AR E() < 2EAT (125)
This concludes the proof of the lemma. n

In terms of the sets P* we can rewrite expression (124) as

YD Play+a)P@ +ay +2)P =D > P U@)PT Y (@ +2) =

vy oz ya'y
= > |Z7>y )PV (2! + x)|* = Y _E(P},PH).
v,y A

In view of estimate (124), a trivial inequality

S E(PLPH) Y IPPIPH < [P maX]P’\|

A A,
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and bounds for size of P* of Lemma 40 the sets P* should look, firstly, like some sets
with small doubling (more precisely as sets with large additive energy) and, secondly,
the large proportion of such sets must correlate to each other. A model example here is
PANz) = Q(z+a())), where a is an arbitrary function and @ is an arithmetic progression
of size approximately ©(|A|/K). Now we prove that the example is the only case, in some
sense.

Put | = log(LM). Note that | < log(K M) because if L > K then the result is trivial.
We can suppose that
MO KPLT < A (126)

because otherwise the result follows immediately in view of the condition M|A| > K*.
Reducing zero terms, we have

AP A
210KL4M6 < Z P 7)#
A u£0

because Lemma 40, estimate (126), a bound

PO SAKLIA[T Y |A, ] = 4K L|A]

xT

and a calculation
|AJ]°

910 [ TA)N6
Below we will assume that any summation is taken over nonzero indices A, u. By Lemma
40 and a trivial estimate

24K L|A|)*4L|A]* €

S [P =PI <ALIAP,  E(PNPH) < [PY|PH

A
the following holds
AP A
aE S 2 EPLPY,
oz |[PALPEZAL
where A, = W. Using the pigeonhole principle and Lemma 40, we find a number

A such that A, < A K % and

A5
ZK‘L—4’M6<< > > E(PNPY. (127)

o AL|PRIS2A X [PM2A

From (127) and the Cauchy—Schwarz inequality one can see that the summation in the
formula is taken over
PH?

E(,PH) > 1214 ) f16 :

= c|PHP.
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By inequality (122) of Lemma 40 there is p with

[APA _JAPA

e A "
e = e < > EPNPY. (128)
A PAZAL

Put Q = P*. We have E(Q) > ¢|Q[3. Applying a trivial general bound
E(A, B) < |A||B| x max|AN (B — )],

we get by Lemma 40

APA AM2L|A| A
wpar <A TR < 2 max[Pn@-a)l.
A [PAZAL

Given an arbitrary A let the maximum in the last formula is attained at point z := a(\).
Thus, we have

A

ZL?M8<< Yo P@-al= D Y Plrr—NQx+a).

A [PAZA A |PAMZAL

Hence we find a set ) of the required form, that is having large additive energy and
which is correlates with sets P*. Now, we transform the obtained information into some
knowledge about the original set A.

Using the definition of the set P, we obtain

A3
lL|7j\/|[8K<<ZQx+a ZA Az+2)A(z+ 2 —NA(z+ \) =

= Z (z — a(A\)Ax(2). (129)

We know that E(Q) > ¢|Q]>. By Balog-Szemerédi-Gowers Theorem 5 we find @' C @,
|Q'| > £|Q] such that |Q" — Q'| < e7*|Q’|. We will prove shortly that the set @ in (129)
can be replaced by a set Q, namely

<< Z (z — (M) Ap(2), (130)

where ¢(¢) > 0 is some constant depends on L and M only and Q has small doubling.
Indeed, starting with (128), put @} = @', and define inductively disjoint sets Q; C @,
B; = 5:1 s B; = Q\ Bj, j € [s], applying Theorem 5 to B;. Put also E(B;) = 14|Q|? <
8v;A3. If at some stage j

<@> > E(P\B) (131)

2K
A [PAZAL
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then we stop the algorithm. Let the procedure works exactly s steps and put B = B,
B =Q\ B. We claim that s < ~!. To prove this note that if (131) does not hold then

IAI A
K

M2L|A|

<ERB) Y IPPE<yPaToi=

A |P>\‘>A*

LIAP®.

In other words, E(B;) > ¢|Q[* and, hence, |Q}| > ¢]Q|, |Q} — Q)| < e*Q|. It means,
in particular, that after s < ¢! number of steps our algorithm stops indeed. At the last
step, we get by the construction that

AR S k- Y EPLBB) <

2K
A [PAZA A [PAZAL

< > EP\BB)+2 Y  EP.BB).

A [PAZA A [PAZA

Let us prove the following estimate
[APA A
(e < > E(PMB).
A "PA|>A*

If not then by the Cauchy-Schwarz inequality and the choice of B, we obtain

2

2
(c%) <[ Y erBB| < ¥ Epp.AA

K 2K
A [PAZA A [PAZA

and we get a contradiction. Hence the following holds

A > E(PNB).

K
X [PA>A.

Applying the Hélder inequality, we find a set Q; such that

APA
c" < > EPNQ).

2K
A |P>\‘>A*

So, putting Q" := @ we get (130) with c(e) > ZLQMQ Of course, the summation in the
obtained formula can be taken just over A with |A,| > c¢(e )‘ | and we will assume this.

Denote by €2 the set

c(e)|A]

Q:={(z,)) : A\(2) =1, and (Qo A_\)(z — a(N)) > 5K }.
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From (130) and our assumption (119) we have |Q| > c(e)M ~'|A|*>. On the other hand,
considering 2 := {z : (z,A) € Q} for any fixed A, one has

) 371412
|Q>\|%C(8) < ZA)\(Z)<Q o Ay)(z —a(N) < [ANQ] < [ANA K %

Hence there are at least > ¢?() K M~ L' A] sets A, such that there exists some z = z(\)

with (Q o Ax)(z — a())) > c(e)|A|/2K. Denote the set of these A by T'. For any such A
there exists a shift of the set @ such that [A\ N (Q + w(N))| > c(e)|A|/2K > m |Ax].
Put A} := A\ N (Q + w(\)). We have by Lemma 4 that for any A, \» € T the following

holds

~ = M?L|A
A5+ A <@+ QI < eg%-
In particular,
cl(e)et| AP
B A) > T agps

Finally, using (125) as well as Lemma 7 with k& = [ = 2, we obtain

|A]° AP Fle)ef|AP 2 cle)e’|AP Y
164 )\ [458 [ 395 J{ < ISM26T19 )¢ < MIO[3K < T M2LK3 < Z (AL, A),) <
A1,\2€T
2M?| AP
< ) E(Ay, Ay) SEi(A) < —5
)\1,)\2€T
with the required lower bound for L. This completes the proof of Theorem 39. O]

We finish the section by analog of Definition 11, which we will use in the the last part
of the paper.

Definition 42. For 3,7 € [0,1] a set A is called U*(3,~)—connected if for any B C A,
|B| = B|A| the following holds

B\*
1Bl > (’W) 1 Alls

Again, if, say, y!|A[8/|A & A|* > ||Allys then by inequality (115) one can see that
A is U3(3,7)—connected for any 3. The existence of U*(3,~)—connected subsets in an
arbitrary set is discussed in the Appendix.
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8 Self—dual sets

Inequality (115) gives us a relation between || Aljys and E(A). It attaints at a random
subset A of G, where by randomness we mean that each element of A belongs to the set
with probability E(A)/|A®>. On the other hand, it is easy to see that an upper bound
takes place

[Alls = > E(A) <D AP = Es(A4). (132)

s

A weaker estimate follows from (132) combining with the Cauchy—Schwarz inequality
|All7s < E4(A)E(A). (133)

In the section we consider sets having critical relations between || Al|;s and E4(A), E(A)
that is the sets satisfying the reverse inequality to (133) (actually, we use just a slightly
stronger estimate then reverse to (132)). It turns out that they are exactly which we
called self-dual sets.

Let us recall a result on large deviations. The following variant can be found in [7].

Lemma 43. Let X1,..., X, be independent random variables with EX; = 0 and E| X;|* =
oF. Let 0®> = o} +--- 4+ 0, Suppose that for all j € [n], we have | X;| < 1. Let also a be
a real number such that 0% > 6na. Then

X+ + X,
IF’(‘ 1+ +

n

> CL) < 4€—n2a2/802 ]

We need in a combinatorial lemma.

Lemma 44. Let A, o, C > 1 are positive numbers, t be a positive integer, and My, ..., M,
be sets, A < |M;| < CA, j € [t], 0 <107**A, where

t
o=y MMl

1,7=1

Then there are at least w;é—ﬁm disjoint sets M, C M;, such that ]Ml] > m.

Proof. We will choose our sets M; deterministically from a randomly chosen family. The
family will be taken with probability at least 1/4.
First of all, we note that

t
W0'PA 202 ) M| > tA. (134)

i=1

Put p = tA27'o™!. In view of (134), we get p € (0,1/2]. Let us form a new family of sets
taking a set M; from M, ..., M; uniformly and independently with probability p. Denote
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the obtained family as M7, ..., M.. By Lemma 43 and bound (134), we have after some
calculations that
27pt < s < 2pt (135)

with probability at least 3/4. Further the expectation of o equals

EZ|MﬂM|—ZZEM )Y Y EM(z)M(z) =

1,j=1 T T 4,j=1,i#j

t

t
=p> IM|+p* Y M M| < CptA+p*o < (2C + 1)p?
= ij=1,i#j

by our choice of p. Hence, by Markov inequality, with probability at least 1/2 one has

Z |M] () M]| < (4C + 2)p°

i,7=1

and by the Cauchy-Schwarz inequality, we get

S /2 2 A2 2

> \M’mM’| Z@C+2p0” 2o+ T
Now find disjoint subsets M; C Mj, i € [s], taking it consequently and usmg greedy
choice. Thus, we have at most s nonempty sets M; such that | |, M; = |J;_, M]. Hence

2 Y Y = UM = (136)
% =1

i \J\;[i\Zq@s)*l
By our choice of parameters and estimates (135) the following holds

so S po B A
(20 4+ 1)t2 7 (40 +2)t  (8C +4)"

L] > - =

Similarly, the number n of the sets M; can be estimated from (136)

o4 _ s?o S p’o t2A
T2A T (2C+1)R2A T (8C +4)A T (32C +16)0

This completes the proof. O
Let us remark an interesting consequence of Lemma 44.

Corollary 45. Let A C G be a (2,,7)-connected set, f < 0.5 be a constant. Then
there is a set P C {x : (Ao A)(z) > A} satisfies EF(A) > E(A) log™" |A|, and there are
k> v|A|A log ™! |A| disjoint sets A; C A, with |A;| > A
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Proof. Using Lemma 13, we find A’, |[A’| > |A|/2 such that estimate (33) takes place. We
want to apply Lemma 44 to the sets A, C A, s € P', where P’ = {z : (A'0A’)(x) ~ A},
EF'(A) > E(A")log™" |A|. Of course, such set P’ exists by the pigeonhole principle. To
apply Lemma 44, we need to calculate the quantity o

o= 30 A4l = 3 C(A) ) P () P(y).

By the last identity and estimate (33) (for details, see [33]), we get

E(A)
oK ———=|P.
A Pl

Applying Lemma 44, we find disjoint sets A; C A, C A, s; € P, j € [k] such that

b [PPAAL 1A
ECANPT 7 T AloglA]

In the last inequality we have used (2, 3, 7y)—connectedness of A. To complete the proof
note that P C {x : (Ao A)(x) > A}. O

Clearly, the bound on k in Corollary 45 is the best possible up to logarithms. Calcu-
lating E(A, A;)/|A;| and comparing its with E5 (see [33]) one can obtain an alternative
proof of lower bounds for |A + A,| as of section 5. Another result on a family of disjoint
Ay is proved in Proposition 49 below.

Now we are able to obtain the main result of the section.

Theorem 46. Let A C G be a set, and M > 1 be a real number. Put |l = log|A|. Suppose
that A is U3(B,7) and (2, B,7)-connected with 8 < 0.5. Then inequality

|20 >y Ex(A)E(A) (137)
takes place iff there is a positive real A ~y;; E3(A)E(A)™! and a set
PCl{scA—A: A<|A]},
such that |P| > |A|l, P = —P, further,
E7(A) >, E(A), ES(A) >, Es(4), EL (A) >, Es(A). (138)
and such that for any s € P there is H® C As, |H®| >n A, with
|H® — H*| <ar [H? (139)

and E(A, HS) <, |HS|3.
Moreover there are disjoint sets H; C Ay, |H;| >0 A, 55 € P, j € [k] such that all H;
have small doubling property (139), E(A, H;) <1 |Hj|? and k >n 0 |AJATL
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Proof. Put a = |A|, E = E(A), Es = E3(A), E; = E4(A). Let us begin with the necessary
condition. Using Lemma 13, we find A’, |A’| > |A|/2 such that estimate (33) takes place.
Because of A is U?(3,v) and (2, 3,7)—connected with 8 < 0.5, we have || 4’|z ~ || A
and E(A’) ~ E(A). Combining assumption (137) with the Cauchy—Schwarz inequality, we
get

1Al >nr Ea(A)E(A) > E5(A) (140)

In particular, by the last inequality and (132), (133), we obtain
ES(A) > [ All7s > [|Allgs >0 E3(A),

EL(AVE(A) = | Al > (| Allis >ur Es(A)E(A) > Es(A)E(A)

and, hence, E3(A") ~yr E3(A), E4(A") ~nr E4(A). With some abuse of the notation we
will use the same letter A for A’ below. By Lemma 7, we have

Al = ZE ZZAOA >>MZ|A13 Z A,) =Es. (141)

One can assume that the summation in the last formula is taken over s such that |Ag| >y
EsE~! and E(A,) > | A3, |As]® > E(A, A,). Let us consider the condition E(A,) >,
|As®. By Balog-Szemerédi-Gowers Theorem we can find H® C A, with [H*| >, |As],
and |H®— H®| < |H®|. Loosing a logarithm [ = log a we can assume that the summation
in (141) is taken over |Ay|, A < |A,] < 2A, A >y, E3E7! and E(A,) > A%,
|As|® > E(A, Ag). By P denote the set of such s. Thus, |P|A® >, E5 and it is easy
to check that P = —P. Note also that E(A, H*) <y, |H®|? for any s € P. We have

> (Ago A)*(t) > Es. (142)

s,t€P
Returning to (140), we obtain
(|P|A®)? > max{| P|A'E, E4| P|A%}
and hence |P|A% >/, E, |P|A* > E4. Thus, A ~y,; EsE5! and
Es ~ari AEs ~apy A%E ~p g AY P

So, we know all energies E, E3, E4 if we know |P| and A. Let us estimate the size of the
P. Taking any s € P, we get by Lemma 13 that

A% < E(AL) < E(A4A,) < Ea A <y |[P|Aa™?
or |P| > a. So, we have proved (138)—(139).

Further
D IHNH|< Y JANA|=0.

s,teP s,teP
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Applying Lemma 44, we find disjoint sets H; C A,;, |H;| > |Ay,|, |H; — H;| < |Hj —
H;| < |Hyl, |Hj| > A~ Es(A)E(A)™Y j € [k] and k> |P|*?Ac™!. Arguing as in
Corollary 45, we get o < E|P||A|™" and hence k > |P|AJA[E™! >, |A]A™L. Of course
the last bound on k is the best possible up to constants depending on M, [. We have
obtained the necessary condition.

Let us prove the sufficient condition. Using the Cauchy-Schwarz inequality and for-
mulas (138)—(139), we have

1A% > (Z E(AS)) > (Z E(Hs)) >, <Z|H5|3> > ar

seP seP seP

S |[PPA® > E(A)E4(A)
as required. This completes the proof. O

Remark 47. In the statement of Theorem 46 there is the set of popular differences P
and the structure of A is described in terms of the set P. Although, we have obtained
a criterium it can be named as a weak structural result. Perhaps, a stronger version
avoiding using of the set P takes place. Namely, under the hypothesis of Theorem 46
there are disjoint sets H; C Ay, [H;| >0 A, A~y Es(A)E(A)™Y, j € [K] such that
(139) holds and

k k k
SUIH I > Es(A), D IH P >uaE(A), D [HP >a Ea(A). (143)

j=1 j=1 j=1
It is easy to see that it is a sufficient condition. Indeed, because the sets H; C A are

disjoint, we have
k

[Alles =~ 11Hlles -
j=1

Using the assumption |H; —H;| <, |H;|, the first bound from (143), as well as Corollary
38, we obtain

k
HAHZ[3 > M, 1 Z |Hj‘4 > M, Eg(A)

J=1

and, similarly, by the second and the third inequality of (143), we get
1Nz > a0 E(A)E4(A)

as required.
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Example 48. Let A C G be a set having small Wiener norm, that is the following
quantity ||Alw = N~ > |A€)] := M is small. Then for any B C A, applying the
Parseval identity, one has

Bl =Y B(a)A(x) = N3 B()A().
@ ¢

Using the Hélder inequality twice (see also [19]), we get

|BI" < (NlMZ \E(ﬁ)\2|ﬁ(€)l> < M?|BIE(A, B)
3

or, in other words,

|BI°
M2
By the multiplicative property of Wiener norm, we have ||Ay|lwr < M?. In particular,
E(As) > 22 Hence ||Allys > M~Es(A). Further, E(A) > M~2|AJ*, Es(A) > M~4A[*
and hence

E(A,B) > (144)

1Al > MPES(A) > MIE(A)E4(A).

Thus, an application of Theorem 46 gives us that A has very explicit structure (2—
connectedness follows from (144) and U3-connectedness can be obtained via formula (118)
in a similar way). Another structural result on sets from [, with small Wiener norm was
given in [19].

If Theorem 39 does not hold that is E(Ay) > |A,]? for all s then, clearly, ||Allys >
E3(A) and we can try to apply our structural Theorem 46. On the other hand, if A is
a self-dual set, that is a disjoint union of sets with small doubling then for any s # 0
one has exactly E(A,) > |A,|®. Tt does not contradict to Theorem 39 because condition
(119).

Roughly speaking, in the proof of Theorem 46 we found disjoint subsets of A, contain-
ing huge amount of the energy (see also Corollary 45). One can ask about the possibility
to find some number of disjoint A, (and not its subsets) in general situation. Our next
statement answer the question affirmatively.

Proposition 49. Let A C G be a set, D C A— A. Put
o= [A-A. (145)
seD
Then there are at least | > |D|?/(40) disjoint sets A, , ..., As,. In particular, if
|A— AP
g L
M
then there are at least | = M/4 disjoint sets As,, ..., As

A% = A(A) (146)

e
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Proof. Our arguments is a sort of an algorithm. By (145) there is s; € D such that
|A — As,| < o/|D|. Put Dy = D\ (A— A,). If |[Di] < |D|/2 then terminate the
algorithm. If not then by an obvious estimate

d JA-Al<o
s€Dq

we find sy € Dy such that
o 20

[Di] = DI
Put Dy = Dy \ (A — Ag,). If |Dy]| < |D|/2 then terminate the algorithm. And so on. At
the last step, we obtain the set D; = D \ U;=1(A — A,), |Di| < |D|/2. It follows that

l l
UA A)l \Z\A—Asjygl%.
j=1 7j=1

Thus [ > |D|?/(40). Finally, recall that

|A_AS2| <

te A—A, iff A NA;#0. (147)

Thus all constructed sets Ay, , ..., As, are disjoint.
To get (146) put D = A — A and recall that by Lemma 10 the following holds |A? —
A(A)| = scu_na A — Ag|. This completes the proof. O

One can ask is it true that not only E3 energy but U3-norm of sumsets or difference sets
is large? It is easy to see that the answer is no, because of our basic example A = H + A,

|A| = K. In the case E(A) ~ |A]?/K, E3(A) ~ |A[*/K but ||Aljys ~ |A|*/K? and similar
for A+ A.

9 Appendix

In the section we prove that any set contains a relatively large connected subset. The
case k = 2 of Proposition 55 below was proved in [31] (with slightly worse constants) and
we begin with a wide generalization.

Definition 50. Let X, Y be two nonempty sets, | X| = |Y]. A nonnegative symmetric
function ¢(x,y), x € X, y € Y is called weight if the correspondent matrix ¢(x,y) is
nonnegatively defined.

Having two sets A and B put E/(A, B) :== >, q(z,y)A(z)B(y), E/(A) := E¥(A, A).
Clearly, E1(A, B) < |A||B|||¢||s- The main property of any weight is the following.

Lemma 51. Let q be a weight. Then for any sets A, B, one has
(EV(A, B))? < EY(A)EY(B).
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Example 52. Clearly, the function ¢(z,y) = (B o B)¥(x — y) for any set B and an
arbitrary positive integer k is a weight. Further, by the construction of Gowers U% norms

it follows that
qa(zy, 7)) = Z Z H f(pr(7¥)) (148)

,,,,, zd€G zi,...,2/,€G we{0,1}¢

is also a weight for any nonnegative function f. In formula (148), we have ¥ = (x4, ..., zq),
¥ =(x,...,2)), and pr(yi,...,ya) == y1 + - - + ya. Another example of a weight is
Gy = ) [[ fe+wRfly+o-h). (149)

R,y ha—1 wG{O,l}dil"*ﬁéO

where f is an arbitrary nonnegative function again and h = (hi,...,hqg1).

For two sets S, T C G, S # 0, T C S put us(T) = |T|/|S]. Now we prove a general
lemma on connected sets and quantities E?, where ¢ is a weight.

Lemma 53. Let A,B C G be two sets, 1, P2,p € (0,1] be real numbers, 51 < Po,
p < P1/PBa. Let q be a weight. Suppose that E9(A) = ¢|A]*||qllse, ¢ € (0,1]. Then there is
A" C A such that for any subset A C A', p1|A'| < |A| < B2|A’| one has

E*(A) > p*p(A) - EY(A), (150)
and besides

E(A') > (1— Fap)EN(4), (151)
where s < log(1/c)(2log(+=22 ))_1.
Proof. Put b = ||g|l.c. We use an inductive procedure in the proof. Let us describe

the first step of our algorithm. Suppose that (150) does not hold for some set C' C A,
Bi|A| <|C| < B2|A|. Put A' = A\ C. Then |AY < (1 — $;)|A|. Using Lemma 51, we get

E9(A) = EY(C, A) + EY(A', A) < pua(C)EY(A) + EL?(ANEY?(A).
Hence
E?(A") > EY(A)(1 - pa(C)p)* = EY(A)(1 — Bap)* .

After that applying the same arguments to the set A', find a subset C' C A! such that (150)
does not hold (if it exists) and so on. We obtain a sequence of sets A D A' D ... D A%
and |A®| < (1 — p1)°|A]. So, at the step s, we have

clAPD(1 — Bap)™ < EU(A)(1 — fop)™ < BU(A") <[Ab< (1—5)"[APb. (152)

Thus, our algorithm must stop after at most s 10g(1/c)(210g(1 Bap 2))~" number of

steps. Putting A" = A%, we see that inequality (150) takes place for any A C A" with
B1]A| < |A| < B2|A’|. Finally, by the second estimate in (152), we obtain (151). This
concludes the proof. O
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Let us formulate a useful particular case of Lemma 53.

Lemma 54. Let A,B C G be two sets, py,P2,p € (0,1] be real numbers, 51 < Po,
p < p1/Ba. Suppose that E(A, B) > c|AP|B|, ¢ € (0,1]. Then there is A’ C A such that
for any subset A C A', 51| A" < |A| < BQIA’] one has

and besides

E(A, B) > (1— Byp)“E(A, B), (154)
where s < log(1/c)(2log(% sz)) L
Lemma 54 implies the required statement, generalizing the result from [31].

Proposition 55. Let A C G be a set, 5 € (0,1) be real numbers, and k > 2 be an integer.
Put ¢ = Ex(A)|A|=* V. Then there is A’ C A such that

Er(A',A) > (1 —27'8)*EL(A), (155)
where s < log(1/c)(2log(Z4 2/3))_1’ and A’ is (k, B,~y)—connected with
,y > 27(28164’2’6728)/82]6(2 o B)ZS(kfl) ] (156)

In particular,

A’ = (1—27"8)°c"?|A]. (157)

Proof. Note that T C S iff A(T) € A(S). Applying Lemma 54 with A = A(A), B =
AL B =B, By =1, p= = 1/(282) = B/2, and using formula (17), we find a set A’ C A
such that for any subset AC A, B|A'| <|A| one has

Ek(A A) P NA’(A) ’ Ek(A/7 A) ’ (158)

and
En(A',A) > (1-2718)"Ex(A), (159)

where s < log(l/c)(Qlog(i_;Z))*l. We have obtained inequality (155). From (158), (159)
and the Holder inequality, we get

Ex(A) > o™i (A)ES(A, A *(A) > (271 8)%(1 — 27 8202 (A)Eu(A, A) >
> (2716)%(1 16)23 (k—1) 2k<A)Ek<A/)

Thus, the set A’ is (k, 8,7)-connected with v satisfying (156). To obtain (157) just apply
(159) and a trivial upper bound for Ex(A’, A)

[APIAF > Ep(A, A) > (1 - 271 8)Ex(A) = (1 — 271 5)*c| A"
as required. This completes the proof. ]
In view of Lemma 53 and Example 52 one can obtain an analog of Proposition 55 for

U*(3,~)-connected sets, see Definition 42. We leave the details to an interested reader.
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