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Behavior of the Fiber and the Base Points of
Parametrizations under Projections

Sonia Pérez-Diaz and J. Rafael Sendra

Abstract. Given a rational parametrization P(¢), ¢ = (¢1,...,t,), of an r-dimensional unira-
tional variety, we analyze the behavior of the variety of the base points of (%) in connection to
its generic fibre, when successively eliminating the parameters ¢;. For this purpose. we introduce
a sequence of generalized resultants whose primitive and content parts contain the different com-
ponents of the projected variety of the base points and the fibre. In addition, when the dimension
of the base points is strictly smaller than 1 (as in the well known cases of curves and surfaces), we
show that the last element in the sequence of resultants is the univariate polynomial in the corre-
sponding Grobner basis of the ideal associated to the fibre; assuming that the ideal is in ¢;-general
position and radical.
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1. Introduction

We start this introduction by describing and motivating the concepts of fibre and base point as well
as its relations. We consider an algebraically close field K of characteristic zero and a unirational
variety V C K" of dimension = dim()) < n. With unirational we mean that there exists a tuple
of rational functions (i.e. a rational parametrization)

- pi(t) Pn(l) - -

P(t)—< e e K(¢)", where ¢t = (t1,...,t)
q(t) q(t)

(say w.l.o.g. that gcd(p1, . .., Pn,q) = 1 and that none p; /q is constant) depending on r independent

parameters, t1, . . . , t,., such that the rank of the jacobian of P( ) is 7, and such that

e for almost all (i.e. for a non-empty open Zariski subset of V) points P € V there exists, at least
one, t% € K" such that P = P(#°), and
e forall ¢, where P(1) is defined, P(£%) € V.

Associated with P(t ) we want to define a map. Clearly it can be done as follows:
Pp: K" \ A — 1%
t° — P(t9)
This work has been partially supported by the Spanish Ministerio de Ciencia e Innovacién under the project MTM2008-

04699-C03-01 and by the Ministerio de Economia y Competitividad under the project MTM2011-25816-C02-01; both
authors are members of the of the Research Group ASYNACS (Ref. CCEE2011/R34).



2 S. Pérez-Diaz and J. R. Sendra

where A = {¢ € K"|¢q(t) = 0}. Note that, because of the two requirements above, $p is well
defined and ®p (K" \ A) is dense (in the Zariski topology) in V. At this point, the first natural
questions appear: what is the cardinality of @' (P) for a generic point P € ®p (K" \ A)? If this
cardinality is bigger than 1, can we replace P(t) by another parametrization where this cardinality
is 1?

The cardinality of @7;1(P) is the degree of ®p (see e.g. [9] for a formal definition) and the
set @' (P) is called the (generic) fibre of ®p; we denote the fibre by Fp( h ), where the generic
point P has been taken as P(h ), being h a new tuple of parameters. When the degree of ®p is
1, we say that the parametrization is rational and, hence, the second question asks whether the
concepts of rationality and unirationality are equivalent; question that is related to Liiroth’s theorem
and Castelnouvo’s theorem and that we do not deal with here.

Coming back to the definition of ®p, one may try to get information on the parameter values in
A. Intuitively, they might be related to the points of ) at infinity. For a deeper analysis of this, we pass
to the projective space. That is, we consider the projective closure Y of V. Moreover we consider

the projective parametrization P (7 1) associated with P (7 ); thatis, % = (to : ¢ : ... : t,) and
PR = (o (F7) o oop (1) 1 g7 (21)),

where piH , ¢ are the homogenization of p;, ¢, respectively, multiplied by a suitable power of ¢y such

that all the homogeneous polynomials pZ, ¢/ have the same degree and ged(pf, ..., p ") = 1.

In this situation, we try to define a projective map, using P (% ), from P"(K) on V¥ . This can be
done as follows:
Ppu . P(K)\B(PH) — vi
7H0 s PH(FHO)

where B(PH) = {11 € P"(K) |pH(tH) = --- = pH (1) = ¢q(¥ ") = 0}. The points in B(PH)
are called the (projective) base points of (7). Since, our starting object was P(7), we are
interested in B(PH) N {tH# € P"(K) |ty # 0}, that we can identify with the set {f € K" |p;(f) =
-+« = pp(t) = q(t) = 0}; in the next paragraph we will extended this definition considering this
variety defined over a superfield of K. We call these points the (affine) base points of P (%), and we
denote the set of affine base points by B(P). These are the points we deal with here; see e.g. [14]
for further comments on projective base points.

But, how are the base points related to the generic fiber? In order to define the fibre we have
considered a new tuple of parameters h . Let IF be the algebraic closure of K( % ). Then, the generic
fibre consists in those £ € F” such that P(#°) = P(h). Therefore if V; is variety defined by
the polynomials {p;(#)g(h) = q(¥)pi(h)}i=1,. . and V, the the variety defined by {q(#)}, both
over I, then

Sp(h)=Vi\Va
On the other hand, the base points is the variety defined over K by {p1,...,pr, q}. Now, let us see
the 9B (P) defined over F instead that over K; we call it again 23(P). Then

Sp(h)=Vi\B(P).

Beside the above motivation on the definability of the rational map associated to the parametriza-
tion, why are the base points so important? The computation of the fibre, the degree of the map,
the implicit equations, the singularities of V), etc, all these questions can be translated to elimina-
tion theory problems and, consequently, approached by means of Grobner bases or characteristic
sets. Nevertheless, many authors have been and are trying to approach these associated problems
by means of resultants (classical resultants, u-resultants, multivariate resultants, etc) appearing, for
instance, in the development of the p-base, moving curves and moving surfaces theory, etc. The
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main motivation for using resultants, instead of stronger elimination techniques as Grobner bases or
characteristic sets, is not unique but essentially is based on the translation of the problem into linear
algebra. This allows, for instance, the use of determinantal expressions for the implicit equations,
the application of interpolation, or more generally homomorphic, techniques and provides the es-
tablishment of an easier bridge to apply numerical techniques when dealing with the corresponding
approximated version of the problems.

However, most of these methods, based on resultants hit difficulties under the presence of base
points (see [1], [2], [3], [4], [5], [6], [7], [13], [14]). Nevertheless, for the surface case (r = 2), our
approaches, based on generalized resultants, to compute the implicit equation as well as the degree of
the map (see [10], [11], [12]) do work even under the presence of base points. All these algorithmic
methods play a crucial role in many applications, as for instance in computer aided geometric design,
and therefore the theoretical understanding of the base points helps in the improvement of these
potential practical applications.

Let us take a closer look at the base points of P(¢t). If » = 1, since ged(p1,...,pn,q) = 1,
one has that B(P) = 0. So the curve case is trivial. If r = 2, B(P) is either empty or consists in the
intersection points of (n + 1) plane curves without common components, namely those defined by
p1(t1,t2), ..., pnlti,ta), q(t1, t2). Therefore, if r = 2 then either B(P) = 0 or dim(B(P)) = 0.
The situation is more complicated when r > 2 since B (P) is the intersection of (n + 1) varieties, of
dimension (r — 1), without common components. Thus, either B(P) = 0 or dim(B(P)) < r—2.1In
Example 3, n = 5, 7 = 3 and dim(B(P)) = 1, and in Example 6, n = 5, 7 = 3 and dim(B(P)) =
0.

Motivated by this last fact, in this paper, we analyze the extension of the ideas in [11], [12] to
the case where > 2. We introduce a sequence of generalized resultants associated to P( ¢ ) that ends
in a univariate polynomial in ¢; (see Section 4), and such that allows us to study how the successive
projections of the points in the generic fibre of P(t), as well as of the points in B(P), behave
(see Section 5). The fibre is zero-dimensional and hence its projections. However, the base points
variety may have high dimensional components such that their projections fill the whole projection
space, and hence the information of the fiber is lost. For instance, in Example 3 where n = 5,
r = 3 and dim(B(P)) = 1, the second successive projection (i.e. (t1,%2,t3) — (t1,t2) — t1)
yields to the whole line K. To avoid this phenomenon, at each elimination step, one has to detect the
hypersurface components of the projection of the base points and excluded them from the process.
More precisely, say that we have eliminated ¢;, ..., ¢, and we proceed to eliminate ¢, ;. Then, the
corresponding generalized resultant factors as its content times its primitive part. Associated to each
factor we introduce a variety in the i-dimensional space; let us call them €; and 9t;, respectively.
Alternatively, the fibre and 2B(7P) are also projected onto the same space. Then the behavior of the
projections of the fibre and the base points is essentially as follows:

o the fibre projects into the primitive part variety 21, (see Theorem 5.7),

o the hypersurface components (if any) of the base points project into the content part variety €;
(see Theorem 5.4),

e while the low dimensional components of the base points go into 9J%; (see Theorem 5.7).

For analyzing the next elimination step, we control and indeed exclude the components embedded
in €; N M1;. All these problems are studied in Section 5. Finally, in Section 6, we prove that in the
cases where either B(P) = 0 or dim(B(P)) = 0, the last element in the sequence of resultants
is the univariate polynomial in the corresponding Grobner basis of the ideal associated to the fibre;
assuming that the ideal is in ¢1-general position and radical. This can be seen as a generalization of
the results for curves and surfaces in [11] to the case > 3. Note that the above hypotheses, namely
either B(P) = 0 or dim(B(P)) = 0, always hold for the case of curves and surfaces. Nevertheless,
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they still can be fulfilled for unirational varieties of high dimension. When this is not the case, i.e.
when dim(B(P)) > 0, we cannot ensure the claim in Lemma 6.1, and more precisely statement
2 (the up property), and therefore, in this case, we cannot state the connection of the generalized
resultant sequence and and Grobner bases.

We cannot finish this introduction without saying that, although from our ideas one can derive
an algorithm for the computation of the degree (when dim(8(P)) < 1), this algorithm is not effi-
cient in its current form. The inefficiency of the algorithm is essentially due to the number of new
variables that the generalized resultant sequence introduces. In order to improve this situation, one
might think on a probabilistic version of the algorithm where the news variables are specialized, or
on a homomorphic-based technique, but we have not explored these potential approaches. On the
other hand, we should emphasize that our main goal in this paper, being more theoretical than algo-
rithmic, is to provide the first steps towards the establishment of the theoretical framework to better
understanding the behavior of the base points. Let us briefly motivate this necessity. As we have said
above in this introduction, the use of resultants to solve problems related to parametrizations is an
active area. However, in many of these approaches, the algorithms require that the parametrization
does not have base points (see [1], [2], [3], [4], [5], [6], [7]). Also, when analyzing the surjectivity of
a parametrization one hits problems under the presence of base points (see [13]). Therefore, it is not
only the fact of computing the base points to decide that the corresponding algorithm will not work
properly. One may think on how to find (if any) a parametrization without base points or finitely
many parametrizations, each of them with different based points, but covering whole variety. For
this, a good understanding of the behavior can be helpful.

Parts of our proofs presented in this paper are very technical. So, we leave most of the details
of the reasonings to Section 7.

2. Notation and Preliminary Remarks

Throughout this paper, we will use the following notation and terminology. K is an algebraically
closed field of characteristic zero. V' C K" is a unirational algebraic variety, of dimension r =
dim(V), rationally parametrized by

q(t) q(t)
where ¢t = (t1,...,t,), and such that ged(p1, ..., pn, q) = 1.

Remark 2.1. We assume (see below) that none of the rational functions p;/q is constant. Further-
more, although the reasonings in this paper can be adapted for € {1,2}, for simplicity in the
explanation, we assume that > 2; note that essentially case » = 1 is treated in [15], and » = 2 in
[11].

Associated with P(t ), we have the rational map
op: K — V
t — P(t).
Observe that @ (K") is dense in V and that the jacobian of ®p has rank 7; being both remarks a

consequence of the fact that P(¢) is a rational parametrization. We denote by deg(®p) the degree
of ®p (see Section 1).

Moreover, we consider the following polynomials, where the new variables h = (hi,...,h)
and Z = (Zy,...,Z,_2) are introduced (note that n — 2 > 1):
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€ K[h][%], fori € {1,...,n},
h)+ -+ Zy 2Gn(t, h) €K[h, Z][T].

Proposition 2.2. If p;/q is not constant (see Remark 2.1), then G is not constant.

Proof. G is identically zero iff p; /q is constant. Thus G; is not zero. Now, if G;(#, h) = A € K,
then 0 = G;(¢, ¢) = X which is impossible because of our previous remark. O
For a field L. we denote by L its algebraic closure. Let ' = (E) Moreover, if G is a finite set of
polynomials over IL, we represent by Vi, (G), the algebraic variety defined by G over IL. We introduce
the algebraic sets:
e foreachi € {1,...,n}, Wlﬁ = Vr(G;) C F".
e W, .1 = Vr(q) C F"; note that W, ;1 is empty if and only if P( ) is a polynomial parametriza-
tion.
e We denote by B(P) the algebraic set of base points of the parametrization P(t), i.e. B(P)
is the variety defined by {p1,...,pn,q}. We will see B(P), as we have done with W, 11,
embedded in F". So B(P) = Ve({p1, . .., Dn, ¢})- Note that then

BP) =W N NW A W,i.
For every @ € K" such that P(@) is defined, we denote by §p(@ ) the fibre of @ via ®p;
ie.
Sp(@) ={t € K" | P() =P(a)}.
Note that deg(®p) is the cardinality of a generic fibre.

In addition, we consider a non-empty open Zariski set of K", that we denote by Q(P), such
that for @ € Q(P) it holds that card(§p(@)) = deg(®p) (see Theorem 7.16 in [9]). Abusing of
the notation, we will denote by §p( /) the generic fibre

Sp(h)={t € F" | P(1)="P(h)}.
Note that Fp(h) = W N---N W)\ B(P); see e.g. Theorem 2 in [15].

Finally, if A is a subset of an affine space, we will denote by A* its Zariski closure. More-
over, for a polynomial g(z) with coefficients over a unique factorization domain, we denote by
LCoeff (g, x) its leading coefficient w.r.t. x.

3. General Assumptions and Preliminary Results

Throughout this paper, we assume (see also Remark 2.1) the following general assumptions:

A-1 None of the rational function p; /¢ is constant and ged(p1, ..., pn,q) = 1.

A-2 Let M be the subset of those polynomials in {p1, . .., pn, ¢} that are not constant. We assume
that the hypersurfaces in K", defined by each of the polynomials in M, do not pass through
the point at infinity (0 : ---: 0 : 1 : 0), where the homogeneous variables are (¢1,...,t., w);
note that this is equivalent to require that for every g € M it holds that deg, (g) is the total
degree of g and LCoeff (g, t,) € K.

A-3 (G4 does not divide G3.

These assumptions imply the following proposition.
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Proposition 3.1. If assumptions A-1 and A-2 hold, the following statements hold
1. Let G{(T,w, h) denote the homogenization of G(, h') as a polynomial in K[ h][t]. Then
GH(0,...,0,1,0,h) #0fori=1,...,n. B
2. Fori=1,...,n,deg, (G;) > 0and LCoeff(G,t,) € K[h].

Proof. 1. If either p; or g is constant, it follows from A-2. Otherwise, homogenizing and taking into
account the total degrees of p; and g, the result follows from A-1, A-2.

2. We express G as g, (t, h) + -+ + go(%, h)w™, where g; is homogeneous in ? of degree i.
By (i) g, does depend on t,. and o« = LCoeff(G}, t,.) only depends on h . ]

Next, we see that the above assumptions do not imply any loss of generality.

A-1. Say w.lo.g. that P(t) = (p1/q,---,Ps/q, As+1,- - - An) With \; € K and p; /q non-constant,
we consider the projection

7V =a)5 (21, xn) (1,0, Ts)
and the parametrization H(¢) = w(P(¢)) of w(V)*. Now, since  is birational then deg(®p) =
deg(®(p)). Therefore, we can work with () where A-1 holds.

A-2. For every g € M, let tdeg(g) denote the total degree of g, and let giqeg(q)(#) denote the
homogeneous form of maximum degree of g(7); i.e. of degree tdeg(g). Let @ = (a1,...,q,) €
K", with o, # 0, be such that giqeg(gy (@) # 0 for all g € M; note that, by definition, giqeg(y)
is not identically zero, and hence @ always exists. We then consider the linear parameter change
t = L(t*)definedby ¢ = (t] + anty, ..., t5_| +a,_1t;, anty). Now, for all g € M, it holds that
g(L(t*)) is not constant, and tdeg(g) = tdeg(g(L)). Moreover, the homogeneous form of g(L) of
degree tdeg(g(L)) is of the form

Graes() (T) ()59 £ h(t], .. 8 y).
Since gegeg(g)(@) # 0, A-2 holds for Q(#*) = P(L(t*)). Moreover, deg(®p) = deg(®o).

A-3. This assumption is not used till Section 4. Moreover, in Remark 3.4, we see that as a conse-
quence of the other assumptions there always exists GG; such that G; does not divide G;. Hence a
simple change of coordinates yields to the required condition.

Therefore, one has the following theorem.
Theorem 3.2. The above assumptions can be assumed without loss of generality.
In the following example, we illustrate the above ideas.

Example. We consider the 3-dimensional rational variety VV C C® (so, n = 5 and r = 3) given by
the parametrization

) s 203,

P(E) = (2,
(1) <t2 ty tots t

[General Assumptions] Although the assumptions A-1 and A-3 are satisfied, A-2 does not hold.
Therefore, we perform the linear transformation

t ti%ts 442 uj

T =L(t) = (t, +t3,t2 — t3,3)
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to replace P(t) by the new parametrization

2 2
P(F) = <t1+t3 (1)t (+t)®

S\t —t3’ ty—ty (ta—t3)ts

(t1 + t3)3>

to —t3

This new parametrization fulfills all the general assumptions. The polynomials G, are

Gi(t,h) = (t1+1t3)t3(ha — hg) hs — (h1 + h3) ha (t2 — t3) t3
Gg(f, E) = (tl + t3)2 t32 (hg — hg) hg — (hl + h3)2 h32 (tz — tg) t3
Gs(t,h) = (t1+1t3)* (ha — h3) hg — (hy + hs)® (ta — t3) t3
Ga(T,h) = (to—t3)*t32 (ho — h3) hs — (hy — hs)® hs? (ta — t3) t3
Gs(t,h) = (t1+13)°ts(ha — hg) hs — (hy + hs)’ hs (t2 — t3) t3
G(t,h,Z) = G+ Z1Gs+ ZoGy + Z5Gs.

[Base Points] We analyze the base points. For this purpose, we consider the ideal I, in C[ ], gener-
ated by {p1, ..., ps, q}, and we take the Grobner basis G of I w.r.t. the lex order with t3 > t5 > #;:

g = {t12 (tg + tl) b1 (tl + t3) , —t12 + tots, — (t1 — tg) (t1 + tg)}
I decomposes as
I= <t1,t3> N <t1 + 13,10 + t1> n <t1,t2,t3>.
Thus, the base points decomposes as union of two lines, namely
B(P) ={(0,A,0)[A € C(A)} U{(=A\ A A) [A € C(h)}.
In particular, we deduce that dim(B(P)) = 1.
[Fibre] We deal now with §p(h ). For this, we consider the ideal J, in C(h)|p, ], generated by
{G1,...,Gs5, pq — 1}, and we take the Grobner basis F of J w.r.t. the lex order with p > t3 > to >
tli
F ={-hi* +t:2, —tiha + hata, hits — t1hg, —1 + (hahs — hs?) p}.
From F, we get that
Sp(h)={h,—h}.
Therefore, deg(®p) = 2.

In the following lemma, assuming the general assumptions, we summarize the basic properties
of the varieties W, .

Lemma 3.3. It holds that
L. WP N W\ B(P) c (F\K)" and is zero-dimensional.
2. Let F be a finite subset of K[t ]. If the ideal generated by F is zero dimensional, then Vg(F) C
K.
3. Ifdim(B(P)) =0, then B(P) C K".
4. For @ € QP), let W = Vg(Gi(t, @)). Then, dim(W N---NW¥) <r — 1L
5. dimWh - nWh) <r -1

Remark 3.4. Because of Lemma 3.3, statement 5, gcd(GY, . . ., G, ) = 1. Therefore there exists G,
with ¢ > 1, such that G; does not divide G;. In particular, as imposed in assumption A-3, we can
assume w.l.o.g. that i = 3.
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4. Generic Resultant Sequence

In this section we introduce the notion of generic resultant sequence, and we study its first properties.
For this purpose, we need some additional notation. For¢ = 1,...,r — 2 (recall that » > 2; see Re-
mark 2.1),let W; = (Zy;, ..., Z(n,_2);) be a tuple of new variables. Let W = (W 1,..., W,_3).
For j € {1,...,r — 1} we use the notation 7 = (t1,...,¢;). We also denote by pp,,, (M) and
conty,, (M) the primitive part and the content of the polynomial M w.r.t. the set of variables var. For
the following construction we observe that, by Proposition 3.1, statement 2, G; and G do depend on
t,. Let

L Rr—l = reStT(GlLG)s Sr—l =DPp7z (R7’—1)~

R,y €K[t" 1, h,Z],and S,_1 € K[t""1, b, Z]\K[h, Z]; see Theorem 4.3, statement
3.

R | Sp—1 if S,_1 does not depend on ¢,._1, otherwise
T2 restr,l (Sr—l(fr_la h; WT—2)7 Sr—l(fT_ly ha 7))

{ Sy_1 if S,—1 does not depend on ¢,_;, otherwise

ST—2 =
ppz (Rr—2)

RT_Q,ST_Q S K[%Tﬁ2, h, WT_Q, Z]

R { Sy_o if S,_o does not depend on ¢,._o, otherwise
r—3 —

resy, o (Sr—o(T" "2 h, Woo, W,_3), S, o(t" "1 b, W, 9, Z))

{ Sy_o if S,_o does not depend on ¢,._o, otherwise
ST—3 -
pp7 (Rr-3)

Ry 3,83 €K[t"3 h, W, o, W,_3, Z].

R — Sg; if S5 doesﬁ not depend on t3, otherwise B
27 I‘eStS(Sg(f?’, h, WT,Q, ey Wz),Sg(E‘?, h7 WT,Q, ceey Wg, 7))
[ )
_ { S3 if S3 does not depend on t3, otherwise
P Uwpm)
Ry, 55 € K[EQ, h, W, _o,..., W, Z]
Ro— Sy if So doesﬁ not depend on 5, otherwise B
N L= reStz(SQ(f2,h,WT,Q,...7W1)7SQ(E2,h7W7‘,2,...7W2,7))
S1 = ContWT,z,...,le(Rl)

R, € K[tl, E, WT,Q, ceey Wl, 7], and S; € K[tl, E]

So = pp7 (S1) € K[t1, h].

Definition 4.1. We say that {So, (S1, R1), ..., (Sr—1, R.—1)} is the generic resultant sequence
(shorten, in the following, by GRS) of P(¢ ). We denote it by GRS(P).

Before establishing the basic properties on GRS(P), we state some technical lemmas on re-
sultants and generalized resultants.

Lemma 4.2. Let L be a unique factorization domain. It holds that:

1. Let My, ..., M, € Lz], £ > 3, My non-constant, and gcd(My, ..., My) = 1. res, (M1, Mo+
Zy\Ms+ -+ Zy_oMy) does not depend on {Z1, . . ., Zy_s} iff M divides all M; with i > 3.
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2. Let A be a tuple of variables, M € L[A][z] \ L[x]| without factors in L]x], and N(A*,A) =
res, (M (A*, ), M (A, z)), where A* is a tuple of new variables. N depends on A, and on
A*, and has no factor depending only on A* nor only on A.

Theorem 4.3 (Basic Properties of GRS). Ler GRS(P) be the GRS of P(t). It holds that:

1. R;, for1 <i <r —1, depends on Z;in particular it is not zero.

2. S, for0 < i < r—1,isnot zero, and for 2 < i < r — 1 they depend on 7, and have no factor
inK[t, h].

3. S,_1 depends on 171,

The results in the next sections use that the generic resultant sequence satisfies certain condi-
tions on the dependencies on the variable ¢* as well as the requirement of having constant (i.e. in
K(h, W)) leading coefficients; this motivates the notion of normality.

Definition 4.4. We say that GRS(P) is normal if, for i € {2,...,7 — 1}, deg; (S;) > 0 and
LCoeff(S;,t;) does not depend on =1,

If GRS(P) is not normal, we perform a linear transformation ¢ = L(¢’) such that the GRS of
the transformed parametrization P(¢’) = P(L(t)) is normal. Note that, under a linear transforma-
tion, the degree of the induced rational maps is preserved and both, base points and fibres, are under
control. We have not proved that such a linear transformation exists, although empirically we have
seen that for random linear transformations one yields normality.

5. Base Points, Fibres and GRS(P)

In this section we study the connection of the base points and the fibre with the varieties defined
from
GRS(P) = {So, (S1,R1),-..,(Sr—1, Rr_1) }
To be more precise we will see how the different projections of B(P) of Fp(h ) and the varieties
defined the polynomials in GRS(P) are related. For this purpose, for > ¢ > i > 1, we denote by
m; the projection map
mi Y= (9 = T,

and by coeffsya, (f) the set of coefficients of a polynomial f w.r.t. the set of variables var. Moreover,
we consider the fields

F}_{ K(h, W, 9,...,W;) if2<j<r—landr>3
=

F ifj=r—1
In addition, throughout this section we assume that GRS(P) is normal. In this situation, for j €
{2,...,r — 1}, we consider the following varieties:

e Related to GRS(P).
%j e V]Fj (coeﬁs§ (R])), Sﬁj = V]Fj (COGHSf (Sj», Q:j = V]Fj (contf (Rj))
Note that R; = €; U M.
e Related to §p (). We decompose 7;(Fp) as 7; (Fp(h)) = (Sp)f U (s’p)jl where

(Fp)F =m;(Fp(h))\ m;(B(P))* (pure part of the projection)

(&p)] = mj(Fp(h)) N7 (B(P))* (impure part of the projection)
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o Related to B(P). Since ged(p1, - .., Pn,q) = 1, we have that dim(B(P)) < r — 2. Thus,
dim(m,—1(B(P))) < r — 2. Then, we decompose 7,_1(B(P)) as
Fr—t > 777’71(%(7)»* =Hr1UL 1
where
o $),_1 is either the hypersurface contained in 7,1 (B(P)) if dim(7,_1(B(P))) =r —2
or, otherwise, the empty set, and
o £,_1 is the union of all the components of 7,1 (B(P))* of dimension strictly smaller
than r» — 2.
Additionally, we decompose 9,1 and £,_; as
My = mf—l U 93?7{—17 Lo = 27{)—1 U Si—l
as follows:
- smf_l is the union of the components of 97,._; not included in $,._1, and EIRﬁ_l is the
union of the components of 9,._; included in ,._1.
— Similarly, £ ; is the union of the components of £,_; not included in §,._1, and £L_,
is the union of the components of £,_; included in ,._;.
If dim(m,—2(B(P))) = r — 2, then m,_o(B(P))* = F" 2. However, dim(m,_2(LL ;) <
r — 3. Thus, we decompose it as
Friz D 7rr72(2f71)* = 57"72 U 27“72
where
o $),_o is either the hypersurface contained in 7, _o(£E | )* if dim(m, _o(LF })) =7r -3
or, otherwise, the empty set, and
o £, o is the union of all the components of 7, (£ ;)* of dimension strictly smaller
than r — 3.
Additionally, we decompose 9,._5 and £,_5 as
Moo =M, UMy, £ 0=, UL,
as follows:
- ML, is the union of the components of M, not included in 7, _o(ML_)* U H, o,
and M. _, is the union of the components of M, included in 7, _o(ML_;)* U $H, _s.
— Similarly, £ , is the union of the components of £, not included in 7, _o(9L_;)* U
$,_2, and £L_, is the union of the components of £, 5 included in 7, _o(ML_;)* U
557‘72-
Repeating the argument, we decompose ;(£5, ;) as F/ D 7;(£F )" = H; U £;, and we
introduce E)JT;-D , Dﬁjl , Sf , £§ analogously.

Remark 5.1. By definition, R, and 91;, S)th , znt]f are I ;-definable. Furthermore, from the theorem
of the closure (see [8], pp. 122) and taking into account that % (P) is K-definable, one deduces that
$); and £; are also K-definable. Thus, Sf , 2; are also K-definable. See also Theorem 5.8 for the
K—definability of €;.

Remark 5.2. Observe that if dim(B(P)) = 0 then for j € {2,...,r — 1} it holds that §, = DT(]I =
Lf =0, mF =My, £F = £; and dim(&;) = 0.

Example. In this example, we illustrate the above varieties. For this purpose, we continue working
with Example 3 and, hence, we use the notation introduced there. First we observe, that GRS(P) is
normal. Since r = 3 the associated varieties are:
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e For the resultant sequence: Ry = €5 U Ms.
e For the fibre: mo(Fp(h)) = (Fp)E U (Fp)i.
e For the base points: 72 (2B (P))* = $2 U £, with the related decompositions
- My = MP UML
- L= 25 U Sé
[Varieties associated to GRS(7P)] The content of Ry w.r.t. Z is t12 (t +t1) . So,

€ ={(0,\) | e C(R)}U{(-AA) |AeC(h)}|

On the other hand, the coefficients of Sy w.r.t. Z are
COeﬁSi (52) = {— (hl + h3)2 (hz + h1)2 (—tlhg + hltg) s
— (h1 + hB)z AA,,
— (ha — h3)” A1 A,
(h1+ h3)3 (ho + hi +t1 +t2) (ho + hy —t1 —t2) Aq}
where
AQ = h22h3 + 2h1hohs + t12h2 + tohoty —t12h3 — 2t1hsta —hitaty —t22h3 + h12h3 —h1t22.
Furthermore, the Grobner basis of coeffs ; (S2) w.r.t. lex order with ¢ > t1, as ideal in C( h)[t1,t2]
is
M = {—ho’tg + to> —hyita + t1ho}.
Therefore,

(95 = {(0,0), (1, h2), (<hs, —ho)} |
[Fibre] In Example 3, we have seen that §p(h) = {h,—h }. Thus
m2(&p(h)) = {(h1, h2), (—h1, —h2)}
and, taking into account w2 (B(P))* (see below), we get that
[(39)F = {(hn, ha). (b, —h)}, and (Fp)5 = 0]
[Base Points] In Example 3 we have seen that
B(P) ={(0.A,0)[X € C(A)} U{(=A\ A A) [ € C(h)}.
Therefore, projecting the lines, one gets that
m(B(P))" = {(0,) | A € C(R)} U{(=A\,\) | A € C(R)}.
Thus, m2(B(P))* = H2 U L4, where

$2 = {(0,\) A e C(R)}U (=AM | A e C(R)}, and £ = 0.

Furthermore, see above, 915 decomposes as Ny = 9)15 U ML, where
ML = {(hy, ha), (~h1, —ho)}, and M = {(0,0)}. |
Obviously £ = £ = 0.

Next, we analyze the relations among the varieties we have introduced in connection to the
projection of the fibre and of the base point variety. As mentioned in the introduction, we will see
that essentially the behavior is as follows

e the projection of the fibre goes into the pure part MY of the primitive variety 9; (see Theorem
5.7),
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o the high dimensional components of the base points project into the content variety €; (see
Theorem 5.4),
e while the low dimensional components of the base points go into 9)?{-3 (see Theorem 5.7).

We know that _
WE N AW =Fp(h)UB(P).

We start with the next lemma where a similar decomposition holds for Dﬁf . This first lemma, indeed,
establishes that all points in the pure part of the primitives varieties are either projections of base
points or of fibre points. This will be used in the next theorems to first state that the content varieties
are essentially defined by the projection of the sufficiently high dimensional components of the base
points (see Theorem 5.4), and to afterwards provide a clearer decomposition of the pure part of the
primitive part variety (see Theorem 5.7).

Lemma 5.3. Forj € {2,...,r — 1}, M = (M7 n7;(Fp(h))) U (MF N LP).

As consequence of this lemma, we get the following theorem. We recall that the varieties
introduced above are defined for j € {2,...,r — 1}, where we have assumed that r > 3.

Theorem 5.4 (Decomposition of €;). It holds that:
1. If dim(B(P)) < r — 2 then €,_; = (.
2. Ifr > 3and dim(m; (MY, N LY UML) <j—1forje{2,...,r—2}, then T; = 0.
3. Ifdim(m,—1(B(P))*) =7 — 2, then €,._1 = H,_1.
4. Ifr > 3 and dim(m;(MF, , N &L ) UML) =5 — Lforj € {2,...,r — 2}, then €; is
the hypersurface included in w; (I, N £ ) UMS, )™

Remark 5.5. In Example 3, we have seen that dim(28(P)) = 1 = r — 2, and in Example 5 we have
seen that € = $)o; compare to Theorem 5.4, statement 3.

Corollary 5.6. If dim(B(P)) =0, forj € {2,...,r — 1}, €; = 0.

Proof. By Theorem 5.4, statement 1, since 7 > 2 (see Remark 2.1), €,._; = (). For j € {2,.

2}, the result follows from Theorem 5.4, statement 2, taking into account that 7; ((zmj 1N SJ +1)
ML) =7 (M1 N L541) C 7m(L41) (see Remark 5.2), from where dim (m; (ML, , N £F, ) U
Miy 1)) < dim(mj(€41)) =0<j— L O

Theorem 5.7. [Decomposition of R, M; ] It holds that:

LRy =m 1 (B(P))" U (%)f_l-
2. Ifr>3andj€{2 -2}, R, 77rj(§mj+1) .
3. Forje{2,..., 1} QJTP (Sp) U LY UQj, where Q; C (Fp)!.

Example. We illustrate the theorem by means of Examples 3 and 5. Let £; = {(0,A\) | A € C(h)}
and Lo = {(—=A,A\) |\ € C(h)}. Then (compare to Theorem 5.7, statement 1),

= L1 U Ly U{(h1, ha), (=h1, —ha)} = m(B(P))" U (§p)5
Moreover (compare to Theorem 5.7, statement 3), My = (Fp )& U £5 U Qo, with Qo = 0.
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Theorem 5.8. [K-definability of €;]

1. €,._1 is K-definable.
2. Ifr > 3 and dim(m; (iijJrl)*) <j-—1forje{2,...,r — 2}, then €; is K-definable.

Proof. By Theorem 5.4, we only need to prove the theorem if j < r—1and dim(r; (9%, ,N€L, | )U
9JTJI»+1) = j — 1. By Theorem 5.4, €; is the hypersurface included in Wj((DﬁfH N Efﬂ) U Qﬁ§+1)*.
Thus, reasoning as in the proof of Theorem 5.7, €; is the hypersurface included in A = §; U

j (Dﬁ§+1)*. Thus, ¢; C §;. Now the theorem follows from Remark 5.1. m]

6. Connection of GRS(P) to Grobner Bases

In the previous section we have analyzed some varieties of the GRS(P) in connection to the base
points and a generic fibre. In this section, we study the connection to Grobner bases. We assume that

GRS(P) = {So, (S1,R1),...,(Sr—1, Rr1)}

is normal. In addition, in the sequel, we assume that either B(P) = 0 or dim(B(P)) = 0. We start
with the following lemma.

Lemma 6.1. [Up and down property] It holds that:
1. If P € Ip(h), then 711 (P) is a root of So(t1). B
2. If ais a root of Sy(t1), then there exists P € §p( h) such that w1 (P) = a.

From Lemma 6.1, one directly gets the following theorem.
Theorem 6.2. 71 (Sp(h)) = Vg(So).

From this result we get the following corollaries.

Corollary 6.3. Let I be the ideal, in K(h)[p, t], generated by {G1,...,Gpn,pq — 1}, and G be a
reduced Grébner basis of 1 w.r.t. the lex order with p > ¢, > -+ > t1. Let {g1(t1)} = GNK(h)[t1],
then the square-free part of g1 and of Sy are equal, up to multiplication by a non-zero element in K.

Proof. First we observe that I is zero dimensional, since its variety over IF is §p ( i ). Now, the result
follows from the closure theorem, the elimination property of Grobner bases, Hilbert’s Nullstellen-
satz, and Theorem 6.2. O

In the next corollary we use the notion of ¢;-regular position of an ideal of ?-multivariate
polynomials over a field (see [16], pp. 194), that says that if I is zero-dimensional then it is in ;-
regular position if any two zeros of I, over the algebraic closure of the ground field, have different
t;-coordinate. As commented in [16], we observe that nearly every linear change of coordinates will
set the ideal in regular position.

Corollary 6.4. Let 1 be as in Corollary 6.3. If 1 is t1-regular and radical then

So

050
ged (507 ah)

deg(¢73) = degtl
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Proof. 1t follows from Corollary 6.3 and the Shape Lemma (see Theorem 8.4.6 in [16], pp. 195;
observe that the notion used in this paper of reduced Grobner basis is the notion of normed reduced
Grobner basis used in [16]). O

Example. Through this example, we illustrate the results in this section. We consider the 3-dimen-
sional rational variety V C C® (so, n = 5 and = 3) given by the parametrization

P(F) = (t ts (L +t3)4 (t+1t3)°  ta t33 ) ,

o—1t3 to—ts | to—ty to—t3 ta—t3

that satisfies our assumptions. The polynomials G; are

Gl(%,h) = tg(hg—h3)—h3(t2—t3)

Go(,h) = (t1+1ts)" (ha—hs) — (b1 +hs)" (t2 — ts)
Gs(T,h) = (ty+1t3)° (hog — h3) — (hy + hs)® (t2 — t3)
Gu(t,h) = t3*(hy —h3) — hs* (t2 — t3)

Gs(t,h) = t3°(hg— hs) — hs® (ty — t3)
G(E,E,Z) = Go+ Z1G3+ Z>2G4 + Z3Gs.

[Base Points] We analyze the base points. For this purpose, we consider the ideal I, in C[t], gener-
ated by {p1, ..., ps,q}, and we take the Grobner basis G of I w.r.t. the lex order with t3 > t5 > t;:
G = {ti,ta,t}.

Thus,
B(P) ={(0,0,0)}
and, hence, dim(B(P)) = 0. Therefore, $; = M = &1 = Pand £ = £, = {(0,0)}.
[Fibre] We deal now with §p(h ). For this, we consider the ideal J, in C(h)[p, ], generated by
{G1,...,Gs5, pq— 1}, and we take the Grobner basis F of J w.r.t. the lex order with p > t3 > --- >
tli
F={-h*+2t1hs +t12 —2hyhs, —hy + to,t3 — hg, —1 + (hg — h3) p}.

One can check that J as ideal in C(h)[p, ] is radical and ¢, -regular. From JF, we get that

Sp(h) = {(h1,h2,h3),(—hy — 2hs3, ha, h3)}.
Thus
ma(Fp(h)) = {(h1, ha), (—h1 — 2 h3, ho}
and,
Fp)5 = m(Fr(h)), Fp)i=0.

[Varieties associated to GRS(P)] Since © = 3, we only analyze M, = ML’; recall that Ry = My
and that €, = 9% = (. First we observe that GRS(P) is normal. On the other hand, the Grébner

basis of coeffs; (S2) w.r.t. lex order with £, > t1, as ideal in C( h )[t1, t2] is
M = {_tQ (hg — tQ) ,t12h2 — h12t2 — 2h1h3t2 + 2h3t2t1}.
Therefore,
My = {(0,0), (h1, ha), (—hi + 2h3, ha)}
that decomposes as (see Theorem 5.7)
My =ME = (Fp)b ULl U, with Qp=0,

or as
Ry = My = m(B(P))* U (Fp)5 .
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[Connection to Grobner bases] The polynomials S; and Sy are

Si(ti,t2) = ti2(—t1+ h1) (ha +2hs +t1)
So(ty) = (=ty+h1)(h1 +2h3+11).

On the other hand, the univariate polynomial (in ¢;) of the ideal of the fibre, namely J, is (compare
to Corollary 6.3)

—hi1? + 2t hg + 1,2 — 2hihy = —So(t1),
and deg(®p) = deg,, (So) = 2 (see Corollary 6.4).

7. Appendix

In this section we give the details of some technical proofs in the paper. More precisely, of the proofs
of Lemmas 3.3, 4.2, 5.3 and 6.1, and Theorems 4.3, 5.4 and 5.7.

[Proof of Lemma 3.3]

1. Let I be the ideal of K(h)[p, ], generated by .A( h,t,p) ={G1,...,Gn,qp — 1}, where p is
a new variable. Since §p(h) = W N WhY\ ‘B( ), Lis zero-dimensional. Let G(h, £, p)
be a reduced Grobner basis of I w.r.t. the lex order with p > t,, > --- > t1; reduced in the sense of

Definition 5 in [8], pp. 90. There exists an open subset ¥ of K" such that for 10 € ¥, G(h°, T, p)
is the Grobner basis of A(h°, T, p), see e.g. Example 7 in [8], pp. 283. Moreover, since I is zero-
dimensional, G(h, £, p) NK(h)[t1] = {g(h,t1)} and every solution of g over IF can be continued
to a solution of the full system (see e.g. [16], pp. 194). Now, let @ = (ay,...,a,) € Fp(h) be
such that al least one a; is constant, say a; € K. Let WW* be the algebraic set generated, over K, by
P(ay,ta,. .. ,t,). Note that dim(W*) < r, and that t; — a; divides g(h,t1). We consider the open
set Q(P)N Y. Let h° € Q(P) N X. Then, P(h°) is well defined, and G(h°, £, p) is a Grobner
basis of A(h°, %, p). Since g(h°, a;) = 0, a; is extended to a solution (A, p°) of the full system,
where the first component of A is a;. Therefore, P(h°) = P(A) and hence P(Q(P) N ¥) C W*
which is a contradiction.

2. It is a direct consequence of the triangular structure of the reduced Grobner basis, w.r.t. the lex
order, of a zero-dimensional ideal K-definable.

3. It follows from statement 2.

4. Let W& N--- N WS contain a hypersurface in K", and M (7) its defining polynomial. Then,
there exist N; € K[#] such that

Gi(T, @) = pi(D)a(@) — pi(@)a(F) = M(D)N(T), fori=1,...,n,

Observe that, since gcd(p1, - - -, pn, q) = 1, then ged(g(7), M (%)) = 1. Now, we consider the set
Asz ={B € K*/M(B) =0, q(B) # 0}. Az # 0 is an open subset of Vx(M). Moreover
A& C §p(@), which is impossible since card(Az) = oo and Fp( @) is zero dimensional because
a € Q(P).

5. This statement follows from statement 4.

[Proof of Lemma 4.2]
1.Let M = Mo+ Z1Ms+---+ Zy_oM,, and let R be the set of all the roots of M in the algebraic
closure of the quotient field of IL. The result follows from

0 # res, (My, M) = LCoeff (M )4¢8=(M) H M ()
a€ER

2. Since M does not have factors in L[x] then gcd(M (A*,z), M(A,x)) = 1, and hence N # 0.
Let 7 be the set of non-constant monomials in A appearing in M. We express M as M (A, z) =
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a(x) + Y pegar(x)T. If R is the set of all roots of M(A*,x), in the algebraic closure of the
quotient field of L|A*], as univariate polynomial in z, then

N = LCoeff (M (A*, ), )48 (M) H M(A, a).
a€ER

Since N # 0, if N does not depend on A, then ar(«) = 0 for all T € T and for all « € R. So,
M(A,x) — a(z) = B(A, A*, x)M(A*, z) for some polynomial B. If a = 0, M (A*, x) divides
M(A, x). Thus M (A*,z) € L[], and hence M (A, z) € L[x] which is a contradiction. If a # 0
then M(A*, z)(1 — B(A*,A*,z)) = a(x). So, M divides a which is again a contradiction. So
N depends on A, and reasoning similarly we get that also depends on A*. For the second part,
let C(A*) be a factor of N depending only on A*; similarly if it only depends on A. Let P be a
solution of C' over the algebraic closure M of the quotient field of .. Then, N(P, A) = 0 and since
LCoeff (M, z)(A) # 0 there exists a € M such that M (P,a) = 0 = M(A,a) = 0. This implies
that (x — a) divides M, which is a contradiction.

[Proof of Theorem 4.3]
We prove statements 1 and 2 simultaneously. We start with the case ¢ = r — 1. By Lemma 3.3,
statement 5, gcd(Gy,...,G,) = 1, and by Proposition 2.2, we deduce that G; is not constant.

Therefore, by assumption A-3, and Lemma 4.2, statement 1, applied to R,_;, we get that R,_;
depends on Z and so S,_; does. Moreover, by definition, S,_; does not have factors in K[Z, & ].
Now, for ¢ = r — 2, applying Lemma 4.2, statement 2, to .S,._1, and taking . = K[ET_Q, E] and
A= 7, one gets the result. Similarly, for R; with ¢ < r — 2 and for S; with 2 < i < r — 2. Finally,
since R is not zero it follows that Sy, Sy are not zero either.

To prove statement 3, let us assume that S,._; does not depend on . By statement 2, S,._; depends
on Z.Let @ € F"~2 be such that S,_; vanishes at Z = @. By Proposition 3.1, there exists a
such that G1(7" 1, a, h, @) = G(t""',a, h, @) = 0. Moreover, since G1(t"~',t,, h, @) €
F[#"~1][t,], one has that a does not depends on Z, and hence G;(t"',a, h, @) = 0 fori =
1,...,n. Let us see that q(#"~!,a) # 0. Indeed, if it vanishes, then p;(t"~!,a) = 0 for i =
1,...,n. Therefore (¢, — a) divides to the gcd(p1, . . ., pn, ¢) which is a contradiction. This implies
that P(#) = P(%"~1,a). But this is impossible because a belongs to the algebraic closure of
F[#7~1] and hence it does not depend on ¢, while P(#) does since dim(V) = r.

[Proof of Lemma 5.3]
The right-left inclusion is clear. We prove ¥ C (M} N (gp(ﬁ)))u(sz NLL) by induction. We
start withj =r—1.let P € ) = Wf_l \ $),-—1; note that, since no component of smf_l is included
in HF |, Q" =ML | Then, S,_1(P) = 0 and hence R,_;(P) = 0. By Proposition 3.1, statement
2, P extends to a common solution P* of {G', G}. Moreover, since P € F."1 and G (P, t,, h) €
F,_1[t,] one gets that P* € F"_,. Therefore, G(P*, h, Z) = 0 implies that G;(P*, h) = 0 for
alli = 1,...,n. Thus, P* € W' n--- N W = Fp(h) UB(P). So, P € mp_1(Fp(h)) U
Tr—1(B(P)) C w1 (Fp(h)) Ump 1 (B(P)* = mr1(Fp(h)) UL 1 UHr 1. But P € 9,
and hence P € 7, _1(Fp(h))ULE | Thus, Q ¢ ML, Nm1(Fp(h)) U (ML, nel ).
Therefore, ME | = Q* € (ML N1 (Fp(h))) U ML Nnel ).

Now, let the inclusion hold for j and we prove it for j — 1. Let Q = 9 | \ (m;_ (9])* U
$);j—1). As above, note that 0* = sm;il. Let P € Q. Then, S;_1(P) = 0 and hence R;_1(P) = 0.
By the normality assumption, P extends to a common solution P* of

) WT727"'7Wj71)7Sj(fj7 Ea WT‘*Q?"'? WJ7 7)}a

{Sj(tj7

=
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if j =7 —2then {S,_1 ("1, h, W,_2),S,—1(t"%, h, Z)}. Moreover, since P € Fi:} and
S;i(Pitj, hy W,_a,..., W ;_1) € F;_1[t;] one gets that P* e ]FJ 1- Therefore,

S;(P* R, Wy n,...,W;,Z)=0
implies that P* € 91;. Moreover, by construction, P ¢ wj,l(im§ )* and hence P* ¢ 9)15 . Thus,
P* € MF. Now, by the induction hypothesis, P* € (M} N m;(Fp(h))) U (MF N LF). So P* €
7i(Fp(h)) U LF. Therefore, P € m;_1(Fp(h)) Um;_1(LF) C mj_1(Fp(h)) Umj_1(L5)* =
mi—1(Fp(h))U L1 UH;_1. Now, since P ¢ ﬂj_l(DﬁJI»)* U $;_1, the proof follows as above.

[Proof of Theorem 5.4]

We prove statements 1 and 2 simultaneously. Let cont; (R;) have a factor M depending on [ZR
assume w.l.o.g. that M is irreducible. Let A = V, (M) C IF; and Q = A\ 7;(Fp(h)). Since
dim(3p(h)) = 0, Q # 0 and open in A. Thus, dim(f2) is r — 2 for statement 1, and j — 1 for
statement 2. Since GRS(P) is normal, every point in P € (2 extends to a common solution P* of
{G1, G} (for statement 1) or of

{Sj+1(fj+17 E, WT,Q, ey Wj), Sj+1(%j+17 E, WT,Q, ey WjJrl, 7)}
(for statement 2); if j = r — 2 then {S, _1(Z"" ', h, W, _5), S, 1 (1", I, 7)}; Say that Q° is
the set of extended common solutions. For every P € Q C F7, since G1(P,t,, h) € Ft,] (for

statement 1) and S;1(P,tj41, by, W _a,..., W ;) € F;[t;+1] (for statement 2), its extension P*
belongs to [F" (for statement 1) or to ]FJ 1 (for statement 2). Therefore, 2¢ C F" (for statement 1) and
Q° C IF;H (for statement 2). Thus, Qe cWhn W\ Fp(h) = B(P) (for statement 1) or,
by Lemma 5.3, Q¢ € 0,1\ 71 (1)) = o, Vi E () () =
(7 N7y (Fp (R ) VRT3 N LT 1))\ i1 (B (R)) UM,y \ i1 (B () = [(MF 4N
L)\ T (§p ()] U (ml+1 \ 71 (Fp(h)) © (MPy N LYL,) UM, (for statement 2).
Then, Q@ C 7;(M, 41 N 741 (B(P)))*), and hence r — 2 = dim(Q) < dim(m,—1(B(P))) (for
statement 1) and j — 1 = dim(2) < dim(7; (M7, , N LX) UML, ,))) (for statement 2); which
is a contradiction.

In order to prove statement 3, let H € K[#"~!] be the defining polynomial of §,_1. G;
and G vanish on B(P), so R,_; vanishes on 7._1(25B(P)); in particular on §),._;. Furthermore,
since $,_1; C Fr—1 all coefficients of R,_; w.r.t. Z vanish on $,_1. Thus, $,_1 C R,_1.
Furthermore, since dim($),—1) = r — 2, -1 C &,_;. Now, let us assume that cont- (R,_1)
has another factor H*, coprime with H, and depending on 7"~ 1. Let % ; = Vg(H*). We take
Q=9 _1\ m,l(%( N =91\ (9-1UL_1). Since H_; # Hy—1, dim(Q) = r — 2.
Every P € ), by the normality, extends to P* € W/ N---N W/ = Fp(h) UB(P); note that
P does not depend on Z and G € F[1]. Let Q¢ C 37:( ) U B(P) be the set of extended points
from . dim(Q€) > r — 2. Therefore, since 7 > 2 and dim(B(P)) = r — 2, Q* N B(P) # 0. Let
P* € Q° NB(P). Thus, m—1(P*) € QN 7,—1(B(P)) = 0, which is a contradiction. Therefore,
r—1=Cr_1.

To prove statement 4, let  be the hypersurface included in ; ((M7F, ; N £f 1) UM, )" and
let H be its defining polynomial.

Sj+1(¥j+l, E, WT,Q, ey W ) S]Jrl( h WT IREEE Wj+1, Z)
vanish on 9, 1; in particular, R; vanishes on Q C 7rj(9ﬁj+1) . Furthermore, since Q C Fg
all coefficients of R; w.r.t. Z vanish on 9. Thus, Q C R,. Furthermore, since dim(Q) = j — 1,
Q C &;. Now, let us assume that cont - (R;) has another factor H*, coprime with H, and depending

on ¢7; say that T = Vg, (H*). We consider the non-empty open set 2 = T\ (Q U 7;(Fp)); note
that dim(m;(§»)) =0 and that ged(H, H*) = 1. Every P € ) extends to a common solution P* of
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Si (T R, W gy, W) and Sy (89T, by Wo—a,..., W ji1, Z). Since P does not
dependon Z, P* € M, ;. By construction P* & m;41(Fp). Thus, by Lemma 5.3, P* € (SJIJ+1 N
Sf 1) N {DTJI 41- Therefore, if we denote by {2 the set of extended solutions of €2, ¢ C (E)ﬁf 1
LF ) N9y, . Furthermore, Q = 7;(Q°) C m; (MY, N L5, ) N9t ). But dim(Q) = j — 1,
and hence Q C £ which is a contradiction.

[Proof of Theorem 5.7]
Statements 1 and 2 follow from the normality and from the fact that the involved points do not
depend on Z .

We prove statement 3 by induction. R, = €, US)TP 1 U zm _1-By Theorem 5.4,¢,_; = $,_1
and, by statement 1, R,_; = m,_1(B(P))* U (Fp)f 1 = 91U L1 UGEP), =921 U
L‘P LU @p)E . Thus, 5, UM UMl =9, ULl U@p)l 1 So ((H,— 1uimr .
) \H—1)" = (91 UL, U (Fp)i 1) \ Hr—1)*. Therefore (9,1 \ Hr—1)* U (M4 \
fh D U\ 9r—1)* = (-1 \ 9r—1)" U (E71 \ Hr-1)" U ((§P); 21 \ Hr—1)". Hence,
mE  =eP  uEp)l U0, 1, whereQ, 1 =0
Let the result be true for j + 1 < r — 1. By the induction hypothesis, (M, N £F ) U
M, = [((3P)g+1 UL UQy1) N UMYy = 7, U(Q;11N L7 ) UMY, . Therefore,
(M, nel ) u 9)2§+1)* = mi(LF )  Um(Qip 0 L) Um(MI, ) = 9, UL; U
T (Qj41 ng; +1) Um; (EUIJ +1)* and, by Theorem 5.4, €; is either empty or the hypersurface included
in H; UL Umj(Qjp N LY ) Um (ML, ,)*; that is, the hypersurface included in A = §; U
T (Sﬁjl +1)”. On the other hand, by the induction hypothesis and by statement 2, €; UI; = R; =
T (Mj41)" = Fj(mf-i-l U s~m§+1)* = Wj((gp)f-u U ’Qf—u UQ;41 U E)RJI.H)* = Wj((gp)fﬂ) U
(L5 )* Uy (Qy41) Umy (M 4)* = Wj((gr)fﬂ) U$H; UL Umi(Qj41) Umy(MI)*. Now,
we express ;((Fp)F, 1) Umj(Q;41) as (Fp)F U Qo where Qo C (Fp)]. Then, &; U M
(Fp)F UH; UL UQ U, (ML, )" In this 31tuat10n, we subtract A to get M, \ A = ((§p)F \
AU\ A) U2\ A)U (D0 \ A)U (0, )*\ A) = (3p)7 U(LF\ A)U (90 \ A). Taking
Zariski closures we get that MY = (Fp) ! U £P UQ; with Q; = Q0 \ A C Qo C (Fp)!.

[Proof of Lemma 6.1]
l.Let P € §p(h)and P; = m;(P). The proof goes as follows: (a) we prove by induction that, for
i€{2,...,r — 1}, P, € M;; (b) we prove that So(Py) = 0.

(a) Since G; vanishes at P, and P does not depend on Z, P,_; € R,_1 = QT,LU M, _1. So,
by Corollary 5.6, P._; € 9,._1. Now, let P; € 9;. Then P; does not depend on Z and, hence,
P eRi_1=¢C_1NM;_1. Now, by Corollary 5.6, P;_; € 9T;_;.

(b) Since P, € My, P, does not depend on Z, and hence R1(P1) = 0. Moreover, since P; does
not depend on Z , W 4, and since R; is univariate in ¢, one has that S1(Py) = 0. Finally, since
the polynomial S is univariate in ¢; and P; does depend on h (see Lemma 3.3, statement 1), one
concludes that So(Py) = 0.

2. Since h € Fp(h), by statement 1, So(hy) = 0. Hence Sy is not constant. Moreover, since Sy
is primitive w.r.t. h, all roots of Sy are in F \ K. On the other hand, by definition, ££ is either
empty or zero-dimensional. In this situation, if So(«) = 0, then S; («) = 0, and hence Rl( ) =0.
Moreover, by the normality assumption, « extends to a common solution (¢, ) not depending on
Z. So, (o, B) € ME = My (see Remark 5.2). By Theorem 5.7, (o, 3) € Qo U L8 U (Fp)E.
Moreover, by Remark 5.1, ££ is K-definable. So, since ££ is zero-dimensional and o ¢ K, one has
that (o, 8) € £F. Thus, (o, ) € Q2 U (Fp)& C m2(Fp). Therefore, there exists P € Fp such that
1 (P) = Q.
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