ON MULTIPLICATIVE DECOMPOSITIONS OF
POLYNOMIAL SEQUENCES, III

L. HAJDU AND A. SARKOZY

ABSTRACT. In two earlier papers we studied the multiplicative
decomposability of polynomial sequences {f(z) : € Z, f(z) > 0}.
Here we extend this problem by considering also sequences which
can be obtained from sequences of this type by changing "not too
many” elements of them. In particular, we prove the multiplicative
analogue of a theorem of Szemerédi and the second author (related
to a problem of Erdés).

1. INTRODUCTION

In [4] and [5] we studied multiplicative decompositions of polynomial
sequences of positive integers, and this paper is the third (and last) one
in this series.

First we recall some notations, definitions and results from [4] and
[5]. A,B,C,... denote (usually infinite) sets of non-negative integers
and their counting functions are denoted by A(X), B(X),C(X),... so
that e.g.

AX)=NHa:a < X, a€ A}l
The set of the positive integers is denoted by N.

Definition 1.1. Let G be an additive semigroup and A, B,C subsets
of G with

(1.1) B >2, |[C|>2.
If
(1.2) A=B+C (={b+c:beB, ceC})
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then (1.2) is called an additive decomposition or briefly a-decomposition
of A, while if a multiplication is defined in G and (1.1) and

(1.3) A=B-C(={bc:beB, ceCl)

hold then (1.3) is called a multiplicative decomposition or briefly m-
decomposition of A.

In [9] and [10] H. H. Ostmann introduced some definitions concerning
additive properties of sequences of non-negative integers and studied
some related problems. The most interesting definitions are:

Definition 1.2. A finite or infinite set A of non-negative integers is
said to be a-reducible if it has an additive decomposition

A=B+C with |B|>2,|C|]>2.
If there are no sets B,C with these properties then A is said to be a-
primitive or a-irreducible.

” "

(More precisely, Ostmann used the terminology "reducible”, ” primi-

Mg

tive”, "irreducible” without the prefix a-. However, since we will study
both additive properties and their multiplicative analogues thus to dis-
tinguish between them we will use a prefix a- in the additive case and
a prefix m- in the multiplicative case.)

Definition 1.3. Two sets A, B of non-negative integers are said to be
asymptotically equal if there is a number K such that AN [K,+00) =
BN[K,+0o0) and then we write A ~ B.

Definition 1.4. An infinite set A of non-negative integers is said to
be totally a-primitive if every A" with A’ ~ A is a-primitive.

Example 1.1. [t is easy to see that if
A=Aay,as,...} (withay <as <...)
is an infinite set of non-negative integers with
nl—i>I-|I-100<an+1 - an) - +OO,

then A is totally a-primitive. Thus in particular, the sequence
(1.4) My =1{0,1,4,9,...,n% ...}
of squares is totally a-primitive.

Erdés conjectured that much more is true:

Conjecture 1.1. If we change o(X'/?) elements of the set (1.4) up to
X, then the new set is always totally a-primitive.
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The second author and Szemerédi [13] proved this conjecture in the
following slightly weaker form:

Theorem A. If ¢ > 0 and we change o (X'/? 27(3Fe)log Xloglog X) gJe.
ments of the set (1.4) up to X, then we get a totally a-primitive set.

(We presented a short survey of other related papers in [4]. In par-
ticular, the a-primitivity of certain special sets is studied in [11], [14]
and [16].)

Observe that Definition 1.2 can be extended from non-negative in-
tegers to any additive semigroup G (all we have to do is to replace
"non-negative integers” by ”elements of G”). One might like to also
extend this definition to multiplicative semigroups by replacing ”addi-
tive decomposition” by ”multiplicative decomposition”. However, some
caution is needed here. Namely, if both addition and multiplication are
defined in the given set and it contains both an additive null element
0 and a multiplicative unit element 1 (like in cases of the non-negative
integers or IF,), then every subset A with |A] > 2 and containing 0 has
a trivial multiplicative decomposition

A=1{0,1}-A

which satisfies both (1.1) and (1.3). The simplest way to aviod trivial
decompositions of this type is to restrict ourselves to sets not containing
0. Then in the two most important special cases the multiplicative
analogues of Definitions 1.2 and 1.4 are:

Definition 1.5. If A is a finite or infinite set of positive integers or
A C Fy(= T, \ {0}) then it is said to be m-reducible if it has a multi-
plicative decomposition

A=B-C with |B|>2,|C| >2

(where B C N,C C N or B C IF;,C C Ty, respectively). If there are no
such sets B,C then A is said to be m-primitive or m-irreducible.

(In particular, the m-primitivity of certain special sets is studied in
3] and [12].)

Definition 1.6. An infinite set A C N is said to be totally m-primitive
if every A" C N with A" ~ A is m-primitive.

In Part I we started out from the multiplicative analogue of our
remark on the totally a-primitivity of the sequence (1.4). By Definition
1.5, the notions of m-reducibility and m-primitivity are restricted to
positive integers, thus we have to delete 0 from the set My and to
consider instead the set M3 = {1,4,9,... 2% ...}. However, this set
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is trivially m-reducible since we have My = Mg - M. Thus to get a
non-trivial problem on squares, we have to shift them:

Problem 1. Is it true that the set
My =10,1,4,9,...,2% ..} + {1} ={1,2,5,10,...,2° +1,...}
of shifted squares is m-primitive?

In [4] we proved that the answer to this question is affirmative in
a much stronger form: if the counting function of a subset of M, in-
creases faster than log X, then the subset must be totally m-primitive:

Theorem B. If
R:{Tl,TQ,.,,}CM127 T <<rg < ...,

and
. R(X)
imsu = 00,
X%oop IOg X

then R is totally m-primitive.

We also proved that Theorem B is nearly sharp:
Theorem C. There is an m-reducible subset R C M}, and a number
Xy such that for X > X, we have

R(X) >

log X
log 51 ©8

In [5] we studied the analogous problems for shifted k-th powers with
k> 2. Write My = {0,1,2% 3% ... 2% ...} and

(1.5) =M+ {1y ={1,2,2" 41,3 + 1, 2F 4 1,. )
We proved:
Theorem D. If k > 2,

R={ri,r,. ..} CM;, r<ry<...,
and R is infinite, then R is totally m-primitive.

(So for k > 2, Theorem C has no analogue: there are no exceptional
subsets of M)

In both [4] and [5] we also studied the totally m-primitivity of more
general polynomial sets {f(x) : x € Z, f(x) > 0} (where f(z) € Z[z]).

So far we have studied the sets of squares and shifted squares, and
also their subsets obtained by deleting many (but not "too many”)
elements of them. But what happens if instead of dropping elements,
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we add new elements to these sets? The most interesting set obtained
in this way is certainly the set of all powers z* with k& > 2:

(1.6) P ={1,222%3%24 523325 . oF . .}

(Note that this set contains X'/ + O(1) squares up to X, and (1 +
0(1))X'/3 further powers are added.)

Theorem 1.1. The set P in (1.6) is totally m-primitive.

Proof. Let P’ be any set of positive integers with P’ ~ P. Then there
exists a positive integer X such that

PN [Xo,00) =P N[Xp,00).
Suppose to the contrary that
P =A-B with A, BCN and |A|,|B|> 2.

Let p be any prime with p > X;,. Then p? € P’, and we have one of
the following:

i) pe ANKB,
ii) 1 € A, p* € B,
iii) p* € A, 1 € B.
In case i) take any prime ¢ with ¢ > Xy and p # ¢. As ¢*> € P/, we
get that one of ¢, ¢* belongs to AU B. However, then one of pg, pg* is
in P’, a contradiction. Thus i) cannot hold, and by symmetry we may
assume that p ¢ B.

If p ¢ A, then by symmetry again we may assume that we are in
case ii). On the other hand, if p € A, then 1 ¢ B, otherwise p € P’
would hold. So in any case, we may assume that we are in case ii).
Observe that this implies that if ¢ > X is any prime with p # ¢, then
q¢& A, ¢ ¢ B. (Indeed, otherwise one of ¢, p*q would belong to P’.)
Hence as ¢> € P’, we have ¢> € AU B. We show that ¢* ¢ A, and
then necessarily ¢ € B. Assume to the contrary that ¢> € A. Take a
prime r > X different from p,q. As 1 € A and p? € B, we know that
r ¢ AUB. However, as r® € P’, this implies that 73 € AUB. But then
one of p?r3, ¢?r3 is in P’ - a contradiction. So ¢> € B must hold. Hence
for any prime ¢ with ¢ > X, and ¢ # p we obtain ¢*> € B\ A. We show
that p?> € B\ A also holds. As p* € B, we only need to check that
p? ¢ A. This can be done with a similar argument as above. Indeed,
assuming p? € A, if r is a prime with r > X, and r # p then r3 € P’
(as T & AU B by p*r ¢ P’), whence r* € AU B implying p?r® € P’ - a
contradiction again. Thus we conclude that

{p*: p prime, p> Xo} C B\ A,
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Note that this together with 1 € A implies that neither A nor B
contains any prime. Now we show that all the powers of primes above
Xo belong to B\ A. We proceed by induction. Assume that for some
7 > 3 we have

{p"': p prime, p > Xo} C B\ A.

(This holds with ¢ = 3.) Suppose that for some prime g with ¢ > X, we
have ¢* ¢ B\ A. Hence if ¢° € B then also ¢* € A. On the other hand,
if ¢' ¢ B, then since none of ¢, ..., ¢~ belongs to A, by ¢' € P" we get
¢ € A. That is, in any case, we have ¢* € A. Take any prime r > X
with r # ¢, and observe that by the induction hypothesis r*~! € B
holds. Thus we get r*~!¢* € P’, which is a contradiction. Thus our
claim follows, and we obtain

(J{p" : p prime, p > Xo} € B\ A.

1=2

Let now a € A with a > 1. (As |A] > 2, such an a must exist.) Let

a=pi...p)}
be the prime factorization of a, and put

= max «;.
1<i<t

Take any prime p > X different from p,...,p,. As p*™! € B, we get

that ap®*! € P’ should hold. However, this is a contradiction, and the

statement follows. O

It is also a natural question to ask: what happens if we start out
from the set M, of the shifted k-th powers (k > 2) and we combine
deletion and addition of many but "not too many” elements? Is it
true that the sets obtained in this way are always totally m-primitive?
(Observe that this is not so with M, in place of M since the set My,
itself is m-reducible: My = M, - My.) We conjecture that the answer
to this question is affirmative in the following strong form:

Conjecture 1.2. If k > 2 and we change o(X'/*) elements of the set
in (1.5) up to X, then the new set is always totally m-primitive.

(Note that this is the multiplicative analogue of Erdés’s Conjecture
1.1.) This paper is devoted to the study of this problem. As in the
case of Conjecture 1.1, this conjecture in its original form seems to be
beyond reach but we will be able to prove a result (Theorem 2.1 below)
which is just slightly weaker.



DECOMPOSITIONS OF POLYNOMIAL SEQUENCES, III 7

We mention that this main result of ours will imply that the set of
shifted powers

P =P+{1} = {2,2241,2341,3%+1,2* +1, 521,33 +1,25+1,. .., 2" +1, ...}

is totally m-primitive. One might wonder whether this assertion could
be obtained "directly” through the theory of diophantine equations.
Following our approach (see Section 3), assuming that P’ is not totally
m-primitive, we could get equations of the form

(1.7) Az" — By" =C

with A, B, C fixed, however, with all z,y, n, m being variables. In gen-
eral, not any finiteness result is known for the solutions of this equation.
By a classical conjecture of Pillai, equation (1.7) has only finitely many
solutions for any A, B, C with ABC # 0. However, the conjecture is
confirmed only for the case A = B = C =1, when (1.7) is the Catalan
equation having the only solution

(x,y,n,m) = (3,2,2,3).

This result is due to Mihailescu [7]. (For more details about (1.7) and
Pillai’s conjecture, see e.g. [15].) So we do not see any other method to
prove that P’ is totally m-primitive, only the one through our Theorem
2.1 below.

2. THE MAIN RESULT AND THE STRUCTURE OF THE PROOF
We will prove the following theorem:

Theorem 2.1. For k > 2 and any € > 0 changing

log X
Xk —(log 2 _
0< exp( (log +8>loglogX>)

elements of Mj, up to X (deleting some of its elements and adding
positive integers) the new set R obtained in this way is totally m-
primitive.

We remark that this theorem is the multiplicative analogue of The-
orem A (apart from the constant in the exponent). However, the only
connection between the proofs of the two theorems is that Wigert’s
theorem (appearing as Lemma 6.1 later in this paper) is used in both
proofs. Apart from this, the proof of Theorem 2.1 is more complicated
than that of Theorem A.

Proof of Theorem 2.1. It suffices to prove that every set R obtained in
the way described in the theorem is m-primitive (since then for every
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such R, every set R’ C N with R’ ~ R also satisfies the conditions in
the theorem with R’ in place of R, thus R’ is also m-primitive).

We will prove by contradiction: assume that for some € > 0 there
is an R of the type described in the theorem which is m-reducible, so
that R is of the form

(2.1) R=QUS
with
(2.2)
/ / log X
QC My, [(MN\QNLX]| =0 (X”k exp (‘(10g2 + g)log(“)igX)> |

log X
A = 1/k — 0
(23) SN M, =0, S(X)=o0 (X exp ( (log 2 + g)log og >>

and there are

(2.4) ACN, BCN
with

(2.5) Al >2, |B]>2,
(2.6) R=A-B.

Then it follows trivially from the definition of M) and R that
(2.7)

1/k 1/k log X
R(X)=X""4o0 | X" exp | —(log2+¢)

log log X

)) (= Qo

In order to to deduce a contradiction from assumptions (2.1)-(2.6), we
will have to distinguish two cases. First (in Section 3) we will consider
the case when the counting function of one of the two sets A, B is " very
large” infinitely often (which implies that the other counting function is
"very small”, thus this case can be considered asymmetric). This case
can be handled relatively easily by the methods used in [4] and [5], more
precisely, by using the theory of Pell equations and a consequence of a
classical theorem of Baker [1]. The second case is when both counting
functions A(X) and B(X) increase "not too fast”. This ("symmetric”)
case is much more difficult. Namely, the effective estimates obtained
by Baker’s method contain constants depending on the coefficients of
the diophantine equations in question, and we need better control for
this dependence than the ones that can be deduced by Baker’s method.
To get around this difficulty, we will need tools (definitions, notation,
results and lemmas) from graph theory and the theory of continued
fractions which will be presented in Sections 4 and 5, respectively. The
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proof of Theorem 2.1 will be completed in Section 6 by using these
lemmas in Sections 4 and 5. The last section (Section 7) will contain
comments and unsolved problems.

3. CASE 1: ASYMMETRIC DECOMPOSITION

First we will study
CASE 1. Assume that for some € > 0 the counting functions of the
sets A, B in (2.4) satisfy

log X
1 A(X), B(X)} > X/* —<1 2 5)—
(3.1) max{A(X),B(X)} > exp( og 2+ 2) oglog X
for infinitely many X € N.

Consider a large integer X satisfying (3.1). We may assume without
loss of generality that

(3.2 B(X) > A(X)
so that by (3.1) we have
log X
. B(X) > X'/ —(log2+ ) —22_ )
(3:3) (X) > exp( (og +2) log log X

Let A ={aj,as,...} with (0 <)a; < ay <.... Then by (2.1)-(2.6) for
both i = 1,2, and every

(3.4) be BN{L,2,..., X},
we have

(3.5) 0 < ab < asb < axX
and

so that either

(3.6) abe QN{1,2,... as X}
or
(37) aibESﬂ{l,Q,...,agX}

holds (by (2.2) and (2.3), (3.6) and (3.7) cannot hold simultaneously).
Let B’ denote the set of the integers b satisfying (3.4) and also (3.6) for
both i = 1 and ¢ = 2. Now we will estimate |B’|. By (2.3) and (3.3)
we have

(3.8)
B ={b:beBn{1,2,... X\ J{o:abeSN{l2,. .. aX}}| >
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>{b:beBN{1,2,...,X}} - Z\{b abe SN{1,2,... a,X}} >

> B(X) — 28(asX) >

log X 1/k log as X
> x/k —<1 2 ) /Xl/k —(log 2 —_— ] >
- P ( g+ loglog X exp | —(log2+ 8)log log as X

2¢e log X
X1/k log 2 —
~ exp( (og * 3)loglogX)

if X is large enough.

On the other hand, by (2.2) and the definition of B, for every b € B’
we have a;b € @ C Mj, and ab € Q C Mj, thus there are non-negative
integers u, v with

(3.9) arb = v* + 1
and

(3.10) agh = u" + 1
so that

0 = a1(agh) —az(aib) = a;(u*4+1) —ay (v +1) = ayu® — agv® + (ay —ay)
whence
(3.11) ajuf — axv® = ay — ay,
and by (3.5), (3.9) and (3.10) here we have
max{|ul, |[v|}* + 1 < agh + 1 < 2a9b < 2a,X
whence
(3.12) max{|ul, [v|} < (2a9)"*X/*.

Thus by (3.8) we have obtained that the number of solutions of the
diophantine equation (3.11) under condition (3.12) is at least |B'| so
that by (3.8),

(3.13)

1{(u,v) € (NU{0})? : ayuF —agv® = ay—ay, max{|ul, |v|} < (2a5)V* XV} >

2¢e log X
> |B| > X/* — | log2 — .
= B> P %8ty 3 ) loglog X

Now we need two lemmas from [4] and [5] in order to give an upper
bound for the cardinality of the set estimated in (3.13).
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Lemma 3.1. Let f(z) = Kz + Lz + M with K, L,M € Z, K(L* —
AKM) # 0, and let r, s be distinct positive integers. Then there exists
an effectively computable constant co = co(K, L, M,r,s) such that

{(u,v) € Z* : v f(u) = sf(v) with max{|ul,|v|]} < N}| < colog N
for any integer N with N > 2.

Proof. This is Lemma 2.1 in [4] (where it was proved by using the
theory of general Pell type equations). 0

Lemma 3.2. Let A, B,C.,k be integers with ABC' # 0 and k > 3.
Then for all integer solutions u,v of the equation

Auf + BoF = C
we have max{|ul,|v|} < ¢ where ¢; = ¢1(A, B,C k) is a constant

depending only on A, B,C. k.

Proof. This is Lemma 2.1 in [5] (which follows from a classical theorem

of Baker [1]). O

If k=2, then we may apply Lemma 3.1 with f(2) =2>+1,r=a
s =ay and N = [(2a3)"/?X"/?]. We obtain for large X that
(3.14)
H(u,v) € (NU{0})?: a1(u® 4+ 1) = ap(v? + 1), max{|ul, |v|} < N}| <

< H{(u,v) € Z* : ayu® — av® = ag — ay, max{|u|, |v|} < N}| <

< ¢olog N < cplog((2a;) 2 X1?) < ¢ylog X

with some ¢y = co(ay, az).
If £ > 3 then applying Lemma 3.2 with A = a;, B = —ay and
C' = ay — ay (so that ABC # 0 holds by 0 < a; < as), we obtain that

(3.15) [{(u,v) € (NU{0})? : a1u* —apv® = ay—a1}| < c3 (for k > 3)

with some absolute constant ¢z = c3(aq, as, k).
Combining (3.14) and (3.15) we get that there is an absolute constant
c4 = c4(aq, as, k) such that for £ > 2 and large enough X we have

{(u,v) € (NU{0})? : ayu—asv® = ay—ay, max{u,v} < (2ay)*XV*}| <
< c4log X.

But for every X large enough (in terms of aq, as, k and €) this inequal-
ity contradicts the inequality in (3.13) so that, indeed, Case 1 cannot
occur.
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4. A LEMMA ON BIPARTITE GRAPHS

We will use the basic graph theoretic definitions and terminology
as they appear in [2] (but the notation will be modified slightly to fit
better to the notation used in the first two parts of this paper).

Definition 4.1. A graph G s said to be a bipartite graph with vertex
classes U and V' if its vertex set W is of form UUV with UNV =0,
and every edge of G joins a vertex in U to a vertex in'V, and then we
write G = G(U, V). Moreover, a bipartite graph G = G(U, V') is said to
be complete if every vertex in U is joined to every vertex in V. K(s,t)
denotes the complete bipartite graph whose vertex classes contain s and
t vertices, respectively.

Definition 4.2. The Zarankiewicz function Z(m,n;s,t) denotes the
largest possible number of edges in a bipartite graph G(U, V') with |U| =
m, |V| =n which does not contain a subgraph K(s,t).

(K. Zarankiewicz proposed to study this function in certain special
cases in 1951.)

Lemma 4.1. For any positive integers m,n, s,t we have
Z(m,n;s,t) < (s — DY (n —t+ )m' Y 4 (t — )m.
Proof. This is Theorem 10 in [2], p.113. O
We will use the following consequence of Lemma 4.1:

Lemma 4.2. Let G = G(U, V') be a bipartite graph on the vertez classes
U=A{U,Us,..., U} and V= {V;,Va,...,Vi}, and denote the number
of edges of G (the size of G) by t. Assume that r = |U|, s = |V, and
t are such that

t
(41) 2§T§SS§7
and write
4 ¢?
4.2 h=|-——]|.
(42) [97‘25]

Then G(U,V) contains a K(2,h) subgraph, i.e. a complete bipartite
subgraph G'(U', V') so that

U'={U,U3}y U (with U] # Up),
VI ={V,V5,...,Vi} CV  (with V] # V] fori# j)
and both U] and U} are joined to each of VI, V4, ..., V.
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Proof. By the definition of the Zarankiewicz function (Definition 4.2),
it suffices to prove that it follows from the assumptions in the lemma
that

(4.3) t>Z(r,s;2,h) = Z(s,r;h,2)

(the last equality is trivial since clearly the change of order of the vertex
classes does not change the value of the function). By using Lemma
4.1 with s,r, h and 2 in place of m,n, s and t, respectively, we get

Z(s,m;h,2) < (h—=1)YV2(r =24 1)s' 24 (2—1)s < (h—1)Y?rs /2 s,
Thus to prove (4.3), it suffices to show that
(h— 1D)Y2rs'? 45 < t,

or in equivalent form,

t—s
1\1/2
(h—1)"* < i

A
h—1<(t 25).
r<Ss

So that by (4.1), it suffices to show that

22
h—1<ﬂ

r?s

which holds by (4.2). O

5. TOOLS FROM THE THEORY OF CONTINUED FRACTIONS

First we recall some basic facts on continued fractions. We will follow
the notation and presentation of [6], Chapter X.
A fraction of the form

1

(51) agp +
a; +
ag + 1

SO
an

1

is called continued fraction. The continued fraction in (5.1) is also
denoted by

(5.2) lag,ay,...,ay].

The numbers ag, ay,as,...,ay are called partial quotiens or simply
quotients. For n € {0,1,..., N} the number [ag, ay,...,a,] is called
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the n-th convergent to [ag,ai,...,ay]. It can be calculated by the
following recursion:

Lemma 5.1. If p, and q, are defined by
Po = Gp, P1 = G1Q0 + 17 Pn = GpPn—1 +pn—2 (fOT nec {2737 EIR) N})7

do = ]-7 q1 = a1, 4n = AnQdn-1 +Qn—2 (forn € {2737 <o 7N})7
then
_Pn

[ag, at, ..., a,]
Gn

(This is Theorem 149 in [6].)

If the quotients ay, as, . . ., ax are positive (ag can be zero or negative)
and ag, ay,...,ay are all integers, then the continued fraction (5.2) is
said to be simple. From now on we will restrict ourselves to simple
continued fractions.

If ag,ay,as,... are integers and aq,as,... are positive, then x, =
lag, ai, ..., a,] tends to a limit  when n — oo, and we say that

(5.3) x = |ag,as, ...,

and z, = 2= = [ag, a1, ..., a,] are convergents to [ag, ai, . ..] (see The-
orem 166 in [6]). Note that if the sequence ag,ay,as,... is infinite
then z must be irrational, and if x is irrational, then it has a unique
representation in form (5.3).

Lemma 5.2. Of any two consecutive convergents § to x in (5.3), one
at least satisfies

(This is Theorem 183 in [6].)

Lemma 5.3. If x is of form (5.3) (so that it is irrational) and

- 1
__:L‘ [
2q°?

‘ p
q

then g 18 a convergent to x.

(This is Theorem 184 in [6].)
We will also need the following lemma:

Lemma 5.4. If x is an irrational number of form (5.3) and z—z 15 the
n-th convergent to it, then for every n € N we have

qn+2 > 2qn
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Proof. By Lemma 5.1 we have

Gn+2 = An4+2Qn+1 + qn > gn+1 + qn > 2(]71
]

(Indeed, Lemmas 5.3 and 5.4 will play an important role in the com-
pletion of the proof of our Theorem 2.1.)

6. CASE 2: SYMMETRIC DECOMPOSITION

In Section 3 we showed that if the set R satisfies the assumptions
in Theorem 2.1 then it cannot have decomposition of form (2.6) which
is asymmetric, i.e. it is such that inequality (3.1) of Case 1 holds. It
remains to show that there is no symmetric decomposition either, i.e.
the opposite of (3.1) cannot hold either:

CASE 2. Assume that for some ¢ > 0 there is a number X, = X(¢)
such that the sets A, B in (2.4) satisfy the inequality

(6.1)
log X
< 1/k — E [ —
max{A(X), B(X)} < X/ exp ( (10g2 + 2) log log

To deduce a contradiction from (2.1)-(2.6) and (6.1), first we introduce
some notations. For X > 11let H = H(X) denote the smallest positive

integer with
AN\ H
=) > X,

(6.2) H= L(l)oggj/(gw .

Write n; = (%)Z for i = —1,0,1,2,... and N; = NN (n;_1,n;] for
i=20,1,2,..., and for any D C N let D; = DN N;. Then clearly we
have

) for X > Xy(e).

so that

(6.3) {1.2,....x} cUn.

Denote the elements of Qy by ¢1 < ¢a < -+ < Gu. Then by (2.2)
and (6.2), for X — oo we have

w=[Qu|=[2N (ny_1,nn]| = Qny) — Qny-1) =

logngy
= n}{/k — nllq/ﬁl +o0 (n}{/k exp (—(logQ + €)m>> =
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AN H/E AN (H-1/k D log n;
= (5) — (5) +o0 <nH exp <—(10g2 + 6)—10g og nH)) =

(H-1)/k 1/k
4 4 log X
== S | Xk —(log2 +&)—="
<3> ((3) >+0( eXp( (log +€)loglogX>)

whence
(6.4) w=|Qu| > s X* for X > X,

with some positive constant c; depending only on k£ and ¢.
By (2.6), for every

(6.5) Q@ € Qu
there are a € A, b € B with

(6.6) ab = qy.
Suppose that for some g, we have

(6.7) a€c A, be B,
ie.,

o () s () ()

By (6.5) and (6.6) we have

69) w-ae ((5)7.(5)]

and by (6.8),

4\ 2 A\
1 — b<| = .
o () s ()

It follows from (6.9) and (6.10) that

(6.11) H<i+j<H+1
whence
(6.12) j=H—ior H—1i+1

The index ¢ can be chosen in w(= |Qg|) ways in (6.5), and for every g,
in (6.5) there is at least one pair (a,b) satisfying (6.6) and (6.7) with
some 4, j. For fixed ¢,j the number of these pairs is |A4;||B;| thus we
must have

(6.13) ZZ!AA\BA > w
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where by (6.12) clearly
(6.14) i€{0,1,2,... H}

and we have to take all the pairs 7, j satisfying (6.12).

Now we will consider the maximal term |A;||B;| of the double sum
on the left hand side of (6.13). By (6.12) and (6.14) this double sum
has at most 2(H + 1) < 4H terms, thus this maximal term satisfies

w
AllB| >
whence, by (6.2) and (6.4), it follows that if X is large enough, then
Xl/k
1 IB;
(6.15) AB| > o

with a positive constant cg depending only on £ and ¢.
Write

(616) .Az = {ae+1,ae+2,...,ae+r}, Bj = {bf+1,bf+2,...,bf+s}

(Wlth Qet1 < Aeg2 < -+ < Qegr, bf+1 < bf+2 < e < bf+s). We may
assume without loss of generality that

(6.17) |Ai| =r < |Bj| =s.
Then by (6.15) we have

Xl/k
log X’

and it follows from (6.2), (6.12) and the definition of B; that
AN A1
+(a)
3

log X
(6.20) s=|B;] < B(2X) < X'* exp <— (log2 + E) L)

(6.18) rs > cg

(6.19) B; C NBC[1,2X]|NB,

thus by (6.1),

3/ loglog X
for X large enough. By (6.15) and (6.20) we have

Xk log X
> exp (<log2 + E) L)

21)  r=|A N
(621 r=Al>e% 1B 1) Toglog X

for X large enough.
Now we define a bipartite graph G(U, V') on the vertex classes U =
{U1,Us, ..., U.} and V = {V}, V5, ..., Vi} so that for m € {1,2,...,r}
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and n € {1,2,...,s} the vertices U, and V,, are joined if and only if
term(€ A;) and by, (€ B;) are such that

ae+mbf+n € Q
Moreover, define h as in (4.2):

4 12
h=|-—
{97’25} ’

where ¢ denotes the number of edges of G. We will show that (4.1) in
Lemma 4.1 also holds. To prove this, we have to estimate ¢t. Clearly
we have
(6.22) t={(m,n):1<m<r, 1<n<Ss, Geimbrin € Q}| =
=H{(m,n):1<m<r 1<n<s}-—
|{(m>n) I<m<r, 1<n<s, ae-i—mbf-i-n é Q}| =
=rs—|{(m,n):1<m<r, 1<n<s, agermbrin € S}.
If1<m<rand1<n<s, then as in (6.8)-(6.12), by (6.2) we have

4\ HH
(623) ae+mbf+n S (g) S 2X.
It follows that writing d(n) = > 1 we have
dn

(6.24) {(m,n):1<m<r, 1 <n <S8, Gepmbpin € S} =

= > Hmn):1<m<r, 1<n<s, depmbpan = 2} <
1<2<2X
z€S

< Z Hm :1<m <7y epm | 2} <

1<2<2X
zeS
< =
< Z d(z) < Z max d(z) = S(2X) max d(z).
1<2<2X 1<2<2X
2€S 2€8

Now we need the following lemma:
Lemma 6.1. Ife > 0, X > Xq(¢) then we have

log X
loglog X ) °

2<X

max d(z) < exp ((log 2+¢)

Proof. This is a classical theorem of Wigert [17]. (See [8], p.56 for a
slightly sharper form of this estimate which, however, would not lead
to a significant improvement on our main theorem.) U
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It follows from (2.3), (6.24) and Lemma 6.1 that

(6.25) [{(m,n):1<m<r, 1<n<s, dGermbiin € S =

log X e\ logX
— o[ X% exp  —(log2+ ) —2 " (log2+5) 2" ) =
¢ ( P ( (log 2+ E)log logX)) P ( 082+ 2/ loglog X

log X
— o xV* ~E B2 ) )
¢ ( P ( 2 loglog X

By (6.18), (6.22) and (6.25) we have

log X
(6.26) t=rs—o (Xl/k exp (—% ﬁ)) = (14 o(1))rs.

If X is large enough then (4.1) in Lemma 4.1 holds by (6.17), (6.20),
(6.21) and (6.26). Note that by (4.2), (6.21) and (6.26) we also have

(6.27)

4 2 4 t 4 4
h=lot = (240 t=(Z401))s> (=401
[97’23} <9+0( ))r (9+0( ))s_<9+0( ))r>
1 e\ logX
Lo ((1og2 4 2) LB
3 P (( 082+ 4 loglogX)
for large X.

So that the graph G = G(U, V) defined above satisfies all the as-
sumptions in Lemma 4.2, thus the lemma can be applied, and we get
that there are vertices U;,, U, Vj,,Vj,,...,V;, with

i <2, J1 <J2<---<Jn

so that both U;’s are joined with each of the V;’s. Then by the definition
of the graph this means that if we write a1 = deyi,, G2 = ey, b1 =

bf+j1,bg = bf+j2, R ,l_)h = bf+jh then we have

(628) a; < ag, [_)1 < 1_72 <0 K [_)h,
forp=1,2andv=1,2,...,h

(6.29) aub, € Q(C M) (for p=1,2, v=1,2,...,h),

and by a, € A; and b, € B; we also have

o () s () m () ()

whence

A i+j—2 - 4 i+j
(6.31) (5) < aub, < (g) (for p=1,2, v=1,2,...,h).
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By (6.28) and (6.29) there are pairwise different positive integers z1, xs, . . .

and y1, Yo, . . ., Yn, respectively, such that

(6.32) arby =yy + 1, agby = af +1 (for £ =1,2,...,h)
and
(633) T < Tog < - < Tp, Y1 <Yz < -+ < Yp.

It follows from (6.32) that

a1asby = as(y; + 1) = ay(af + 1)
whence
(6.34) axy —agyf =ay—a, (for £=1,2,...,h).

By the definitions of a; and as, and by (6.28), ai, ay and as — a; are
positive integers, so that

(635) C_Lll'k — C_Lgyk = Q9 — Q1

is a diophantine equation with positive coefficients, and by (6.33) and
(6.34) the pairs (z1,v1), (z2,y2),- .., (zn,yn) are different solutions of
this diophantine equation. Dividing both sides of this equation by the
(positive) greatest common divisor of a; and as, we get the diophantine
equation

(6.36) Ex* — Fyf =@
with positive integer coefficients

a a as — a
(6.37) E= ((_th@), F= ((_1172%), G = (21’ 62;
which is equivalent to equation (6.35), and where
(6.38) EeN, FeN, GeN
and
(6.39) (E,F)=1.

Moreover, by (6.34) each of the pairs (zy,y,) (with £ = 1,2,... h)
considered above is such that it is a solution of equation (6.36), and it
satisfies the equations in (6.32) with some b, € B;, thus by (6.23) and
(6.32) we have

(6.40)  yi+1l=aby < agby=a; +1<2X for {=1,2,... h.

To deduce a contradiction from the facts above, we have to distin-
guish two cases.
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CASE 2a. Assume first that (%)1/ * is an irrational number. Then
by the definition of h and since h > 3 follows from (6.27) for large X,
the pairs (x1,y1), (x2, y2), (x3,y3) are solutions of (6.36) so that

Ext — Fyf =G (fori=1,2,3)

Yi E  Eyf

e =R AN -1
5 (20 (8)

Jj=0

G Ja —(k-1)/k G /E (k—1)/k 1
<malz) -w(F) o oo

By (6.28), (6.30) and (6.37) we have
ENGDE o Dk A )
642) S (£ e <2 12 1=z
E\F ai Qs ai 3 3

It follows from (6.41) and (6.42) that

2 P\ M
5 (5)

We have assumed that (%)1/ " is irrational and & > 2, thus by Lemma

.. . . . \1/k
5.3 this inequality implies that %, %, % are convergents to (E) . By

(6.33) we have y; < ys < y3. Thus if i—i is, say, the n-th convergent to

whence

IN

1
<2_yf (fori:1,2,3).

(%)Uk so that x; = p,,, y1 = ¢,, then by Lemma 5.4 we must have

(6.43) Ys 2 Qny2 > 2¢y = 2y1.
On the other hand, by (6.31), (6.32) and (6.33) we have
4\ T2 B B 4N\
(g) <alblzy/f+1<y’§+1:a1b3<<§>

whence

(6.44) (g) (P 4+1) >k +1.

It follows from (6.43) and k£ > 2 that

4 2
1> Qu) =2y r 1> Ay 1 >3y 2> (5) (y1 +1)
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which contradicts (6.44) and this proves that Case 2a cannot occur.
CASE 2b. Assume now that (%)l/ " is a rational number, say

5"
E q

with
(6.45) peN, geNand (p,q) =1,
whence
F "
E ¢~
By (6.38), (6.39) and (6.45) it follows that
F=9p" E=d¢"

Then equation (6.36) can be rewritten as
(q2)* — (py)* =G
whence
(qz = py) ((a2)" ™" + (q2) 2(py) + - + ()" ') = G.

Here G is a positive integer and if z,y are positive integers then by
(6.45) both G and the second factor on the left hand side are positive
integers, thus the first factor

(6.46) D =qx —py
is also a positive integer for which we have
(6.47) D |G,
and
k-1 k—2 1 G
(6.48) (q2)"" 4 (q2)"“(py) +- -+ (py)" = 5.
A number D satisfying (6.47) can be chosen in d(G) ways. If D is

fixed, then from (6.46) we get gx = D + py. Thus we may replace gz
in (6.48) by D + py, and then we get a polynomial of degree k — 1 in
y on the left hand side with positive coefficients. So the equation can
have at most one positive integer solution y. If D and y are fixed, then
there is 0 or 1 integer = satisfying (6.46). Thus denoting the number
of solutions of equation (6.36) by N we have

(6.49) N < d(G).
As in (6.7)-(6.12) and (6.19), we have
G<ae A C[l,2X]NnA
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thus we have
(6.50) G <2X.

By (6.50) and Lemma 6.1 we get from (6.49) that if X is large enough
in terms of ¢ then we have

(6.51) N < exp <<log2 + %)

log X

— for X > X :
loglogX) (for X'> X:(€))

On the other hand, we have seen that each of the pairs (z1,y1),
(x2,Y2), ..., (xn,yn) is a solution of (6.35) and thus also of (6.36) so
that we have

N>h
where h is defined by (4.2) thus by (6.27) we have

4 2 1 e\ logX
N2h=|c | >zexp((log2+2) =22 (for X > Xp(e)).
- {9 7“23] 7 3P ( R 4 loglogX) (for X > Xa(€))

This contradicts (6.51) for X large enough, so that Case 2b cannot
occur either for large X.

Thus in both cases our indirect assumption leads to a contradiction
(for large X') which completes the proof of our theorem. O

7. PROBLEMS AND REMARKS

As we remarked earlier both Conjecture 1.1 and Conjecture 1.2 seem
to be beyond reach in their original form, only slightly weaker theo-
rems of type Theorem A and Theorem 2.1 can be proved. Indeed, in
both cases we have to change the conjectured bound for the number of
elements changed up to X from o(X'/2) (in case of the squares) to

loglog X

(and in case of the k-th powers X'/* replaces X'/2). The unwanted fac-

tor exp (—c 101;%) ‘: X> originates mostly from the application of Wigert’s
estimate (Lemma 6.1)

log X
(7.1) max d(z) < exp ((1og2 + 5)&) :

and this upper bound is nearly sharp. One might like to improve on
Theorem A and Theorem 2.1 by showing that there are only ”few” z
values to consider for which d(z) is nearly as large as the upper bound
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in (7.1), and for almost all z the value of d(z) is closer to the average
value

% > d(z) = (14 0(1))log X.

However, even pushing this idea through would lead to the loss of a
factor log X at least, and splitting the sets A, B as in (6.7) and (6.8)
also leads to the loss of (log X)¢. So that it seems that for sure one
must loose a factor (log X)¢ at least. There is a large gap between the

factors (log X)¢ and exp (c 1olg0igx>’ thus we might like to tighten this

gap. Already a significant achievement would be to settle the following
problem:

Problem 1. Show that Theorem A and Theorem 2.1 can be sharpened
so that one may change

log X log X
X1/2 .o d Xl/k . e
¢ ( P < ¢ log 1ogX)> anc o < P loglog X

elements, respectively, of the given set with an absolute constant c
smaller than log 2.

Next we propose some similar questions on multivariate polynomi-
als. In [5] we formulated some questions and problems related to to-
tally m-decomposability of sets of shifted products of powers of the
form ¥y’ + 1, and more generally, of sets of values of bivariate polyno-
mials f(z,y) € Z[z,y]. Now we present some remarks and pose some
questions concerning general multivariate polynomials with integral co-
efficients.

Let f(z1,x9,...,2,) € Z[x1,29,...,2,] with n > 1. One may ask
when is the set

A ={f(x1,29,...,2,) 1 21, 22,..., 2, €EZ} NN

totally m-primitive? We may assume that Ay is infinite, otherwise the
question is trivial. One can make the following observation: if f is a
homogeneous form, i.e. every term of f has (total) degree D, then for
any Xy > 0 the set

(7.2) A N (Xo, 00)
is m-reducible. Indeed, writing
N FORNO!

(1)
flzy, 20, ... 1) = Z a;x]" xy® ... xdn
i=1
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with some N € N, ay,a9,...,ax € Z\ {0} and &\, dY, ... dY € N
with } ' |
A +d) 4+ +dP =D

for some D € N, we clearly have
Ay N (Xo,00) = (A N (Xo,00)) - {1, 27}

for any z € N, 2z > X,. Also, if f is the linear combination of powers
of x;, say

n

t.

flzy, 2o, ... 2p) = E bz
j=1

with integers b; and positive integers t; (j = 1,...,n) then letting
T = 11<cr£1 t;, for any Xy > 0 and z > X, we have
<j<n

AN (Xo,00) = (Ay N (Xo,00)) - {1,27}.
That is, Ay N (Xo, 00) is m-reducible again. Moreover, if f is linear in
one of its variables, say in x, then the set (7.2) can be m-reducible
again. Indeed, write

flz1, 20, ... xy) = g(x2, ...y xp) T + B2, ... 2y),

and take arbitrary us, ..., u, € Z such that g(us,...,u,) # 0. Put

go = g(ug, ... uy), ho=h(ug,..., u,).
If go | ho, then letting X; = ’%
have z|go| € Ay. Thus for any z € N with z > max{Xy, X;} we have

Ap 0 (Xo,00) = (Ay N (Xo,00)) - {1, 2[gol}-

Perhaps, it is possible to give a complete characterization of the polyno-
mials f that are linear in one of their variables, and for which A; NN
is not totally m-primitive. More precisely, we propose the following
problem.

, for any z € N with z > X we clearly

Problem 2. Characterize the polynomials g(z3, ..., x,), h(za, ..., x,) €
Z[zs, . .., x,] for which the set

{z19(z2, ..., xp) + h(z2, ..., 2y) : X1, 29, ...,2n € Z} NN
is totally m-primitive.

Already the case n = 2 is of interest, so we formulate the following
special case of Problem 2 separately:

Problem 3. Characterize the polynomials ¢(y), h(y) € Z[y] for which
the set

{zg(y) +h(y) : v,y € Z} NN
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is totally m-primitive.
In particular,
Problem 4. Is the set
{x(y* +2)+1:2,y € Z} NN
totally m-primitive?

Note that if we write y? 4+ 1 in place of y? + 2 above then we get a
trivial problem, since then (taking z > 0 and y = 0) the above set is
just N.

It would be very interesting to see a characterization of totally m-
primitivity in the general case. We do not formulate this problem more
precisely, since already finding the exact conditions may be challenging.
(Though, on the other hand, it might happen that the three cases
indicated above, in some sense cover all the possible m-reducible cases.)
For example, the range of the polynomial f(x,y) = % + 2xy* + y* is
not totally m-primitive: indeed, for any large z we have

({2® + 22> + 't 2,y € Z} NN) N (Xp, 00) =
= (({e* + 229" +y* 1 2,y € Z} NN) N (X, 00)) - {1, 2"}

Observe that f does not belong to any of the three families above, how-
ever, f(x,y) is obtained from a form by a simple substitution. (Namely,
we have f(z,y) = (x+y*)?.) We still formulate a simple case as a con-
crete problem (whose solution may be the first step towards a general
theorem).

Problem 5. Let k, ¢ be positive integers greater than one. Is it true
that the set

(" +y' +1: 2,y €, (,y) #0}
is totally m-primitive?

Note that this problem is the additive analogue of Conjecture 1 from
5], where polynomials of the shape x¥y‘ + 1 are considered.

In case of Problems 2, 3 and 5 it could be interesting already giv-
ing possibly general sufficient conditions for totally primitivity of large
families of sets in question.
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