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Abstract. Let f be a generically finite polynomial map f : C" — C™ of algebraic degree
d. Motivated by the study of the Jacobian Conjecture, we prove that the set Sy of non-
properness of f is covered by parametric curves of degree at most d — 1. This bound is
best possible. Moreover, we prove that if X C R”" is a closed algebraic set covered by
parametric curves, and f : X — R is a generically finite polynomial map, then the set
S of non-properness of f is also covered by parametric curves. Moreover, if X is covered
by parametric curves of degree at most dy, and the map [ has degree d, then the set S¢ is
covered by parametric curves of degree at most 2d;dy. As an application of this result we
show areal version of the Biatynicki-Birula theorem: Let G be a real, non-trivial, connected,
unipotent group which acts effectively and polynomially on a connected smooth algebraic
variety X C R". Then the set Fix(G) of fixed points has no isolated points.

1. Introduction

Let f : X — Y be a generically finite polynomial map between affine varieties.

Definition 1.1. We say that f is proper at a point y € Y if there exists an open
neighborhood U of y such that f1 ;-1 : f~Y(U) — U is a proper map. The set
of points at which f is not proper is denoted by S .

The set Sy was first introduced by the first author in [5] (see also [6,7]). Itis a
good measure of non-properness of the map f, and it has interesting applications
in pure and applied mathematics [4,9,13]. The first author proved the following
property of the set Sy when the base field is C.

Theorem 1.2. (Theorem 4.1 [8]) Let X be an affine variety over C, and let f :
X — C™ be a generically finite polynomial map. If X is C-uniruled (covered by
polynomially parametric curves), then the set Sy is also C-uniruled.
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The first aim of this paper is to give a numerical form of Theorem 1.2. We
introduce the notion of degree of uniruledness and we estimate this degree in some
cases. In particular if f is a generically finite polynomial map f : C" — C™ of
algebraic degree d, we prove that the set Sy of non-properness of the map f is
covered by parametric curves of degree at most d — 1. This bound is best possible.

The second aim of our paper is to generalize Theorem 1.2 to the field of real
numbers (see Theorem 4.11):

Let X be a closed algebraic set over R, and let f : X — R be a generically
finite polynomial map. If X is R-uniruled, then the set Sy is also R-uniruled.

Our third aim is to prove a real counterpart of the following theorem of
Biatynicki-Birula.

Theorem 1.3. ([2]) If a connected, unipotent, algebraic group acts on an irre-
ducible affine algebraic variety X C C", then the set Fix(G) of fixed points of this
action has no isolated points.

The proof from [2] is cohomological, and it cannot be extended to the real case.
In the last section, as an application of our methods, we modify our approach from
[10] and we give a real counterpart of the result of Biatynicki-Birula (Corollary
5.3):

Let G be a real, non-trivial, connected, unipotent group which acts effectively
and polynomially on a connected smooth closed algebraic variety X C R”". Then
the set Fix(G) is R-uniruled. In particular, it has no isolated points.

2. Preliminaries

Unless stated otherwise, K is an arbitrary algebraically closed field (the real field
case is explained in Sect. 4). All affine varieties are considered to be embedded in
an affine space.

The study of uniruled varieties in projective geometry, that is, varieties possess-
ing a covering by rational curves, has a long history. In affine geometry it is more
natural to consider polynomially parametric curves (see the definition below) than
rational ones. Therefore in [6] (see also [13]) the first author defined K-uniruled
varieties as those which are covered by polynomially parametric curves. In [10] we
refined this definition for countable fields. In this paper we introduce and study the
corresponding quantitative parameter, the degree of K-uniruledness.

Definition 2.1. An irreducible affine curve I' C K" is called a polynomially para-
metric curve of degree at most d, if there exists a non-constant polynomial map
f : K — T of degree at most d (by the degree of f = (fi,..., fin) We mean
max; deg f;). A curve is polynomially parametric if it is polynomially parametric
of some degree.

We have the following equivalences (see also [10, Proposition 2.4]).

Proposition 2.2. Let X C K™ be an irreducible affine variety of dimension n, and
let d be a constant. The following conditions are equivalent:



Quantitative properties of the non-properness set of a polynomial map 385

(1) for every x € X there exists a polynomially parametric curve l,, C X of degree
at most d passing through x,

(2) there exists an open, non-empty subset U C X such that for every x € U there
exists a polynomially parametric curve I, C X of degree at most d passing
through x,

(3) there exists an affine variety W of dimension dim X — 1 and a dominant poly-
nomial map ¢ : K x W s (t, w) = ¢(t, w) € X such that deg, ¢ < d.

Proof. The implication (1) = (2) is obvious. To prove (2) = (1) suppose that
X={xeK": fix) =0,..., fr(x) =0}. Forapointa = (aj, ..., ay) € K"
and B=(by1:---:bgm) € PM, where M = dm — 1, let

Qap Kot (a1+b1,1t+-~-+b‘f’dtd,...,am +bm‘1l+"’+bi'dl‘d)€Km

be a polynomially parametric curve. Note that for every dm-tuple b = (b1 1, ...,
bm.a) we have @, (1) = @q.p(At)) for every A € K*, hence the image of ¢,
depends only on the class [b] = B € PY but not on b. We will identify ¢, , with
the curve ¢, » (K).

Consider the following variety and projection:

K" xPM 5V ={(a,b) e K" x PM :V,; fi(@ap(t) =0} 53 (a,b) > a € K".

Note that f;(¢a5(t)) = >, vik(a, b)t*, hence the equations { fi (¢q,5(t)) = 0}
split into finite number of equations «; i (a, b) = 0, which are homogeneous with
respect to b.

From the definition, (a, b) € V if and only if the polynomially parametric curve
@q.p 1s contained in X. Hence the image of the projection is contained in X and
contains U, since through every point of U passes a polynomially parametric curve
of degree at most d. But since the projective space P¥ is complete and V is closed,
we find that the image is closed, and hence it is the whole X.

Let us prove (2) = (3). For some affine chart V; = V N {b; = 1} the above
map is dominant. We consider the dominant map

P:KxVjs(t o) () € X.

After replacing V; by some irreducible component Y C K" (dim(Y) = s) the map
remains dominant. On an open subset of X fibers of the map & = ®|kg«y are of
pure dimension s + 1 — n; let x be one of such points. From the construction of
the set V we know that the fiber F = ®'~!(x) does not contain any line of type
K x {y}, so in particular the image F’ of F under the projection K x ¥ — Y
(which is a constructible subset of Y) has the same dimension. For a general linear
subspace L C K™ of dimension m +n — s — 1 the set L N F’ is 0-dimensional
(indeed, F’ contains an open and dense subset of F). Let us fix such an L, and let
R be any irreducible component of L N Y intersecting F’. Now the map &' |k xg :
K x R — X satisfies the assertion, since it has one fiber of dimension O (over x) and
the dimension of R is n — 1. Indeed, in this case we have dim K x R = dim X and
since the fibers of ®’ have generically dimension 0, the map ®’ has to be dominant.
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To prove the implication (3) = (2) it is enough to notice that for every w € W
the map ¢, : K>t — ¢ (¢, w) € X is a polynomially parametric curve of degree
at most d or it is constant. The image of ¢ contains an open dense subset, so after
excluding the points with infinite preimages (a closed set of codimension at most
one) we get an open set U with required properties. O

Definition 2.3. We say that an affine variety X has degree of K-uniruledness at
most d if all its irreducible components satisfy the conditions of Proposition 2.2.
An affine variety is called K-uniruled if it has some degree of K-uniruledness.

To simplify our statements we say that the empty set has degree of
K-uniruledness zero, in particular it is K-uniruled.

Example 2.4. Let X C K" be a general hypersurface of degree d < n. It is well-
known (see [11, Exercise V.4.4.3, p. 269] that X is covered by affine lines, therefore
its degree of K-uniruledness is one.

For uncountable (algebraically closed) fields there is also another characteriza-
tion of K-uniruled varieties (see [13, Theorem 3.1]).

Proposition 2.5. Let K be an uncountable algebraically closed field, and let X C
K™ be an affine variety. The following conditions are equivalent:

(1) X is K-uniruled,

(2) for every x € X there exists a polynomially parametric curve I, C X passing
through x,

(3) there exists an open, non-empty subset U C X such that for every x € U there
exists a polynomially parametric curve I, C X passing through x.

3. The complex field case

In the whole section we assume that the base field is C. The condition that a
map is not finite at a point y is equivalent to it being locally non-proper in the
topological sense (there is no neighborhood U of y such that f~!(U) is compact).
This characterization gives the following:

Proposition 3.1. ([S]) Let f : X — Y be a generically finite map between affine
varieties. Then y € Sy if and only if there exists a sequence (xy) in X, such that
Xp — oo and f(x,) — y.

In particular, for a polynomial map f : C* — C", y € Sy if and only if either
dim f~'(y) > 0, or f~1(y) = {x1,...,x,} is a finite set, but Yy () <
w(f), where p denotes multiplicity. In other words, f is not proper at y if f is not
a local analytic covering over y.

Theorem 3.2. Suppose f : C" — C™ is a generically finite polynomial map of
degree d. Then the set Sy is covered by parametric polynomial curves of degree at
mostd — 1.



Quantitative properties of the non-properness set of a polynomial map 387

Proof. Let 'y € S¢; by an affine transformation we can assume that y = O =
(0,0, ...,0) € C™. For the same reason we can assume that O ¢ f_l(Sf). By
Proposition 3.1 there exists a sequence of points x; — oo such that f(xx) — O.
Let us consider the line Ly(r) = tO + (1 — t)xy = (1 — Hxg, t € C. Set
lk(t) = f(Lk(2)). Of course we have deg [ < d for every k. Moreover, we can
assume that degl; > 0, because infinite fibers cover only a nowhere dense subset
of C". Each curve /; is given by m polynomials of one variable:

d d
(1) = (Z altor, ..., Za;"(k)zi) )
i=0

i=0
Hence /i corresponds to the uniquely determined point
(ag(k), ... ayky; ag(k), ..., a3k); ...;al k), ... a7 (k) e CV.

Since for each i, aé(k) — 0 as k — oo, we can change the parametrization of /i
by setting ¢+ — Axt in such a way that ||/;|| = 1 for £ > 0 (we consider here I
as an element of CV with Euclidean norm). Now, since the unit sphere is compact,
it is easy to see that there exists a subsequence (/,) of (/) which converges to
a polynomial map / : C — C™ with [(0) = O and deg [ < d. Moreover, [ is
non-constant, because ||/|| = 1 and /(0) = O. We can also assume that the limit
limg_ o A = A exists in the compactification of the field C. We consider two
cases:

(1)  Ais finite: then L (Axt) = (1 — Agt)xy — oo forr # A~ L.
(2) A =oo;then |[Lg(Akt)l| = (|Axt| — D]lxx|l, and hence || L (Ax?) || — oo for
every t # 0.

On the other hand, f(Ly(Axt)) = lx(Axt) — [(¢); using once more Proposition 3.1
this means that the curve [ is contained Sy, and so we see that Sy is covered by
parametric polynomial curves of degree at most d.

Now we show that deg/ < d. The idea of the proof is as follows: Note that
every curve /; passes through the point f(O), but the curve / = lim [; does not.
In fact f(O) does not belong to Sy so the line / (which is included in ) cannot
pass through f(O). Thus if [y (#;) = f(O), then lim # = oo.

On the other hand we show that if deg/ = d, then we can bound all #, and
consequently we get a contradiction.

Assume that deg I = d. Hence we can assume deg [, = d for all k. Let
I(t) = (Li(@t),...,[,;,(t)) and [ (t) = (l]f(t), ... ,l,’jl(t)). We can assume that the
component /| (#) has maximal degree. Denote f(O) = a = (ay, ..., ay). All roots
of the polynomial /1 (¢) — aj are contained in the interior of some disc D = {r €
C : |t| < R}. Let e = inf{|l;(t) —ay| : t € dD}. For k > 0 we have |(I; —
ap) — (l’l‘ —ay)|p < €. Consequently, by the Rouché Theorem these polynomials
have the same number of zeros (counted with multiplicities) in D. In particular, the
zeros of l]f —aj are uniformly bounded. All curves Ly pass through O, so all [; pass
through ¢ = f(0O). This means that there is a sequence #; such that /;(#;) = a.
We have just shown that |#;| < R, since #; is a root of the polynomial l’f —aj. So
we can assume that the sequence f7; converges to some #y. When we pass to the
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limit we get [(#9) = a, which is a contradiction, since a = f(0) ¢ Sy. Hence
deg! < d.
O

Now let f : C* — C" be a polynomial map with non-vanishing jacobian.
The famous Jacobian Conjecture asserts that in this case f is a diffeomorphism
(see e.g. [1,15]). Despite many efforts the conjecture is still wide open. The main
obstruction for its solution is related to the set S of non-properness of the map f.
Van den Dries and McKenna proved in 1990 that there is no counterexample to the
Jacobian Conjecture for which the set Sy is a union of hyperplanes (see [14]). This
suggests that we could solve the Jacobian Conjecture if we had some information
about the geometry of the set S¢. On the other hand, it is well-known that we can
reduce the algebraic degree of the map f to degree 3 (see [1,3]). The price we
have to pay for this reduction is that in practice we have to consider all possible
dimensions, even if we try to solve the problem for a fixed dimension. Theorem 3.2
gives the following characterization of the set Sy for generically finite cubic maps

f:C"— C".

Corollary 3.3. Suppose f : C* — C" is a generically finite cubic map. Then the
set Sy is covered by lines and parabolas. Moreover, if f is quadratic, then Sy is
covered only by lines.

Theorem 3.4. Let X = Cx W C Cx C" be an affine cylinder and let f : Cx W >
(t,w) = (fit,w), ..., fu(t, w)) € C™" be a generically finite polynomial map.
Assume that deg, f; < d for every 1 < i =< n. Then the set Sy has degree of
C-uniruledness at most d.

Proof. Let y € Sy; by an affine transformation we can assume that y = O =
0,0, ...,0) € C™. By Proposition 3.1 there exists a sequence (ax, wg) € C x W
such that (ax, wy) — oo and f(ar, wg) — y. Let us consider the line Ly (¢) =
(1 = tag, wy), t € C. Set I (t) = f(Lk(¢)). We can assume that degly > O,
because infinite fibers cover only nowhere dense subset of X. Each curve [y is given
by m polynomials of one variable:

d d
L(t) = (Z altor, ..., Zaf”(k)t’) :
i=0

i=0
As before, [; corresponds to the single point
(ad(k), ..., ak(k); a3 k), ..., a3k); ...;alt k), ..., al (k) e CV.

Since for each i, aé(k) — 0 as k — oo we can change the parametrization of /i
by setting t — Axt in such a way that ||/x|| = 1 for kK > 0 (we consider here Ii
as an element of CV with Euclidean norm). Now, since the unit sphere is compact,
there exists a subsequence (I, ) of (/) which is convergent to a polynomial map
[ : C — C™ with I(0) = O. Moreover, [ is non-constant, because |/|| = 1
and /(0) = O. We can also assume that the limit limy;_, oo Ay = X exists in the
compactification of the field C. We consider two cases:
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(1)  Ais finite; then L (Akt) = ((1 — Axt)ag, wy) — oo fort # A~ 1.

(2) A =oo;then |Ly (XDl = max((|Axt|—Dlak|, [lwgl), and [ Lg (Ax2) || — o0
for every ¢ # 0.

On the other hand, f(Lx(Axt)) = lx(Axt) — [(¢); using once more Proposition 3.1

we find that the curve / is contained in Sy, and so Sy has degree of C-uniruledness

at most d. O

Corollary 3.5. Let f = (f1, ..., fm) : C" — C™ be a generically finite map with
d = min; max; deng fi. Then the set Sy has degree of C-uniruledness at most d.

Proof. Assume that d = max; deg,, fi. Then f : C x €1 — C™ and we can
apply Theorem 3.4 for W = C"~ 1. O

Let us recall (see [8]) that for a generically finite polynomial map f : X — Y
with X being C-uniruled the set Sy is also C-uniruled. We have the following
“quantitative” counterpart of this result:

Theorem 3.6. Let X be an affine variety with degree of C-uniruledness at most dj,
and let f : X — C™ be a generically finite map of degree dy. Then the set Sy has
degree of C-uniruledness at most dyd».

Proof. By Definition 2.3 there exists an affine variety W withdim W = dim X — 1
and a dominant polynomial map ¢ : C x W — X of degree at most d; in the first
coordinate. The equality dim C x W = dim X implies that ¢ is generically finite,
hence sois fo¢ : C x W — C™, which is of degree at most d;d in the first
coordinate. By Theorem 3.4, S ro4 has degree of C-uniruledness at most dd>. We
have the inclusion Sy C S04, and from Theorem 1.2 we know that if non-empty,
both sets are of pure dimension dim X — 1, so each component of Sy is a component
of S fo¢. This implies the assertion. O

Example 3.7. Let f : C" 3 (x1,...,x,) > (x1,x1X2,...,x1Xx,) € C". We have
deg f =2and Sy = {x € C" : x; = 0}. The set S has degree of C-uniruledness 1.
This shows that in general Theorems 3.2, 3.4 and Corollary 3.5 cannot be improved.

Example 3.8. Forn > 2let X = {x € C" : x;xp = 1}, and f : X >
(X1, ... xp) > (X2,...,%,) € C* 1. The variety X has degree of C-uniruledness
1. Moreover, deg f =l and Sy = {x € C* ' : x; = 0}. So the set Sr has degree
of C-uniruledness 1. This shows that in general Theorems 3.4 and 3.6 cannot be
improved.

Remark 3.9. By the Lefschetz Principle all the results of this section remain true
for an arbitrary algebraically closed field of characteristic zero.

4. The real field case

In the whole section we assume that the base field is R. Let us recall that by a real
polynomially parametric curve of degree at most d in a semialgebraic set X C R”
we mean the image of a non-constant real polynomial map f : R — X of degree
at most d. In general a real polynomially parametric curve need not be algebraic,
but only semialgebraic. The real counterpart of Proposition 2.2 is the following.
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Proposition 4.1. Let X C R" be a closed semialgebraic set, and let d be a constant.
The following conditions are equivalent:

(1) for every x € X there exists a polynomially parametric curve l,, C X of degree
at most d passing through x,

(2) there exists a dense subset U C X such that for every x € U there is a
polynomially parametric curve I, C X of degree at most d passing through x,

(3) for every polynomial map f : X — R™, and every sequence x; € X such that
f(xx) = a € R™ there exists a semialgebraic curve W and a generically finite
polynomial map ¢ : R x W > (¢t,w) — ¢(t,w) € X such that deg, ¢ < d,
and there exists a sequence yr € R x W such that f(¢(yx)) — a. Moreover,
if xi, — oo, then also ¢ (yr) — 0.

Proof. First we prove the implication (2) = (1). Suppose that X = {x € R" :
fix) =0,..., f(x) =0g1(x) >0, ..., gs(x) > 0}). Fora = (aj,...,a,) € R*
andb = (b1, ...,bs,) € RM, where M = dn, let

Qap(t) = (@1 +brat + -+ ] 1, ay + baat + -+ b 1)

be a polynomially parametric curve. If there exists a polynomially parametric curve
of degree at most d passing through a, then after reparametrization we can assume
that it is ¢, 5 for Zi’j b?j = 1. This means that b € S3;(0, 1), where S, denotes

the unit sphere in R¥ . Consider the semialgebraic set

V={(a,b) e R" x Sy (0, 1) : Vi fi(@ap(®) =0,V gj(@ap(t)) =0}

The definition of the set V says that for (a, ) € V the polynomially parametric
curve @, p(t) is contained in X. It is easy to see that V is closed. For any a € X,
by the assumption there is a sequence ay — a such that for every k there is a
polynomially parametric curve ¢, 5, € V. We can assume that |la;| < |la|| + 1
for all k. Since V is closed and the sequence ((ax, bx)) C V is bounded, there is
a subsequence (ay, , by, ) which converges to (a,b) € V. Now the polynomially
parametric curve ¢, , C X of degree at most d passes through a.

We prove (1) = (3). Consider the semialgebraic set V as above. We have the
surjective map

D:RxV>E @ap) = @ap(t) €X.

Let f : X — R™ be a polynomial map, and suppose f(xx) — a € R" for a
sequence x; € X. Set g = f o ®. Hence there exists a sequence z € R x V
such that g(zx) — a. By the curve selection lemma there is a semialgebraic curve
Wi C R x V such thata € g(Wy). Set Wy = pa(Wp), where po : R x V — Vis
the projection. If W5 is a curve then let W := W, if it is a point we take as W any
semialgebraic curve in V which contains the point 7 (W7). Now W and ®|rw are
as required.
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Finally, to prove (3) = (2) it is enough to take as f the identity in the third
condition. |

Definition 4.2. We say that a closed semialgebraic set X has degree of R-
uniruledness at most d if it satisfies the conditions of Proposition 4.1. A closed
semialgebraic set is called R-uniruled if it has some degree of R-uniruledness.

Example 4.3. Let X = {(x,y) € R2:x >0, y > 0}. It is easy to check that the
degree of R-uniruledness of X is 2. It has a ruling {(a, ?) 1a > 0}.

Let X C R" be aclosed semialgebraic set,andlet f : X — R be a polynomial
map. As in the complex case, we say that it is not proper at a point y € R™ if there
is no neighborhood U of y such that £~ (U) is compact. As before, we denote by
Sy the set of all points y € f(X) at which f is not proper. This set is also closed
and semialgebraic [7]. We have:

Theorem 4.4. Let f : R" — R™ be a generically finite polynomial map of degree
d. Then the set Sy has degree of R-uniruledness at most d — 1.

Theorem 4.5. Let X = R x W C R x R” be a closed semialgebraic cylinder and
let f:RXW>3(t,w)r— (filt,w),..., fm(t,w)) € R™ be a generically finite
polynomial map. Assume that deg, f; < d for every i. Then the set Sy has degree
of R-uniruledness at most d.

Corollary 4.6. Let L = ¢ (R) be a polynomially parametric curve of degree D. Let
X =L x W CR xR" be a closed semialgebraic cylinder and let f : L x W >
(x, w) = (filx,w), ..., fm(x,w)) € R™ be a generically finite polynomial map.
Assume that deg, f; < d for everyi. Then the set Sy has degree of R-uniruledness
at most d D.

Proof. For the proof it is enough to note that the mapping R x W > (¢, w) +—
(¢ (1), w) € L x W is proper and generically-finite. |

Corollary 4.7. Let [ = (f1,..., fm) : R* — R™ be a generically finite poly-
nomial map with d = min; max; deng fi- Then the set Sy has degree of R-
uniruledness at most d.

The proofs of these facts are exactly the same as in the complex case. To prove
a real analog of Theorem 3.6 we need some ideas from [10]. Let X be a smooth
complex projective surface, and let D = Y/ D; be a simple normal crossing
divisor on X (we consider only reduced divisors). Let graph(D) be the graph of D,
with vertices D;, and one edge between D; and D; for each point of intersection
of D; and D;.

Definition 4.8. We say that D a simple normal crossing divisor on a smooth surface
X is a tree if graph(D) is a tree (it is connected and acyclic).

The following fact is obvious from graph theory.
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Proposition 4.9. Let X be a smooth projective surface and D C X be a divisor
whichisatree. If D', D" C D are connected divisors without common components,
then D' and D" have at most one point in common.

Definition 4.10. Let X C R" (X C P")be an algebraic variety. Hence we have
a natural embedding X C C" (X C P"(C)). By the complexification X¢ of the
variety X we mean the Zariski closure of X in C" (P"(C)).

Now we are ready to prove a real counterpart of Theorem 3.6. In particular we
show that for a generically finite map f : X — Y of real algebraic sets, the set S
is also R-uniruled, provided X is.

Theorem 4.11. Let X C R" be a closed algebraic set with degree of R-uniruledness
at most dy, and let f : X — R™ be a generically finite polynomial map of degree
dp. Then the set Sy is also R-uniruled. Moreover, its degree of R-uniruledness is
at most 2d1d».

Proof. Leta € Sy and let x; € X be a sequence of points such that f(x;) — a
and x; — 00. By Proposition 4.1 there exists a semialgebraic curve W ¢ R? and
a generically finite polynomial map ¢ : R x W > (t, w) — ¢ (¢, w) € X such that
deg, ¢ < dj, and there exists a sequence (yx) C R x W such that f(¢(yx)) — a
and y; — oo. In particular a € Sy.p. If we knew that the mapping ¢ is proper,
then Sy.y C Sy and we are done by Theorem 4.5. However, in general it is not
true. Our idea is to obtain a suitable compactification ¢’ of the map ¢, and then to
derive all information from the fact that Syopr C Sfogp and Spog C Sy

Let I' € R be the Zariski closure of W. We can assume that I is smooth and
irreducible. Denote Z := R x I'. We have the induced map ¢ : Z — X. Hence
we also have the induced complex map ¢¢ : Z¢ := C x ' — X¢, where Z¢, X¢
denote the complexification of Z and X respectively. Note that we can resolve the
complex singularities of I'“ and this process does not affect the real structure of the
curve I'. Hence we can assume that I'“ is smooth.

Let T'¢ be a smooth completion of I'“ and let us write T°\I" = {ay, ..., a;}. Let
P! x T¢ be a projective completion of Z¢. The divisor D = Z¢\Z¢ = oo x '€ +
St P! x {a;} is a tree. The map ¢ induces a rational map ¢ : Z¢ --» X, where
X¢ denotes the projective closure of X¢. We can resolve the points of indeterminacy
of this map (see e.g., [12, Theorem 3, p. 254]):
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(Z°)

T

Note that we can first resolve the real points of indeterminacy. After this process
the variety H := 7~ !(Z) still has a structure of a real variety. Further we will call all
points which are over Z real points. Note that there is a Zariski open neighborhood
U C Z¢ of Z suchthat the on 7 ! (U) we have the operation of complex conjugation
of points. Moreover, R x I' C H.

Let Q := (Z€),, N¢'~1(X¢). Then the map ¢’ : Q — X is proper. Moreover,
0 = (Z)m\¢'~H(X\XC). The divisor D; = ¢'~1(X\X¢) is connected as the
complement of a semi-affine variety ¢’ ~1(X¢) (for details see [6, Lemma 4.5]).
Note that the divisor D’ = 7*(D) is a tree. Hence the divisor D1 C D’ is also a
tree.

Note that the map f’ = f o ¢’ is determined on the set Q" := H N Q and now
the mapping ¢’ : Q" — X is proper. The mapping f’ has a natural extension to
the set Q and we will consider the regular complex map f' : Q — C™. This map
induces a rational map from P := (Z)m to P (C). As before we can resolve its
points of indeterminacy:
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P1

Again we can first resolve the real points of indeterminancy. After this process
the variety ¥ ~!(H) still has the structure of a real variety. In particular there is
a Zariski open neighborhood V. C Py of w_l(H ) such that on V we have the
operation of complex conjugation of points.

Note that the divisor D = y*(Dy) is a tree. Let 0o x T denote the proper
transform of oo x T. It is an easy observation that F (oo’ x T) C 7o, Where
T denotes the hyperplane at infinity of P (C). Now Sy = F(D|\F “Trs0)).
The curve L = F~!(715) is connected (by the same argument as above). Now by
Proposition 4.9 every irreducible curve [ C Di (note that necessarily I = PL(C))
which does is not contained in L has at most one point in common with L. Let
R C Sy be an irreducible component. Hence R is a curve. There is a curve
[ C D', which has exactly one point in common with L, such that R = F(I\L). If
[ is given by blowing up a real point, then L also has a real point in common with
[ (because otherwise there are two conjugate common points of / and L). When
we restrict to the real model [ of / we have ["\L = R. Hence if we restrict our
considerations only to the real points and to the set Q", we see that the set S of
non-proper points of the map f'|or is a union of polynomially parametric curves
F("\L), | C D}, ¥ () C H.Of course a € S C Sy. Similarly the set Syog is
a union of polynomially parametric curves F(I"\L), [ C ¥*(D), (¥ (1)) C Z.
Hence we can say that every “irreducible component” of the set of non-proper points
of f’|or is also an ‘irreducible’ component of S .. Moreover a € S, o C S¢.In
particular there is a real parametric curve F(/"\L) C Sy which contains the point
a and which is covered by curves lying in S¢.4. Now we can finish the proof by
invoking Theorem 4.5 and Lemma 4.12 below. O

Lemma 4.12. Let  : R — R™ be a polynomially parametric curve. If there exist
polynomially parametric curves ¢; : R — R™, i = 1, ..., n, of degree at most d
with ¥ (R) C U?:l @i (R), then Y (R) has degree of R-uniruledness at most 2d.
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Proof. Indeed, let Y (¢) = (¥1(2), ..., ¥, (¢)) and let X denote the Zariski closure
of ¥ (R). Consider the field L = R(yq, ..., ¥;,). By the Liiroth Theorem there
exists a rational function g(¢#) € R(#) such that L = R(g(¢)). In particular there
exist f1, ..., fm € R(7) such that ¥; (1) = fi(g(?)) fori = 1,...,m. In fact, we
have two induced maps f : P'(R) > X C P"(R) and g : IP’I(R) — P! (R). Here
X denotes the projective closure of X. Moreover fog =1.Let Ay denote the
unique point at infinity of X and let co = f (Aoo). Then g~ !(00) = o0, ie.,
g € R[t]. Similarly f; € R[¢]. Hence ¥ = f o g, where f : R — X is a birational
and polynomial mapping and g : R — R is a polynomial mapping.

Now if deg ¢ = 1 then f : R — R" covers the whole ¥ (R). Otherwise we can
compose f with a suitable polynomial of degree two to obtain the whole v (R) as
image.

Let ¢; := ¢ be a curve which has infinitely many points in common with ¥ (R).
In the same way as above we have ¢ = f’ o g/, where f’ : R — X is a birational
and polynomial mapping and ¢’ : R — R is a polynomial mapping. In particular
f~'o f : R — R is a polynomial automorphism, i.e., f(t) = f'(at +b), a €
R*, b € R. Hence we can compose f’ with a suitable polynomial of degree one or
two to obtain the whole ¥ (R) as image. In any case ¥ (R) has a parametrization of
degree bounded by 2 deg f < 2d. O

Corollary 4.13. Let X be a closed algebraic set which is R-uniruled and let f :
X — R™ be a generically finite polynomial map. Then every connected component
of the set Sy is unbounded.

5. An application of the real field case

As an application we give a real counterpart of a theorem of Biatynicki-Birula [2].

Theorem 5.1. Let G be a real, non-trivial, connected, unipotent group, which acts
effectively and polynomially on a closed algebraic R-uniruled set X C R". Then
the set Fix(G) of fixed points of this action, is also R-uniruled. In particular, it
has no isolated points.

Proof. First of all let us recall that a connected unipotent group has a normal series
0=GpcGycCc---CcG, =G,

where G;/Gi_1 = G, = (R, 4, 0). By induction on dim G we can easily reduce
the problem to G = G,. Indeed, assume the conclusion holds for G = G,. Take
a unipotent group G with dim G = n and assume that the conclusion holds in
dimension n — 1. There is a normal subgroup G, _; of dimension n — 1 such
that G/G,—1 = G,. Moreover, the set R := Fix(G,_1) is R-uniruled by our
hypothesis. Consider the induced action of the group G, = G/G,—1 on R. The
set of fixed points of this action is R-uniruled and it coincides with Fix(G).
Hence assume that G = G,. Let D be the degree of R-uniruledness of X.
Choose a € Fix(G).Let¢p : G x X 5 (g,x) — ¢(g,x) € X be a polynomial
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action of G on X. This action also induces a polynomial action of the complexi-
fication G¢ = (C, 4) of G on X¢. We will denote this action by ¢. Assume that
deg, ¢ < d. By Definition 4.2 it is enough to prove that there exists a polynomially
parametric curve S C Fix(G) passing through a of degree bounded by dD. Let
L be a polynomially parametric curve in X passing through a. If it is contained in
Fix(G), then the assertion is true. Otherwise consider a closed semialgebraic sur-
face Y = L x G. There is a natural G—actionon Y:forh e Gandy = (I, g) € Y
we set h(y) = (I, hg) € Y. Consider the map

O:LxG>(x,g) — ¢P(g,x)eX.

It is a generically finite polynomial map. Observe that it is G-invariant, which
means ®(gy) = g®(y). This implies that the set S¢ of points at which & is not
finite is G-invariant. Indeed, it is enough to show that the complement of this set is
G-invariant. Let ® be finite at x € X. Then there is an open neighborhood U of x
such that ® : ®~!(U) — U is finite. Now we have the following diagram:

g
>~H(U) - & (gU) = g 1(U)
) )
4 g Y
U qU

This shows that if & is finite over U, then it is finite over gU. In particular this
implies that the set S¢ is G-invariant. Let Sp = S1U...USk be adecomposition of S¢
into polynomially parametric curves (see Corollary 4.6). Since S¢ is G-invariant,
each curve §; is also G-invariant. Note that the point a belongs to S, because the
fiber over a has infinitely many points. We can assume that a € S;. Let us note
that a is also a fixed point for G¢. Let x € S;; we want to show that x € Fix(G).
Indeed, the set S is also G’ —invariant and if x ¢ Fix(G) then G°.x = S{ and a
would be in the orbit of x, which is a contradiction. Hence §; C Fix(G) and we
conclude by Proposition 4.1 and Corollary 4.6. O

Corollary 5.2. Let G be a real, non-trivial, connected, unipotent group which acts
effectively and polynomially on a closed algebraic set X C R”". If the set Fix(G)
of fixed points of this action, is nowhere dense in X, then it is R-uniruled.

Corollary 5.3. Let G be a real, non-trivial, connected, unipotent group which acts
effectively and polynomially on a connected smooth closed algebraic variety X C
R™. Then the set Fix(G) is R-uniruled.
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