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ABSTRACT

We show that if A C {1,..., N} has no solutions to a — b = n? with a,b € Aand n > 1,
then

"A’ < (logN)clogloglogN
for some absolute constant ¢ > 0. This improves upon a result of Pintz, Steiger, and
Szemerédi.

1. Introduction

Sarkozy [Sar78] and Furstenberg [Fur77] independently showed that any set of integers whose
difference set contains no non-zero squares must have asymptotic density zero, answering a
question of Lovéasz. Sarkozy’s proof is based on the circle method, and gives the quantitative
bound that if A C {1,..., N} has no non-zero square differences, then |.A| < N/(log N)/3+e(1),
whereas Furstenberg’s result relies on ergodic theory. There have since been a variety of proofs
of the qualitative result |A| = o(N); we refer the reader to the introduction of [Ric19] for more

details.

Sérkozy’s argument was refined by Pintz, Steiger, and Szemerédi [PSS88] who improved
the upper bound on the size of AC{l,...,N} with no non-zero square differences
to

N
|A’ < (log N)cloglogloglogN (1)

for some absolute constant ¢ > 0. (Here we use Vinogradov’s notation X < Y to mean that
X < CY for some absolute constant C' > 0.) One interesting feature of (1) is that it is a
noticeably stronger bound than what is currently known for Roth’s theorem on three-term arith-
metic progressions [BS21], despite both proofs following a Fourier-analytic density increment
argument.

In this paper, we improve the upper bound (1) for the size of sets of integers with no square
differences.
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THEOREM 1. Let N be sufficiently large. If A C {1,..., N} has no solutions to a — b = n? with
a,b€ Aandn > 1, then

|A| <

(log N)clog loglog N
for some absolute constant ¢ > 0.

Our proof of Theorem 1 follows a Fourier-analytic density increment argument as with previ-
ous approaches, but is actually more direct (and, we hope, simpler) than the approach of Pintz,
Steiger, and Szemerédi. The key new tool in our work is an upper bound for the additive energy
of sets of rationals with small denominator, which may be of independent interest. To state this,
we recall that the 2m-fold additive energy of a set B is given by

Fom(B) := [{(b1, ..., bam) €B*™ :by + -+ by = byt + -+ bam }.

We also introduce the notation

Q= {GE [0,1]:1 < a < qand gcd(a,Q):l},

q
Qo= |J Q-

1<q<@Q
to denote the set of reduced rationals in [0, 1] with denominator precisely ¢, and for the set of
all rationals with denominator at most ). Our additive energy result is then the following.

THEOREM 2. Let Q >4 and m > 2. Suppose that B C Q<q is such that there is n > 1 with
IBNQ—y| <n for any 1 < g < Q. Then we have

Eom(B) < (logQ)“" (Qn)™
for some absolute constant C > 0.

We note that there is a trivial lower bound Es,,(B) > |B|™ from diagonal solutions where
bi = bjym for 1 < i < m. If B contains n rationals with denominator ¢ for each ¢ € [Q/2, Q], then
|B| > n@Q and we see that Theorem 2 gives an upper bound of the form |B|™(log |B])¢™, and so
the contribution from the diagonal terms is comparable to the whole contribution. Thus, sets of
rationals with small distinct denominators have similar additive energy estimates to dissociated
sets where the only solutions to by + -+ - + by, = b1 + - - - + boy, are the diagonal ones.

Dissociated sets have been used in additive combinatorics since at least the work of
Chang [Cha02], and Theorem 2 allows one to extend Chang’s ideas to sets whose large
Fourier coefficients are close to rationals with small denominators, as is the situation in the
Furstenberg—Sarkozy problem. The original argument of Pintz, Steiger, and Szemerédi can be
viewed as showing that there is a lack of additive structure in the rationals which make up
the large Fourier coefficients, but Theorem 2 allows for a more efficient and direct use of this
idea. Indeed, the original argument of [PSS88] proves (implicitly) a lower bound for the size of
the m-fold sumset, namely something of the strength of |mB| >, |B|" ¢, which follows from
Theorem 2 and the simple inequality |mB| > |B|*™/Eay (B), which is an immediate consequence
of the Cauchy—Schwarz inequality. An important feature of Theorem 2 for our work is that it
remains non-trivial even with m as large as a small multiple of loglog Q).

Clearly one can have sets B C Q<¢g with very large additive energy if many elements of
B have the same denominator; for example, if @ is prime and B = {a/Q :1 < a < @}, then
Eom(B) = Eop({1,...,Q — 1}) >, @*™ 1. Some hypothesis restricting the size of [B N Q—,| <
n is therefore natural for this problem.
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Other results and generalizations. For comparison, the best known lower bound for the size
r(N) of the largest set A C {1,..., N} with no non-zero square differences is much smaller than
the upper bound in Theorem 1. Ruzsa [Ruz84] gives a construction that shows, in particular, that
r(N) > N%™. The constant in the exponent here has been slightly improved by Lewko [Lew15],
but even whether r(N) > N3/ is open. We do not know where the truth lies, and it remains a
fascinating open problem whether the true order of magnitude of r(N) is N*=°(1) or N1=¢ for
some absolute constant ¢ > 0.

For the analogous problem in the function field case, where Z is replaced by the polynomial
ring F,[t] over some finite field F,;, much stronger quantitative bounds are known. Using the
polynomial method, Green [Grel7] has recently shown that if A C Fy[t]gqeg<n contains no non-zero
square differences, then

|A| < gt=e@m, (2)

where ¢(q) > 0 is some constant depending only on g. As Fy[t]qeg<n has size ¢", this bound is
analogous to a bound of the shape 7(N) < N'=¢ in the integer case. The polynomial method
used by Green is very different to the analytic arguments used in this paper, and depends in a
fundamental way on the bounded characteristic of F,[t].

The method of Pintz, Steiger, and Szemerédi [PSS88] has been generalised to yield a similar
bound for related problems. This was done for sets without differences of the form n* for any
fixed k > 3 by Balog, Pelikan, Pintz, and Szemerédi [BPPS94], and then recently by Rice [Ric19]
to differences of the form f(n) where f € Z[z] is any intersective polynomial® of degree at least
two. These proofs directly extend the method of [PSS88], and as such it seems likely that one
could combine the ideas of [BPPS94] and [Ric19] with those in this paper to obtain a quantitative
bound of strength comparable to Theorem 1 for these generalisations; we do not address these
questions here.

Recent work of the second author [May20] showed that any system of polynomials simulta-
neously attain values with small fractional parts. There are various similarities with this work
(a density increment argument enhanced by there being few solutions to linear equations involv-
ing rationals with small denominator), but there the problem was more structured which allowed
for an almost optimal bound of the form N'~¢, whereas in this situation we are forced to consider
much more arbitrary sets A.

An upper bound for the additive energy of sets of well-distributed rationals similar (qual-
itatively) to Theorem 2 has also been applied within theoretical computer science, where
it was used by Bourgain, Dilworth, Ford, Konyagin, and Kutzarova [BDFKKI11] to con-
struct matrices satisfying the restricted isometry property. It follows from their Lemma 5,
for example, that if B C Q<g is such that for any 1<¢g<@Q we have [BNQ-, <1,
then, for any e >0, we have Eg,(B) <pm e Q°|B|™, where the dependence on m and € is
unspecified. It is vital for our purposes that we explicitly control the dependence on m
and e.

2. Outline

In this section, we sketch how Theorem 2 can be used to give Theorem 1. As mentioned in the
introduction, our proof is similar to the original work of Sarkozy [Sar78] (and its later refinements)
in that we base our argument on a density increment argument coming out of the circle method.
Our Theorem 2 allows us to show that no set 4 can have many large Fourier coefficients which

! A polynomial f € Z[xz] is intersective if it is non-zero and for every ¢ € N there is n € Z such that q | f(n).
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are rationals with small distinct denominators, and this is the key which allows us to have a
more efficient density increment argument than that of [PSS8S].

First we recall the basic setup. If A C {1,..., N} has no non-zero square differences and
density o = | A|/N, then by the circle method

0={(a1,a2,n) : a1 —az =n? ar,az € A, 1 §n§N1/2}|

1
- / Ta()PTn0) dr,

where T4(7) = 32 acA €(a7) is the Fourier transform of the set A, and similarly 10 is the Fourier
transform of squares in [1, N]|. Comparing this with the expected count of solutions in a random
set of density «, which is < a?N 3/2 we find

1
/0 a2 o) dy > a® N2, 3)

where g4 = 14 — aly) is the balanced function of A.

Following the standard major arc decomposition of the circle method, we then divide the unit
interval [0,1] into short intervals around rationals with small denominators. For precise details
we refer to §5. For the purpose of this heuristic discussion, the basic idea is that because we are
working on an additive problem at ‘scale N’, after rescaling by a factor of IV, we can replace
the integration over [0, 1] with a discrete sum over the Fourier coefficients at rationals a/q with
small denominator, say ¢ < N. Thus, (3) becomes

> [gala/a)P1o(a/q)| > o> N2,
1<a<q
(a,q)=1
q<N
The classical major arc asymptotic and Gauss sum estimates (see §6 for more details) imply
that

1n(a/q)| < N2 /q"/2.

By Parseval’s identity, > [g4(a/q)|?> < aN? and, hence, the contribution to (3) from those a/q
with ¢ > a2 is negligible. By dividing the remaining range of integration according to the
size of ¢, and applying the dyadic pigeonhole principle, we deduce that there must exist some
1 < @ < a~? such that
> lgala/a))’ Z a*N?QY?, (4)
1<a<q
(a,9)=1
7€[Q,2Q)]
where the use of > hides factors of (log(1/a))?"). In particular, there are ‘many’ rationals a/q
with g € [@,2Q)] for which ga(a/q) is large. The basic density increment strategy is then to
deduce that this implies that there is a large arithmetic progression, of size > N/q > %N, on
which A has density a + pa (for some suitable p > 0), so this argument can then be iterated.
To explain how such an increment can be found, with a large value of p, it is convenient to
use another application of the pigeonhole principle, after dividing into dyadic ranges according
to the size of [g4(a/q)|, on (4). This produces some 7 such that there are > 7~2Q"/? many a/q
with ¢ € [Q, 2Q)] such that [ga(a/q)| > n|A|.
We obtain a good density increment by showing that there must be many such rationals a/q
with the same denominator. More precisely, let p be some parameter to be chosen later, and
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suppose that there are at least n~2p? different rationals v with the same denominator ¢ where
[g4(7)| > n|A|. A simple application of orthogonality then yields
. [c
ga\ -
q

Z <\{a€A:aEb(modq)}\—’A’> Z
b (mod q) 4 ¢ (mod q)

and it is easily deduced that there must be some arithmetic progression with common difference

g on which A has relative density a + cpa, for some constant ¢ > 0, as required.

We now show that this must hold, by using the additive energy estimate of Theorem 2 to
obtain a contradiction if there are O(n~2p?) many such rationals with any fixed denominator.
This is where our approach diverges significantly from previous works. Let B be the set of
rationals a/q with [g4(a/q)| > n|A| (so that |B| = n~2Q"/? by the above discussion). A variation

of the proof of Chang’s lemma shows roughly that, for any choice of m > 1,

WAIBI < 3 [aala/a)] < A7 Y2 By (B)/2 -
a/qeB

2 2 2A2
_ s AR
q

q

In particular, there cannot be a large set B with very small additive energy whilst also having
the Fourier transform g4 of A large on all elements of B. We can now apply Theorem 2 to bound
FEo(B). Theorem 2 yields that, if there are O(~2p?) many rationals of any fixed denominator
in B, then (for some constant C)

Eym(B) < (log Q)" (Qn~?p*)™.
Inserting this bound into (5) and rearranging, we deduce that
1B < pn~?a™ 2™ (log Q)" QY2
This contradicts the lower bound |B| > n~2Q/? if
a1/2m
(log Q)
o(1)

Choosing m = cloglog(1/a) for some suitably small constant ¢ > 0, and recalling @ < o~ %),
this yields a contradiction with a choice of p satisfying

N logl/a
e (0 (i) )

In particular, the above discussion implies that there is an arithmetic progression P C {1,..., N}
with |P| > a®M N on which A has density a(1 + p). We may then iterate this statement, with
P playing the role of {1,..., N} (there is a slight technical obstruction that we have glossed
over here, namely that the common difference of P must be a square to preserve the property
of having no non-zero square differences, but this is easily arranged in practice).

After iterating this procedure ~ p~!log(1/a) many times, we must halt because the density
of a set can never exceed 1. The only reason that our iteration must halt is because the length
of the progression, say N’, becomes too short, say N’ < 1. As we have only lost a factor of a©()
in the length of the progression at each step, however, this means that

) logl/a
1~ o0 (log(1/)) 7 —(log(1/a))? ogtoz 1/a) )V
>« > exp | —(log(1/a)) exp | O loglog1/a

Simplifying this inequality yields log(1/a) > (loglog N)(logloglog N), and Theorem 1 follows.
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Theorem 2 is established using a different, purely elementary, argument. Although it can be
deduced from a direct combinatorial approach based on splitting according to suitable greatest
common divisors we use an iterative argument which we hope is cleaner.

3. Notation

We begin by establishing the basic notation that we use. For any N > 1, we use [N] to denote
the set {1,..., N}. We fix throughout our proof some large integer N (large enough in particular
such that logloglog N > 4, say). For functions f :Z — C we define the Fourier transform f :
[0,1] — C by

F) =" f(m)e(yn),

nez

where e(x) = e2™®. We define the convolution of two functions f, g : Z — C by

(f*g)(n) =Y f(m)g(n —m)
meZ
and use fO)(x) = (f % ... f)(x) to denote the m-fold iterated convolution of f (and f(*0) :=
f). Without subscript, the notation ||7| denotes the distance of v € R from the nearest inte-
ger, whereas || f|y = (3,cz |£(2)]?)Y/? and || f]|, = sup,ez |f(x)| denotes the usual L? and L
norms.

We write 73(n) to denote the ternary divisor function | 1

abc=n ~*

4. Addition of rational numbers and the proof of Theorem 2

In this section we prove Theorem 2. This section is essentially self-contained and can be read
independently of the rest of the paper.

Theorem 2 follows quickly from the more technical Proposition 1. To state this we require
some more notation. For any function w:N — R we define the maximal average function
of w by

M(w; X) == max =3 w(n), (6)

1<z<X T

and the logarithmic maximal average by

1 w(n)
M, ; X) = — —.
log (w3 X) o= max - ; - (7)
We recall that 73(n) is the ternary divisor function ), ._, 1. Our technical bound on the additive

energy is as follows.

PROPOSITION 1 (Rationals with small denominators have small additive energy). Let m > 2.
Suppose that B C Q<g and n > 1 is such that for any 1 < ¢ < Q we have |[BNQ—4| < n. Then
we have the upper bound

Eym(B) < (mlog QMiog(75™; Q)T M ("% Q) (@n)™.
Proof of Theorem 2 assuming Proposition 1. We claim that, for any z > 3 and k£ > 0,

Leen(g) :

n<x p<lz

~—
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The proof of this is elementary and standard, but textbook references do not track the explicit
dependence on k, which is important for our application, and so we include a proof here. As any
n < x can be uniquely written as a product of prime powers at most x, and 73 is multiplicative,

Z Tg(;l)k < H <1 + 7-3(p)k + T3(p22)k + ) .

n<x p<lzx p p

We also have, for any 0 < z < 1,

o ey (M)

r>0

To prove (8) it therefore suffices to show that 73(p")* < (32}{;1) for all primes p and integer
r > 0. The divisor count 73(p") is the number of non-negative a,b,c > 0 such that a +b+c=r,

which is (T+2), and so it suffices to prove that, for any & > 0 and r > 0,

2
r+2\" (3 et
< .
2 - 3k —1
This is easily established via induction on r, because (ngizl) > 3k (3k3$i12) and 3(7"J2rl) > (TJQFZ).
Applying the bound (8), we therefore have

73(n)k 1\
M(¥; X) < max 2 < H(l) .
1<z<X n P
n<x p<X
By Mertens’ product bound (see, for example, [MV07, Theorem 2.7]) we have HPS (1 —
1/p)~' < (log X)) for all X >3, whence M(7¥;X) < (logX)O(3k), and via an identical
argument we also have Mg (74; X) < (log X )O(3k). Therefore, Proposition 1 gives

By (B) < m®™ (log Q)™ (@n)™.
Simplifying the exponents gives Theorem 2. O

Proposition 1 will be proved via an iterative application of the following lemma. Roughly
speaking, it says that if B C Q<«y, is spread evenly between different denominators, then for any
sets A, C we have 3", 4 3 5 S cc Lamp=c < ([A]|B]|C])}/2. This should be compared with the
trivial bound of (|.4]|C|)'/2?|B|. To attain the quantitative strength of Theorem 1 we will take
care to prove an explicit weighted form of this inequality. To state this lemma precisely we make
the following definition.

DEFINITION 1. An arithmetic function w: N — R>( is sub-multiplicative if w(ab) < w(a)w(b)
for all a,b € N and whenever d | n we have w(d) < w(n).

We note, in particular, that 73(n) is sub-multiplicative. To prove this, note that because 73
is multiplicative it suffices to consider the case of prime powers, i.e. to show that 73(p"*%) <
T3(p")m3(p®) for any r, s > 0. Using the explicit formula 73(p"") = (m; 2), this inequality becomes

() =020

2r+s+2)(r+s+1) < (r+2)(r+1)(s+2)(s+1).

or, after rearranging,
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This inequality is immediate because (7 +2)(s +2) > 2r +2s +4and (r+1)(s+1) > r+s+ 1.
The fact that 73(d) < 73(n) whenever d | n can be proved similarly, using multiplicativity to

reduce to the case of prime powers, when it becomes the elementary inequality (7.52) < (5”52)

whenever r > s.
It follows immediately that 73(n)* is also sub-multiplicative, for any & > 0.

LEMMA 1 (Few solutions to linear equations in rationals with small denominators). Let Z > 1
be an integer. Let A C QN (0,Z] and C C Q. Suppose that B C Q<q is such that, for any
1 <?¢<Q, we have |[BN Q= <n. Let w: N — R>¢ be any sub-multiplicative function. Then

/ / / 1/2
> w(k) < (anaog Q) Miog(w3:Q) D wla)Ts(a)® D w(k)) :
a/k—b/l=c/q c/qeC a/keA
a/keA,b/LEB, c/qeC

Here we use Y. to indicate that the fractions a/k,b/l,c/q are all reduced (i.e. gcd(a,k) =
ged(b, £) = ged(c, q) = 1).

We note that the summation on the left-hand side in Lemma 1 can also be written as

Y wec(@lax1_p)(x), where w(a/q) = w(q) for ged(a, q) = 1. If w =~ 1 and | B| = @n, then because

73 is typically quite small the bound on the right-hand side is roughly of size (|.A||B]||C|)'/2.

Proof. Throughout the proof we use 3 to indicate that the fractions in the summation are
reduced.

We claim that for any choice of parameter T > 0, there is a decomposition of A x B into two
sets &1 and &y such that, if we let

/
Fi(x)= > w(k)lom_pje—s:
(a/k,b/0)EEs

then we have

> A(E) £ P Minomi @) Y wlamla)? ©

¢/qeC

and

SR <C> <73 wik). (10)

¢/qeC q a/keA
The lemma now follows from this claim by choosing

_ <@nz<log Q) Miog (0753 Q) Tyqec w(Q)Ts(q)2)1/2
Z;/kzeAw(k) ’

because

/ /
> w(k) =Y (Fi(c/q) + Falc/q)).
a/k—b/l=c/q c/qeC
a/keA,b/LeB, c/qeC

Thus, we are left to establish the claim by constructing the sets £ and &. We colour A x B by
assigning (a/k,b/f) the colour C(a/k,b/f) = (d, f) € Z?, where

d=ged(k,0) and f=ged <“€ - bk,d) .
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We then say that the colour (d, f) is ‘popular at a/k’ if
T
73(k)’
We say that a pair (a/k,b/l) € A x B is ‘popular’ if its colour is popular at a/k, then let & C
A x B be the set of all popular pairs, and let £ be the remaining set (A x B)\&;.

The bound in (10) now follows easily. Indeed, it follows by construction that if (a/k,b/f) is
coloured (d, f), then f|d|k, so for any fixed a/k € A there are at most 73(k) possible different
colours of pairs of the form (a/k,b/¢). As & only consists of the pairs which are not popular,
for any colour (d, f) there are at most T'/73(k) many b/¢ € B such that (a/k,b/l) receives the
colour (d, f). Thus, for any a/k € A, there are at most 7" many b/¢ € B such that (a/k,b/l) € &,

and so
!/ / / /
YU Be/g) < D wk) D Lamppes, <T Y wik).

c/qeC a/keA b/teB a/keA

{b/t € B:C(a/k,b/l) = (d, )} >

This gives (10).

It remains to establish (9). Given a choice of d, f and k, let Rgy; count the number of
distinct possibilities for a (mod f) such that the colour (d, f) is popular at some a/k € A. We
first show that, for any pair (d, f) and k, we have

n
Ryrr < %73(143)- (11)

Let A4 sx C A be some subset representing the Rg s different possibilities. That is, Ag s is a
set with the following properties.
(i) The colour (d, f) is popular at each a/k € Ag y .
(ii) If a/k,d'/k € Ag f, then a # a’ (mod f).
(iii) For each a’/k € A such that (d, f) is popular at a'/k, there is a/k € Aqg g such that a = o
(mod f).
(iv) We have Ry pr = ’Ad,ﬂk

By the definition of edges being popular at a/k, we have

T / ’
Rd’f’k?k) < Z Z 1.

a/k€AG 5k b/leB
Cla/k,b/)=(d,f)

The key observation is that each b/¢ € B appears at most once in total on the right-hand side,
because if C'(a1/k,b/¢) = C(a2/k,b/l) = (d, f), then we must have
{— bk {— bk
ged(k,¢) =d  and gcd(ald,d> —gcd<a2d,d> =f.
In particular, a1¢/d = asf/d (mod f). Note that, because ged(¢/d,k/d) =1 and ged(b,¥) = 1,

we have

ged(£/d, f) [ ged(€/d, a1 (€/d) — b(k/d)) = ged(¢/d, b(k/d)) = ged(£/d, k/d) =1,

whence ged(¢/d, f) = 1. It follows that a; = as (mod f) and so, by construction of Ag ¢, we
have a1 = ao. In particular,

T
Risio g < 3 ST 1<y BnOL < §,

a/k€Aq,f .k b/LeB <Q
C(a/k,b/t)=(d,f) dll

and the estimate (11) follows immediately.
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We now establish (9) by bounding Fi(c/q) for each c¢/q separately. Given a choice of ¢/q
(with ged(c, q) = 1) we see that if a, k, b, £ are such that ged(a, k) = ged(b,£) = 1 and

c_a_?
qg k 0
then ¢ = ¢'k’e and ¢ = (al’ — bk")/ f, where
K = _ Kk 0= Lt ged(k, l) =ef, f=ged(al’ — bk ged(k,”)).
gcd(k, )’ gcd(k, 0)’ ’ ’ » BOCALS,

Thus, given a choice of ¢, k', ¢ e, f with k'f'e = q and 1 < f < @, there is a unique choice of
k=Fkef and ¢ = {'ef. Moreover, al' = ¢f (mod k'), so a is fixed modulo k’. There are at most e
choices of a (mod e) and at most Rf, f . choices of a (mod f), so at most eR¢ ¢ icf choices of
a (mod k). If we then further fix the value of [a/k], for which there are at most Z choices, then we
have determined a. Given such a choice of a, b is uniquely determined because b = ¢(c/q — a/k).
It follows that

Fi(c/q) < Z Z Z w(k'ef)eRef s (12)

Kle=q1<f<@Q
Using (11) and the sub-multiplicativity of w and 73, this is bounded above by

% Z w(k'e)rs(K'e) Z w(f);:),(f) < QnZ;OgQMlog(ng;Q)w(q)Tg(q)2.
Kee=q 1</<Q

Summing this over ¢/q € C then gives (9), and so completes the proof. O

We actually use a weighted version of Lemma 1, which follows immediately by a dyadic
decomposition of the support of the weights.

LEMMA 2. Let Z > 1 be an integer. Let f : Qs9 — Z>¢ and g : QN (0, Z] — Z>o be functions
with finite support such that | f||.. .|l < X. Suppose that B C Q<q is such that, for any
1 <?¢<Q, we have |[BNQ=¢| < n. Then, for any sub-multiplicative function w : N — R>,

) a c , L. (¢ 2\ 1/2 , a2\ 1/2
) w(k)g<k>f<q> < o(z w(g)s(a) f(q> ) (Z w(k)g(k) ) ,
a/k—b/l=c/q c/q a/k
b/teB
where
C = (log X)(QnZ (log Q) Miog (ws; Q))'/*.
Here we use Y. to indicate that the fractions a/k,b/l,c/q are all reduced (i.e. gcd(a,k) =
ged(b, £) = ged(c, q) = 1).
Proof of Lemma 2. We decompose the support of f into C; for j > 0, where
Cj={x:2 < f(x) <2711},
and similarly decompose the support of g into A;. Using this decomposition we have
/ a c it /
> w(k)g(k>f<q> < Z g > w(k).
a/k—b/l=c/q 0<i,j<log X a/k—b/l=c/q
b/leB a/kEA;, b/LEB, c/qeC;
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Applying Lemma 1 to each summand gives the upper bound

P / / 1/2
< ¥ 29(0n20 QMo @ X vl 3 wih))
0<i,j<log X c/qeC; a/kEA;
Lemma 2 now follows by the Cauchy—Schwarz inequality. O

The proof of Proposition 1 may now proceed via induction.

Proof of Proposition 1. Again, we use Y to indicate that the summation is restricted to reduced
fractions. We show that, for any ¢ > 0 and 1 < 7 < m, we have

S (@157 (c/a)? < (mlog Q)P (QnMarr) 3. (@) 2157 Vie/a)?,  (13)
¢/qeqQ ¢/qeqQ

where we recall 1gm) () = > e 4ty =z 18(71) -+ - 15(zsm) is the m-fold convolution of 15, and
where

M; = Mlog(T?f; Q)

Repeatedly applying (13) m — 1 times gives

Ean(B) = 3 15™ (¢/q)?

c/qeQ
3(m—1) m—1 ! 2m—2 2
< (mlog@) (@Qn) (My -+ - Mop,—3) Z 73(q) 1s(c/q)”.
c/qeQ
As [BNQ—,4| < n, we have

Z/ 7_3(q)2m7218(c/q)2 <n Z Tg(q)Qm 2 < HQM( 2m— Q,Q)-

¢/qeQ 1<¢<Q
Noting that M; < My, = Mog(73™;Q) for each ¢ <2m, this completes the proof of
Proposition 1. Thus, we are left to establish (13).
We first observe that, because 1;;])(6/(1) > bjeen s 109- 1)(c/q —b/l), we have

/ !/
> @5 e/’ = Y @1 /)iy ).
c/qeQ c/q=c'/q'+b/¢
b/leB
We let f(x):= lg]_l)(x) and g(x) := 1g])(x), so that, in particular, g is supported on jB. As
B C (0, 1] we know that g is supported on (0, j]. Furthermore, because B C Q< we have |B| < Q?
50 || flloos [19]le < Q%. We now apply Lemma 2 with w(q) = 73(¢)?. This gives the upper bound

ST n@?1$0/a? = Y wlagle/a)f(/d)

c/qeQ c/q=c /q'+b/L
b/leB
, 1/2 , o\ 2\ 1/2
< (m1og Q) *Qudasn) (Y (21 (G )) (X m@(C) )
o q q
c/q'€Q c/qeQ

The left-hand side is 3/ cq 73 (q9)*g(c/q)?, so this rearranges to give the claimed bound (13). O
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5. Basic density increment

In this section, we establish a simple L? density increment lemma, which says that if there are
many large Fourier coefficients which are close to rationals with the same denominator, then
one can find a large arithmetic progression on which the set has increased density. Statements
of this type are standard, and our lemma differs only cosmetically from similar statements used
n [PSS88] or [RS08]. It may be helpful to bear in mind that this will be applied with some
¢, K < a %W and v > a°M) (where the o(1) — 0 as a — 0).

We introduce the notation

a
(%N ) = 1 € 0,11+ 1 - alal < K/aV)
to denote the major arcs which appear in the circle method. Note that these major arcs are
disjoint for distinct a/q € Q=4 provided K < N/2.

LEMMA 3 (Large Fourier coefficients with the same denominator give density increment). Let
v,a € (0,1] and let N,K,q > 1 be such that K < N/2 and vaN/(Kq?*) is sufficiently large.
Let A C [N] be a set with no non-zero square differences and density o = |A| /N, and

—~ — 2
> [Ta0) — T ()| dv > valAl.
a/qe(@ SDY(a/q;N K)

Then there exists N' > vaN/(Kq¢*) and a set A’ C [N'] with no non-zero square differences such
that the density o = |A'|/N' satisfies

o >1+v/5)a.

Proof. Let P = (¢?) - [N'] be an arithmetic progression of difference ¢? and length N’, for some
N’ to be chosen later. If v € M(a/q; N, K) for some a/q, then for any 1 < n' < N’ we have

2 ny/
¢*N'K
11— e(vg®n)| < ||v?n|| < ||vaPn’ — agn’|| = 0 ||y — a/ql < N
(We recall that ||-|| is the distance to the nearest integer.) In particular, we can ensure that
!1 - e('quk)} < 1/2 provided we have
cN
N' < — 14
- (14)

for some sufficiently small absolute constant ¢ > 0. Thus, if v € M(a/q; N, K) and (14) holds,

’f;( N’)< Z !1—€'yqn | < N'/2,
1<n/<N’

and so [1p(7)| > N'/2. Let g = 14 — aly) be the balanced function of A. It follows that (using
the assumption of the lemma)

1 —~
S (1 g)(2)? = /0 ()2 G2

Z/ G dy

TEZ Q/QGQ a/qu K
4
On the other hand, recalling that g =14 — al|yj, the left-hand side is equal to
2
1P 5 Lalls = 20 ) (1p * 1a)(2) - (1p % 1) (@) + 2 || 1 L | - (16)
TEZ
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The third term of (16) trivially satisfies
a?|[1p * 15 < >N [P = a] A (N)2. (17)
For the second term of (16), we note that

Do [(p s 1p 1) (@) = (V)1 (@)] <D (A 1p)) D i (@ — ) — 1n(@)]

€L yEZ €L
<D (1p*1p)(y)lyl
yEZ
< @ (N

In particular,

Z(lp*lA)( ) - (1p * Ipap) (2 2179*1 P * v (y)

TEL yeA
= A (N')? + O(¢*(N')?). (18)
By substituting (17) and (18) into (16), we have
11p  Lall3 > 20(JA] (N)? + O(¢*(N')*)) — o |A] (N")* + ”‘)‘“\Z)Q‘A'_
Provided we have
N < CI/;;N 19)

for some sufficiently small constant ¢ > 0, we see that the O(¢?(N')?) term contributes at most
va |A| (N')2/100 in total, and so

1 Lald = e+ 1alB > (142 )l (V.

As ||1p x 1_4||; = N’ |A| there exists some = € Z such that

VD0 A+ )] = p e L) 2 (142 )"
Therefore, if we set

A== - (¢ IN]) N (A + ),

then A’ C [N'], A’ has density o/ > (1 + v/5)a and A’ has no non-zero square differences because
any non-zero square difference in A’ would create one in ¢? - A’ and, hence, one in A + x, and,
hence, one in A, which is a contradiction. This therefore gives the result with N’ = |cvaN/(K¢?)]
for a suitably small absolute constant ¢ > 0 (because this choice satisfies (14) and (19) and
N' > vaN/(K¢?)). O

6. Large Fourier coefficients at rationals with small denominators
In this section, we show how to find many rationals with small denominator in the large spectrum

of A (that is, the set of frequencies with large Fourier coefficient). This follows standard lines,
combining the circle method with classical bounds for Weyl sums.
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LEMMA 4 (Bounds for exponential sums over squares). Let 1 < a < ¢ with ged(a,q) =1 and
a
(%N ) = 1 € (0.1]: |y - aal < K/aV).
2m

W(n) =< N1/2’
0, otherwise.

ifn=m? <N,

Then we have the following bounds.

(i) For all § € R we have

1/2
q'/?

W(a/q + 8)] < + (qlogg)2(1 + 8| N).

(ii) If Kqlogq < N and K3logq < qN, then

_ 1
/ W) dy < =
M(a/q;N,K) q

Proof. This is standard. By [PSS88, Equation (8)] (which is a consequence of partial summation
and the standard bound for incomplete Gauss sums Y-,y e(an?/q) < (¢log q)'/? for X < q)
we have

S(C;; VT (8) + O((glogg) /(1 + 6] N)),

W(a/q+ B) =

where S(a;q) :== 3 1<,<, e(an?/q) is the complete Gauss sum. The classical estimate S(a;q) <
q'/? for ged(a, q) = 1 now gives bound (i). Using this estimate again, we find

K/qN _

= 1 Klo
[ WP ae [ WP ds+ S
M(a/q;N,K) q.Jo

K/qN
+ (qlog g)N? / 82 dp.
0

The second and third summands contribute

Kloggq
N

K3 Klogqg K3loggq 1
T R

+ (qlogQ)NQq

by our assumptions on ¢ and K. By [PSS88, equation (10)] and the trivial bound, if 3 < N~7/8,
then

[W(8)] < min (Nl/% Jf./)

(Note that this bound is slightly better than what one gets with the unweighted sum, but could
be improved further with more smoothing.) This gives

1 [E/aN __ 1 1 [K/aN 1
[ wers < [T pdas<
qa.Jo q qN 1/N q

as required. O
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LEMMA 5. Suppose N is sufficiently large. Let A C [N] be a set of density o = |A| /N > N~1/8
with no non-zero square differences. Then there exist quantities B,Q,K with oa°M) « B <«
a©9W and1<Q,K <a 7, and a set B C Q<@ such that:

(i) for each a/q € B there exists 7,/, € (0,1] with ”%/q - a/qH < a W /N and

. Al QY2
Tiras)| > BALL
}q;ﬁ,‘ ()l > Bioe(t/ay

(ii) for each a/q € B we have, if g = 14 — aljyy,

~ a Al
G dy > :
/svt(a/q;N,K)‘ | B2

Proof. We first note that, by the estimate of [Sar78], say, we may assume that a < 1/(log N)/*
because A has no non-zero square differences. (This is not essential to the method, but allows
for cleaner bounds in the final statements.) Let

2m
W(n) =< N1/2
0 otherwise.

if n =m? <N,

By orthogonality and the fact that A has no non-zero square differences, we have

1 . 1
[ GOmaT d= X Y W) [ eta—bent) b

a,b€EA 1<n<N1/2
= W(n?)1
b—a=n?
a,b€EA 1<n<N1/2

= 0.

Suppose first that [A N (N/2, N]| > |A| /2. In this case, if we let g = 14 — a1y}, then

1 - 1
[T a) ¢ ¥ W) [ eaw—atn®) b

a€A1<y<N 1<n<N1/2

:—az Z W(”2)11§a—n2§N

a€A 1<p<N1/2
< —galA N2,

say, because certainly all a € AN (N/2, N] and n < (N/2)Y/? will satisfy 1 <a —n?> < N. If
[AN[1,N/2]| > |A| /2, then arguing similarly, we have

17/\ e~
/0 FOIANT () dy < —La|A NV,

Thus, in either case, we have

1 —
/0 F)TAT ()| dy > har|A| NV2. (20)

By Dirichlet’s theorem on Diophantine approximation, given any choice of 1 < K < N, every
v € [0, 1] satisfies ||y — a/q|| < K/(Ngq) for some 1 < ¢ < N/K and 1 < a < ¢ with ged(a,q) = 1.
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If this holds for some ¢ > K and K < N'/2, say, then by Lemma 4,

- o 1/2
W)l < (JV“[EN)) |

If we choose
K :=[Ca?log N (21)

for some suitably large absolute constant C' > 0, then we see that \W(v)] < aN'2/32 for such 7.
(Note that the assumption o < (log N)~/* implies that K < o7, assuming that N is sufficiently
large.) The contribution to (20) from these 7 is thus at most

N1/2 1 ) 1 o .
o [ et e < S ([ TR e [ eimeiie)] «)

@ ]A] NY/ 2'

- 16
(Here we used the triangle inequality in the first line, and the Cauchy—Schwarz inequality and
Parseval’s identity in the second.) We recall that for ged(a,q) =1

M(a/q) = M(a/q; N, K) :={y € (0,1] : |y — a/qll < K/qN},

and note that with our choice K = [Ca~21og N these sets are disjoint for ¢ < K and ged(a, q) =
1 because a > N~/ and N is sufficiently large. Therefore, combining (20) and (22), we find

o |A| N1/2

(22)

3 / FNTA T ()] dy > (23)

0/aeDerc ) /) 16
By the Cauchy—Schwarz inequality and Lemma 4, we have

/ TR T ()] dy
M(a/q)

1/2 1/2
<(f,, m0ra) ([ [Fof w) e |G
M(a/q) M(a/q) YEM(a/q)

1 R ) 1/2
<am([ a0fa) s [Gel.
q M(a/q) YEM(a/q)

Therefore,

1 R 1/2 .
2 1/2</ ey dV) ( sup ‘1/1(7)‘) > al ANV, (24)
4 M(a/q)

a/‘leQSK YEM(a/q)

Let I'1 be the set of a/q € Q<k for which
N
G(V)? dy < (25)
/zm(a/q) Ko
As |Ty| < |Q<k] < K2 and |T4(y)| < |.A|, the contribution to (24) from v € T’y is

N1/2 a ’A’Nl/Q
< > —2 Ml < (log NVI2°
a/q€Q<K
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Thus, we may restrict our attention to the set I'y = Q<x\I'1 of a/q € Q< for which (25) does
not hold. Indeed, we have

1 R 1/2 N
> 1/2(/ g()I? dv) ( sup ’1A(7)D > a|A| N2, (26)
q M(a/q) )

a/qels YE€M(a/q

As |g(v)] < 2]A| < 2N and meas(M(a/q)) < K/N, we see that for any v € Q<x

1/2
( [ e dv) < KI2N12
M(a/q)

and so, comparing with (25), for v € I's we have

1/2
K1/2N1/2 < (/ |§(,7)’2 d7> < K_5/2N1/2.
M(a/q)

Therefore, by dyadic pigeonholing, there are some quantities B, Q with oK 1/2 « B < aK%/?
and 1 < @ < K, together with a set B C I'g, such that:

(i) if a/q € B with ged(a, q) = 1, then ¢ € [Q,2Q)];

(ii) for all v € B we have
5 < (/ GNP dv) <S5
M(a/q)

1 e\ V2 —~ oAl N2
Z m(/ﬁﬁ(g/q)@@ﬂ d7> < sup )‘1,4(7)‘) >>W.

a/qeB q ~YEM(a/q

(iii) we have

Recalling that K < a~9() (because we are assuming that o < 1/(log N)'/%), and letting Ya/q
be the point in M (a/q) where |14(7)| attains its maximum, we see that this gives the result. [

Combining Lemma 5 with Lemma 3 gives the following result.

LEMMA 6. Let N be sufficiently large, and suppose that v > N~'/2. Let A C [N] be a set of
density a = | A| /N with no non-zero square differences. Then at least one of the following holds.

(i) (A is sparse) We have log(1/a) > log N.
(ii) (There is a density increment) There is some N’ > va® Y N and A’ C [N'] with no non-zero
square differences, which has density

o > (1+v/5)a.
(iii) (There are many large Fourier coefficients close to rationals of different denominators) There
are B,Q < oW and a set B C Q<q such that both of the following hold:
(a) for each a/q € B there exists v,/, € (0,1] such that ||y, — a/q|| < a~9W/N and
BIA[Q'*

14 il o I

a/qeB
(b) for every 1 < q < @ we have
IBNQ—,| < vB*.
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Proof. Assume that neither part (i) nor (ii) hold, so we wish to establish part (iii). Let Cq,Cy > 0
be two absolute constants to be determined later. As part (ii) does not hold, by Lemma 3, we
have that, for any ¢ < 2o~ and K < a™7,

> / GO dy < varlAl.

(Note that we may assume that vaN/Kq?> > N 1/4 say, or otherwise o > N —1/60 and we are in
case (i). In particular, for N sufficiently large, the conditions of Lemma 3 are satisfied.)

By Lemma 5 there are B, Q, K satisfying B < o °®) and Q,K < a7 and B C Q<q such
that for all a/q € B there exists v, /, such that ||v,/, —a/q|| < a %M /N and

—~ |A| QY2
> Ta(a)l > B—— =
a (1)
fymt log(1/a)
and for all a/q € B
5 alAl
gy
/Sn(a/q;N,K) o B?

Summing this second inequality over a/q € BN Q=, we see that

A
“Misnol< ¥ / NI dy < va|Al.

a/qeBNQ=4 Mi(a/q;N, K

Thus, |[BNQ—,| < vB?, as required. O

7. Refined density increment and proof of Theorem 1

We now show that there cannot be a large set of rationals with distinct denominators each of
which has a large Fourier coefficient. This relies on Theorem 2 which shows that there is a lack
of additive structure amongst such rationals, and a variant of Chang’s lemma [Cha02] (or its
predecessors such as the Montgomery—Haldsz method [Mon69]) which shows that any large set
of frequencies with large Fourier coefficients must have some additive structure, and is the key
way in which our argument differs from previous approaches. Ultimately this will show that for
a suitable choice of parameter v, the third possibility in Lemma 6 cannot occur, and Lemma 6
can be refined to give a density increment. An iterative application of this density increment
then proves our main result, Theorem 1.

LEMMA 7 (Variant of Chang’s lemma). Let A C [N] be a set of density a =|A|/N and let
B C (0,1]. Then, for each m > 1,

D 1Ta®)] < [Ala™ /2™ By (B; 1/2N) 2,
beB

where the approximate additive energy Fopn,(C;6) is given by
Egm(C,é) = |{bl,...,b2m eC: Hbl 4+ 4 b —bmt1--.. —meH < 5}’

(where we recall that || - || denotes the distance to the nearest integer).
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Proof. Let 6, € R be a phase such that e(6,)14(b) = [14(b)| € Rso. Then, by Holder’s inequality,
we have

DA =D "e(0s) > elab)

beB beB acA
1-1/2m 2my 1/2m
< <Z 1) <Z > (b + ba) ) : (27)
aceA acA'beB

Let t(t) = sin(mt)2/(nt)? so that (&) = J25 0(t)e 2™t dt satisfies PE) =1— ¢ for €] <1
and {Z)\(f) =0 for [¢] > 1. As (t) > 0 and (t) > 4/72 > 1/3 on [0,1/2] we see that

% m§32w<27v>

nel

<3 >

b1,....bom€B

2 2m

Z e(Oy + ba)

beB

Z e(Oy + bn)

beB

Z¢<2zbv>e(n(bl—|—~-'+bm—bm+1"‘—b2m)) :

ne’

Applying Poisson summation to the inner sum, and recalling that 1& is supported on [—1, 1], we
see that this is equal to

6 > N

b1,....,bam E€B
K N[{b1,...,bam € B [[b1 + - + by — b1+ -+ — o] < 1/2N}].

> G @N(by+ -+ b — by — bam — b))
heZ

Substituting this into (27) and rearranging then gives the result. O

LEMMA 8. Let N be sufficiently large, and let A C [N] be a set of density a = |A| /N with no
non-zero square differences. There exists an absolute constant ¢ > 0 such that if

v = exp <_Cb§)i€g%> ’

then either:

(i) log(1l/a) > log N/loglog N; or
(ii) there are N’ > a®M N and A’ C [N'] with no non-zero square differences, which has density

o> (1+v/5)a.

Proof. As before, we may assume that log N < a~9(), by the result of [Sar78]. We assume that
cases (i) and (ii) do not hold, and hope to arrive at a contradiction, for a suitable choice of v.

Note that we may assume that v > N~Y2, or otherwise we are in case (i). Therefore, we are
able to apply Lemma 6, of which we must be in the third case because otherwise case (i) or (ii)
would hold. Thus, there are B, Q < a=°®) and a set B C Q< such that for each a/q € B there
exists v,/ = a/q + O(a~9M /N) satisfying

~ B|A|QY?
1a(Vase)l > ———5a7
220 g1y
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and for every 1 < ¢ < @ we have |[BNQ—,| < vB?. By the pigeonhole principle, there must exist
some B’ C B which is contained in an interval of width at most 1/8m such that

~ BIAQ
1 _— .
2 0w i 1 o)

Let m > 2 be some integer to be chosen later, and let T := {; : b € B'}. Note that the assumption
that |y, — b]| < a~9M /N, together with the fact that B C Q<,-01), implies that these v, are
distinct for distinct b € B, or otherwise we are in case (i). We now apply Lemma 7, which shows
that
B |.A| Q1/2 —1/2 1

< Ao M By, (T 1/2N) M
mlog(1/a)0M Al 2m(I'5 1/2N)
As B’ is contained in an interval of width at most 1/8m we know that by + -+ — bgy, €
[~1/4,1/4]. In particular, because |y, — b| < a9 /N for b € B, provided ma=°") < ¢N for
some sufficiently small ¢ > 0, we have v, + -+ — Yp,,, € (—1/2,1/2), and so

B (T;1/2N) = [{b1, ... bam € B' 2 |y, + -+ — Yy, | < 1/2N}.

Furthermore, because B C Q<q, b1 +--- — bay, is always a rational of denominator at most
Q*™ for by,...,boy € B. Therefore, if by + --- — by, is not zero, then it is at least Q2™ in
absolute value. As before, because |y, — b] < a_o(l)/N, provided mQC(™ a0 < ¢N for some
small constant ¢ > 0, it follows that for any v, ..., Vs, € I either |5, + -+ — Y5y, | > Q72™/2
or by + - - - — by, = 0. Therefore, provided mQ°™a~9M) < ¢N for sufficiently small ¢ > 0, the
approximate additive energy Fa,,(I'; 1/N) actually only counts the times when the corresponding
sum of rationals is zero, so

Egm(r; 1/2N) = Egm(B,)

Recalling that Q@ < =9, we have shown that either o= C(™) > N or

, BQ1/2 2m
Eom(B) > a <mlog(1m)0<1>> . (28)

We impose the condition m < loglog(1/a), so that a~?(™) = o(N) (or otherwise we are in case
(1)), so we have (28). We now apply Theorem 2 to bound Fa,,(B’) from above, which shows that
for some absolute constant C' > 0 we have

/ 2m
B~ ) . (29)

(m " " log(1/a)0™M
m®) (log Q)" (CvB*Q) >>“<log<1/a>0<”

Here we used the assumption that [B'NQ—,| < |BNQ—,| < vB? for all q, as ensured by the
conclusion of Lemma 6.

The key feature of this bound is that the powers of B and @ exactly cancel and, in partic-
ular, the lower bound on v in terms of « is only of order a=?1/™ log(1/a)°™M). We derive a
contradiction from this bound with a suitable choice of v, thereby proving the lemma. First note
that we can rewrite (29) as

al/m

v > O Tog(1/)00) exp (—C —
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As Q < a=°W _if we choose m = [¢ loglog(1/a)], for some sufficiently small constant ¢ > 0,

then this gives
log(1/c)
> (0 (yiogizer) )

which gives a contradiction for a suitable choice of the constant ¢ in our definition of v. This
completes the proof. O

We may now finish the proof of our main theorem with an iterative application of Lemma 8.

Proof of Theorem 1. Suppose that A C [N] has density a = |.A| /N and has no non-zero square
differences. We wish to show that

log(1/a) > (loglog N)(logloglog N).
Let

log(1/a)

loglog(1/a)
be as in Lemma 8. If log(1/a) > log N/loglog N, then we are done. Otherwise, by Lemma 8,
there are N’ > a®MN and A’ C [N'] which has no non-zero square differences, with density

o> (1+v/5)a.

V= exp (—c

Repeatedly applying Lemma 8, we obtain some sequence Ny, ..., N; of integers and associated
sets Ay C [IVy] such that:

(i) each set .A; has no non-zero square differences;
(ii) A; C [N¢g] has density ay = |A¢|/Ny > (1 +v/5)ta;
(iii) we have N; > 9N,

This process can only terminate if N; < N'/2 because otherwise all conditions of Lemma 8
remain satisfied. However, the density of any set can never exceed 1, so we must have a(1 +
v/20)! < ay < 1, which implies that

t < v log(1/a).
Therefore,
N2> Ny > a?ON > Nexp(—O(V*1 log(1/a)?)).
Thus,
log N < v (log1/a)?.
Recalling that log(1/v) < log(1/a)/loglog(1/a), taking logarithms of both sides and rearrang-

ing yields
log(1/a)
——————— > loglog N.
loglog(1/a) > 10808
This implies log(1/a) > (loglog N)(logloglog N'), which gives the result. O
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