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1. Introduction. Let A C {1,...,N} and n = |A|/N. In [4] Roth
studied how well can A be distributed in arithmetic progressions. If the
sequence n,n + ¢q,...,n + (k — 1)q has t elements in {1,..., N} then it is
reasonable to think that a well-distributed sequence would have “about” nt
elements in this sequence if k is “big enough” relative to N. Thus if we set

V(n,q,k):‘ Z 1—n Z 1‘

0<i<k 0<i<k

n+igeA 1<n+ig<N
for a well-distributed sequence, then V(n,q, [[v/N|/2]) should be “small”
for every integer n,1 < ¢ < |V/N]|. (It is easy to see that if n = 0 or 1 then
V(n,q,k) = 0 for every n,q,k.) Roth proved that there does not exist a
non-trivial well-distributed A in this sense, because for every A there exist
integers n,1 < ¢ < [V/N] with V(n,q, [VVN/2]) > ¢\/n(1 —n)N'/* (and
the constant ¢ is absolute). This means that unless A is empty or equal to
{1,..., N} it cannot be well-distributed simultaneously among and within
all congruence classes. Later it was shown that Roth’s estimate is sharp,
that is, for every N positive integer there exists A C {1,...,N} (with a
“small” value of |n — 1/2|) for which V(n,q, |[vV/N/2]) < ¢/\/n(1 —n)N'/4
for every integer n,1 < ¢ < |V N] [2].

In the first part of this paper we prove a similar statement about the

distribution of the sums aq 4+ as where a1,as € A. First we have to define
what is considered well-distributed in this case. Define

fn) = Z 1 and g(n)= Z 1.

a1taz=n 1<k<N
a1,a2€A 1<n—k<N

If A were constructed using probability methods in a way that the proba-
bility of choosing each integer k € {1,..., N} in A were 1 (independently)
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368 B. Valko

then the expected value of f(n) would be “roughly” n%g(n). Therefore it is
reasonable to study
k—1
A(na,k) = | S (f 0+ ia) = g(n + ia))|.
i=0
(If n =0 or 1 then A(n,q,k) =0 for every n,q,k.)

In Section 2 two theorems will be proved. Theorem 1 will show that unless
n = 0 or 1 the sums a; 4+ as with a1,as € A cannot be well-distributed in
this sense, because there exist integers n and ¢ with 1 < ¢ < L\/]V | and
A(n, q, | |VN]/2]) > en(1 —n)N3/%. Theorem 5 will give an upper estimate
on how good an inequality of this kind can be.

In Section 3 we study the corresponding problem in residue classes. Con-
sider a subset of the residues modulo N: A C {0,1,..., N — 1}. The sums
a1 + as with a1, a9 € A are well-distributed if the numbers of sums in each
residue class are about the same. Theorem 9 and its corollary states that
these sums cannot be well-distributed this way, and inequalities similar to
those in the previous part can be shown. Theorems 11 and 12 show that
these results are nearly best possible.

2. Irregularities of distribution of sums relative to arithmetic
progressions. We use the notations introduced in the introduction.

THEOREM 1. Ife > 0 and N > N, then for every A C {1,...,N} there
exist integers n and q with 1 < ¢ < |[V/N| and

Aln,q. ||V /2)) > <w1§m - 6)77(1 N,

From now on we denote |v/N| by Q, ||V N]/2] by Q1, and e2™ by
e(a). The basis of the proof of Theorem 1 is the following result of [4] which
was also the main tool for Roth.

THEOREM 2. Let M be a positive integer, R > 2 integer, Ry = |R/2],
let s1,...,50m be complex numbers and s; = 0 if j < 0 or j > M. Denote
Zf:_ol Sn+iq by D(n,q, k). Then there exist integers n and q with 1 < ¢ < R
and

M -1/2
2 1/2 R?
S 2 2 i -1/2
D(n, g, Ry)| = le(m§jl|sm|) (M+ 4) R

Theorem 2 is a corollary of the following inequality:

R M 9 2 M
Y. DR > <WR1> > Isml*.
m=1
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We only give a short outline of the proof, details are left to the reader. Define

M M-1
S(a) = Z spe(na) and Hpy(a) = Z e(na).
n=1 n=1
Then |Hp(a)] = [sin(mMa)/sin(ma)| and from that it is easy to prove

that |Hpy(a)| > (2/m)M if |af < 1/(2M). It is well known that for every
« there exist positive integers p and ¢ with (p,q) = 1, p and ¢ < R and
la—p/q| < 1/(gR) (so that |ga —p| < 1/(2R;)). From this and the previous
inequality we have

R 9 2
>l ) > (21
q=1 i
Now consider

R
T ={IS@[ Hr, (go) da.
0 q=1
Clearly,
1

R 2 M
J > HlainZ’HRl(qa)FS‘S(a)P da > <72TR1> Z |Sm’2'

q=1 0
On the other hand, by Parseval’s formula,

R M
J=> Y |D(ngR)

g=1 n:1—(R1—1)q
From this the desired inequality and the theorem follow.
We also need the following lemma:

LEMMA 3. If N > 8 then
2N 1
SO el >
=1

Proof. If p=0o0r1 (ie. n(1 —n) =0)

(n(1 —n)N)>.

then
2N
Y () = n’g(@)* =0.
If |[A] =1 (so that n =1/N) and A = {a} then
2N 1 2
SoUG) = o) = (f20) ~ a2 = (1= 358) = (a1 = V)2

If[A)=N—1(sothat p=1—1/N) and A= {1,..., N}\{a} then f(a) =
=gla) =a—1land f(N+a+1) =g(N+a+1) = max(N —a—1,0).
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Clearly,
max(g(a),g(N +a+1)) > N/3
and thus

i=1

Therefore we can suppose 2 < |A| < N — 2. Let

2N 2N
F(a) =) f(ie(ia) and G(a)=> n’g(i)e(ia).
i=1 i=1
From the definitions of f(n) and g(n) it follows that

F(a)= ( Z e(aa)>2

acA
and
al 2 e a) —e(a)\”
G(a) = 772(1-1 €(ia)) = ?72< (N :_(01[; _) 7 ( )> )
Clearly,
2N 1
(1) Y (@) —P9(0))* = \|F(a) - G(a) da.
i=1 0

From the Cauchy—Schwarz inequality we have

1 1

(2) (JI1F(@) - Gle)2da) ™ = [ IF(@) - Gl)| da
0 0
As 2 > |e(|N/2]a) — 1|, we get
1 1
3 4|IF(@) - G()]da = ||F(a) - G(a)l|e(|N/2]a) - 1] da.
0 0

Now

|[F(a) = G(o)l[e(IN/2]a) — 17
> [F(e)(e(IN/2]a) = 1) = |G(e)(e(IN/2]a) — 1)%].
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But

|G(e)(e([N/2]a) = 1)?| dax

O ey

2| (AW D) —e(@)) o e g
= | () etz -
~ oileIN/2)a) 1 2
= "72§ e(a)——l(e((N + 1)a) —e())| da
1 [N/2|-1 9
=|| 3 e(ia)‘ le((N + 1)a) — e(a)[? da
0 =0
1 [N/2] N+|N/2| 9
:1728 — Z e(io) + Z e(ia)‘ da = 2n?|N/2] < n*N.
0 =1 i=N+1
Therefore
1 1
S |F(a) = G(a)|le(|N/2]a) = 1 da > S |F(a)(e(|N/2]a) = 1)*|da = 7° N,
0 0
Clearly,
F(a)(e(|N/2]a) —1)?
9 N+|N/2| 9
- ((Z e(aa))(e(LN/2Ja) - 1)) - ( 3 am(ia))
a€EA i=1
where
~1 ifie Aandi—|N/2| €A,
az—{l ifig Aandi— |N/2] € A,
0 otherwise.
We have
1 N+|N/2| N+|N/2]
VIF(@)e(N/2]a) =12 [da= > lal*= ) lail,
0 =1 =1

therefore the value of the integral equals the number of integers ¢ for which
a; #0. If 1 <4 < [N/2] and i € A then a; = —1 because i — [N/2] <0
and hence i — | N/2] ¢ A. Similarly, if N — |[N/2] <i < N and i € A then
aiv|nj2) = 1. Ifi € Athen 1 <4 < [N/2J or N — |N/2] <i < N and if
N is odd i may also be equal to [N/2]| 4+ 1. From the previous arguments
it follows that the value of the integral is at least |A| — 1 = nN — 1 and
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therefore

1

[1F(@) = G(@)lle([N/2Ja) = 1 dac = N = N =1 = (1 )N — 1.

0
Since 2 < |A] < N —2 and N > 8, we have n(1 —n)N > 2(N —2)/N > 3/2
and (1 —n)N —1 > in(1 —n)N. Thus, according to (1)~(3), the statement
of Lemma 3 follows.

Proof of Theorem 1. We use Theorem 2. Let M = 2N, s; = f(j) —n*g(j)
fl<j<M,and R=Q = L\/Nj Then there exist integers n and ¢ with
1<¢<@and

2N o\ —1/2
|A(n,q,Q1)] = %Q1( > \smy2)1 <2N+ Q) -2,

m=1
From Lemma 3,
(S lonP) 2 Lonti— gy i
sm) >~ _p(l—nN if N>8.
m=1 4\/5

Thus

9 2N 02 —1/2 , ,
2 1 2 3/4
20 (3 fanl )’ (ZN + ) Q < e e)n(l ~mN

if N > N. and Theorem 1 follows. (Indeed, the proof also shows that the
inequality in Theorem 1 is valid in a mean square sense.)

Theorem 1 gave a lower estimate for max, 1<4<g A(n,q,Q1). The aim
of the following theorem is to show how far we can go with the lower es-
timate. It states that for every sufficiently large positive integer N there
exists A C {1,...,N} (with n ~ 1/2) for which A(n,q,@Q1) < cN if n
and ¢ are integers with 1 < ¢ < @ and for “most of the pairs” n and gq,
A(n,q,Q1) < c1N®/%log N (and the constants are absolute). For the proof
we adapt Sarkozy’s construction used for an upper estimate related to Roth’s
problem [1].

THEOREM 4. Let N be a positive integer, Q@ = [VN|, Q1 = |Q/2].
Let p be a prime number with N*/3 < p < 2N?/3. Define A C {1,...,N}
by letting a € A ezactly if a € {1,...,N} and (%) = 1 where (%) is the
Legendre symbol (with (%) = 0 if y = 0mod p). For this A, |n —1/2| <
ctN~2/3log N and A(n,q, Q1) < caN for all integers n and q with1 < ¢ < Q
(the constants are absolute). Also if N > N, then for at least (1 —¢)-100%
of the pairs (n,q) with 1 < ¢ < Q and 1 — (Q —1)g < n < N we have
A(n,q,Q1) < c3N°/6log N (with an absolute constant c3).
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The following lemma of Mauduit and Sarkézy [3] (a corollary of A. Weil’s
theorem [6]) will be used several times during the proof of Theorem 4:

THEOREM 5. If p is a prime number, h(x) € F,lx] is a polynomial of
degree k such that it is not of the form b(hi(z))? with b € F, and hyi(z) €
Fplz], and X,Y are integers with 0 <Y < p then

h
‘ > <(”))‘ < 9k\/plogp.
X<n<X+Y p
LEMMA 6. For the set A in Theorem 4 we have
In—1/2| < et N~%3log N.

Proof. It is well known that if z > 1 then there exists a prime p with
x < p < 2z. This proves the existence of a proper prime for our construction.
Consider the following sets:

B; = {z
Clearly,

N
N i N
| Bo| = {J’ Bi=A ) () = [B1] — [B_1| =2nN — N + {J
p i=1 p p

With ¢+ (é) = 0 and using Theorem 5 (or the Pélya—Vinogradov in-

1=a

(Z) =, lgiSN} with j = —1,0,1.
P

equality) we have

N N ;

-l = — 11 <9y/plogp.
()= Z ()= ovpeer
i= i=|N/p]p

Thus |2nN — N| < 9/plogp + | N/p] and
1
In—1/2] < ﬁ(f)\/fﬂoglﬂ' |N/p]).
With N2/3 < p < 2N2/3 Lemma 6 follows.
LEMMA 7. If 2 <n < 2N then

‘f(n)— i ((2)2“)((”/“2) +1>‘ < cN'/3

k:xo

where xg =1 andxy =n—14f 2<n <N, andxg=n—N and x1 = N if
N +1<n <2N. (The constant c is absolute.)
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Proof. First let n be fixed with 2 <n < N. Then

fln) = Z 1= iak
k=1

a1+tas=n
a1,a2€A

where ap = 1if k,n — k € A and ay = 0 otherwise.

Define Cy ={k|korn—k=0modp, 1 <k<n-—1}and C ={1,...,
n—1}\ C1. Then f(n) =, coar + D e, @k If k € C then (%) = 41,
and ap = 1 if and only if (%) = ("Tjk) = 1. Hence it is easy to see that if

k € C then
k n—=k
= (3)+1\ /(55) +1
2 2 ’
and if k£ € C then o = 0 and

<(§>+1><(’:’“)+1>:<z)+1_

2 2 4

Therefore

-5 (52 (550)

|32 (- (5)(55)
_ia (;)4+1‘ . 2{7@;1 (n)4+1‘
Thus
- () ()< [ <5

k=1
and since N2/3 < p < 2N?/3 Lemma 7 follows with ¢ = 1.
If N+1<n<2N then

N
fn) = Z 1= Z Qg
a1t+as=n k=N-—n

ai,az€A

where ap = 1 if k,n — k € A and ap = 0 otherwise. The proof can be
finished as in the previous case.

LEMMA 8. If 2 <n < 2N and pfn then

oo 5 () () o

k:zo
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where xp =1 andxy =n—14if 2<n <N, andxg=n—N and x1 = N if
N +1<n <2N. (The constant c is absolute.) If p|n then

‘igw‘ S <(§)2+ 1)<(T2)+1>' o N

kZ:CO

Proof. First let n be fixed with 2 < n < N and ptn. Then

gim)= Y l=n-1,

1<k<N
1<n—-k<N

It is well known that if (a,p) = 1 then > 7_; (@) —(_71) (cf. [5,

Ch. 5]). Also, if ptn then x(n — x) is not of the form b(hi(z))? in Fp[z] and
hence we can use Theorem 5. It follows that

”Z‘:l ( k(n — k:))
k=1 p
From Y077 (%) = 0 and Theorem 5,

5 (0 o

From these inequalities and N?/3 < p < 2N?/3 the desired inequality follows
in this case.
If n is an integer with N +1 <n < 2N and ptn then

g(n) = Z 1=2N—-n+1.
1<k<N
1<n—k<N

-1 N
< VLPJ +18y/plogp < ) +18,/plogp.

The proof can be finished as in the previous case.
If n is an integer with 1 <n < 2N and p | n then

(o) - () -0 0(3)

k=1 k=1
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therefore we cannot use the previous proof. But from

0 < le <(’;)2+1><(”f2)+1> x

k?:IO

and g(n) < N we have

‘igw Z <(,’2)2+ 1)<(’3/“2)+1>' .

k:xo

and this concludes the proof of Lemma 8.

Proof of Theorem 4. Using Lemma 6 and g(n) < N we have
1 , 1 1
o) = gto] = a5 405 )

< N%QN—Q/3 log N < ¢/ N'/31og N.

Now from Lemmas 7 and 8 it follows that if 2 < n < 2N and ptn then
|f(n) —n?g(n)| < cN'3log N (the constant c is absolute) and if p|n then
|f(n) —n%g(n)| < N. It is also clear that if n < 2 or 2N < n then f(n) =
g(n) = 0. First let n and ¢ be fixed with 1 < ¢ < Q. Since Q1 < v/N/2 and p
is a prime with N2/3 < p, at most one of the integers n,n+gq, ..., n+(Q1—1)q
is divisible by p. Therefore

Q1—1
A(n,q, Q1) = ’ > (F(n+kq) —n*g(n + kq))
k=0
< eN'Y3Qlog N + N < ¢N*/6log N + N.

This shows that A(n,q, Q1) < ¢ N where the constant is absolute. But it
also shows that if none of the integers n,n+gq,...,n+ (Q1 — 1)q is divisible
by p then A(n,q, Q1) < cN°/Clog N.

If we consider all sequences of the form n,n+q,...,n+ (Q1 — 1)g with
1 < ¢ < @ which intersect {1,..., N} (these are the ones with 1—(Q —1)g <
n < N) it can be seen that at least (1—2Q/p)-100% of them do not contain
an element divisible by p. Since 2Q)/p < 4N —1/3 < ¢ if N > N, this proves
the last statement of Theorem 4.

REMARK 1. The author conjectures that Theorem 1 is sharp (or at least it
is sharp up to a log power), i.e. for every sufficiently large positive integer N
there exists an A C {1,..., N} for whiche < |A|/n < 1—e and A(n,q,Q1) <
cN3/% (or ¢eN3/*(log N)') if n and ¢ are integers with 1 < ¢ < Q.
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3. Irregularities of distribution of sums of residues. Let A C
{0,1,...,¢ — 1} and n = | A|/q. Set

h(i) = > 1.

a14az=i mod ¢q
ai,a2 GA

Clearly, (1/q) 3;01 h(i) = n?q and thus if the sums a; + ay are well-
distributed modulo ¢ then the value of maxg<;<,—1|h(i) — n%q| is small.
The following theorem and its corollary give a lower estimation for this
maximum.

THEOREM 9. For every A C {0,1,...,q— 1} (with ¢ > 2),
q—1 (]3
> (i) = n*q)* = n’(1-n)°.
. qg—1
=0
COROLLARY 10. For every A C {0,1,...,q—1} (with ¢ > 2) there exists
an integer i with 0 < i < g —1 and |h(i) — n?q| > /an(1 —n).

Proof (of Theorem 9). Define S(a) = > . 4 e(aa). It is clear that if k
is an integer then

S(k/9)* Zh e(ik/q).

It is well known that if B(a) = Y 1_, 1 b ie(ja) then
1 g—1 <k> 2 q—1

= B= )] =D bl
13=0 q j=0
With b; = h(j) —n°q (0 < j < ¢q—1) we have

- (%) = (5(5))
Thus ) o \
S (1) - ) = X ls(h)
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As S(0) = | A| = ng we have

-1 2 q— 2
1+ k 1 k 1
- 5<) - S() —=n*¢*> =ng —n°q¢ = qn(1 — 7).
= \4q =l \4q q
Using Cauchy’s inequality we obtain
q—1 q—1 4 q—1 2\ 2
1 k
1:0 1= q q_l =1
1 4,2 2 ¢ 2 2
= gn(1-—n) = n(L—n)”.
q(qg—1) (=) qg—1 (=)

This completes the proof of Theorem 9.

REMARK 2. As a generalization of Theorem 9 we may study the distri-
bution of sums of the form of Zle a; in residues where a1,...,ar € A and
k > 2 is a fixed integer. Define

hk(n) = Z 1.

a1+...+ax=nmodq
ai,...,ap €A

Clearly,

1
15 o -
q 1=0

and using a similar argument to that for Theorem 9 it can be proved that

._.

q— 2k—1

") > 7@(]— m,w’“(l —n)".

The following theorems show how sharp Theorem 9 and its corollary
are. Theorem 11 shows that Theorem 9 is sharp for an infinite number of
integers and the next theorem proves that Corollary 10 is sharp up to a log
power. (From this it also follows that Theorem 9 is sharp up to a log power
for every integer.)

:0

.

THEOREM 11. Let p be a prime. Define A C {0,1,...,p — 1} by setting
a € A exactly if a € {0,1,...,p—1} and (%) = 1. For this subset we have

p—1 3
> (h(i) = n’p)?
=0
Proof. Clearly, we have |A| = (p —1)/2, n = 1/2 — 1/(2p) and n’p
= (p—1)2/(4p) = (p — 2)/4 + 1/(4p). Since (%) = (_?1)(1’;“) we have

< 21—n)2+p.
_p_ln( n°+p
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h(0) = 0if (5+) = =1 and h(0) = (p — 1)/2if (3}) = 1. Thus
oo (P—1 (=1*\*_p* 1 1
o — oy < (gt - O St

Suppose 1 < a < p— 1. We will show that

R SIGESICOED I OES

— 4 2
_ Z () + 1>(4(“;") +1)
S

With f(n) = > . tap=n.ay.anea L it is clear that h(a) = f(a) + f(a + p).
Now, i and a—1i are both in A if and only if ((é) +1) ((%) +1)/4 =1, and
otherwise ((%) + 1)((%) +1)/4=0if i # 0,a. Similarly i and a + p — i
are both in A if and only if (( ) + 1)((ﬂ) + 1)/4 = 1, and otherwise

; ;
((%) + 1) ((%) + 1)/4 = 0if i # 0,a. Thus it follows that

3 ((G) + D) +1)

= f(a) + f(a+p) = h(a).

‘ 4
0<i<p—1
i#0,a
We have
GO 1) ()
4 2

Since Zf:_ol (%) =0 and Z]ioz_ol (i(ap_i)
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But

3

», ) 1, 17 1 1
1— = — ) — — — —
s LU G e el T T A TR o

and from this the statement of the theorem follows.

THEOREM 12. Let ¢ > 1 be an integer and p a prime with 2q < p < 4q.
Define A C {1,...,q} by setting a € A exactly ifa € {1,...,q} and (%) =1
(this gives a subset of the residue classes modulo q). For this subset we have
In—1/2| < 9log(4q)/\/q and

(i) — n*q| < 50y/glog(4q)
for every 0 < <q—1.

Proof. It is known that there exists a prime p with 2¢ < p < 4¢. From
the definition of the set A it is easy to see that

i(;) =qn—q(1—n)=q2n—1)

i=1
and by Theorem 5 (or the Pdlya—Vinogradov inequality) we have

q

> (;) ‘ < 9,/plogp < 18,/7log(4q),

i=1

q2n —1| =

and thus

1 log(4
‘n—’ <9 g(4q)
2 V4
Let a be an integer with 1 < a < ¢q. With the technique already used we
can prove that

o -5 G D)+

4
1=1

12 fila—4)\ 1%=</i\ a-1
2 () ()

Since 1 < a < p, x(a — x) is not of the form b(hi(z))? in F,[z] therefore we
can use Theorem 5 for the first sum, and clearly also for the second:

’ig <i(ap— l)> + ;g (;)‘ < <f + g)@logp < 18,/qlog(4q).
Hence
@)~ 5 < 18vatogtia)
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Similarly
() + D=5 +1)

a+q=zz: 1
SRR

1=a

As 1< a+q<p, it can be shown as before that
qg—a+1
flat ) — =] < 18 qlog(40).

If 1 <i < g then h(i) = f(i) + f(¢ + i) (and h(q) = h(0)) and from the
inequalities just proved, |h(i) — q/4| < 36,/qlog(4q) for every 1 < i < q.
Clearly

3 27
T _i2ql =Lj2n — 120 +1] < 2ql2n— 1] < —/qlog(4q).
4 4 4 2
Therefore
. . q q 99
|h(i) — nq| < ’h(l) ViR —nq| < 5\/6105-{(4(1)

for every 0 < ¢ < g — 1 and this concludes the proof of Theorem 12.
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