CJRM

Troisieme Rencontre Internationale sur les
Polynomes a Valeurs Entieres

RENCONTRE ORGANISEE PAR :
Sabine Evrard

29 novembre-3 décembre 2010

Giulio Peruginelli
Parametrization of integral values of polynomials
Vol. 2, n°2 (2010), p. 41-49.

<http://acirm.cedram.org/item?id=ACIRM_2010__2_2_41_0>

Centre international de rencontres mathématiques
U.M.S. 822 C.N.R.S./S.M.F.
Luminy (Marseille) FRANCE

cedram

Texte mis en ligne dans le cadre du
Centre de diffusion des revues académiques de mathématiques
http://www.cedram.org/


http://acirm.cedram.org/item?id=ACIRM_2010__2_2_41_0
http://www.cedram.org/
http://www.cedram.org/

Actes des rencontres du C.I.R.M.
Vol. 2 n°2 (2010) 41-49

Parametrization of integral values of polynomials

Giulio PERUGINELLI

Abstract

We will recall a recent result about the classification of those polynomial in one variable
with rational coefficients whose image over the integer is equal to the image of an integer
coefficients polynomial in possibly many variables. These set is polynomially generated
over the integers by a family of polynomials whose denominator is 2 and they have a
symmetry with respect to a particular axis.

We will also give a description of the linear factors of the bivariate separated polyno-
mial f(X) — f(Y) over a number field K, which we need to formulate a conjecture for a
generalization of the previous result over a generic number field.

1. INTRODUCTION

It is classically well-known that the set of pythagorean triples in Z3 can be obtained as the
image of two 3-uples of polynomials in 3 variables with integer coefficients, as far as the variables
range through the integers. So it is quite natural to ask if a parametrization of the pythagorean
triples is possible using only one 3-uples of polynomials with integer coefficients in some number
m of variables. In 2008, Frisch and Vaserstein [FV] proved that this cannot be done, but if we
consider polynomials with rational coefficients we get a parametrization:

Theorem 1.1 (Frisch-Vaserstein, 2008). Let P = { (z,y,2) € Z3 | 22 + y? = 22 } be the set of
pythagorean triples. Then whatever m € N it does not exist p = (p1,p2,ps3) € (Z[T1,...,Tn])?
such that

P=p(Z™).
On the other hand there exists f = (f1, fa, f3) € (Q[T1, ..., T4])® such that
P = f(Z*).

Their result is completely explicit (see [FV] for details). In particular the polynomials f; are
integer-valued, that is f;(Z%) C Z. As usual we set

Int(Z™) ={f € Q[Xy,..., Xn] | f(Z™) C Z}.
Inspired by that result we give the following definitions:
Definition 1.1. Let k > 1 and S C Z*. We say that:
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e S is Z-parametrizable if there exists p = (p1,...,px) € (Z[T1,...,Tm])* for some m
such that S = p(Z™). B

e S is Int(Z)-parametrizable if there exists f = (f1,..., fx) €Int(Z™)* for some m such
that S = f(Z™). B

So we may say that the set of pythagorean triples is Int(Z)-parametrizable but not Z-parametrizable,
and this is the first example of such a situation. If we consider the integer image of a rational
coefficient polynomial (not necessarily integer-valued) we have this result:

Theorem 1.2 (Frisch, 2008). Let h € Q[X] be such that S = h(Z)NZ # 0. Then there exists
f €Int(Z™), for some m > 1, such that

S = f(zm).

Unfortunately the result is not effective, and if we let the common denominator of the coeffi-
cients of h(X) tend to infinity, then the number of variables m of the integer-valued polynomial
f(Xq,...,X,,) tends to infinity as well. According to the above terminology, the integer image
of a rational coefficients polynomial is Int(Z)-parametrizable.

Following these results we focus our attention on those integer-valued polynomials in one
variable whose image is Z-parametrizable, that means it is equal to the image of an integer-
coefficients polynomial in possibly many variables. In [PZ] we classify such polynomials, in
section 2 we will recall that result, showing that they are polynomially generated by the family
of polynomials Bg(X) = p* X (p*X — r)/2, for p odd prime and r odd integer, not divisible by
p. We will also recall the crucial result in order to obtain that classification (see proposition
2.1): given a rational coefficient polynomial f(X) such that for every n € N there exists ¢, € Q,
gn # n, such that f(n) = f(g,), then the curve {f(Y) — f(X) = 0} has a non trivial linear factor
where all the points (n,q,) except finitely many lie. More generally, given a number field K
with ring of integers O, an integral-valued polynomial f € K[X] such that for infinitely many
a € Ok there exists g, € K, qo # «, such that f(a) = f(¢a) we conjecture that the quasi-
integral set of points {(«, g)} (with that I mean that the ¢,’s have a common denominator) of
the bivariate separated curve f(X) = f(Y) lie in its linear components, except for finitely many
exceptions.

In section 3 we give a description of the structure of the linear factors of f(X)— f(Y'), showing
that the set of their X-leading coefficients form a finite cyclic subgroup of K*, made by roots of
unity. In section 4 we give an easy technical result about sums of roots of unity, which we need
to define a family of integer-valued polynomials in the last section. Finally in section 5 we will
define a family of polynomials B,, 5(X) which are a generalization of the previous polynomials
in the rational case. We conjecture that these polynomials polynomially generate over Ok the
set of integral-valued polynomial whose image is Og-parametrizable.

2. MAIN RESULT

First we define a family of integer-valued polynomials, which polynomially generate the set of
integer-valued polynomials whose image is Z-parametrizable.
Let 3 € Q, 8 = %, with r, s odd coprime integers and s > 0.
L sX(sX —r)
By(x) = 2=
The above polynomials enjoy these properties:
1) Bs(X) = Bs(—=X +p)
2) Bg €lnt(Z)

We can rephrase the first one into the following one:
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2
1) Bs(Y) = Bs(X) = 5(Y - X)(Y + X - 9)
that is, the bivariate separated polynomial Bg(Y) — Bg(X) has a non trivial linear factor, ¥ +
X -7
Moreover, if we add the condition that s is a prime power, that is s = p”, for some k = 0,1, ...,
their images can be parametrized with an integer-coefficients polynomial (we can easily check
that by direct computation):

e given Bg(X), B odd integer, we set gg(X) = Bg(2X); then we have gg € Z[X] and
Bs(Z) = g(Z).

e given Bs(X), B =r/p*, k > 1 with r and p coprime odd integers and p prime, then if
we set
95(X1, X2) = B(2X1 + (8 — 1)(1 = X,
we have that gg € Z[X1, Xo] and Bg(Z) = gs(Z?).

Given Bg(X) and gg as above, if F' € Z[X] we have that F(Bg(Z)) = F(gs(Z™)), where m =1
or 2 according to the fact that 8 € Z or 8 € Q \ Z, respectively. So every element in the ring
Z]|Bs(X)] is an integer-valued polynomial whose image is Z-parametrizable. As the following
theorem shows, these are the only ones. We may say that the family of polynomials {Bg(X)}
polynomially generates over Z all integer-valued polynomials with this property.

Theorem 2.1 (P. - Zannier, 2010). Let f €Int(Z), f ¢ Z[X].
Then f(Z) = g(Z™) for some m € N and g € Z[X1,...,X,,] if and only if f € Z[Bg(X)] for
some =< € Q such that

e r and s are odd coprime integers
o s=p", where p is prime and k > 0.
Moreover if that happens, we can choose m € {1,2}, m is equal to 1 if and only if § € 7Z.

We remark that if such a parametrization exists, then it can be explicitly made as shown above
with a polynomial which has at most two variables. Note also that the common denominator of
an integer-valued polynomial whose image is Z-parametrizable is a power of the prime 2 and no
other prime factor can appear in the denominator. As the next proposition will show, that is
related to the number of roots of unity in Q.

In [PZ] the following crucial proposition is proved.

Proposition 2.1. Let f € Q[X] be not constant. If for infinitely many integers n € N there
exists ¢ = qn, € Q such that f(q) = f(n) and q # n, then there exists a unique 8 € Q such that
f(X) = f(B—X). Moreover g, = —n+ 8 for all but finitely many such n.

This means that X +Y — 3 is a linear factor of the bivariate separated polynomial f(X)— f(Y)
(remember that X —Y is always a linear factor of such a polynomial); moreover the points (n, ¢, )
of the curve f(X) = f(Y) lie in that linear component, except for finitely many exceptions. We
recall the main steps of the proof of the main theorem.

Since f(Z) D g(Z™) then by Hilbert Irreducibility Theorem there exists a polynomial L €
Q[X] such that f(L(X)) = ¢g(X), so f and g are algebraically related (see next section and
especially proposition 3.1, for another interpretation of this situation). Moreover since g has
integer coefficients and f has not, by theorem 3.1 of [PZ] we have that the integer image of L,
that is L(Z™) N Z, is contained in a single residue class modulo p, where p is any prime which
divides the common denominator of f.
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From the other inclusion f(Z) C g(Z™) we have that for all n € Z there exists z,, € Z™ such

that
f(n) = g(z,) = f(L(z,))
so that (n, L(z,)) € {(,9) € A(Q) | f(z) — f(y) = O}.

By proposition 2.1 above, for n sufficiently large we have that (n, L(z,,)) annihilate the linear
factors of f(X)— f(Y). Since over Q the number of these factors is at most 2, which is the number
of roots of unity in Q (see also next section), and by the aforementioned result of theorem 3.1 of
[PZ] there must be two linear factors and p is forced to be equal to 2. For more details see [PZ].

We conjecture that over a number field K with ring of integers O the situation is analogous;
in that case we can have more than two linear components for the curve f(X) = f(Y), if the
field K contains roots of unity other than +1. So in general the ¢’s may distribute among several
linear components, which for symmetry reasons are strictly related one to each other, in such a
way that, by a slight abuse of language, they form a finite cyclic group (see section 3 for a study
of linear factors of a bivariate separated polynomials f(Y) — f(X) over a generic number field).

Conjecture 2.1. Let f € K[X] be not constant. If for infinitely many integers a € O there
exists ¢ = qo € K such that f(q) = f(a) and q # «, then there exists a unique pair (€, 3), where
& is a root of unity and B € K such that f(X) = f(€X + ).

Moreover {qa}a C U?;ll {€a + Bi}ta (except for finitely many of such a’s) where By = B and
Bi = ﬁl(Zj:O i—1 5])

In other words, if we consider the curve C = Cy = {(z,y)|f(z) = f(y)}, then the points
(a, go) of this curve lie on the linear components of C, Y — (£!X + 3;) = 0. Note that in the
case K = Q we obtain proposition 2.1.

.....

3. LINEAR FACTORS OF f(X) — f(Y)

Let K be a number field and f € K[X]. We want to describe the Y-linear factors that the
polynomial F(X,Y) = f(Y) — f(X) € K[X,Y] has over K. These correspond to the roots of
F(X,Y) over K[X].

Suppose that Y — Q(X) is such a factor (of course Q(X) € K[X], since F is monic in Y over
K[X], which is integrally closed); this means that f(Q(X)) = f(X) so in particular Q(X) has
degree 1, let us say Q(X) = ¢X + 1, where ¢, 51 € K. By looking at the leading terms of the
last equation we deduce that ¢ = £ is a root of unity of order dividing the degree d of f. Let us
suppose that £ = &, has primitive order n. Since f(X) = f(§X + 1) by iterating this formula
we have that

fX)=fEX+B1) =X +Ba)=...= fEX+Pi) = ... = f("' X+ Bu1)
where 3; = 51(2099_1 &), for i = 2,...,n, so that each §; for i > 2 is uniquely determined
by 81 (and by the root of unity £). Note that 5, = 0 and the set {8;};=1,. » has n distinct

elements (for a detailed proof of that see next section, lemma 4.1). We summarize these remarks
in the following lemma:

Lemma 3.1. Let f € K[X] be a polynomial of degree d. Then every Y -linear factor of f(Y) —
f(X) over K is of the form'Y — (£X + (), for some B,£ € K where £ is a root of unity of order
n which is a divisor of d. In particular if Y — (X + fB) is such a factor, {Y — (&' X + Bi) }iz1,...m
are linear factors of f(Y)— f(X), where 5; = ﬂ1(20§j§i—1 ¢7) is uniquely determined by By = B
and &.

Note that the lemma includes also the trivial case of the linear factor Y — X of f(Y) — f(X).
Moreover since the polynomial F(X,Y") is separable, each of its factors appears with multiciplicity
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1. From now on we will denote by T the set of roots of F(X,Y) over K[X]; by the above
considerations, these are polynomials of the kind £X + 3, with 5,£ € K, £ being a root of unity.
Next lemmata will show that T is indeed made by a single group of linear factors, that is, given
EX + B,8'X + B € T, we have that £ = £ and ' = j3;, for some i € {1,...,n}. We denote by
le(f) the leading coefficient of a polynomial f € K[X].

Lemma 3.2. The set
L={le(f)|feT}
is a finite (hence cyclic) group of K*.
Proof : First of all £ is a finite set because so is the number of linear factors of f(Y) — f(X). It

is also not empty because for each polynomial f we always have that Y — X divides f(Y)— f(X),
so that 1 € £. And if we have

f(X) = fEX +8) = f(EX + )
where £, & are roots of unity, then we also have that
f(X) = fE€X + &8+ B)

so that Y — (£&€'X +£6' + ) is a linear factor of f(Y) — f(X). In the same way we prove that
if¢eLthené el O

Therefore, with a little abuse of language, we can say that the set of linear factors of f(X)— f(Y)
form a finite cyclic group. The following lemma is easy to prove.

Lemma 3.3. If £ is a root of unity of order n and 3,3’ € K are such that
fX) = fEX+P) = fEX+5)
then 8= f'.
Proof : if f(X) = agX?+aq_1 X9+ ..., then the leading term of f(£X + B) — f(£X + B') is
de=Y (B — pHXIL If d¢= (B~ ) =0then 3 =43. O

This implies that the map T — £, which associates to £X + 3 its coefficient &, is indeed a
bijection. In the same way we prove (using the fact that the ZO<j<i—1 &, fori=0,...,n—1
are n distinct elements, see next section, lemma 4.1):

Lemma 3.4. If £,£ are roots of unity and B € K are such that
f(X) = fEX +8) = f(E€X +8)
then £ = ¢'.
Suppose now that f(Ox) = g(OR), for some g € Og[X1,...,Xn]. Let us write down the
factorization over K of the polynomials f(Y) — f(X) and f(Y)—g(X1,..., Xm) = f(Y) —g(X):

(3.1) fFY) = I( — (X +6))

(3-2) fY) —g(

X)=DB(X,Y) ﬁ(Y
:kl

X)=QX, V) [[(v - L;(X))
j=1

where B(X,Y) is the product of all the irreducible factors of Y-degree greater or equal to 2
and the same for Q(X,Y’) (note that & > 1 by Hilbert Irreducibility Theorem). We want to
compare the linear factors which appears in (3.1) on with the linear factors in (3.2). We denote
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as before with T' the set of roots of f(Y) — f(X) in K[X], and we denote by 2 the set of roots
of f(Y) —g(X) in K[X]:

T ={& X + Biti=1,...n

Q=L (X)}j=1,...k

The next proposition shows that there is a bijection between T' and 2, or equivalently n = k.

Proposition 3.1. Suppose that f(Ox) = g(OR), for some g € Ok[X1,...,Xm]|. Then the
number of Y -linear factors in the factorization over K of f(Y)— f(X) is equal to the number of
Y -linear factors in the factorization over K of f(Y) — g(X).

So under the (important!) assumption that f and g share the same image over the integers,
the number of Y-linear factors of f(Y) — f(X) and f(Y) — g(X) is the same.

Proof : as we said, it follows from Hilbert Irreducibility Theorem that €2 is not empty; let us
fix L1(X) € Q. Let us denote [;(X) = £'X + f3;, for i = 1,...,n. Let us define the following
application

o :T — Q)
1i(X) = (L1 (X)) = 'Ly (X) + B

The map @ is well defined: f(X) = f(l;(X)) implies f(L1(X)) = f(l;(L1(X))) and ¢g(X) =
f(L1(X)).

Injectivity: if ®(l;,) = ®(l;,) then &, L1 + B, = &, L1 + Bi,. If &, # &, then we have L; =
(B2 — B1)/(&, — &), which is constant, contradiction. So we have that &;, = &, which implies
liy = liy.

Surjectivity: it follows from the next proposition: if L € Q, L # L1 then L = £L; + 3, for some
root of unity £ in K and 8 € K such that f(X) = f(§X + 08). Then ®(EX +8)=L. O

The following proposition is a generalization of proposition 2.2 of [PZ] and the proof is exactly
the same as the one which appears in [PZ].

Proposition 3.2. Let f € K[X] be nonconstant and let R, S € K[X] be also nonconstant and
such that f(R) = f(S). Then either R =S or R = £S + 8 for some root of unity £ in K and
B € K such that f(X) = f(EX + B) identically, and in this case 8 is uniquely determined by f.

4. SUMS OF ROOTS OF UNITY
Let € = &, be a primitive root of unity in K of order n. We define
1—1
G=y ¢
j=0
for i =1,...,n. These are elements of the ring of integers Ok of K. Note that (, = 0.
We need the following lemma, the proof is due to Chirivi.
Lemma 4.1. For each i < n we have that (; # 0.

Proof : Without loss of generality we may suppose that & = €27/, Suppose by contradiction

that there exists d > 0 such that (4 = 0; let such a d be the minimum with that property. Write
n=qd+r with 0 <r <d. If 0 < r then

0="Co=Ca(1 44+ €20 .. g9y 4 gadg,
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since (4 = 0 then (, = 0 but this is not possible since d is the minimum with that property. So
d|n, which in particular implies that d < n/2. Then Im(&*) > 0 for each 0 < k < d, because ¢*
lies in the upper plane, so Im({4) > 0 unless d = 1. But in that case (; =1 #0. O

We also have the following relations (suppose ¢ > k), which can be proved directly:

(4.1) Gi— ="
(42) §G=Giy1—1

Let v be a finite valuation of K; note that (; € O,, the valuation ring of v. Let us define
1=1(v,&,) =min{i € {1,...,n} | v(¢;) > 0}.

Note that this minimum exists, since (,, = 0; moreover by construction we obviously have that
2 <1 < n. We have that

Properties
i) if iy #i2 € {1,...,1}, then {;; # ¢;, (mod v) (that is v({;, — i) = 0).
ii) v(Cx,) > 0 for each k > 0,
iii) if i € {1,...,2 — 1} then ¢; = (g, (mod v) for each k > 0,
iv) @ divides n.

To prove i) we suppose i1 < ig; it is sufficient to note that (;, — §;, = 5“@2_1»1, by (4.1). If
v(¢iy — Cip) > 0 then v((;,—4,) > 0 but this is not possible since 0 < iz — i1 < 1.
To prove ii), we note that {, =0 (mod v) = £¢, =0 (mod v), so {,+1 — 1 =0 (mod v) by (4.2)
above. We get

G+1=1=¢ (mod v)
£G1 =&C1 (mod v)
C2—1=C—1 (modv)
Gy = (2 (mod v)

<Z+h = Ch (mod ’U)

for each h =1,...,2 — 1. Hence it follows (3, = ¢, =0 (mod v). In the same way we prove iii).
Finally for property iv), let n = go +r, with 0 < r < 2. Since 0 = {,, = {g+r = {, (mod v) by
iii), this implies r = 0, by minimality of «.

In particular property i) implies that there are exactly 2 distinct residue classes modulo v
among the {{;}i=1,..n, so that we always have 1 < N(v), where N(v) is the cardinality of the
residue field of v.

5. A FAMILY OF BIVARIATE SEPARATED POLYNOMIALS WITH n DISTINCT LINEAR FACTORS

Let v be a finite valuation of a number field K with uniformizer 7, and let us denote «, the
residue of an integral element oo € O modulo v. Given y; a v-unit, that is v(y;) = 0, and £ =&,
a primitive n-th root of unity in K, we define

i—1
Vi = G = (Z &)m
=0
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for i =1,...,n. Note that v, = 0. By properties i) and iii) of the previous section we have that
wv,6n) = #{(Vi)v}i=1,...n-
We define the following family of polynomials in K[X], where 8 = ~; /v, 7 is another v-unit:

(5.1) B, 3(X) =

3=

n

H(’YX — i)
i=1

Note that by construction we have that

(5.2) Brp(X) = Bns(§'X + Bi)

where 8; = 7;/7, for i = 1,...,n. Note again that this last property corresponds to the fact that
B, 5(Y) — By, 5(X) has exactly n linear factors, namely Y — (£'X + 3;).

From now on we suppose that Ok is a unique factorization domain, so in particular we may
suppose m,7,71 € Og. In this way the polynomial B,, s(X) is written as a ratio of a polynomial
in Og[X] over a non-zero element of Ox. Under this assumption we have that

Lemma 5.1. B, 3(X) € Int(Ok) if and only if 1(v,&,) = N(v).

Proof : This follows from #(v,&,) < N(v) and the fact that +(v,&,) = #{(6i)v} = #{(Vi)v}, as
we have just seen (more precisely there are ¢ distinct residue classes modulo v of such f;’s and
by definition there are N(v) residue classes modulo v). If ¢+ < N(v) (as for example when the
order n of ¢ is less than the cardinality N (v) of the residue field at v so that +(v,&,) < n < N(v))
the polynomials Bg ,(X) are not integer-valued, since there are elements of Ok which are sent
by the numerator of the polynomial B,, g into elements which are not congruent to zero modulo
7 (just pick up an element in the remaining N(v) — ¢(v,&,) residue classes modulo v). Note
that the multiplication by a wv-unit -« has the effect to permute the residue classes modulo v,
so we immediately see from the definition of the polynomials B, g(X) in (5.1) that they are
integral-valued if and only if {;};=1,. ., covers all the N(v) residue classes modulo v.0J

Note that the condition of the lemma is satisfied in the rational case for the root of unity —1
only for the valuation 2, as we have already seen in the second section.

Given a polynomial f € K[X] we denote by Q¢ the finite set of finite valuation v of K such
that the Gauss norm || ||, relative to v of f is greater than 1. As usual &, denotes a primitive
n-th root of unity and M, the maximal ideal of Ok associated to v.

Conjecture 5.1. Let K be a number field such that Ok is a unique factorization domain. Let
f €Int(Ok), f & Ok|X]. Then f(Ok) is Ox-parametrizable if and only if there exist &, € K,
v,m € Oxg \ M, for some v € Qy such that f € Ok [By g(X)] with 8 =~ /v and moreover

e for such a v we have 1(v,&,) = N(v) <n

o the number of finite valuation v of K such that v(vy) < 0 is less than n.

We believe that the if part should be relatively easy to prove. For example in the case v € O}
(a global unity), we have that B, g(7X) parametrizes the integral values of B, 5(X). If v is
not in OF we are forced to look for a polynomial in more than one variable to parametrize the
integral values of B, .
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