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THEIR MULTIPLES
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Abstract. We prove a theorem giving arbitrarily long explicit sequences
x1,...,xs of algebraic numbers such that any nonzero polynomial f(X)
satisfying f(x1) = --- = f(zs) = 0 has nonscalar complexity > C'y/s for
some positive constant C independent of s. A similar result is shown for
rapidly growing rational sequences.

1. Introduction

Let k be an infinite field. For polynomials f € k[X] let L(f) be the non-
scalar complexity of f, i.e. the minimum number of nonscalar multiplica-
tions/divisions necessary to compute f. It is well known that L(f) < 2v/n
where n is the degree of f (Paterson and Stockmeyer [6], see also Biirgisser et
al. [4]).

In the following we are concerned with lower bounds for L(f). The first non-
trivial lower bounds for specific polynomials were obtained by Strassen [7]. His
methods apply to polynomials with sufficiently independent algebraic coeffi-
cients like f =" | \/;iX * (p; the i-th prime), or to polynomials with rapidly
growing rational coefficients like f = Y77, 22' X giving a lower bound of order

@ in both cases.
Heintz and Morgenstern [5] proved a general theorem on the complexity of
polynomials given by their roots. For f =[], (X — /p;) they obtained again

_n_
logn

For f =], (X - 221) a similar result was shown in Aldaz et al. [1].

a lower bound of order (see also Baur [3]).
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The aim of this paper is to exhibit specific polynomials f such that a nontrivial
lower bound can be proved not just for L(f) but for min{L(fh) : 0 # h € k[X]},
i.e. for all nonzero polynomials from the ideal generated by f. An example is the

polynomial f =[], (X — 221) from above: We show that for sufficiently large

n we have L(fh) > %n% for all 0 # h € C[X] (Corollary 3.2). Similar results
are obtained for polynomials f =[], (X — ;) whose roots z; are sufficiently
independent algebraic numbers of high degree (Corollary 3.1). The polynomial
[ =11 (X — \/E) however is out of reach of the present methods. The
reason is that there is a multiple f - [T, (X + /i) = [Tio, (X* —p;) of f
which is a polynomial of degree 2n whose coefficients are integers of moderate
size. To our knowledge no nontrivial lower bound for the complexity of a
polynomial of this kind has ever been proved.

2. The Theorem.

The main result is the following

THEOREM 2.1. For all sufficiently large positive integers r, s such that 4r* <
s < 27 there exists a nonvanishing polynomial q(X,...,X,) of degree < 23"
in each indeterminate X; and with integer coefficients of absolute value < 1
such that for all nonzero polynomials f € k[X] with L(f) < r and all s-tuples
(x1,...,x5) of zeroes x; € k of f we have q(x1,...,z5) =0.

The proof relies on methods introduced by Strassen [7].

Recall that the height ht(F') of a multivariate polynomial F' with integer coeffi-
cients is the maximum of the absolute values of its coefficients, and the weight
wt(F') is the sum of the absolute values of its coefficients.

We will use the following version of the representation theorem for polynomials
of complexity r. (A proof of a closely related variant of this theorem can be
found in Biirgisser et al. [4].)

REPRESENTATION THEOREM 2.2. For any integer v > 1 there exists a poly-
nomial F(Z,X) € Z[Z1, ..., Z4972,X] such that

(i) degx F <27, deg, F < 2"t1r,
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(i) wt F < 22",

(iii) for any polynomial f € k[X] such that L(f) < r the following holds:
For almost all { € k there exist 1y, ... ,My122 € k such that f(X +¢&) =
F(n, X).

REMARK 2.3. Any polynomial f such that L(f) < r has degree < 2. This
is the reason for truncating the “generic power series of complexity r” to a
polynomial F(Z, X) of degree 2" in X.

We will also make use of

SIEGEL'S LEMMA 2.4. (see e.g. [2], p. 13) Let ly,...,ly € Z[X4,...,Xy] be
linear forms of weight < w for some positive integer w. If N > M then there
exists a nontrivial vector x = (z1,...,2x) € ZY such that l;(z) = -+ =
Iv(z) =0 and

M

|z <w w1 <i<N.

We start the proof of the theorem with

LEMMA 2.5. For all sufficiently large positive integers r, s such that 4r? < s <
2" there exists a nonvanishing polynomial

Q=Y ¢X, .. XYY e Z[X,Y]

0<g1,0-Js <27
in independent indeterminates X, Y such that
(i) degy, ¢; < 2% for all i, §,
(ii) ht¢; <1 for all j,
(iii) for all f € k[X] such that L(f) < r we have

Q(Xla---7X37f<X1)7"'7f<Xs>> =0.
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ProoOF. Fixr and s according to the hypothesis. Let F\(Z;, ..., Zy 92, X) be
the polynomial from the Representation Theorem. Replace the indeterminate
Y; in the unknown polynomial @ by F'(Z, X;) and consider

Y. GXF(Z X)) F(Z,X) =0 (2.1)

0<g1,0-,Js <27
as a system L of homogeneous linear equations for the unknown coefficients of
the polynomials g;. Then the number N of unknowns is

N = (23r 4 1)5 .9rs Z 24rs

whereas the number M of linear equations equals the number of monomials in
Z, X occurring in (2.1). Therefore, for sufficiently large r, we get

M < (degy F-27s) " (257 4 degy F - 27)°

< 23r3+o(r3) . (23r + 22r)5
< 23r3+3rs+s+0(r3)

)

since s < 2". Hence

N—-M> 247’5 (1 o 2—7"s+3r3+s+0(r3))
> 247’5—1
since s > 4r? and r is large.
This shows N > M and, again using s > 472,

M

23r3+3r5+s—47"s+0(r3)
N-M

IA

(r—1)s+3r3+o(r3)

IA

9
277‘3/2

IA

if r is large.

The sum of the absolute values of the coefficients of any of the linear equations
from £ can be estimated from above by the weight of the polynomial in (2.1)
where the coefficients of the ¢; are considered as new indeterminates. Therefore,
using subadditivity and submultiplicativity of the weight and the weight bound
from the Representation Theorem

w S ors (237, + 1)3 ) 222T22r5 S 223r2



On lower bounds of polynomials 5)

if r is large. Hence

M 93r2 9—r3/2

wN < 2 —1 (2.2)

if r — oo.

Now we apply Siegel’s Lemma to the system £. Using N > M and (2.2) we
get a nontrivial integer solution whose components are of absolute value < 1,
i.e. polynomials g; satisfying (i) and (ii).

In order to finish the proof let f € k[X] be a polynomial with L(f) < r. Using
(2.1) and the Representation Theorem we obtain

Q(Xla---7X37f<X1+£)7"'7f<Xs+§)):0

for almost all £ € k. Since k is infinite we conclude

Q(Xla---7X37f<X1>7"'7f<Xs)) =0.

O

PROOF. (Proof of the theorem.) Let j = (ji, ..., Js) be the lexicographically
first s-tuple such that the coefficient g; of the polynomial Q from the lemma is
nonzero. We show that ¢ = ¢; satisfies the theorem. Let f € k[X] be a nonzero
polynomial with L(f) < r and let (21,...,2,) be an s-tuple of zeroes of f. Let
e; > 1 be the multiplicity of the root z; of f. Then

f(X) = (X = z)" - hi(X)
for some h;(X) € k[X] such that h;(x;) # 0. Writing

Q(Xla"'7X87f(X1)7”’7f(XS)) (23)

as a polynomial in X; — zy,..., X, — x, it is easy to see that the coefficient of
the monomial (X; — z)71 - - - (X, — x,)%7% is

¢ = qy(@)ha () - D).

By statement (iii) of the lemma the polynomial (2.3) is the zero polynomial.
Hence ¢ = 0 and therefore ¢;(z) = 0. O
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3. Applications

For the applications assume k = C.

COROLLARY 3.1. Let a be a squarefree integer # 0,£1. Then for all suffi-

1
ciently long sequences pi,...,ps of pairwise different positive primes p; > 2°5*
1 .
we have L(f) > gs2 for any polynomial f € C[X] such that

flai) =+ = f(am) = 0.
ProOOF. Put z; = aﬂ%', 1 <i¢<s. Then
[Q(z:) : Q] = pi, (3.4)
and therefore, since the p; are different primes,
Q(z1,. .-y 25) Q] =p1-ps. (3.5)

Put 7 = [1s2]. Then 4r2 < s.
Now apply the theorem to get a polynomial ¢(X7, ..., X) with the properties
stated there.

Since the degree of ¢ in each indeterminate is < 23" < 2s1? < Q(x;) : Q] we

obtain ¢(z) # 0 by (3.4) and (3.5). Therefore L(f) > r. O

COROLLARY 3.2. For all sufficiently long sequences y1, . . . , y, of complex num-
bers such that 2 < |y;| and |y;|* < |yi41| for 1 <i < n any nonzero polynomial
f € C[X] such that f(y1) =--- = f(yn,) = 0 has nonscalar complexity > %n%

REMARK 3.3. The sequence y; = 22 clearly satisfies the hypotheses of the
Corollary.

PROOF. Putr = L%néj, d=3r+1and s = [%]. Then, for sufficiently large
n7

2 2
s > —1>n3 4+ o0(n3) > 4r2.
—3r+1 _n%+1 - ( )_

For 1 <i < s put x; = yq.
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Arguing as in the proof of the first Corollary it suffices to show that for suffi-
ciently large s we have ¢(x1,...,z,) # 0 for any nonzero polynomial

¢(X1, . X)) =D a X X7
J
of degree < 2% in each indeterminate and with integer coefficients a; of absolute
value < 1.
First note that for any 1 <i < s

2d 2d 2d71
T | = Yia| = Yiaq | S0 = ‘y(i-i-l)d‘ = |zt
and therefore
2 x%dilxg(iil . x?dil S %d 3(171 . x?dil
< ;d gd?l. ‘x?dil
< ‘$i+1| .

Using this inequality an easy induction with respect to the antilexicographic
ordering < on S = {0,1,...,2% — 1}* shows that for any JeS

E l l
’xl .. "Z‘SS

1<j

I gl
< a2l

Since degy, ¢ < 231 < 24 _ 1 the set S contains all indices [ such that a; # 0.
Therefore, if j = max{l € S : a; # 0} then

> lal - fay ooy

1#]

< }x{le :
Hence ¢(z) # 0. O

REMARK 3.4. If the roots y; of f in Corollary 3.2 grow even faster, e.g. y; =
ni . . 1
22" (1 < i < n) then, putting r = [4n?|, s = n and z; = y;, the same proof

gives %n% as lower bound for the nonscalar complexity of f.
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