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Abstract: Let F(z1,...,Zm) = u1Z1 + -+ + umZm be a linear form with nonzero, relatively
prime integer coefficients w1, ...,um . For any set A of integers, let F(A) = {F(a1,...,am) :
a; € A for i =1,...,m}. The representation function associated with the form F is

Ra,r(n) = card ({(a1,...,am) € A™ : F(a1,...,am) =n}).

The set A is a basis with respect to F for almost all integers if the set Z \ F(A) has asymptotic
density zero. Equivalently, the representation function of a basis for almost all integers is a
function f : Z — No U {oo} such that f~1(0) has density zero. Given such a function, the
inverse problem for bases is to construct a set A whose representation function is f. In this
paper the inverse problem is solved for binary linear forms.

Keywords: additive bases, representation functions, linear forms, Erd&s-Turdn conjecture,
Sidon sets, Bp[g] and Bplg] sets.

1. Direct and inverse problems for representation functions

Let N, Ny, and Z denote the sets of positive integers, nonnegative integers, and
integers, respectively.

In additive number theory, a classical direct problem is to describe the in-
tegers that can be represented as the sum of a bounded number of elements of a
fixed set A of integers. For example, describe the integers that are sums of two
primes or three squares or four cubes. Given a set A and a positive integer m, we
associate various representation functions to the sumset mA = {a; + -+ + a, :
a; € A for i =1,...,m}. The two most important are the ordered representation
function

RA7m(’I’L) = {(CLl,. .. ,am) cA™ Zai = n}
i=1
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and the unordered representation function

m
ramn) ={(a1,...,am) € A™: Zai =n and a3 < - < ap}
i=1
Representation functions! are functions from Z into the set No U {oo}.
Let A be a set of integers. The counting function A(xi,x3) counts the
number of elements of A between z; and xo, that is,

Az, 20) = Z 1.

a€EA
z1<asz2

The set A has upper asymptotic density dy(A) = a if limsup A(—x,x)/(22 4+ 1)
r—00

= «. The set A has asymptotic density d(A) = « if a;lggo A(—z,2)/(2z+1) = a.

If S is an infinite set of integers and W is a subset of S, then the set W has

relative asymptotic density d(W,S) = « if IIEEO W(—x,2)/S(—z,x) = a.

The set A is called a basis of order m for S if SCmA, thatis, if Ram,(n)>1
for every element of S, and a basis of order m for almost all S if {n € S :
Ra,m(n) =0} has relative asymptotic density zero.

Nathanson [9] introduced a class of inverse problems for the representation
functions of sets of integers and nonnegative integers. Let m > 2. If A and B are
sets of integers such that R4 ,,(n) = Rp,m(n) for all n € Z, then does A = B? He
proved that the answer is “yes” if A and B are sets of nonnegative integers, but
it Ram(n) = Rpm(n) only for all sufficiently large integers n, then A and B are
not necessarily equal, but the structures of A and B can be described explicitly.

These results suggest a second class of inverse problems for representation
functions. Given any function f :Z — NgU {oo} and an integer m > 2, does
there exist a set A such that Ry, (n) = f(n) forall n € Z or ra,(n) = f(n) for
all n € Z? Describe all sets A such that Rg,, = f or ra, = f. Nathanson [11,
13] proved that every function f : Z — Ng U {co} such that f~1(0) is finite
is the unordered representation function for infinitely many sets of integers. In
particular, there exist unique representation bases for the integers, that is, sets
A C Z such that ra,,(n) =1 for all n € Z (For m = 2, see Luczak and
Schoen [8], Nathanson [10]).

The study of representation functions for sets of nonnegative integers is more
complicated. In this case, every integer has only finitely many representations.
It is an open problem to describe the set of functions f : Ng — Nj that are
representation functions. A special case of this inverse problem is one of the most
famous problems in additive number theory: The conjecture of Erdés and Turdn
that the representation function of an asymptotic basis for the nonnegative integers
must be unbounded.

LTt is semantically ironic that the unordered representation function counts only linearly or-
dered representations while the ordered representation function counts unordered representations.
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In the last few years there has been considerable work on inverse problems
for representation functions (for example, [1, 2, 3, 4, 5, 6, 7, 12, 16, 17]).

2. Bases associated to linear forms

Let F(z1,...,Zm) = w121 + - + Uy, be an m-ary linear form with nonzero,
relatively prime integer coefficients uy, ..., u,, . Let Ay, ..., A} be sets of integers.
We define the set

F(Ay,...,Apn) ={F(a1,...,am) a; € A; for i=1,...,m}.
The representation function associated with the form F' is
Ra,, .4, r(n)=card({(a1,...,am) € A1 X --- X Ay, : F(a1,...,am) =n}).

This is a function from Z into Ny U {co}. If A; =0 for some i = 1,...,m, then
F(Ay,...,A;,) =0 and Ra, 4, r(n)=0 forall neZ
If A, =A forall i =1,...,m, then we write

F(A)=F(A,...,A)={F(a1,...,am):a;, €A fori=1,...,m}
and
Rarp(n)=Ra. arn) =card({(a1,...,am) € AT Flar,...,am) =n}).

The sumset mA is a set of the form F(A), where F' is the linear form F(zq,...,
Tm) =1+ T+ + Ty -

Let S be a set of integers and let F' be an m-ary linear form. The set A is
a basis for S with respect to F if R4 p(n) > 1 for all integers n € S. The set A
is a basis with respect to F' for almost all S if {n € S : R4 r(n) = 0} has relative
asymptotic density zero in S.

Many classical problems about bases in additive number theory have natural
analogues for bases with respect to an m-ary linear form. For example, a direct
problem for representation functions is: Given a form F' and a set A of integers,
compute the representation function R4 r. An inverse problem for representation
functions is: Given a form F' and a function f:Z — Ny U {oo}, does there exist
a set A of integers such that Ra r(n) = f(n) for all n € Z? In particular, if
f(n) =1 for all integers n, does there exist a set A such that R4 p(n) =1 for
all integers n? Such a set is called a unique representation basis with respect to
the form F'.

In this paper we solve the inverse problem for bases with respect to a binary
linear form. Let F'(x1,x2) = uix1+usxs be a binary linear form whose coefficients
are nonzero, relatively prime integers. We shall prove that if ujus # £1,—2 and if
f:Z — NoU {oo} is any function such that f~1(0) has zero density, then there
exists a set A of integers such that R4 p = f. Equivalently, every nonzero function
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f such that the set f~1(0) has asymptotic density zero is the representation
function of a basis for almost all Z with respect to F' for every binary linear form
F(x1,m9) # 21 £ 29 or 201 — 29.

Related work on the additive number theory of finite sets defined by linear
forms appears in [14, 15].

3. Construction of bases for binary linear forms

We begin with two simple observations.

Lemma 1. Let u; and us be nonzero, relatively prime integers with ujus # +1.
The following four integers are pairwise distinct:

2 2
—uy, —ULU2, U1U2, U
and the following three integers are pairwise distinct:
2 2
us — uj,uz(ug + ug), —ug(ug + ug).

If, in addition, uius # —2, then these seven integers are pairwise distinct.
Proof. This is a straightforward verification. ]

Lemma 2. Let Ay,..., A, besets of integers and let dy (A4;) = «; fori=1,...,n.
Then dy (U, 4;) < 3.1, o;. In particular, the union of a finite number of sets
of asymptotic density zero has asymptotic density zero.

If A has asymptotic density zero and if r,s,t are integers with r # 0, then
the set {n € Z:rn € {sa+t:a € A}} has asymptotic density zero.

Proof. For every ¢ > 0 there is a number zy(e) such that A;(—z,z) < (o +
g/n)(2z +1) for all @ > z¢(e). If A=J, A;, then

n n

A(—z,x) < ZAZ-(—x,x) < Z (i +e/n)(2x +1) = (Z a; + 5) 2z +1)
' i=1

i=1 =1

for all © > zo(e), and so dy(A) < Y., «;. In particular, if a; = 0 for all
i=1,...,n, then d(A) =dy(A) =0.

Finally, subsets, dilations, and translations of sets with asymptotic density
zero also have asymptotic density zero. The last statement of the Lemma follows
from this observation. [

The following result is fundamental.

Lemma 3. Let F(x1,x2) = u121+usx2 be a binary linear form whose coefficients
u1, U are nonzero, relatively prime integers with ujus # +1 and uyug # —2. Let
W be a set of integers with asymptotic density zero. Let A’ be a finite set of
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integers and let b be any integer such that the sets W and F(A’) U {b} are
disjoint. There exists a set C' with A’ C C and |C \ A’| = 2 such that

RA/’F(b)‘i‘]. if n=0»

_J Rar(n)  if neF(A)\{b}
Rewn) = 4 r 0 o oy W
0 if neW.

Proof. Since ged(uq,us) = 1, there exist integers v1 and vy such that F(vy,vy) =
u1v1 + usve = 1. For every integer ¢ we have

F(bvy + ust, bug — uit) = uq(bvy + uat) + ug(bve — ugt)
= b(u1v1 + UQ’UQ) =b.

We introduce the sets
B; = {bv1 + uot, bug — ult}

and
Ct - A/ U Bt~

Note that the conditions ged(uy,us) = 1 and ujus # 0, +1 imply that ug +us # 0.
If (ug + ug)t # b(vg — v1), then bvy + ust # bvy — ust and |By| = 2. Similarly,
A'N B, # () if and only if ust = a — bvy or uit = bvs — a for some a € A’. Since
the set A’ is finite, it follows that A’'NB; =0 and |Cy| = |A"U B,| = |A’| + 2 for
all but finitely many integers ¢.
We shall prove that there exist infinitely many integers ¢ such that the set
C} also satisfies conditions (1). Note that F(C}) is the union of four sets:
F(Ct) = F(AI) @] F(A/, Bt) @] F(Bt, A/) U F(Bt)

We have

F(A',By) = {F(a,bvy +ust) :a € A} U{F(a,bvg —uit) :a € A'}.
If z € {F(a,bvy +ust):a € A'}, then there exists a € A’ such that

x = F(a,bv; + ugt) = ura + ug(bvy + ust) = (ura + ugvib) + uit.
If x € {F(a,bva —uit) : a € A}, then there exists a € A’ such that

xr = F(a, bU2 — Ult) = (ula + ’U,Q’Ugb) — ’U,l’ll,gt.

For every integer ¢, the functions F'(a,bv; + uat) and F(a,bvs — uit) are strictly
monotonic functions of a. If

{F(a,bvy +ust) :a € A} N{F(a,bvg —ust) :ac A’} #0
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then there exist a,a’ € A’ such that
(u1a + ugv1b) + uit = (u1a’ + ugvab) — uguat
or, equivalently,
ug(u1 + ug)t = uy(a’ — a) + uz(vy — v1)b.

Since wus(uy + uz) # 0 and the set A’ is finite, it follows that for all but finitely
many integers t we have

{F(a,bv; +ust) :a€ A} N{F(a,bvg —ust) :a€ A’} =10
for all a,a’ € A’, and so
Ra , r(n) <1 for all n € Z.
The set F(A") U {b} UW has zero asymptotic density. If
FA, B)N(F(A)YU{b} UW) #£0

then either
(ura + uguib) +uit € F(A)U{b}UW

for some a € A’ or
(’U,lal + UQ’UQb) — ujust € F(A/) @] {b} uw

for some a’ € A’. In both cases, by Lemma 2, the set of integers ¢ for which
the membership relation is possible is a set of integers of asymptotic density zero.
Equivalently, except for a set of integers ¢ of asymptotic density zero, we have

FA, B)N(F(A)YU{b} UW) =10

and
RA/7B“F(TL):O for all nEF(A’)U{b}UW

Similarly,

F(B, A" = {F(bvy +ust,a) :a € A} U{F(bvy —uit,a) :a € A’}
= {(u1v1b + uza) + uyust : a € A’} U {(uyv9b + uga) — uit :a € A’}

and, except for a set of integers ¢ of asymptotic density zero,
Rp, a.r(n) <1 forall n € Z

and
Rp, 4. r(n)=0 for all n € F(A)U{b} UW.
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If F(A',By)NF(Bt, A’) # (), then there exist integers a,a’ € A’ that satisfy
at least one of the following four equations:

/

(u1a + ugv1b) + uit = (ugvib + uga’) + uguat

/

(ura + ugvab) — ugust = (ugv1b + uga’) + ugust

/

( )
(u1a + ugv1b) + uit = (ugveb + uga’) — ust

( )

( ) — uit.

(ura + ugv2b) — uust = (u1v2b + usa

Equivalently,
ug(ug — uy)t = uga' —ura + (ug — ug)v1b
(uf + u3)t = uga' — ura + (ugvy — ugvy )b
—2uiust = usa’ — uja + (u1v; — uzva)b

uy (U1 — ug)t = uga’ — ura + (ug — ug)vab.

Since the coefficients of ¢ are nonzero and the set A’ is finite, it follows that there
are only finitely many integers ¢ that can satisfy at least one of these equations
for some a,a’ € A. Except for this finite set of ¢, we have

F(A/7 Bt) N F(Bt, Al) = @

and
Ra' g, r(n)+ Rp, a.r(n) <1 for all n € Z.

Finally, we consider the set F(Bi), which consists of the integer b and the
three integers
(u1v9 4 ugv1)b + (u3 — ud)t

(w1 + ug)vib + ug(ug + ug)t
(Ul —+ ’ZLQ)’UQb — U1 (ul + 'LLQ)t.

The coefficients of ¢ in the last three expressions are distinct nonzero integers.
This implies that |F'(B;)| =4 for all but finitely many ¢, and also that

(F(B)\{bh) () (FA)UW) =0

except for certain integers ¢ belonging to a set of asymptotic density zero.

The coefficients of ¢ in the integers in F(A’, B;)|J F(B:, A') are u3, fujus,
—u?. The coefficients of ¢ in the integers in F(B;)\ {b} are u3 —u?, ua(uy +us),
—uq(ug + ug). Since ujug # —2, these seven numbers are pairwise distinct by
Lemma 1, and so the sets F(A',B;) U F(B;, A’) and F(B;) \ {b} are pairwise
disjoint for all but finitely integers ¢. Since the union of a finite number of sets
of asymptotic density zero is still a set of asymptotic density zero, it follows that,
for almost all integers t, the set C, satisfies the requirements of the Lemma. This
completes the proof. [ |
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Theorem 1. Let F(x1,%2) = uiz1 + usxe be a binary linear form whose coef-
ficients wuy,us are nonzero, relatively prime integers such that ujus # +1 and
uiug # —2. Let f:Z — NoU {oo} be any function such that the set f~1(0) has
asymptotic density zero. There exists a set A of integers such that Ra p(n) = f(n)
for all integers n.

Proof. Let W = f=1(0) and let {b;}22, be a sequence of integers such that
{i e N:b; =n}| = f(n) for all n € Z.

In particular, b; ¢ W for all ¢ € N.

Let Ag = 0. Then WN(F(Ap) U {b1}) = 0. Applying Lemma 3 with A" = A,
and b = by, we obtain a set C; such that R¢, p(n) = 1 if n € F(C}), and
F(Cy)NW =0. Let Ay = Cy. Then Ra, p(n) < f(n) for all n € Z.

Let 7 > 2 and suppose that we have constructed sets Ag C Ay C--- C A;_1
with Ra, , r(n) < f(n) foralln € Z. If Ry, , p(b;) = f(b;), thenlet A; = A;_4.
Suppose that Ra, , r(b;) < f(b;). Since WN (F(A;—1) U{b;}) =0, we can apply
Lemma 3 with A’ = A;_ and b = b;. We obtain a set C; satisfying conditions (1).
Let Cy = A;. This procedure gives an infinite increasing sequence of finite sets
Ag € A; C Ay C --- such that, for all n € Z, we have Ry, p(n) < f(n) for all
i € N and llir& Ra, r(n) = f(n). It follows that the set A = (J;°, A; satisfies

Ra,r(n) = f(n) for all n € Z. This completes the proof. [ |

Theorem 2. Let F(x1,23) = uixy + usxe be a binary linear form whose co-
efficients w1, us are nonzero, relatively prime integers such that ujus # +1 and
uiug # —2. There exists a unique representation basis with respect to the form F'.

Proof. Apply Theorem 1 to the function f(n) =1 for all n € Z. ]

4. Sidon sets

The set A will be called a Sidon set with respect to the m-ary linear form F
if Rarp(n) < 1 for all integers n. More generally, we shall call the set A a
Brlg]-set with respect to the form F if Ry p(n) < g for all integers n. With
respect to the classical additive form F'(z1,...,Zm) = 1 + -+ + &y, Erd6s and
Turdn conjectured that no Br[g]-set of nonnegative integers is an asymptotic basis
for the nonnegative integers. The analogue of this conjecture for arbitrary m-ary
linear forms is not true. Here is a simple example of a Sidon set of nonnegative
integers that is a basis for the nonnegative integers with respect to an m-ary form.

Theorem 3. For m > 2 and g > 2, let

m—1

F(Qj'l,...,l'm):£1+g1’2+921’3+"'+g T, -
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Let A be the set of all nonnegative integers whose g™ -adic representations use
only the digits {0,1,...,g — 1}, that is,

A:

{Z dig™ :d; € {0,1,...,9 — 1} and d; = 0 for all sufficiently large z} .
i=0

Then A is a Sidon basis for Ny with respect to the form F'.

Proof. This follows immediately from the uniqueness of the g-adic representation

of a nonnegative integer. [ ]
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