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1. Introduction

Multivariate polynomial factorization and production of software dedicated to the effective solving
of this problem has received much attention in Computer Algebra. Whereas rational factorization is
only concerned with factors in Q[x] := Q[xy, ..., X,], absolute factorization provides all irreducible
factors with coefficients in Q, the algebraic closure of Q. The bivariate case contains most of the
difficulties of the problem. In theory, by Bertini’s theorem and via Hensel liftings, the multivariate
problem reduces to the bivariate one. In the present article we will concentrate on the bivariate case
but our techniques naturally extend to the n variables’ case, n > 2.

Polynomial absolute factorization has been considered from many points of view, see e.g. Bostan
et al. (2004), Chéze and Galligo (2005) and Chéze and Lecerf (2007) and their bibliography, but during
the last decade two main strategies have been quite successful. On the one hand, an algebraic approach
relies on the study of Ruppert-Gao matrix (Ruppert, 1986; Gao, 2003). It has been improved in
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Chéze and Lecerf (2007) and Lecerf (2007) to provide an algorithm with a quasi-optimal complexity.
On the other hand, a geometric approach, based on a zero-sum criterion, provides very efficient
semi-numerical probabilistic algorithms able to deal with polynomials having degree up to 200, see
Rupprecht (2004), Chéze (2004) and Chéze and Galligo (2005). This criterion was derived from the
study of the monodromy group, of a projection of the curve C defined by f (the polynomial to be
factorized) on a line, acting on a smooth fiber. A similar strategy was developed and implemented in
Sommese et al. (2001, 2004), and its use was extended for obtaining the irreducible decomposition of
an algebraic set. The zero-sums considered in Sasaki et al. (1991) admit more general interpretations
in Algebraic Geometry as traces.

The model of computation in these approaches is the following. The input is a polynomial with
integer coefficients and the output is a list of polynomials with coefficients in an algebraic extension
of @ which should also be computed. In order to determine these coefficients the strategy consists
in embedding Q in C and representing approximations of these coefficients by bigfloats. Then
conjugacy relations are used to recognize an algebraic presentation of an extension of Q and an exact
algebraic presentation of the coefficients. This model of computation is commonly used in Number
Theory and was successfully adapted in Rupprecht (2004) and improved in Chéze and Galligo (2006)
by considering a representation with algebraic integers. In this paper we focus on the geometric
foundation needed for our generalization together with some illustrative examples. So we will not
provide precise bounds for our approximations nor details for efficient implementations. These tasks
will be addressed in a future work.

The aim of this article is first to reinterpret the vanishing traces criterions in the geometric
approach as a consequence of Wood's theorem (Wood, 1984) on algebraic interpolation of a family
of analytic germs of curves. Second, to provide a generalization of Wood’s theorem inspired by
Weimann (submitted for publication) and adapted to the factorization of polynomials with fixed
Newton polytopes. Third, to outline an algorithm for toric absolute factorization that we tested on
examples.

When a polynomial f of total degree d is given by the collection of its coefficients which are all
nonzero, its representation is called dense. Whereas when some coefficients of f are known to be
zero, its Newton polytope (i.e. the convex hull of exponents of monomials of its nonzero coefficients)
is considered and its representation is called toric or sparse. Then adapted algorithms are developed,;
e.g. toric elimination received much attention (Gelfand et al., 1994; Emiris, 1996).

To the best of our knowledge most of the existing articles on polynomial factorization deal
with dense polynomials, although in Abu Salem et al. (2004) a study of toric rational polynomial
factorization was presented; it is based on adapted Hensel liftings. Our aim is to rely on this article:
assuming that f is already irreducible in Q[x], we compute its absolute factorization. In that case,
all Newton polytopes of absolute factors of f are equal and are homothetic to that of f. Hence the
combinatorial task is simplified and the difficulty concentrates on the geometry with a fixed toric
variety. Let us also mention von zur Gathen and Kaltofen (1985) where the multivariate sparse
factorization is reduced to the dense bivariate or univariate polynomial factorization.

The paper is organized as follows. In the next section, the special shape of absolute factors of an
irreducible rational polynomial is shown. Section 3 explains the use of interpolation of analytic germs
of curves via a Burger’s PDE to derive a vanishing trace criterion in P>(C), and compares it with the use
of a monodromy action. Section 4 generalizes this trace criterion to a (possibly singular) toric surface.
Section 5 outlines an algorithm for toric absolute factorization. It is based on an algebraic criterion
inherited from interpolation problems in toric geometry, and computations of traces. It generalizes
and improves the algorithm developed for dense polynomials in Rupprecht (2004) and Chéze and
Galligo (2005); its different steps are illustrated on an example. The algorithm for the case of bidegree
polynomials is presented, for these polynomials it improves significantly the one in Rupprecht (2004)
and Cheze and Galligo (2005) . Finally, remarks and hints for future improvements are listed in a
conclusion. At the end of this paper a short Appendix collects the properties of abstract toric surfaces
needed for our developments.

Hereafter P" denotes the projective space over C of dimension n. For a polynomial map (f, q) in
€2, Jac(f, q) is its Jacobian. The Newton polytope of a polynomial f is denoted by N; and the mixed
volume of two polytopes P and Q by MV(P, Q).
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2. Factorization and Newton polytopes

The Minkowski sum of two polytopes P and Q is
P+Q={p+q:peP.qeQ}.
The following two results are needed for our developments.

Proposition 1 (Ostrowksi Theorem (Ostrowski, 1975)). The Newton polytope of the product of two
polynomials g and h is the Minkowski sum of Newton polytopes of its factors: Ngy = Ng + Np.

So if the irreducible polynomial f € Q[x] has a polytope which is integrally indecomposable, f is
absolutely irreducible. Let us also mention a study (Gao, 2001) of the irreducibility of a polynomial
from a Newton polytope point of view.

Proposition 2. Let f € Q[x] be an irreducible polynomial and f = f; .. . f; be its absolute factorization.
Then the irreducible absolute factors f; of f are conjugate over Q.

Proof. Up to a linear change of coordinates, f can be assumed monic in x,, and consequently its
absolute factors are also monic in x,. Let G be the Galois group of the smallest extension of Q containing
all the coefficients of f1. If o € G, the conjugate polynomial o (f;) of f; also divides f. Now as f is an
irreducible element in Q[x], the polynomial [, .. o (fi) = f, hence each absolute factor f; of f is equal
too(fy) forsomeo € G. O

The determination of Newton polytopes of absolute factors of an irreducible polynomial in Q[x] is
highly simplified by the following corollary.

Corollary 3. Letf € Q[x] be anirreducible polynomial and f = f; ... f; be its absolute factorization. Then
Nf == qu ande = qu1.

1

So, a polynomial f € Q[x] of bidegree (d;, d;) which is irreducible over Q is irreducible over C if
dy and d, are relatively prime.

Remark 4. Proposition 2 implies that the absolute factorization of f is completely determined by the
number of factors g, an irreducible univariate polynomial g(t) € Q[t] defining a finite extension
K= Q[t]/(g (t)), and the coefficients of f; which belong to K and are indexed by the lattice points in

the polytope %Nf C N2

3. Factorization and algebraic interpolation

Let f be an irreducible bivariate rational polynomial of total degree d > 2. This property implies
that f is reduced over C, then its absolute irreducible factors are in one-to-one correspondence with
irreducible components of the affine curve C defined by f:

C = {(x1,%) € C* : f(x1,%) = 0}.

Sard-Bertini theorem combined with Bézout’s theorem ensures that for t = [ty : t; : t,] generic in
the dual projective space (P?)*, the affine line

L = {(x1,%2) € C*: to + t1x1 + Lx; = 0}

intersects C transversely in d distinct points whose coordinates vary holomorphically with t by the
implicit function theorem. Thus L; defines a degree d reduced 0-cycle of C:

L - C=pi(t) + -+ pa(t).

The principle of uniqueness of analytic continuation and Bézout’s theorem imply that f admits a factor
of degree k < d if and only if there exists

I={iy,....5} C{1,...,d}

and an algebraic curve G; C C? of degree k such that (as shown in Fig. 1) for t in a small open set of
(P?)*:

L -G =pi, (t) + - - - + p;, (O).
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Fig. 1.

This is closely related to the (classical) problem: let t € (P?)* distinct from the point at infinity
[1:0:0]andlet C; U---U G be an union of germs of smooth analytic curves (algebraic in our
case) of C? transverse to the line L; at pairwise distinct points pi (), ..., pi (t). Does there exist an
algebraic curve of total degree k which contains all these germs C;?

The following result solves that problem.

Theorem 5 (Wood'’s Theorem (Wood, 1984)). The union of analytic curves C; U - - - U Gy is contained in
an algebraic curve of degree k if and only if the germ of holomorphic function trace on the first coordinate,
defined by

k
(Trx)(0) = Y x1(py (1)

j=1
is affine in the constant coefficient ty of L;.

Geometrically, this result asserts that an analytic curve is algebraic if and only if the barycenters of
intersection points with a generic line L lie on a line (called a diameter of the curve, see the line D in
Fig. 2) when L moves parallel to itself, as shown in Fig. 2. Newton had already remarked this property
in Newton (1710) for algebraic plane curves of degree 3. The proof of Theorem 5 in Wood (1984) is
simple but relies on a tricky use of a Burger’s PDE. It will be generalized for our purpose in Section 4.

In Rupprecht (2004) and Chéze and Galligo (2005) an algorithm for absolute dense factorization
was developed based on vanishing partial sums. This algorithm uses topological considerations about
the complex plane C2. Its proof relies on Harris uniform position theorem and Van Kampen theorem
which establish the link between the irreducibility of an affine algebraic curve and the transitive action
of a monodromy group (see Chéze and Galligo (2005) for details). It turns out that this condition on
vanishing partial sums is equivalent to the interpolation criterion given by Wood'’s theorem. Let us
recall briefly the principle of this method. Up to a linear change of variables, we assume that f is
monic as a polynomial in x, of degree d. For x; = a generic, let x, 1(a), . .., X2 4(a) be the roots of the
univariate polynomial f (a, x;). Foreachi = 1...d, let

$i(x1) = Y aji(@) (s —a)
J

be the power series satisfying ¢i(a) = xy;(a) and f(xy, ¢>,-(x1)) = 0. Then f(x) = f(x1,x) =
ML, (x2 — ¢i(x1)). Every absolute factor of f has the form

fi= H(Xz — ¢i(x1)) = X a1 4 as(xa),
iel

with I C {1,...,d},card() = § and dega;;(xq) < ifori = 1...4.In particular, the degree
of aj1(x) = — ;. ¢i(x1) is at most 1, then D, o ;(a) = 0. Because of the genericity, it turns
out that this last condition is also sufficient for f to have an absolute factor. So in order to find
absolute factorization of f it suffices to search minimal zero-sums between the complex numbers
az,1(a), ..., axq(a).

The brute force resulting algorithm requires 2¢ trace tests to detect factors of f. Strategies relying
on LLL were developed and implemented in Chéze (2004) to decrease this high number of tests.
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4. Interpolation in toric surfaces

In Weimann (submitted for publication) a necessary and sufficient condition was given for a family
of germs of analytic hypersurfaces in a smooth projective toric variety X to be interpolated by an
algebraic hypersurface with a prescribed class in the Chow ring of X. Here we establish a similar result
in a toric surface which can be singular. This generalization is needed for our factorization algorithm.

4.1. Toric surfaces
Let us denote by T the algebraic torus (C*)?. The Newton polytope P of a Laurent polynomial f
gives information about the asymptotic behavior of the curve
C:={xeT,f(kx) =0}.

We say that a curve D C T is supported by an integer convex polytope Q if it is the zero set of a
Laurent polynomial with Newton polytope Q.

Let Q be an integer convex polytope such that Q N Z? = {my, ..., m;}. Consider the morphism
$g : T —> P
X = (X1, %) > [X"0 -0 x™].

The Zariski closure X of ¢ (T) C (C*)!in P! is the projective toric variety associated to Q. See Fulton
(1993) or the Appendix at the end of this paper where the definition of an abstract toric surface and
some of its properties are provided.

Without loss of generality we assume that my = 0. We have dimX, = dim Q.

Lemma 6. Ifdim Q = 2, the map ¢q is an embedding.
D. Cox indicated (without proof) at the end of the survey paper (Cox, 2003) that this result is known.
For a proof, we refer to Corollary 1.3.4. in Bruns et al. (1997).

4.2. Traces for curves in toric surfaces

4.2.1. Notations
Here we set notations that we will follow in the paper.

Let Q C R? be a two-dimensional integer convex polytope with lattice points mg = 0, my, ..., m,.
Let X = Xy be the projective toric surface associated to Q. As seen in the previous section, ¢ is one-
to-one. Let [up : - - - : ;] be homogeneous coordinates on P\,

Every Laurent polynomial

1
Q) =) ax™
i=0
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supported by Q determines a curve C;, := {q, = 0} C T. Since ¢ is one-to-one, by Lemma 13 in
Appendix, for a generic, C, can be identified with the hyperplane section of X N (C*)! defined by the
projective hyperplane

I
H,={ue P . Zaiui = 0}.
i=0

Wedenotebya = [ag : - - - : @] the point of the dual space (P))* corresponding to C,. For the definition
of the mixed volume in the following lemma and its properties, see Gelfand et al. (1994).

Lemma 7. Let C C T be a reduced curve supported by a lattice polytope P. For a € (P')* generic, C, is
smooth, irreducible and intersects C transversely ind = MV(P, Q) distinct points p(a), . . ., pa(a), where
MV(P, Q) denotes the mixed volume of (P, Q).

Proof. Let us denote by € and G, the Zariski closure in X of the affine curves ¢q (C) and ¢q (Cq). We
know from Lemma 13 in Appendix that ¢, coincides for generic a with the hyperplane section H, N X
of X. Thus Bertini’s theorem implies that the curve G, is generically smooth irreducible and intersects
C in its Zariski open set ¢ (C). Since by Lemma 6 ¢ is an embedding, we deduce that , is generically
smooth, irreducible and intersects C transversely in d = deg(H, - X - €) points. Bernstein’s theorem
asserts that d = deg(@x(l))Ie =MV(P,Q). O

From this lemma, we have the following definition.

Definition 8. For any holomorphic function h near C, N C, the trace of h on C relative to the polytope

Qis

d
(Trch)(a) := Y h(pj(a)).

=

This function is defined and holomorphic for a near «.

4.2.2. A necessary condition to interpolate germs of curves

We provide a necessary condition for a family of germs of curves to be interpolated by an algebraic
curve C.

Since my = 0 is a vertex of the polytope Q, the generic polynomial g, has a nonzero constant
term ap.

Theorem 9. Let C C T be an algebraic curve, and @ € (P)* satisfying the hypothesis of Lemma 7. We
denote by I' the union of facets of Q not containing 0. For n € N* and s € n(Q N Z?), we have

oW (Trex’) =0 ifsen@Q\ ), (1)
M (Trex) =0 ifsenr.

Proof. Suppose that C = {f = 0}, for a Laurent polynomial f = > c,;x™. The trace function Tr¢ x° is a
rational function on P, it is homogeneous of degree 0 in a. If we denote by res, and Res respectively the
local Grothendieck residues at p and the global Grothendieck residue (see Griffiths and Harris (1978),
Section 5), then for a in a small neighborhood of «,

sdf A dgg .
(Tre x°)(a) = Zresprf% = Res [ngf /\q(:q :| ) (2)

peT a

Since

df Adq, = ( Z a; ¢y det(m, mi)xm+mi_(]’1)) dx; A dxy,

(m,m;)
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we obtain
s+m+m; dx1Adxy
(Tre x°)(a) = Z a; ¢, det(m, m;) Res [X X% :| ) (3)
gl f
Using Cauchy formula for residues and Stokes theorem (Griffiths and Harris, 1978),
sHm-Hm; dxg Adxo xsm-+m; dxiAadxy
I <Res [ x1% ]) = (—=1)"n!Res [ e } ) (4)
f 4 [ aqg

If P° denotes the interior of a polytope P, then by the toric version of Abel-Jacobi theorem (HovanskiT,
1978), we have

o s Hmm; dx1Adxy
s+m+mie (N+(n+1Q) = Res[ f qnﬂxz ] =0, (5)
a

where Ny is the Newton polytope of f.
Let us denote by Q; = [0, s1] and Q, = [0, s,] the two facets of Q containing the origin 0, so that
Q = Q°UQ; UQ, U I'.To finish the proof we consider different cases:

(1) If s € (nQ)°, then for allm € Ny and m; € Q,

s+m+mie (N +(n+ I)Q)O, so that 9 (Tr¢ X°) = 0.

(2) Lets € Qq \ {ns1} = [0, nsq[. Since we are dealing with residues in the torus, we check easily
that (2) depends on f up to multiplication by any Laurent monomial. Thus we can assume that Ny
is contained in the cone generated by Q and intersects the ray R*s; in a nonempty set N C Ny
(consisting in one vertex or one facet of Ny). In this case, it is easy to check that for all m € Ny and
m; € Q such thatm + m; ¢ Rfsy, s +m+m; € (Nf + (n + l)Q)O. Moreover, m + m; € Rs;
if and only if m and m; are in RTsy, that is det(m, m;) = 0. The formulas (3) and (5) show that
O (Tre %) = 0.

The same argument holds for s € [0, ns,[.
(3) If s € nI" \ {nsy, nsy}, Ny is contained in the cone RtQ and we check that for all m; € Q and

me Ny, s+m+m; € (Nf+ (n+ 2)Q)0, 50 3 (Tre x°) = 0.

(4) Lets = nsy, as for the case 2, we choose Ny C RTQ such that N = Ny N R*s; is nonempty. Then
we check easily that if m or m; does not belong to R*sy,s +m + m; € (Nf + (n+ Z)Q)0 and if m
and m; are in R™sq, det(m, m;) = 0. So when s = ns;, aégH)(Trc x¥) =0.

The same argument is valid for s = ns,.

These items combined with (3)-(5) imply (1). O

4.3. Criterion for algebraic interpolation

Now we give a necessary and sufficient criterion of interpolation generalizing Theorem 5 to our
setting. To simplify the exposition and without loss of generality we further assume that the vectors
m; € Q and m, € Q generate the lattice Z? and as, . . ., a; code the vertices of Q other than 0. Hence
a;11, . - ., a; code the other points of Q, where | = card(Q N Z?) — 1.

Theorem 10. Let o € (P))* such that C, C T is an irreducible smooth curve supported by Q for any a
near a. Let

C=GU---UG

be a union of germs of smooth analytic curves at pairwise distinct points pq, ..., pg of C,. Suppose that
none of the germs C; is contained in a curve {xX™ — ¢ = 0}, c € C*. Then, there exists an algebraic curve
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Cc T, containing C and supported by a polytope P whose mixed volume with Q is d, if and only if, for
generic (ay, ..., a;) in a neighborhood of (c1, . .., «;), the germ of holomorphic function

ap —> (Trc x™)(ao)
is polynomial of degree at most 1 in the constant coefficient ay.

Proof. Suppose that ¢ = {f = 0}, where f is a Laurent polynomial with Newton polytope P such
that MV(P, Q) = d. As C C C, the two sets C N C, and C N C, coincide for a in a sufficiently small
neighborhood U, C (P)* of «, since by Lemma 7 they have the same cardinal d = MV(P, Q). Thus,
fora € Uy,

Vs € 7%, Ticx =Trg X,

and the necessary condition follows from Theorem 2.

Conversely, since the curve C, is supported by Q, none of the coefficients («p, . .., o) vanish.

Let us denote by p;(a) the intersection point of the germ ; at « with C; and we define the following
germs of the holomorphic function at o € (P)*

X,.(i)(a) = Xmi(pj(a)); 1:01,]:]61
We have

1
yeGNC = X" (‘Zaiy'"'}al,...,az> =y™, VaeU, (6)
i=1

where U, is a neighborhood of «. Differentiating the right-hand side of this implication according to
a;, we obtain:

!
(301Xi0) — Y™, X) <_ Zaiym,-’ ag, «- - a,) =0.
i=1
Replacing y € C; by pj(a) € G, and using the equality — Z§=1 a;y™ (pj(a)) = ag, we obtain a Burger’s

PDE:
xP(@) =o.

ap“*

3, X (@) — XV (@)
Sofori=1,
90, X0 = %aao X972,
This PDE is summable on j and gives rise to
da, (Trex™) = %aao (Trc x°™).

We have a propagation of the behavior in the variable ag: if Trc x™ is affine in ay then obviously
g, (Trc ™) is affine in ag. By this PDE, g, (Tr¢ x*™) is also affine in ag, hence the degree of Trc x*™
in ap equals at most 2. By induction on n, the map

ag — Tre x™

is a polynomial of degree at most n in a,.
Consider the following polynomial in X:

PX,0) = (X —X{"(@) x - x (X = X{” (@)
= X' — o @X 4+ 4+ (=1)%04(a),
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the oj’s are the elementary symmetric functions of x™ (p1(a)), Lo, xm™ (pd(a)). Replacing ag by
— Zi.:l a;x™, and denoting a’ := (aq, ay, ..., a) anda” = (ay, ..., a;), we obtain a function

I I
Qu(x) = (x”11 —Xl(l) (— Za,-x'"", a/>> X oo X (x'"‘ —Xl(d) (— Zaixr"", a/))
p i=1

which vanishes on C for any a’ near o/, using (6).
Now, Newton formulas relating the coefficients of P with the traces of the power of the Laurent
monomial xX™ imply that the analytic functions
(ap, d") — oi(ag, a”, aqq, ..., )
are polynomial in ay (with degree at most n) for any a” := (ay, .. ., a;) near «”. Thus the function
Ra” (X) = Qa”,atH ..... o (X)
is a Laurent polynomial in x vanishing on C. So that the algebraic set defined by the following infinite
number of equations:

C:={xeT:Ry(x)=0,Vd neara’}
contains C. We need to show that G, N C = {p1(a), ..., p4(a)} for all a in a neighborhood of «. By

construction, a point q belongs to C N C, if and only if there existsj € {1, ..., d} such that for all a”
near o

1
X" (q) = x™ (pj (—mxml (@ — ax™ (@) — Y ox™(@). ar. @y o, ..., 051)) . )

i=3
Let us suppose that C; is locally parameterized by

G ={p(, |t] <€, p(0) = p;}.
We consider the affine system in (ag, a3):

{ao + a1x™ (p(t)) + a:x™ (p(t)) = ¢,

8
ap + a1x™(q) + ax™(q) = ¢4 (®)

where we define ¢; := — Z£:3 a;x™i(q) for any q € T. Suppose that there exists g € C, \ {p;} which
satisfies (7). Then x™ (q) = x™1(p;) and, since m; and m, generate 7%,q # p;jimplies x™(q) # x™2(p;).
Thus, it is easy to check that there is a unique solution (ag(t), a,(t)) to (8) which converges to («g, o)
when |t| goes to zero. Thus, the map

I
ay —> pj(—a1x™ (q) — ax™ — memi(q)’ ar, Gy, 03, ..., )
i=3

is surjective from a neighborhood of o, to Cj, so that

X"(q) =x"(p), Vpeg.
This situation has been excluded by hypothesis. Thus we have proved that

CNC,=CNG,.
By hypothesis, the last argument is valid when replacing («o, . . . , &) by a vector in its neighborhood.
Thus for (ag, a”) close to (cg, o)

C N Cyp,ar , = CNCopam
Since the coefficients (ag, as, ..., a;) correspond to the vertices of Q, the Zariski closure of
Cao.a” ag41....c; I the toric variety X = X, can avoid any finite subset of the divisor at infinity X \ T by
choosing a generic value of (aq, a”). Thus the Zariski closure in X of the two curves C and Cyy ¢ o, S
intersect transversely in the torus for a” generic. This open condition remains valid for any a in a
neighborhood of « so that for all a near o, C N C; = C N C,. By Lemma 7, C is supported by a polytope
P whose mixed volume with Q isd. O

NN ST 0]
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5. Algorithm for toric absolute factorization

We describe an algorithm for the absolute factorization of a bivariate irreducible polynomial
f € Q[x] with Newton polytope P.

Let us denote by X = T U Dy - - - U D, the abstract toric variety associated to P, where the divisor
D; corresponds to the facet P; of P (see Appendix or Fulton (1993)). Assume that the origin is a vertex
and that P; and P, contain it.

Algorithm. Input: A bivariate irreducible polynomial f € Q[x].
Output: The absolute irreducible decomposition of f (i.e. its irreducible factorization in C[x]).

(1) Determine the representation of P as intersection of affine half-planes:
P={meR* (mun)+k=>0i=1...1}

such that P; = {m € P, (m, n;) + k; = 0},i = 1...r, support the facets of P.

(2) Find the smallest integer polytope Q such that P = dQ,d € N*. Let g be a generic Laurent
polynomial supported by Q, and for t € C generic, denote by C; C X the curve defined by q(x) —t.
Determine the 0-cycle C; - C = p1(t) + - - - 4+ py(t) on X.

(3) Foreachi = 3...r, determine the intersection set C - D; = {pi, ..., py;} (each p; is repeated
according to its multiplicity).
(4) Recognize a partition of {1, ..., N} (unique up to the labelling of multiple intersection points)

F=0UnU---Uf)U---U(rU---UJpy)

such that card(Jy) = ki = %‘ € Nand limy¢| o0 pj(t) = pix <= j € Jix.
(5) Find the biggest divisor é of d such that foreachi = 3...r, thereexistsJ; C {1, ..., I;} of cardinal
fs—" satisfying

Ts js... ZZZJ Cf("fz 3 (i) = 0. 9)

i=3 kej; jelik

(6) Theorem 5 implies that f admits & absolute irreducible factors whose traces on the facets
Ps, ..., P, are given by the partition §. Make these factors explicit using Hensel’s liftings as in
Abu Salem et al. (2004) but with bigfloat coefficients as in Chéze and Galligo (2005) and Rupprecht
(2004).

(7) From this approximate factorization, compute the extension K in Section 2 and recognize the exact
factorization as explained in Chéze and Galligo (2005, 2006).

Remark 11. Let us comment some of these points.

Our main target is not polynomials with too small polytopes (which can be treated by other means),
so we assume that (1, 0) is not a vertex of Q.

The curve C C X determined by f belongs to the linear system |[Dp| = |dDq|, where D =
KiD3 + -+ k.D;

The number of points N in the cycle C; - C is equal, by Bernstein’s theorem, to d(Dq - Dg) =
2dvol(Q) (see Bernstem (1975)). The curve C; C X is the zero set of the homogeneous polynomial

oM — t]_[l _3 U, , where U = (Uy,...,U;) are homogeneous coordinates on X associated to
the edges of Q and Q" is the Q- homogemzatlon of q (see Cox ( 1995)) When |t| goes to infinity, C;

degenerates to the effective divisor at infinity Dy = divg (]_[1 3 U 1, and

pi®) 4+ +pnE) — K531+ +p3y) + -+ KD+ 4 D).

In the examples, to determine the partition of {1, ..., N} in the algorithm, we fix t with |t| big and
solve the polynomial systemf = q —t = 0.



1204 M. Elkadi et al. / Journal of Symbolic Computation 44 (2009) 1194-1211
Proof of the algorithm. Let d’ be a divisor of d and set N’ := % = Z%VOI(Q). To any subset
J={j1,....jx}of {1,..., N}, we associate the 0-cycle

Since (1,0) ¢ I' (I" is defined in Theorem 9), and absolute irreducible factors of f are supported by
a polytope homothetic to Q, the curve C = {f = 0} intersects properly the Zariski closure of any line
Xy = ¢, ¢ € C.Thus, Theorems 9 and 10 imply that there exists an algebraic curve (; C X such that
foranyt € C,
if and only if the trace of x;

Ty(t) := x1(pj, (£)) + - - - + x1(pj,,, (1))

does not depend on t. Such a curve is contained in C and is supported by (d/d")Q. If d’ is the biggest
divisor of d for which there exists a vanishing sum as in (9), (; = (;(d’) is an irreducible component
of C, and f has d’ irreducible factors.
Let us compute the finite sum Tj = )", x; (p;(t)). The functions
ui(t) = x1(pi(t)) and v;(t) = x2(p;(t))

are holomorphic and satisfy forj =1...N,
f®), vi(©) =0,  q®), vi(t)) =t.
Differentiating this system, we deduce that

8X2f
Jac(f. @)

aX]f
Jac(f. q)

u () = — ®it), vyO= (p;(£))-

Thus

/ 8X2f
T'(6) = — (p;(0)).
; Jac(F, )

The existence of the curve (; C C is then equivalent to T;'(t) = 0 for q generic.
It remains to show the validity of step 4 in the algorithm. If C; is a component of C, it has the same
asymptotic behavior as that of C, i.e. the 0-cycle C; - (; converges to

Do -C =ki(Ds-G)+---+k.(D:- ).

The O-cycle G - G = p;, (£) +--- + Py (t) is a sum of effective 0-cycles Z;(t), ..., Z:(t), where Z;(t)
has degree k% and Z(t) — kiD; - ;. O

5.1. Example

We apply our algorithm to the following simple (but not trivial) example:
f =494+ 30yx —90yx* —130xy* + 126y + 56 x + 30x* — 3y* +x* + 8x°
+36y* — 108y — 127y* x> + 32y° x> — 54yx> +84y>x* + 37 % x*
— 12yx4 + 30y3‘x3 + 13x2y4 + 24xy4.

The Newton polytope P of f represented in Fig. 3 is the convex hull of {(0, 0), (4, 0), (4, 2), (2, 4),
(0,4)}. Also,n3 = (0, —1),m3 = (=1, -1), 95 = (=1,0), k3 = 4,kg = 6,ks = 4,d = 2,and Q is
the convex hull of {(0, 0), (2, 0), (2, 1), (1, 2), (0, 2)}. Let

g =—548x— 2y +x° +y° + 2xy° + 6yx°.

Fig. 4 illustrates the principle of our algorithm on this example.
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For t = 103, the intersection 0-cycle of the curve C; defined by g — t and the curve C defined by f
isC-C=pi+ -+ pia, with
p1 = (—3.788354357 — 22.18782564 1, 0.1524031261 + 0.0497591431)
p2 = (—3.788354357 + 22.18782564 1, 0.1524031261 — 0.0497591431)
p3 = (—2.389966107 — 4.6631388711, 7.365424369 + 1.2279613521)
P4 = (—2.389966107 + 4.6631388711, 7.365424369 — 1.2279613521)
ps = (—1.986201832 — 22.379003951, 0.1619217298 — 0.00185137091)
pe = (—1.986201832 + 22.379003951, 0.1619217298 + 0.00185137091)
p7 = (—1.535681765 — 1.7260646011, —9.102030424 + 7.399506679 1)
ps = (—1.535681765 + 1.7260646011, —9.102030424 — 7.3995066791)
P9 = (—1.045747272 — 3.4899781161, —5.189003901 + 9.662581013 1)
P10 = (—1.045747272 + 3.4899781161, —5.189003901 — 9.662581013 1)
p11 = (—0.7687604288 — 1.155834857 1, 14.36735548 — 7.960507788 I)
p12 = (—0.7687604288 + 1.155834857 1, 14.36735548 + 7.960507788 1)
P13 = (5.894022105 — 0.6210086653 1, —6.648718394 + 5.9388920461)
P14 = (5.894022105 + 0.6210086653 1, —6.648718394 — 5.9388920461).
Now to determine C - D;, i = 3, 4, 5, we use toric affine coordinates (see Appendix) to find the three

facet polynomials of f. Using the chart corresponding to the vertex s3 = (2, 4) with the coordinates
1 _ X .
u=,v= ;,wefmd

f3(u) = 36u* +24u + 13 and fi(v) = 37v% + 30V + 12.

In the chart associated to s, = (2, 4) with the coordinates z = i—’ w = ; we obtain fs(w) =
w? — 12w + 37. So we have
C-Ds={p31,p32},  C-Ds={ps1,Dps2} C-Ds = {ps.1, 5.2}

where

1 1 1 1
u(ps 1) =—-+ =1, v(ps,;1) =0, u(psp) = 3 51, v(p32) =0,

3 2
(Pa,1) b + 16I (pa1) =0 (Pa,2) 1> 16I (pa2) =0
v =——4 —I, u =0, v =—— ——I, u =0,
4,1 37 37 D41 4,2 37 37 4,2

w(ps1) =6+1,  z(ps1) =0, wps2) =6—1,  z(ps2) =0,
and

f3(w) = 36(u — u(ps1))(u — u(ps2)),

fa) =37(v — v(Pa1)) (v — v(Pa2)).

fsw) = (w—wps1))(w — w(ps2)).
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Now we collect the factors of f;’s to recover the factorization of f on the border I" = P3 U P4 U Ps of
the Newton polytope P of f.

Since C; -C = p1(t)+- - - +p14(t),and C; — 2D3+ 3Dy + 2Ds, then 4 (resp. 6, and 4) points among
these 14 converge to the 2 points in C - D3 (resp. C - D4, and C - Ds), that is

p1(6) + - -+ p1a(t) = 2(p3;1 +p32) + 3(Pa1 + Pa2) + 2(ps1 + Ps.2)-
More precisely, using the toric coordinates, we observe that the points p1, pe (resp. ps, P10, P13, and
Ds, P12) converge to ps 1 (resp. pa 1, and ps 1). We deduce that
J31=1{8,12},  Ju1=1{3,10,13},  J51={1,6},
JB2=1{7,11},  J42=1{4,9,14},  Js» = {13, 14}.

Finally testing the vanishing of the expression (9), we find § = 2,J; = {1},J4 = {1},J5 = {1}. We
deduce that the polynomial f admits 2 absolute irreducible factors g and h, and that the restriction of
g on the 3 facets of P constituting I" are (up to monomials)

g3(u) = u—u(ps3 1), 84(v) = v —v(Pa,1), & W) = w — wW(ps 1).
We easily recognize the extension K = Q[I] withI? = 1.In this extension, the polynomial coefficients
are easily recognized from their decimal approximation.

Back to the toric coordinates (x, y), we find that the facet polynomials g (the restriction of g to I")

and hr are respectively

gr = 6xy°g1 + xy°g3 = (2 = 3Dxy* + 6y + (6 — DX’y — ¥,

hr = (2 4+ 3Dxy? + 6y* + (6 + ¥’y — x°.

Remark 12. In this example to detect a partition of points defining the absolute factors of f we test

(®)(%)(3) = 6 traces instead of (}) = 20 suggested by the original approach (see Section 3, Rupprecht

(2004) and Cheze and Galligo (2005)). In general using our approach based on the partition given in
the step 4 of the algorithm, we have to test at most

v=3T11(2)
§n i=1
traces instead of the initial number
d
M=) (g) .
Sln

Sinced =e; +---+ e, and

()< 67)
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this shows that &/ < M, and the difference being increasing with the number of facets of the Newton
polytope of f. Our algorithmic approach will bring efficiency in absolute factorization problem and
improves subsequently the approach presented in Rupprecht (2004) and Chéze and Galligo (2005).

5.2. Bidegree representation

In this subsection, the previous algorithmic approach and results are applied to the factorization
of a polynomial f given by a dense representation of bidegree (m, n) in (x, y). Then the considered
Newton polytope is simply a rectangle. Let C be the Zariski closure of the curve defined by f in the
toric surface P! x P!. The algebricity criterion is expressed by cutting C with a family of conics having
equations xy + ax + By 4+ y = 0 which can be written (x — xo)(y — ¥o) — a = 0. The trace of y is a
rational function (Trc) of (xo, Yo, @) defined in Definition 8 and the criterion is given in Theorem 9:

a —> (Trcy)(a)

is polynomial of degree at most 1 in the coefficient a.

5.2.1. Translation

In order to apply this criterion, we perform a (generic) translation by (xg, ¥o) on the coordinates
and get a new equation for f that we still denote by f to simplify the notation. So we intersect the
curve C by a conic xy = a with a near zero. Note a slight difference with the algorithm presented
above, in this special case it is easier to cut the curve with lines and not with divisors at infinity, then
a is considered near 0 and not near infinity. As (X, yo) is generic when a = 0, there are m distinct
intersection points denoted by M; = (x;, 0) with the line y = 0 and n distinct intersection points
denoted by N; = (0, y;) with the line x = 0, moreover they are distinct from the origin. As a varies
near zero, the intersection points form m + n small curves which satisfy the equation in (a, y):

F(a,y) :==y"f(a/y,y) = 0.

Observe that F(0, y) = 0 has a root of multiplicity n. Hence our criterion can handle situations not
covered by the criterion in Chéze and Galligo (2005).

5.2.2. Explicit criterion
Applications of the implicit function theorem for f at points M;, respectively N;, give the following
Taylor expansions:

X=x+cy+00"): y=yj+ax+bx*+0x)
where the numbers ¢;, g;, b; are easily computed from the values of the first and second derivatives of

f. Multiplying the first ones by y and the second ones by y, we get Taylor expansions with respect to
a near M;, respectively N; :

1 Gi 1 a;

y=—a— —;a2+0(a3); X=—a-— %024‘0(03)
Xi Xi j j

hence near N;j:

2

a; a b:
y=yj+—a— a4+ =d® + 0.
i Y; Y;
So the criterion becomes:
Explicit criterion: Two subsets of intersection points between C and the two axes, indexed by I of
{1,...,m}and]J of {1, ..., n}, correspond to an absolute irreducible component of C (hence to a factor
of f) iff

2(9)-5(1)-

icl i jel j
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5.2.3. Algorithm and comparison with total degree

Now, as in Chéze (2004), the LLL algorithm can be applied to solve the knapsack problem of size
m + n associated to the previous sums and determine the partitions of {1, ..., m}and {1, ..., n}ing
subsets that we denote by I and J with k = 1, ..., g. Each pair of such subsets should correspond to
a factor fi of f, a polynomial of bidegree (%, g). The solution of fi (x, 0) = 0, respectively f;(0,y) = 0,
are the M; indexed by I, respectively the N; indexed by Ji. Moreover if we further assume that the
constant term of f is 1 (which is easy to achieve), good approximations of fi(x, 0) and of f(0, y) can
be computed from the approximation of their roots.

Our algorithm consists in applying Hensel liftings with respect to x (respectively with respect to y)
to lift the obtained approximate factorization of f (0, y) (respectively of f(x, 0)) to an approximate
factorization of f. We know that the factors must be conjugated; with the assumption we made on
the constant term of f, their coefficients are conjugated algebraic integers. So an irreducible monic
polynomial g(z) defining a field extension can be recovered from a sufficiently good approximation by
bigfloats of the coefficients as in Chéze and Galligo (2006). Then the exact expression of the coefficients
can be recovered similarly.

Therefore the algorithm is completely similar to the one described in detail in Chéze and Galligo
(2006) and the costs of the two approaches can be compared:

e Preprocessings (change of variables f (xo + X, yo + Y) vs. f(a;Y + ag, Y)) have similar costs.

e Computations of traces and LLL also have similar costs.

e However, the new algorithm needs only m linear steps (or log(m) quadratic steps) of Hensel liftings
of polynomials of degree n instead of m 4 n linear steps (or log(m + n) quadratic steps) of Hensel
liftings of polynomials of degree m + n.

This makes a significant difference.

6. Conclusion

In this first paper, we established the mathematical bases of our algorithmic approach to toric
factorization, and verified that it works on some examples. It is an important generalization of the
algorithms developed by Rupprecht, Galligo and Chéze. We also presented in detail the case of a
polynomial of bidegree (m, n) where we noted a significant improvement. However in the general
case, we still have to tune and improve the algorithm. This will be done in a future work together
with improvements which will speed it up in many cases of interest. The method is symbolic-numeric
and produces approximate absolute factors to lift the approximate factorization to the exact one
via rational approximation; we followed the model of computation used in Rupprecht (2004). Some
additional work will also allow us to adapt the improvements of Chéze and Galligo (2006). ~

Let us for instance notice that we could replace the polytope Q = %Nf by a smaller one Q having

parallel facets as we did in the bidegree case where we took Q equal to the unit square.
We will also investigate the possibility of cutting the curve C defined by f by special families of
curves which will ease the computations.
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Appendix. Abstract toric surfaces

Let Q C R? be a two-dimensional integer convex polytope satisfying the condition of Lemma 6.
Let us explain how to recover the embedded projective toric variety Xy as an abstract algebraic one.

There exist unique primitive vectors' 51, ..., n, in Z? and unique positive integers ki, ..., k, in
N, such that fori = 1...r, the facet Q; of Q is included in the affine line

Q C {m e R? (m, n;) + ki = 0},

1 Avectorv = (v1, vp) € Z? is primitive if gcd(vy, v2) = 1.
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where (-, -) is the usual scalar product in R?. The polytope Q is then given by the intersection of r
affine half-planes:

Q={meR*: (mn)+k >0 Vi=1...r}.

The vertices sy, ..., s; of Q are in one-to-one correspondence with the facets of Q. If fori = 1...r—1,
si = Q; N Qir1, and s, = Qr N Qq, any vertex s; determines a two-dimensional rational convex cone

oi:={m e R : (m,n;) >0, (m, niy1) > 0}
dual to the cone n;,R* @ n;,1R*. Let
X; := Spec(C[o; N Z?])

be the biggest variety on which all the Laurent polynomials supported in o; can be extended as regular
functions. Such a variety is called an affine toric surface, since the torus T = (C*)? is an open set of X;
and its action on itself extends to X;.

We can glue naturally the affine surfaces X; and X; 1, corresponding to cones having a common
one-dimensional face, along their common set X; N X;; containing the torus T. This natural gluing is
compatible with the torus action and gives a complete normal variety X containing T as a Zariski open
set. This torus compactification is called the normal complete toric surface associated to Q. It can be
written as

X=TUD;---UD,,

where Dy, ..., D, are the unique irreducible divisors of X invariant under the torus action. Each D; is
isomorphic to P! and meets the affine toric variety X if and only if k € {i, i + 1}.

For any m € Z2, the Laurent monomial x™ is regular on the Zariski open set T common to all the
charts X;. It defines a rational function on X giving rise to a principal Cartier divisor div(x™) supported
on X \ T, and equal to

r

div(x™) =Y " (m, n;) D;.

i=1
More generally, any Laurent polynomial g gives rise to a principal Cartier divisor
div(f) = G — biDy —--- = b;Dy,
where (; is the Zariski closure in X of the effective divisor {f = 0} C T, and
bi = —min{(m, n;), me N¢}, i=1...r,

are integers, Ny is the Newton polytope of f. Conversely, to any toric divisor D = Z{:] b;D;, we can
associate an integral polytope Pp

Pob={meR?: (mn)+b>0i=1...1}

so that div(f) + D > 0 if and only if the support of f is contained in Pp, for any Laurent polynomial
f. In other words, the set H*(X, 9x(D)) of global sections of the invertible sheaf corresponding to D
is isomorphic to the set of Laurent polynomials supported by Pp, and admits the Laurent monomials
X™ m € Pp N Z?, as a natural basis.

Let us denote by

Dg = kiDy 4 - - - + kD,

the particular divisor associated to the given polytope Q (so that Q = Pp, ). Itis globally generated on
X and gives rise to the Kodaira rational map

¢p, 1 X —> P(H(X, Ox(Do)))"
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which sends a generic x on the point ¢, corresponding to the hyperplane of global sections vanishing
atx.Ifx € T,and Q N Z? = {my, ..., m}, this hyperplane is

1
a=[ap: - :a] € PH'(X,0x(D)): Y ax™ =0
i=0

So that the natural homogeneous coordinates of ¢, for x € T are
By (X) = & = [X™0 -1 XM,
and ¢p, defines a morphism on the torus. The map ¢p, turns out to be an embedding precisely

when my — my, ..., m; — mg generate the lattice Z? (see Lemma 6), in this case the toric variety
X is isomorphic to the projective variety X, previously constructed. The divisor Dy is then very ample
and gives rise to the isomorphism

HY(X, 0x(Do)) = ¢, H'(B', 03 (1)) = H*(Xq. (Op(1))xy). (10)

traducing that the closure in X of curves defined by generic Laurent polynomials supported by Q are
isomorphic to some hyperplane sections of X, C IP'. We notice that the genericity criterion is essential
here: For example, if f(x) = x™, then the curve defined by f is empty while the corresponding
hyperplane section X, N {u; = 0} is not. Let us explicit this genericity criterion.

Lemma 13. Assume that Dy is very ample and let f be a reduced Laurent polynomial supported in dQ,
d € N*. Then G =~ Xq - H, for a reduced hypersurface H C P! of degree d if and only if the support of f
meets every facets of dQ.

Proof. The assumption Ny C dQ is equivalent to div(f) = Cr — Dy, where Dy = byD1+---+b,D, isan
effective divisor bounded by dDg. Thus div(f) = Cs+(dDq —Dy) —dDq, and since s+ (dDq —Dy) > 0,
f defines a global section of Ox(dDg). We deduce from the isomorphism (10), the existence of an
effective divisor H of degree d in P! such that

G + (dDq — D) = Hix,

under the identification X = Xy.Then Cf = H|x if and only if dDy = Dy, that is if the equality b; = dk;
holds for every i = 1...r. Moreover, as (s is reduced, H must be reduced. O
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