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Abstract

The paper deals with the first systematic study of the spaces of
regular and ratinal maps between arbitrary algebraic varieties over a
real closed field R. We find conditions under which these spaces are
reduced to the space of Zariski locally constant maps, we investigate
the finiteness properties of the subspaces of dominating regular and
rational maps and, when R is the field of real numbers, we study the
topology of the space of regular maps. Our results show that the
mentioned map spaces are “usually” very small. The realization of
such a general study has been possible thanks to the introduction of
two new classes of real algebraic invariants: the curve genera and the
toric genera.

Introduction

A significant problem in Real Algebraic Geometry is to understand when the
set R(M, N) of all regular maps between a compact affine real algebraic mani-
fold M and an affine real algebraic manifold NV is dense in the corresponding
set C°(M, N) of all C* maps, equipped with the C'*° topology. Until now,
the space R(M, N) has been studied only in this direction. This is due to
the great importance of the approximation techniques in Geometry.

Let us recall some of the main aspects of this topic.

Differentiable, analytic and algebraic structures can coexist on a mani-
fold. The possibility of equipping a manifold with structures of increasing
richness implies the existence of more tools for the study of the manifold itself.
For example, we recall the Morse theory, the Morse—Sard theorem and the
Milnor-Thom inequalities. Similar considerations may be repeated when we



study maps between manifolds. For example, in problems of iteration of maps
from a manifold into itself, high differentiability is sometimes an important
hypothesis. Let us consider the categories of C* differentiable, real analytic
and affine real Nash manifolds. The availability of the Implicit Function
Theorem ensures the existence of tubular neighborhoods for any manifolds.
Combining the Stone-Weierstrass theorem (or some of its variants) with the
notion of tubular neighborhood, we obtain fundamental approximation re-
sults for manifolds and maps between them (see [60] and [52]). In the real
algebraic setting, the Implicit Function Theorem is not true: for example,
one can prove that the unique compact affine real algebraic manifold, which
has an algebraic tubular neighborhood, is the single point (see [30]). For
these reasons, the problem of making smooth objects algebraic turns out to
be very difficult. These kinds of questions have played and continue to play
a crucial role in the development of Real Algebraic Geometry. We remind
the reader of Tognoli’s celebrated theorem [59], which is the starting point
of the systematic study of real algebraic varieties, and of subsequent efforts
to characterize the topology of such varieties in the singular case (see [1],
[26], [50]).

At the moment, the nature of the arduous question concerning the density
of R(M,N) in C*°(M, N) is well-understood essentially only when the tar-
get space N is equal to a real, complex or quaternionic grassmannian G,, ;(IF)
(where F is R, C or H) equipped with its natural real algebraic structure. This
follows from the deep connections existing between the notion of strongly al-
gebraic vector bundle over M introduced in [3], the problem of approximating
C> maps between M and a grassmannian G, x(F) by regular maps, the al-
gebraic and topological K—theories of M and the algebraic properties of the
cohomology of M. These connections have been extensively studied in the
following papers: [5, 6, 8,9, 10, 11, 12, 13, 14, 17, 21, 24, 25, 37, 41, 42, 44, 46].
For an excellent survey of a part of results contained in these papers, we refer
the reader to chapter 12 and sections 13.3 and 13.5 of [4]. Recently, interest-
ing algebraic approximation theorems has been obtained for C'* maps with
values in rational real algebraic surfaces or, more generally, in rational real
algebraic manifolds (see [19, 20, 38, 43, 45, 48]). Further results concern-
ing homological and homotopic properties of regular maps can be found in
[7, 15, 16, 22, 23, 30, 32, 53] and in section 13.4 of [4].

The purpose of this paper is to investigate the structure of the spaces of
regular and rational maps between arbitrary algebraic varieties over a real
closed field R. Let X and Y be varieties of this kind. Indicate by R(X,Y)
(resp. Ratio(X,Y)) the set of all regular (resp. rational) maps between
X and Y. We study R(X,Y) and Ratio(X,Y) by addressing the following



three questions:

QUESTION 1: find conditions under which R(X,Y") (resp. Ratio(X,Y"))
1s reduced to the set of Zariski locally constant maps,

QUESTION 2: study the finiteness properties of the subset of R(X,Y)
(resp. Ratio(X,Y)) formed by dominating maps,

QUESTION 3: when R =R, study the topology of R(X,Y).

The algebraic varieties we consider here are understood in the sense of
Serre [54] (in particular, are reduced), are not assumed to be irreducible,
affine or nonsingular, but, in order to avoid trivial situations, they are as-
sumed to have positive dimension.

The study of the spaces of regular and rational maps between such general
real algebraic varieties is based on two new classes of algebraic invariants:
the curve genera and the toric genera. It turns out that, from elementary
relations between the curve genera of the source space and the toric genera
of the target space, we are able to infer satisfactory solutions to the previous
three questions. These solutions reveal that the mentioned map spaces are
“usually” very small. Furthermore, if the target space is affine, then, up to a
change of its algebraic structure which preserves its natural affine real Nash
structure, the regular and rational map spaces are always reduced to the set
of Zariski locally constant maps.

0. Summary and sketch of the main theorems

The paper is subdivided into four sections. In section 1, we introduce and
study several integer—valued algebraic invariants on positive dimensional al-
gebraic varieties over a real closed field. Among them, the most important are
the curve and toric genera (biregular invariants) and the rational curve and
rational toric genera (birational invariants). These genera extend the clas-
sical notion of genus of an affine irreducible real algebraic curve. In section
2, we present the main theorems. We organize these results into three sub-
sections, each one addressing one of the preceding questions. The theorems
of subsection 2.1 are followed by their proofs. The proofs of the theorems
contained in subsections 2.2 and 2.3 are given in sections 3 and 4 respectively.
The results of section 1 are used in such proofs.

Let us present some results of subsection 2.1 and some particular cases
of results contained in subsections 2.2 and 2.3 in a way that the reader may



be immediately aware of their nature.

Fix a real closed field R. Let X be an algebraic variety over R of positive
dimension. Indicate by p.(X), P.(X), pi(X) and P,(X), respectively, the
curve genus, the rational curve genus, the toric genus and the rational toric
genus of X. It holds: 0 < pi(X) < Py(X) < p(X) < P.(X). Suppose X
affine. A regular map ¢ : X — X between an affine algebraic variety over R
and X is said to be a weak change of the algebraic structure of X if it sends
the singular locus of X into the singular locus of X and, equipping X and
X with their natural affine real Nash structures, ¢ is a Nash isomorphism.

The following lemma is basic. It says that the new genera are Nash

flexible.

Lemma. If X is affine, then there is a weak change ¢ : X — X of its
algebraic structure such that p,(X) is arbitrarily large.

TOTAL ALGEBRAIC OBSTRUCTIONS. Let Y be an algebraic variety over R
of positive dimension.

Theorem A. The following assertions are verified:

a) If po(X) < pe(Y), then every reqular map between X and Y is Zariski
locally constant, i.e., it is constant on each irreducible component of X.

b) If P.(X) < p:(Y), then every rational map between X and Y is Zariski
locally constant, i.e., it is represented by a Zariski locally constant map.

As a consequence of the previous lemma and Theorem A, we obtain:

Theorem B. Suppose Y affine. Then, there is a weak change ¢ : Yy —
Y of the algebraic structure of Y such that every rational map (and hence
every reqular map) between X and Y is Zariski locally constant.

FINITENESS OF DOMINATING MORPHISM SPACES. The following results are
extensions of the classical Hurwitz—de Franchis finiteness theorem to the real
algebraic setting.

Theorem C. Suppose X and Y irreducible. If P,(Y) > 2, then the set of
all dominating rational maps between X and Y is finite and there exists an
explicit upper bound for its cardinality in terms of P.(X) and P.(Y') only.

Recall that the ordering structure on R induces a topology on X and Y
called euclidean topology.

Theorem D. Suppose X andY equipped with the euclidean topology. If
pe(Y) > 2, then the set of all reqular maps between X and 'Y, which are open
maps also, is finite.



TOPOLOGY OF REGULAR MORPHISM SPACE. Consider the case R = R.
Suppose that X and Y are affine and equipped with the euclidean topology.
In order to simplify the presentation, we assume that Y does not have any
isolated point also. Equip the set N'(X,Y) of all real Nash maps between X
and Y with the compact—open topology and consider R(X,Y) as a subspace
of N(X,Y).

Theorem E. If p,(Y) > 1, then R(X,Y) is nowhere dense in N'(X,Y),
i.e., the interior of its closure in N'(X,Y) is void. In other words, R(X,Y)
is topologically small in N (X,Y).

Remark that the situation is quite different if R(X,Y") is replaced by V' (X,Y)
and NV (X,Y) is replaced by C¥(X,Y"). In fact, in the remarkable paper [27],
it is proved that, when X is compact, N (X,Y) is dense in C¥(X,Y).

Theorem F. If p,(Y) > 2, then R(X,Y) can be decomposed into a fi-
nite family {S;}i of locally closed subspaces such that, for each i, there is a
continuous injective map between S; and some R™. In particular, R(X,Y)
is dimensionally small in N (X,Y).

Suppose X and Y affine and nonsingular. Consider N(X,Y) as a sub-
space of C*°(X,Y") equipped with the weak topology (see chapter 2 of [34])
and R(X,Y) as a subspace of N(X,Y"). Theorem F can be restated without
changes, while Theorem E assumes the following form.

Theorem E'. Indicate by Q(X,Y) the complement of the closure of
R(X,Y) in N(X,Y). If p(Y) > 1, then the closure of Q(X,Y) in N(X,Y)
contains all maps in N(X,Y) which are not finite—to—one. In particular,
R(X,Y) is not dense in N'(X,Y).

As a consequence of the latter result, we have that, if R(X,Y) is dense
in MV(X,Y) (or, equivalently, in C*°(X,Y") if X is compact), then p,(Y") = 0.
We underline that the toric genus of each grassmannian G, x(F) is zero.
Really, this is true for every rational real algebraic varieties.

In subsection 2.3, we extend the previous topological results in several
ways. For example, the varieties X and Y are not necessarily affine, Y may
have isolated points and R(X,Y) is also considered as a subspace of the sets
C°(X,Y) and C¥(X,Y) (resp. the set C*(X,Y) with k € {1,2,...}U{o0,w}
when X and Y are nonsingular) equipped with topologies of a very general
type. The results sketched above were presented in our announcement [31].
We remark that several nomenclatures are changed with respect to the ones
used in this announcement. For further results, we refer the reader to [18].
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1 Two new classes of algebraic invariants

1.1 Preliminaries and notations

Let us start recalling some classic notions concerning algebraic varieties over
an arbitrary field (see sections 30-35 of [54]). Let R be a field. Equip each
affine space R" with the Zariski topology. An algebraic variety over R is a
topological space X equipped with a subsheaf Ry of the sheaf of germs of
functions on X with values in R such that there exist a finite open cover
{Vi}tier of X and, for each i € I, a map ¢; : V; — U; where U, is a locally
closed subset of some R"™ with the following two properties:

VA;) For each i € I, ¢; is an isomorphism between X; equipped with the
restricted sheaf R x|y; and U; equipped with its sheaf of germs of regular
functions.

VA;;) Denote by A the diagonal of X x X and, for each i, j € I, replace the
product R™ x R™ with R"*" and consider U; x U; as a subspace of
R"™* . Then, for each i, j € I, the set (; X ¢;)(AN(V; x V})) is closed
in U; x Uj.

We indicate such a variety by (X,Rx) and, when no confusion is possible,
we write simply X in place of (X, Rx). The topology of X is called Zariski
topology. Given a subset S of X, we denote by Zclx(S) the closure of S
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in X. As a topological space, X is noetherian so it can be expressed uniquely
as a finite union of irreducible closed subsets, no one containing another.
They are called irreducible components of X. If the trivial cover {X} of X
and a map ¢ : X — U satisfy property VA; (and hence property VA;;),
then X is said to be affine. A point x of X is nonsingular of dimension r
if the stalk Rx, of Rx at x is a regular local ring of dimension r. The
dimension dim(X) of X is the largest dimension of nonsingular points of X.
We denote by Nonsing(X) the set of all nonsingular points of X of dimension
dim(X) and define Sing(X) := X \ Nonsing(X). If X = Nonsing(X), then
X is called nonsingular. A locally closed subset of X, equipped with the
natural structure of algebraic variety over R induced by X, is called algebraic
subvariety of X. Let (Y,Ry) be an algebraic variety over R. The cartesian
product X x Y equipped with its natural structure of algebraic variety over
R is called product variety of X and Y. Morphisms between X and Y,
viewed as locally ringed spaces, are called regular maps. Let h : X — Y
be a bijective map. If both A and h~! are regular, then we say that h is a
biregular isomorphism and X and Y are biregularly isomorphic. A rational
map between X and Y is an equivalence class of pairs (U, fy) where U is a
dense open subset of X, fi is a regular map between U and Y and (U, fy) is
equivalent to (V) fy) if fy = fy on UNV. Let a be a rational map between
X and Y represented by (U, fy). If fy is nonconstant, then « is said to be
nonconstant. Let us give the notion of dominating rational map between
algebraic varieties not necessarily irreducible. This notion permits to define
the composition between rational maps. We say that « is dominating if, for
each irreducible component X’ of X, there is an irreducible component Y’
of Y such that Zcly (fu(U N X)) = Y’'. Suppose o dominating. Let ( be a
rational map between Y and an algebraic variety Z over R represented by
(V, gv). We define the composition map Fo« as the rational map between X
and Z represented by (f;;'(V), gv o fu| f[;l(v)). The map « is called birational
isomorphism if there exists a dominating rational map v between Y and X
such that yo« is represented by the identity map on X and «o7y is represented
by the identity map on Y. If such a map ~ exists, then it is unique, is denoted
by a=! and X and Y are said to be birationally isomorphic.

In what follows, R is a fixed real closed field and C' s its algebraic closure.
We recall that the algebraic extension R[i] = R[x]/(z* + 1) of R coincides
with C' and the ordering structure on R induces on every algebraic variety
over R a topology finer than the Zariski one called euclidean topology. By
real algebraic variety, we mean an algebraic variety over R of positive dimen-
sion. We use both the Zariski topology and the euclidean topology. However,
unless otherwise indicated, all real algebraic varieties are considered equipped
with the euclidean topology. As is usual, the notions of irreducible real alge-
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braic variety and of irreducible components of a real algebraic variety refer
to the Zariski topology. By real algebraic curve, we mean a 1-dimensional
affine irreducible real algebraic variety. Let X be a real algebraic variety. If
an algebraic subvariety D of X is a real algebraic curve, then we say that
D is a real algebraic curve of X. Let Y be a real algebraic variety. We
indicate by R(X,Y) (resp. Ratio(X,Y)) the set of all regular (resp. ra-
tional) maps between X and Y and, when X is irreducible, by R*(X,Y)
(resp. Ratio*(X,Y")) the set of all nonconstant regular (resp. rational) maps
between X and Y.

Let us recall some fact concerning the complexification of real algebraic
curves and of nonconstant rational maps between them. Equip each projec-
tive space P"(R) (resp. P"(C)) with its natural structure of algebraic variety
over R (resp. over C). Indicate by o, : P*(C') — P"(C) the conjugation
map and identify canonically P"(R) with the fixed point set of o,,. Let S be
a subset of P*(C'). Define the real part S(R) of S by S(R) := SNP"(R). The
set S is said to be defined over R if it is o,~invariant, i.e, 0,,(5) = S. Remark
that if S is an algebraic subvariety of P"(C'), then S(R) is an algebraic subva-
riety of P*(R). Let D be a real algebraic curve and let A be a 1-dimensional
nonsingular irreducible Zariski closed subspace of some P"(C') defined over R.
If there is a birational isomorphism a between A(R) and D, then the pair
(A, «) (or simply A) is called a projective nonsingular complezification of D.
By normalization, it follows that D always admits a projective nonsingular
complexification. Let E be a real algebraic curve, let v € Ratio*(D, E) and
let (D¢, ) and (E¢, 3) be projective nonsingular complexifications of D and
E respectively. It is known that there is a unique regular map o between
D¢ and E¢ such that v¢o(Dc(R)) C Ec(R) and the rational map ' oyoa
is represented by the restriction of ¢ between Do (R) and Ec(R). Such
a map ¢ is called complexification of v between (D¢, a) and (Ec,[3). Let
f € R*D,E) and let v; be the element of Ratio*(D, E) represented by
(D, f). The complexification of f between (D¢, «) and (E¢, 3) is defined to
be the complexification of v between (D¢, a) and (E¢, 3) and is indicated
by fo. The uniqueness of the complexification of a nonconstant rational map
between real algebraic curves implies that a projective nonsingular complex-
ification of a real algebraic curve is unique up to biregular isomorphism. In
this way, it is possible to define the genus g(D) of D as the (geometric or
arithmetic) genus of a projective nonsingular complexification of D.

We denote by N the set of all non—negative integers and define N* :=

N\ {0}.



1.2 Curve genera

The following result is the starting point to define the curve genera of a real
algebraic variety. It is a weak version of Corollary 1.3 of [33].

Lemma 1.1 ([33]) LetV be an affine irreducible real algebraic variety. Then,
there exists an integer K € N with the following property: for each x,y € V,
there is a real algebraic curve D of V' containing {x,y} such that g(D) < K.

Let X be a real algebraic variety, let k£ € N and let x be a point of X. We
denote by Cx (k) the set of all real algebraic curves of X with genus k and by
Cx(k,x) the set of all elements of Cx (k) containing z. We define the curve
star Stx (k,z) of X at x with genus k by Stx(k, z) := Zelx (Upecy ray D)-

Lemma 1.2 Let X be an irreducible real algebraic variety. Then, there
are an integer K € N and a function n : X — {0,1,..., K} such that
Stx(n(x),z) = X for each v € X.

Proof. Since X is coverable by a finite family of affine Zariski open subsets, it
suffices to consider the case in which X is affine. Fix x € X. By the previous
lemma, we have that |J;_,Stx(k,z) = X for some K € N so, being X
irreducible, there exists an integer 1, € {0, ..., K} such that Stx(n.,z) = X.
Defining the function n by n(x) := n,, we complete the proof. [

Definition 1.3 Let X be a real algebraic variety. We denote by X, the union
of all irreducible components of X of positive dimension and by X, the union
of all irreducible components of X of dimension zero, i.e., the set X \ X,.

The reader notes that the set of all irreducible components of X, coincides
with the set of all irreducible components of X of positive dimension.
Lemma 1.2 ensures that the following definition is consistent.

Definition 1.4 Let X be a real algebraic variety.

First, suppose X irreducible. We define the curve genus p.(X,z) of X at
a point x of X by p.(X,z) := min{k € N|Stx(k,x) = X}, the curve genus
Pe(X) of X by po(X) := minex p(X, z) and, setting Z(X) equal to the set
of all non—void Zariski open subsets of X, define the rational curve genus
P.(X) of X by P.(X) := maxzez(x) Min ez pe(X, x).



If X is reducible and X1, ..., X are the irreducible components of X,
then, using the same nomenclature, we define p.(X, x) := maxy;| x,5q) Pe(Xi, )

The function pex : Xy — N whzch sends x into p.(X,x) is calvl.é.c’l curve
genus function of X.

Remark 1.5 If D is a real algebraic curve, then p.(D) = P.(D) = g(D) and
De,p U8 constantly equal to g(D).

We describe the basic properties of curve genera. First, we need a lemma.

Lemma 1.6 Let D and E be real algebraic curves. If g(D) < g(E), then
every rational map (and hence every reqular map) between D and E is con-
stant.

Proof. Suppose Ratio*(D,E) # 0. Let v be an element of Ratio*(D, E)
and let 7o : Do — E¢ be a complexification of . Since v¢ € R*(D¢, E¢),
by Hurwitz’s formula, it would follow that g(D) = g(D¢) > g(Ec) = g(E)
which contradicts our assumption. U

Lemma 1.7 Let X be a real algebraic variety and let U be a Zariski open
subset of X such that U N X, # 0. It holds: p.(X) < P.(X) and p.v =
Dex|unx,. Moreover, if X is irreducible, P.(X) coincides with the minimum
integer k € N such that p_ (k) is Zariski dense in X

Proof. Easy consequence of Definition 1.4. [

Lemma 1.8 Let X and Y be irreducible real algebraic varieties. The follow-
ing assertions are verified.

a) Let f € R(X,Y). Suppose f dominating, i.e., Zcly (f(X)) =Y. Then,
it holds: pex > pey © f and p.(X) > p.(Y).

b) If there is a dominating rational map between X and 'Y, then it holds:
P.(X) > P.(Y).

Proof. Let x € X, let y := f(x) and let k := p.(X,z). It holds: ¥V =
Zely (f(Stx(k, 2))) = Zely (Upecy ) F(P)) = Zely (Upecy k0 f(D)) where

f(D) is the Zariski closure of f(D) in Y. For each D € Cx(k,x), f(D) =
{y} or there is an affine Zariski open neighborhood V' of y in Y such that

D' :=V N f(D) is a real algebraic curve of Y. In the latter case, Lemma 1.6
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ensures that g(D’) < k. It follows that Ui:o Sty (h,y) =Y so p.(Y,y) < k
as desired. Let now £ : U — Y be a dominating regular map between a
non—void Zariski open subset U of X and Y. Since P.(X) = P.(U), it suffices
to show that P.(U) > P.(Y). By the previous part of the proof, we know
that p.y > pey o0& Let K := P.(U) and let Uk := pc_lU(K) By the last
part of Lemma 1.7, we have that Uy is Zariski dense in U, hence, being &
dominating, £(Uk) is Zariski dense in Y. Moreover, {(Uk) is contained in
Ur, Py (h) because K = pey(x) > pey(§(x)) for each € Uk In this way,
pc_}l,(h) is Zariski dense in Y for some h € {0...., K} so, applying the last
part of Lemma 1.7 again, it follows that P.(Y) < K. O

Corollary 1.9 a) The curve genus at a point is a Zariski local biregular
invariant, i.e., if X and Y are real algebraic varieties, x is a point of X, y
15 a point of Yy, U is a Zariski open neighborhood of x in X, V is a Zariski
open neighborhood of y in'Y and ¢ : U — V 1s a bireqular isomorphism
such that p(x) =y, then p.(X,x) = p.(U,z) = p(V,y) = pe(Y,y).

b) The curve genus is a biregular invariant, i.e., if X and Y are real al-
gebraic varieties with X, and Y, biregularly isomorphic, then p.(X) = p.(Y).

c¢) The rational curve genus is a birational invariant, i.e., if X and Y are
real algebraic varieties with X, and Y, birationally isomorphic, then P.(X) =
P.(Y).

d) The curve genus function is preserved by biregular isomorphisms, i.e.,
if X and Y are real algebraic varieties and ¢ : X, — Y, is a biregular
isomorphism, then p.x = pey © .

1.3 Toric genera and toric dimensions

TORIC GENERA. Let us start with a lemma.

Lemma 1.10 Let X be a real algebraic variety. Then, there is an integer
H € N which satisfies the following assertion: if there are a Zariski open
subset Z of X with ZNX, # 0, a finite family { D;}ic; of real algebraic curves
and an injective reqular map between Z and the product variety [ [,.,; D;, then
min,er g(D;) < H.

Proof.  We may suppose X irreducible. For each h € N, define Xj :=
Upecyxm D and Xp := Zcly(X3). By Lemma 1.2, there is H € N such that
X Dz be

Xy =X. Let Z, {D;}ier and an injective regular map ¢ : Z — [[.;
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as in the statement of the lemma. For each j € I, let m; : [[,., D; — D;
be the natural projection. Since Xy is Zariski dense in X, we can find a
real algebraic curve D of Z with genus H. The restriction of ¢ to D is
nonconstant so, for some j € I, the regular map m; o ¢|p : D — D; is
nonconstant also. From Lemma 1.6, it follows that ¢g(D;) < H and the proof
is complete. [

Before giving the definitions of toric genera, we need the preliminary affine
notion of global toric genus. Let V' be an affine real algebraic variety. Indi-
cate by 7 (V') the set of all integers h € N such that there are a finite family
{D;}ier of real algebraic curves with min;c; g(D;) = h and an injective regu-
lar map between V' and [[,.; D;. Remark that, being V" affine, 7 (V) always
contains 0. Moreover, by Lemma 1.10, we have that sup7 (V) < 4+00. We
define the global toric genus gps(V') of V by gp(V) := max 7 (V). Evidently,
the global toric genus is a biregular invariant on affine real algebraic varieties.

Lemma 1.10 ensures that the following definition is consistent.

Definition 1.11 Let X be a real algebraic variety.

First, suppose X irreducible. For each x € X, we denote by Z:7(X) the
set of all affine Zariski open neighborhoods of x in X. We define the toric
genus p(X,z) of X at a point x of X by p(X,x) := MAXy, ¢ zaff (x) gpe(V),
the toric genus p(X) of X by p(X) := mingex pi(X,x) and the rational
toric genus Py(X) by P(X) := maxex pi(X, ).

If X is reducible and X1, ..., X are the irreducible components of X,
then, using the same nomenclature, we define p,(X, x) 1= ming | x,523 pe(Xi, v)
foreachx € X, pi(X) :=minseq,.. oy pe(Xi) and P(X) := min,ep

The function pyx : Xo — N which sends © € X, into pi(X, ) is called
toric genus function of X.

.....

Remark 1.12 If D is a real algebraic curve, then p,(D) = P,(D) = g(D)
and py p is constantly equal to g(D).

In the following results, we present the basic properties of toric genera.
We omit the simple proofs.

Lemma 1.13 Let X be a real algebraic variety and let U be a Zariski open
subset of X such that UN X, # 0. It holds: p(X) < P(X) and pry =
pex|vunx.. Moreover, if X is affine, gpi(X) < py(X).
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Lemma 1.14 Let X and Y be real algebraic varieties. The following asser-
tions are verified.

a) Let f: X, — Y. be an injective reqular map. Then, it holds: p;x >
pry o f and p(X) > p(Y). In particular, if X' be an algebraic subvariety of
X (of positive dimension), then, py x> pyx|x; and p(X') > p(X).

b) If there is a rational map between X, and Y, represented by (U, fu)
with fy dominating and injective, then P,(X) > P(Y).

Corollary 1.15 a) The toric genus at a point is a Zariski local biregular
mvariant.

b) The toric genus is a biregular invariant.

c¢) The rational toric genus is a birational invariant.

d) The toric genus function is preserved by bireqular isomorphisms.

Example 1.16 (toric genera of a n—torus) Let{D,};cr be a finite family
of real algebraic curves and let T' be the product variety [[,.; D;. Define
a = min;e; g(D;) and let b := max ey g(D;). From Lemma 1.8 and the proof
of Lemma 1.10, it follows that p.x > b and p,r is constantly equal to a. In
particular, P.(T) > p(T) > b and p(T) = P,(T) = a.

Let us present a variant of the global toric genus. Let V' be an affine real
algebraic variety. Indicate by 7.,.,(V') the set of all integers h € N such that
there are a finite family { D, };c; of real algebraic curves with min;c; g(D;) = h
and a biregular embedding of V' into [[,.; D;, i.e., an injective regular map
¢ : V — [,c; Di such that ¢(V') is an algebraic subvariety of [[,.; D; and
o1 (V) — V is a regular map also. We define the biregular global toric
genus bgp (V') of V' by bgp(V) := max 7., (V). Evidently, 0 € 7,,,(V) and
Tor(V) C T(V), hence bgp;(V) is well-defined and bgp,(V') < gp:(V'). The
biregular global toric genus is a biregular invariant on affine real algebraic
varieties.

TORIC DIMENSIONS. Let us introduce the notions of toric dimensions.

Definition 1.17 Let X be a real algebraic variety.

First, suppose X is irreducible. The toric dimension tdim(X) of X is the
minimum integer n € N\ {0} such that there are a non—void affine Zariski
open subset V of X, real algebraic curves Dy, . .., Dy withmineq . ny 9(D;) >

.....

p(X) and an injective reqular map between V- and [ [\, D;. Replacing p(X)

13



with P,(X), we obtain the definition of rational toric dimension Tdim(X)
of X.
If X s reducible and X, ..., X, are the irreducible components of X,,

77777

.....

Remark 1.18 If D is a real algebraic curve, then both tdim(D) and Tdim(D)
are equal to 1.

The toric dimension is a biregular invariant and the rational toric dimen-
sion is a birational invariant on real algebraic varieties.

1.4 Comparison, variation and bounds

COMPARISON. We define a new biregular invariant on real algebraic varieties.

Definition 1.19 Let X be a real algebraic variety. We indicate by ex :
X, — N the function which sends x into the minimum genus of a real
algebraic curve of X containing x and define e(X) := min,cx, ex(x).

The consistency of the previous definition follows from Lemma 1.1 (or,
simply, from the Dubois-Efroymson dimension theorem [28]).

Lemma 1.20 Let X be a real algebraic variety. Then, it holds:

Pex <ex <pex, pi(X) <e(X) <p(X),

pi(X) < B(X) < po(X) < P(X)

and

dim(X) < tdim(X) < Tdim(X).
Moreover, if X is affine, bgp,(X) < gpi(X) < pi(X).
Proof. We may suppose X irreducible. Following the argument used in the
proof of Lemma 1.10, it is easy to see that P,(X) < p.(X) and, for each

r € X, prx(z) < ex(x). In particular, it follows that p(X) < e(X). The
remaining inequalities are evident or just known. [
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VARIATION. A real Nash set (over R) is a topological space X equipped
with a subsheaf N of the sheaf of germs of functions on X with values in R
isomorphic to a Nash subset of some R" equipped with its sheaf of germs
of Nash functions (see chapter 8 of [4]). Evidently, an affine real algebraic
variety has a natural structure of real Nash set. The notions of Nash map
and Nash isomorphism between real Nash sets can be defined similarly to
the algebraic case.

Definition 1.21 Let X and X be affine real algebraic varieties. A regular
map ¢ : X — X is said to be a weak change of the algebraic structure
of X if p(Sing(X)) C Sing(X) and, equipping X and X with their natural
structure of real Nash sets, ¢ is a Nash isomorphism.

Remark 1.22 [f X is nonsingular, then X is nonsingular also.

The following result is elementary, but fundamental, because it reveals
two important aspects of our genera in the affine case:

i) The real Nash set structure of an affine real algebraic variety does not
determinate any of our genera. In this sense, we can say that the nature of
such invariants is completely algebraic.

ii) Our genera are not trivial.

Lemma 1.23 Let X be an affine real algebraic variety and let H € N. Then,
there exists a weak change ¢ : X — X of the algebraic structure of X such

that bgp,(X) > H. In particular, gpy(X), py(X), Pu(X), pe(X) and P.(X)
satisfy the same inequality.

Proof. By using the real algebraic Alexandrov compactification of X, we
may suppose that X is a bounded algebraic subvariety of some R". For each
i€ {l,...,n}, let H; be the hyperplane of R™ defined by the equation z; = 1.
Using a translation of R™ if needed, we may suppose that X N{J, H; = 0
also. Fix an odd integer d such that (d —1)(d — 2) > H. Define the real
algebraic curve Dy by Dy := {(z,y) € R* |27+ y% = 1} and the regular map
Y : Dg — R by ¥(z,y) = x. Let " : D? — R" be the n""power of 1,
let X := (¢")"(X) and let ¢ : X — X be the restriction of ¥ between
X and X. The map ¢ is a weak change of the algebraic structure of X and

bpi(X) = g(Da) = $(d — 1)(d—2) > H. O
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Remark 1.24 Making use of the previous lemma and the real algebraic blow-
ing down, it is possible to prove the following assertion: “Let X be an affine
real algebraic variety with dim(X) > 2 and let H, K € N. Then, there ex-
ists_a weak change ¢ : X — X of the algebraic structure of X such that

pe(X) > H and p.(X) > p(X) + K”.

BOUNDS FOR CURVE AND TORIC GENERA. We present an explicit upper
bound for the rational curve genus and a criterion to obtain a lower bound
for the toric genus of a real algebraic variety. For simplicity, we consider the
affine irreducible case only.

Let X be an irreducible algebraic subvariety of R™ of dimension r. First,
suppose r < n. We define the complete intersection degree cideg(X, R™) of X
in R™ as the minimum integer ¢ such that there are a point p € Nonsing(X)
and polynomials P, ..., P,_, vanishing on X with independent gradients at
pand ¢ =[]/ deg(P,). If r = n, then we consider cideg(X, R") equal to 1.

We call Castelnuovo function the function Castel : N* x N* — N defined
as follows: for each (d,n) with d or n equal to 1, Castel(d,n) := 0 and, for
each (d,n) with d > 2 and n > 2, Castel(d, n) := 3a(a—1)(n—1) + ab where
a and b are the unique non—negative integers such that d — 1 =a(n —1) +b
and b € {0,1,...,n—2}. It is easy to see that Castel(d,n) < 3(d—1)(d—2).

Lemma 1.25 Let X be a r—dimensional irreducible algebraic subvariety of
R™ (with r > 1) and let ¢ := cideg(X, R"). Suppose X is nondegenerate in
R™, i.e, is not contained in any affine hyperplane of R™. Then, it holds:

P.(X) <maxp.x < Castel(c,n —r +1).

Proof. This is an immediate consequence of Theorem 1.4 of [33]. U

Let X be an affine irreducible real algebraic variety and let (z,y) be
a pair of distinct points of X. Denote by Sepy(x,y) the set of all inte-
gers h € N such that there are a real algebraic curve D of genus h and
f € R(X, D) which distinguishes x and y. Remark that, being X affine,
0 € Sepx(x,y). Moreover, from Lemma 1.1 and Lemma 1.6, it follows that
sup Sepy(x,y) < +o0o. We define the separation genus sepx(z,y) of x and
y in X by sepy(z,y) := max Sepy(z,y).

Lemma 1.26 Let X be an affine irreducible real algebraic variety and let A
be the diagonal of X?> = X x X. Then, it holds:

gpe(X) = min (, e x2\a S€px (T, Y)
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Proof. Define k := gp,(X) and h := min , ;)cx2\a sepx (7, y). By definition
of gpi(X), there are a finite family {D;};c; of real algerbaic curves with
min;e; g(D;) = k and an injective regular map ¢ : X — [],.; D;. For each
jel, let m;:[],.; Di — D; be the natural projection. Fix (z,y) € X\ A
and choose j € I in such a way that the composition map ;o distinguishes
and y. It follows that sepy (z,y) > ¢g(D;) > k. In particular, it holds: h > k.
Let us show the converse inequality. For each (z,y) € X2\ A, choose a real
algebraic curve D, , with ¢(D,,) = sepy(z,y) and f,, € R(X, D,,) which
distinguishes = and y. Remark that A = (), ycxaa(fay X foy) H(Asy)
where A, , is the diagonal of D, , x D,,. By noetherianity, it is possible
to extract a finite family {f,,,, }ier from {f;,}@yex2\a in such a way that
A= ﬂiel(fxi,yi X fzi,yi)_l(Am,yi)- Let fi := fu,y, and D; := Dy, y, for each
i € I. It follows that the regular map [[,.; fi : X — [[,c; D is injective so
k > min;e; g(D;) > h. This completes the proof. [

As an immediate consequence, we have the following corollary.

Corollary 1.27 Let X be an affine irreducible real algebraic variety. Sup-
pose there is an integer h € N with the following property: for each pairs (z,vy)
of distinct points of X, there are a real algebraic curve Dy, with g(Dy,) > h
and fy, € R(X, D,,) which distinguishes x and y. Then, it holds:

pe(X) > gpe(X) > h.

UPPER BOUND FOR TORIC DIMENSIONS. We present an upper bound for
the rational toric dimension of a real algebraic variety having rational toric
genus greater than or equal to 2. We will use such a bound in subsection 2.2.
Recall that C' indicates the algebraic closure of the fixed real closed
field R. In what follows, by algebraic curve over C', we mean a 1-dimensional
nonsingular irreducible Zariski closed subspace of some projective space P"(C').
Let A be an algebraic curve over C' and let Imy(A) be the set of all noncon-
stant regular maps between A and some algebraic curve B over C' with genus
greater than or equal to 2. Define an equivalent relation F on Imo(A) as
follows: f € R*(A, B) is Fg—equivalent to f' € R*(A, B') in Ims(A) if and
only if there is a biregular isomorphism h : B — B’ such that f' = ho f.
Indicate by Jmy(A) the set of all Fo—equivalence classes of Img(X).

Theorem (de Franchis [29], Harris, Howard—Sommese [35]). For
each algebraic curve A over C, the set IJms(A) is finite and there exists an
upper bound for its cardinality §3ms(A) in terms of the genus g(A) of A only.

This result ensures the consistency of the following definition.
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Definition 1.28 We call de Franchis function the function F : N — N
which sends a € N into the mazimum integer k € N such that there is an
algebraic curve A over C with g(A) = a and §Imy(A) = k. We indicate by
F. the smallest non-decreasing function f: N — N such that F < f.

Evidently, it holds: F(0) = F(1) =0 and F(2) = 1.

Remark 1.29 In [35], Howard and Sommese gave the first explicit upper
bound for F. This bound has been improved successively by Kani [39] and
Alzati and Pirola [2]. Really, all these bounds are upper bounds for F. also.
For completeness, we recall the Alzati—Pirola bound (which is the better):
for each a > 3, F.(a) < exp {3(In3)(a® — 1) + [log,(a)] In(84a) + In(12v'2) }
where [x] indicates the integer part of a real number x. The previous bound
implies the following one: F.(a) < 3W3@+D* for each a > 3.

The next lemma contains the mentioned upper bound.

Lemma 1.30 Let X be a real algebraic variety with Py(X) > 2. Then, it
holds:
Tdim(X) < F.(P.(X)).

Moreover, when X 1is irreducible, it holds:

Tdim(X) < F(P.(X)).

Before proving this result, we need a real version of the previous theorem.
Let X be an irreducible real algebraic variety and let Go(X) be the set
of all nonconstant rational maps between X and some real algebraic curve
D with g(D) > 2. Define an equivalence relation F' on Go(X) as follows:
a € Ratio*(X, D) is F-equivalent to § € Ratio* (X, D') in Go(X) if and only
if there is birational isomorphism ~ between D and D’ such that § =~ o a.
Indicate by G2(X) the set of all F-equivalence classes of Ga(X).

The following lemma will be proved in section 3.

Lemma 1.31 Let X be an irreducible real algebraic variety. Then, the set
Go(X) is finite and it holds: 4G2(X) < F(P.(X)).

Proof of Lemma 1.30. 1t suffices to prove the lemma in the case X is irre-
ducible. Let n := Tdim(X) and m := §G>(X). We will show that n < m
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so, by Lemma 1.31, the proof will be complete. Suppose on the contrary
that m < n. By definition of rational toric dimension, there are a non—
void affine Zariski open subset Z of X, real algebraic curves Dy, ..., D, with
T:=1[.,D;. Foreachi e {1,...,n}, let m; : T — D; be the natural pro-
jection, let ; : Z — D; be the composition m; o ¢ and let ®; be the rational
map between X and D; represented by ¢;. Up to rearrange the indices, we

may suppose that there are a function n : {m+1,...,n} — {1,...,m} and,
for each i € {m+1,...,n}, a birational isomorphism a; between D; and D,
such that ®,; = a; o ®;. For each i € {m + 1,...,n}, choose a non-void

Zariski open subset €); of D; and a biregular embedding v; : €; — D,
which represents «;. Let € be the Zariski open subset of T defined by
Q =TI~ Di x [T, Q. Let us prove that p(Z) N Q % 0. If this would
not be true, then ¢(2) € T\ Q = UL, (ng;; Di x (D;\ ) x [T, Di>.
Since each D; \ €; is finite and Zcly(¢(Z)) is irreducible, there would exist
j € {m+1,...,n}and p € D;\Q; such that o(Z) C [['Z] Dix{p} x[ i, Di-
This contradicts the definition of n. In this way, we have that p(Z)NQ # 0 so
Z' = ¢ 1(Q) is a non—void affine Zariski open subset of X. Let ¢’ : Z/ — Q
be the restriction of ¢ between Z’" and Q, let ¢ : @ — [[", D; < [T, Dy
be the regular map defined by ¢ = [[", idp, % [[}-,, ¥ where idp, indi-
cates the identity map on D; and let m: [T, D; x [T Dywy — [ Di
be the natural projection. At this point, since ¢, ;) = 10; 0 ¢; on Z’ for each
i€ {m+1,...,n}, it is immediate to see that the composition o o ¢’ :
Z' — [[, D; is an injective regular map. This contradicts the definition
of n again. 0

Lemma 1.30 has the following corollary.

Corollary 1.32 Let X be a real algebraic variety with P,(X) > 2 and let
r:=dim(X). Then, it holds:

P.(X) > —1+ 5+/3logs(r).

Proof. Since r < Tdim(X), by Lemma 1.30 and Remark 1.29, we have that
r < 3W3EP(X)+1)?  Thig inequality is equivalent to the one stated above. O
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2 The main theorems

2.1 Total algebraic obstructions

The new algebraic invariants generate some elementary, but deep, obstruc-
tions to the existence of non—elementary rational and regular maps between
real algebraic varieties. Let us present such obstructions. First, we recall the
notion of Zariski locally constant map.

Definition 2.1 Let X andY be real algebraic varieties. A map f : X — Y
s said to be Zariski locally constant if, for each x € X, there is a Zariski
netghborhood of x in X on which f is constant or, equivalently, if f is con-
stant on each irreducible component of X .

Remark that every constant map is Zariski locally constant and every
Zariski locally constant map is regular.

Theorem 2.2 Let X andY be real algebraic varieties. The following asser-
tions are verified.

a) If po(X) < pi(Y) (or, better, p.(X) < e(Y)), then every regular map
between X and Y is Zariski locally constant.

b) If P.(X) < p(Y) (or, better, P.(X) < e(Y)), then every rational map
between X andY is Zariski locally constant, i.e., it is represented by a Zariski
locally constant map.

Proof. a) Since p(Y) < e(Y), it suffices to prove that, if there exists a
regular map between X and Y which is not Zariski locally constant, then
pe(X) > e(Y). Let f be such a map. There is an irreducible component
X" of X, such that f|x/ is nonconstant. Let Y’ := Zcly(f(X’)) and let
f'+ X’ — Y’ be the restriction of f between X’ and Y’. Remark that Y’
is irreducible, dim(Y”’) > 1, Y’ C Y, and f’ is dominating. By Lemma 1.8
and Lemma 1.20, we have that p.xs > peyr o f' > eyr o f' > ey o f|x so
Pe(X) > po(X') > e(Y) as desired.

b) Suppose there is a rational map between X and Y represented by
(U, fu) with fy not Zariski locally constant. From Corollary 1.15, Lemma
1.20 and part a) of this proof, we obtain that P.(X) = P.(U) > p.(U) > e(Y).
U
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Corollary 2.3 Let X be a r—dimensional nondegenerate irreducible algebraic
subset of R™ (withr > 1), let ¢ := cideg(X, R") and let Y be a real algebraic
variety. Then, if Castel(c,n—r+1) < p(Y) (or, better, Castel(c,n—r+1) <
e(Y)), every rational map (and hence every reqular map) between X and Y
15 constant.

Proof. Immediate from the previous result and Lemma 1.25. U

Let X and Y be real algebraic varieties and let aw € Ratio(X,Y"). Suppose
« is represented by the pairs (U, fyy) and (U, fyr). Since fy = fyr on UNU,
there is a regular map f: U U U’ — Y such that f|y = fu and f|o = fur.
This means that there exists a largest Zariski dense open subset U, of X on
which « is represented by a regular map f, : U, — Y. The points of X \ U,
are called fundamental point of a.

Theorem 2.4 Let X andY be irreducible real algebraic varieties, let v € X
and let y € Y such that p.x(x) < pey(y) (or, better, p.x(z) < ey(y)). The
following assertions are verified.

a) Let f € R(X,Y). If f sends x into y, then it is constant.

b) Let a € Ratio*(X,Y) represented by (U, fy). Suppose x is an accu-
mulation point of X \ U in X and y is a limit point of fy at x. Then, x is
a fundamental point of a.

Proof. Repeat the argument used in the proof of Theorem 2.2, a). U

In the next result, we will see that, when the target space is affine, up to
a weak change of its algebraic structure, every rational (resp. regular) map
is Zariski locally constant.

Theorem 2.5 Let X and Y be real algebraic varieties. Suppose Y affine.
Then, there is a weak change @ :' Y — Y of the algebraic structure of Y
such that every rational map (and hence every regqular map) between X and

Y is Zariski locally constant.

Proof. By Lemma 1.23, we can find a weak change ¢ : Y — Y of the
algebraic structure of Y such that p,(Y) > P.(X) so, from Theorem 2.2, it
follows that every rational (resp. regular) map between X and Y is Zariski

locally constant. U

In the remainder of this subsection, we consider only the case R = R.

Let X be an affine real algebraic variety. A Z/2-homology class of X is
called algebraic if it is represented by a Zariski closed subset of X. The ho-
mology of X is said to be totally algebraic if each Z/2-homology class of X is
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algebraic. This notion plays a crucial role in the study of the classical prob-
lem of making smooth objects algebraic (see chapters 11-14 of [4]). We say
that the homotopy of X is algebraically trivial if, for each integer n € N*,
every regular map between the standard n—sphere and X is homotopic to a
constant.

Theorem 2.6 Let X be an affine real algebraic variety. Then, there erists
a weak change ¢ : X — X of the algebraic structure of X such that the
homotopy of X is algebraically trivial. Moreover, if the homology of X is
totally algebraic, then the homology of X is totally algebraic also.

Proof. By Lemma 1.23, there is a weak change ¢ : X — X of the algebraic
structure of X such that p,(X) > 1. Since the rational curve genus of each
standard sphere is zero, from Theorem 2.2, it follows that the homotopy of
X is algebraically trivial. The last part of the statement follows easily from

the properties of . U

As an immediate consequence of this theorem and Theorem 11.3.12 of [4],
we have the following corollary.

Corollary 2.7 For every compact C* manifold M of dimension less than
or equal to 5, there is an affine nonsingular real algebraic variety X dif-
feomorphic to M such that the homology of X 1is totally algebraic, while its
homotopy is algebraically trivial.

2.2 Finiteness of dominating morphism spaces

Let us recall a classical finiteness theorem.

Theorem (Hurwitz [36], de Franchis [29], Martens [49]). Let A
and B be nonsingular irreducible projective complex algebraic curves. Suppose
the genus g(B) of B is greater than or equal to 2. Then, the set RE(A, B) of
all nonconstant reqular maps between A and B is finite and there exists an
explicit upper bound for its cardinality in terms of g(A) and g(B) only.

This subsection deals with some extensions of the previous result to the
real algebraic setting. We study the finiteness properties of three kinds of
dominating maps between real algebraic varieties: dominating regular maps,
dominating rational maps and weakly open regular maps.
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DOMINATING REGULAR AND RATIONAL MAPS. Let X and Y be real alge-
braic varieties and let f € R(X,Y). We say that a map f is dominating
if, for each irreducible component X’ of X, there exists an irreducible com-
ponent Y’ of Y such that Zcly (f(X’)) = Y’'. Remark that a rational map
between X and Y is dominating (see the definition at page 7) if and only if
it is represented by a dominating regular map. We denote by rDom(X,Y)
(resp. RDom(X,Y")) the set of all dominating regular (resp. rational) maps
between X and Y and by rAut(X) (resp. RAut(X)) the set of all biregular
(resp. birational) automorphisms of X.

Definition 2.8 Denote by M : N x (N\ {0,1}) — N the function which
sends (a,b) into the mazximum integer k € N such that there are nonsingu-
lar irreducible projective complez algebraic curves A and B with g(A) = a,
g(B) =b and RE(A, B) = k. Since M(a,b) =0 if a < b, we can define the
function M, as the smallest function f : N x (N\{0,1}) — N such that
M < fand f(a,b+1) < f(a,b) < f(a+1,b) for each (a,b) € Nx (N\{0, 1}).

It is well-known that M(a,a) < 84(a — 1) if @ > 2. This bound, due
to Hurwitz, is sharp for infinitely many values of a (see [47]). In [49],
Martens gave the first explicit upper bound for M. Remark that, from
the de Franchis—Harris-Howard-Sommese theorem (stated at page 17), it
follows that M(a,b) < 84(b — 1)F(a) where F is the de Franchis function.
In this way, the explicit upper bounds for F mentioned in Remark 1.29
induces explicit upper bounds for M. In 1999, Tanabe [58] proved that
M(a,b) < 2(a —1)(2b — 1) (44=1 +1)* if @ > b > 2. At the moment,
to the best of our knowledge, this is the better upper bound for M(a, b) if
a>b>2.

Definition 2.9 We call Hurwitz—Tanabe function the function HT : N x
(N\{0,1}) — N defined as follows: H(a,b) := 84(a — 1) if a = b > 2,

H(a,b) = 2(a — 1)(2b — 1) (4221 +1)* if a > b > 2 and H(a,b) := 0
otherwise.

Remark 2.10 [t is easy to see that M, < HT and, for each a,b € N\{0, 1},
H(a,b) <6(a—1)(4a — 3)%.

We are now in position to present our finiteness results.
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Theorem 2.11 Let X andY be irreducible real algebraic varieties. If P,(Y') >
2, then RDom(X,Y) and RAut(Y) (and hence rDom(X,Y) and rAut(Y))
are finite.

More precisely, the following assertions are verified.
a) ]fpt(y) Z 27 then

trDom(X,Y) < ML (P.(X), p(Y))40) < HT(P(X), p(Y))7F0D)

and
ﬁTAUt<Y) S M*(PC(Y)apt(Y))tdim(Y) S HT(PC(Y)apt(Y))]:(PC(Y))

b) If P(Y') > 2, then the inequalities obtained by the previous ones re-
placing rDom(X,Y") with RDom(X,Y"), rAut(Y) with RAut(Y'), p,(Y) with
P,(Y) and tdim(Y") with Tdim(Y") are verified also.

Furthermore, in the mentioned inequalities, when Y is a real algebraic
curve, we can replace the function M, with M and F(P.(Y)) with 1.

Let X and Y be real algebraic varieties. Define:

u as the number of irreducible components of X,

w as the cardinality of Xy,

U as the number of irreducible components of Y,

V' as the number of Zariski connected components of Y,

W as the cardinality of Y
and

Z as the maximum number of irreducible components of a Zariski con-
nected components of Y.

Theorem 2.11’ (general case). If P(Y) > 2, then RDom(X,Y) and
RAut(Y) (and hence rDom(X,Y") and rAut(Y)) are finite.

More precisely, the following assertions are verified.
a) ]fpt(y) Z 27 then

trDom(X,Y) S W - (W + V- Z- My(Po(X), (V)4 )"

and

brAut(Y) < VI-W ZU - M (Pu(Y), py(Y)) U tdim(Y)

where 0° is considered equal 1.

b) If P(Y) > 2, then the inequalities obtained by the previous ones re-
placing rDom(X,Y") with RDom(X,Y), rAut(Y") with RAut(Y), p.(Y) with
P,(Y) and tdim(Y') with Tdim(Y") are also verified.
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Furthermore, in all mentioned inequalities, we can replace the function
M, with the Hurwitz—Tanabe function HT and tdim(Y') and Tdim(Y") with
Fo(PY)).

The following corollary is a real version of the Hurwitz—de Franchis—
Martens theorem.

Corollary 2.12 If P,(Y') > 2, then RDom(X,Y) is finite and there exists
an explicit upper bound for its cardinality in terms of u, w, V., W, Z, P.(X)
and P.(Y') only.

Remark 2.13 Suppose that X is an algebraic subvariety of R* and Y is an
algebraic subvariety of R™ with P,(Y) > 2. Let {X;}i, be the irreducible
components of X, and let {Yj}gjz1 be the irreducible components of Y,. For
each i € {1,...,u} and for each j € {1,...,U}, define: ¢; := cideg(X;, R"),
r; = dim(X;), n; as the minimum dimension of an affine subspace of R"
containing X;, d; = cideg(Y;, R™), s; := dim(Y;) and m; as the minimum
dimension of an affine subspace of R™ containing Y;. Then, from Lemma
1.25 and Corollary 2.12 (see Theorem 1.4 and Lemma 2.4 of [33]), it follows
that RDom(X,Y") is finite and there are an explicit upper bound for its car-
dinality in terms of u, w, V., W, Z, {¢;,ri,ni i, and {dj,sj,mj};]:l only
and a less accurate upper bound for its cardinality in terms of u, w, V, W,
Z, {ci}iey and {d;}_, only.

WEAKLY OPEN REGULAR MAPS. Let X and Y be real algebraic varieties
and let f € R(X,Y). We say that f is weakly open if, for each irreducible
component X’ of X, there exists an irreducible component Y’ of Y such that
f(X’) € Y and the interior of f(Nonsing(X’)) in Y is non—void. We denote
by woR(X,Y) the set of all weakly open regular maps between X and Y.
It is easy to see that if a regular map is dominating or is open in the usual
sense, then it is weakly open also. In other words, indicating by oR(X,Y)
the set of all maps in R(X,Y’) which are open in the usual sense, it holds:
rDom(X,Y) U oR(X,Y) C woR(X,Y). However, there are real algebraic
varieties X and Y for which the converse inclusion is false. For example, if X
is the line R and Y is the Whitney umbrella {(z,y,2) € R*|y? — z2* = 0},
then the regular map f : X — Y which sends x into (0,0,z) is weakly
open, but, it is neither dominating nor open.
The following is one of the deeper result of this paper.
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Theorem 2.14 Let X and Y be real algebraic varities. If p,(Y') > 2, then
woR(X,Y) is finite. In particular, there are only finitely many open reqular
maps between X andY .

APPLICATIONS AND CONJECTURES. Let us apply the previous results.

Theorem 2.15 Let Y be an affine real algebraic variety. Then, there is a
weak change ¢ 1Y — Y of the algebraic structure of Y with the following
properties: _ _
a) For each real algebraic variety X, the sets RDom(X,Y) and woR(X,Y)
are finite. N N
b) The group RAut(Y') (and hence the group rAut(Y)) is finite.

Remark 2.16 In a future paper, we will prove that, if X is irreducible, in
point a) of Theorem 2.15, it is possible to replace woR(X,Y) with R*(X,Y).

We have a conjecture.

Conjecture 2.17 (1°* version) For each affine irreducible real algebraic va-
riety Y, there is a weak change o : Y —Y of the algebraic structure of Y
such that the unique birational automorphism of Y is the identity, i.e., the
rational map represented by the identity map on Y .

(224 version) For each affine real algebraic variety Y, there are an affine
real algebraic variety Y and a semi—algebraic homeomorphism 1 : Y —Y
such that the unique birational automorphism of Y s the identity and 1
restricts to a Nash isomorphism between Nonsing(X) and Nonsing(X).

2.3 Topology of regular morphism space

Throughout this subsection, we consider only the case R = R.

TOPOLOGICAL PRELIMINARIES. We recall some classical notions and give
some new definitions concerning function spaces and topological dimension.

Let X and Y be fixed topological spaces (for basic definitions in General
Topology, see chapter 1 of [40]). Indicate by C°(X,Y") the set of all continuous
maps between X and Y and fix a subset I of C°(X,Y’). For each compact
subset K of X and for each open subset U of Y, define F'(K,U) as the set
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of all maps in F’ which send K into U. The family of finite intersections of
sets of the form F'(K,U) is a base for the compact—open (or weak) topology
for F.

Example 2.18 The notions of real analytic set and of real analytic maps
between them can be defined similarly to the real Nash case (see page 15).
Suppose X and Y are affine real algebraic varieties. These varieties have
natural structures of real Nash set and of real analytic set. Therefore, it
makes sense to speak of real Nash and real analytic maps between X and 'Y .
Indicate by N'(X,Y) (resp. C¥(X,Y)) the set of all real Nash (resp. real
analytic) maps between X and Y. Since N(X,Y) C C¥(X,Y) C C°(X,Y),
we can equip N (X,Y) and C¥(X,Y") with the compact-open topology.

Let 7 and & be two topologies for F' and let f € F. We say that 7 and &
coincides at f if and only if the neighborhood system of f in F' with respect
to 7 is equal to the neighborhood system of f in F' with respect to &.

Definition 2.19 We say that a topology T for F' is locally compact—open if
it satisfies the following two conditions:

a) T is finer than the compact-open topology for F.

b) For each x € X and for each f € F, there is a compact neighborhood K
of x in X (depending on x and [ ) such that, defining F(f,K) :={g€ F|g=
f on X\ K}, the compact—open topology for F(f, K) and the relativization
of T to F(f, K) coincide at f.

Remark that if K satisfies previous condition b), then every compact
neighborhood K’ of x contained in K satisfies the same condition.

When Y is metrizable, the locally compact—open topologies for F' can
be easily described. Let d be a metric for Y. For each f € F', for each
non—void subset K of X and for each ¢ € R := {& € R|z > 0}, define
FY(f,K):={g € F(f,K)| sup,cx d(g(x), f(x)) < €}. A topology 7 for F
finer than the compact—open topology is locally compact—open if and only
if, for each x € X and for each f € F, there is a compact neighborhood K
of x in X such that the set {Fl(jlfl(f, K)}nen+ is a base of the neighborhood
system of f in F(f, K) equipped with the relative topology induced by 7.

Example 2.20 The compact—open topology, the Whitney (or strong) topol-
oqy and, when Y is metrizable by a metric d, the topology of uniform con-
vergence with respect to d for F' are always locally compact—open.
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Recall that, given a subset A of the topological product space YX, the
topology for A induced by Y is called pointwise topology (or topology of
the pointwise convergence). Remark that F' is a subset of Y.

Definition 2.21 Let F..,. be the set of all maps in F' which are locally con-
stant, i.e., constant on each connected component of X. A topology T for F
1s nice if the relativization of T to F,,,, coincides with the pointwise topology

fo/r‘ Fconst *

Example 2.22 Suppose X and Y are real algebraic varieties and let d be
a metric for Y. Since X has a finite family of connected components, the
compact—open topology and the topology of uniform convergence with respect
to d for ' are nice.

Let k € N*U{cc} and let M and N be C* manifolds, i.e., second count-
able, Hausdorff, locally Euclidean spaces equipped with differentiable struc-
tures of class C*. Indicate by C*(M, N) the set of all C* maps between
M and N, by J¥(M, N) the topological space of k—jets between M and N
and by j* : C*(M,N) — C°(M, J*(M,N)) the map which sends f into
its k—jets (see section 4, chapter 2 of [34]). Fix a subset G of C*(M,N)
and denote by i : G — C¥(M,N) the inclusion map. We define the C*
compact—-open (or weak) topology for G as the topology induced by the com-
position j* o i from the compact—open topology of C°(M, J*(M,N)), i.e.,
the smallest topology for G such that, equipping C°(M, J*(M, N)) with the
compact—open topology, j* o is continuous.

Remark 2.23 Suppose M and N are nonsingular real algebraic varieties.
These wvarieties have natural differentiable structures of class C* for each
k € N*U{oco}. In this way, it makes sense to speak of C* maps between M
and N. Remark that N(M,N) C C*(M,N) C C*(M,N) so we can equip
N(M,N) and C*(M, N) with the C* compact-open topology.

Definition 2.24 We say that a topology for G is locally C* compact-open if
it is induced by j*oi from a locally compact—open topology of C°(M, J*(M, N)).

Evidently, the C* compact—open (or weak) topology and the Whitney
C* (or strong) topology for G are locally C* compact—open. Moreover, the

former is nice. A class of locally C* compact-open topologies for G can be
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obtained following the construction of “C" topologies” given in section II.1
of [56].

Let us introduce the notions of Brouwer dimension and of quasi—euclidean
(resp. euclidean) set and stratification. Fix a non—void topological space S.
For each n € N, let D™ be the closed ball of R™ centered at the origin with
radious 1. Indicate by B(S) the subset of all integer n € N such that there is
an injective continuous map between D" and S. Remark that B(S) always
contains 0 because D° is a single point. We define the Brouwer dimension

dimg S of S by dimg S := sup B(9).

Remark 2.25 The Brouwer dimension is a topological invariant and extends
the notion of vector dimension of R™. In fact, by Brouwer’s theorem on
invariance of domain, it follows immediately that dimyg R™ = n. Really, the
Brouwer dimension is closely related with the classical covering dimension
used in Dimension Theory (see Definition 1.4 of [51]). Denote by dime S
the covering dimension of S. It is possible to prove that, if S is metrizable,
dimg S < dimg S and, if S is a locally compact polyhedron with simplicial
dimension r, dimg S = dime S = r (see Theorems 1.1, I1.3, I1.7, 1I1.6, I11.7
and IV.5 of [51]).

We say that S is a quasi—euclidean (resp. euclidean) set if there is an
injective continuous map (resp. a homeomorphism into its image) between
S and some R". Let I be a finite set ordered by a reflexive and transitive
relation < such that ¢ < j and j < ¢ imply ¢ = j. A partition S = {S;}ies
of S is called a quasi—euclidean (resp. euclidean) stratification of S if each
subspace S; of S (called stratum of S) is a quasi—euclidean (resp. euclidean)
set and, for each ¢ € I, |—|{jel|z’jj} S; is closed in S. Furthermore, such a
stratification is called singular if I is totally ordered by =< and, for each
i,7 € I with¢ < jand i # j, dimg S; > dimg 5.

Suppose S has a quasi—euclidean stratification {S;};c;. Then, the follow-
ing assertions are verified.

a) Each stratum S; of S is locally closed in S.

b) dimg S is finite and it holds: dimg S = max ey dimg S;.

For each ¢ € I, the stratum S; is the difference between the following
two closed subsets of S: | ;7 i<y S5 and Uyjer iz iy Ugrer) j<iy Se- In
this way, assertion a) is proved. Let us prove assertion b). Since each S;
has finite Brouwer dimension and the inequality dimg S > max;c; dimeg .S;
is evident, it suffices to prove that B(S) C U, B(S;). Let n € B(S),
let ¢ : D* — S be an injective continuous map, let I, := {1 € I|5; N
@(D") # (0} and let m be a minimal element of I,. Define S, :=||,.; S;

i€l,
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and 57 = Uer \my Ugjer|i=jy S5 Remark that o(D") C S, S7 is closed
in S and S, \ S; = Sy, In particular, it holds: ¢~'(S,) = D"\ ™ !(S}). It
follows that ¢~!(S,,) is a non—void open subset of D™ so n € B(S,,).

THE THEOREMS: GENERAL CASE. Let X and Y be real algebraic varieties.
Denote by Isol(X) (resp. Isol(Y)) the set of all isolated points of X (resp.
Y') and define:

a as the number of Zariski connected components of X,

b as the number of irreducible components of X,

w as the cardinality of X,

J as the cardinality of Isol(.X),

n as the number of connected components of X \ Isol(X),

s as the dimension of YV
and

o as the cardinality of Isol(Y").

Evidently, it holds: b > a > w, 6 > wand n > a —w. A map in
C°(X,Y) is said to be trivial if it sends X \ Isol(X) into Isol(Y"). We denote
by Triv(X,Y) the set of all trivial maps between X and Y. Let L be a
subset of C°(X,Y). Equip CY(X,Y) with some topological structure v. We
say that L is nowhere dense up to trivial maps in C°(X,Y) if L\ Triv(X,Y)
is nowhere dense in C°(X,Y), i.e., the interior of the closure of L\ Triv(X,Y)
in C°(X,Y) is void. Suppose v is locally compact—open. It is easy to see
that Triv(X,Y) is open and closed in C°(X,Y) and contains the isolated
points of CY(X,Y’). Moreover, if v is nice, Triv(X,Y") is homeomorphic to
the disjoint topological sum of ¢ copies of Y where Y? is considered equal
to a point.

By the symbol Map(X,Y'), we indicate one of the topological spaces de-
scribed below:

i) C°(X,Y) equipped with a locally compact—open topology,

i) M(X,Y), or C¥(X,Y), equipped with the compact-open topology,
where X and Y are assumed to be affine.

We denote by 7 the topology of Map(X,Y). If, in case i), 7 is the compact—
open topology, then we say that Map(X,Y’) is equipped with the compact—
open topology. Unless otherwise indicated, R(X,Y) is considered as a sub-
space of Map(X,Y).

Before stating our main theorem concerning the topology of R(X,Y"), we
present a lemma which describes the elementary structure of the space of
trivial regular maps and a dimensional property of Map(X,Y).
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Lemma 2.26 a) Indicate by TrivR(X,Y") the intersection R(X,Y )NTriv(X,Y)
equipped with the relative topology induced by Map(X,Y"). Then, TrivR(X,Y)
coincides with the set of all Zariski locally constant maps between X and Y
which send X, into Isol(Y') and, if T is nice, it is homeomorphic to the topo-
logical disjoint sum of o~ copies of Y.

b) It holds: dimg Map(X,Y) = +o00 and, when Map(X,Y) is metrizable,
dime Map(X,Y) = +oo also.

The next theorem gives a description of the topology of R(X,Y).

Theorem 2.27 The following assertions are verified.

a) If po(X) < pe(Y) (or, better, p.(X) < e(Y)), then R(X,Y) coincides
with the set of all Zariski locally constant maps between X and Y, has a
quasi—euclidean stratification S and dimg R(X,Y) < as. Moreover, if T is
nice, R(X,Y) is homeomorphic to Y* and hence the stratification S can be
choosen singular and euclidean and dimg R(X,Y) = as.

b) If p:(Y) > 1, then R(X,Y) is nowhere dense up to trivial maps in
Map(X,Y).

c) Equip R(X,Y) with a topology & finer than the pointwise topology (as,
for example, the one induced by Map(X,Y)). If p.(X) > p(Y) > 2, then
R(X,Y) has a quasi-euclidean stratification S and dimgR(X,Y) < bs.
Moreover, if £ is nice, dimg R(X,Y) > as and, if & is nice and X 1is ir-
reducible, S can be choosen singular.

The previous theorem asserts that, when p.(X) < p(Y), R(X,Y) is as
small as possible, when p,(Y) > 1, it is topologically small in Map(X,Y)
and, when p,(Y') > 2, it has a quasi—euclidean stratification and hence it is
dimensionally small in Map(X,Y") also.

In the following result, we describe the topology of R(X,Y) under a
hypothesis stronger than p,(Y) > 2. The reader recalls the definition of
biregular global toric genus given at page 13.

Theorem 2.28 Suppose Y affine and equip R(X,Y") with the compact—open
topology. If bgp(Y) > 2, then R(X,Y) is an euclidean set and it holds:
as < dimgR(X,Y) = dime R(X,Y) < bs. Moreover, if X is irreducible
and Y is compact, R(X,Y") is compact also.

We give an application of the previous results.
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Corollary 2.29 Let Y be an affine real algebraic variety. Then, there is a
weak change @ : Y — Y of the algebraic structure of Y with the follow-
ing property: For each real algebraic variety X, equipping Map(X, }7) with
the compact—open topology, R(X, 57) 18 nowhere dense up to trivial maps in
Map(X,Y), is an euclidean set and dims R(X,Y) is finite. Moreover, if X
is irreducible and Y is compact, R(X, 17) 15 compact also.

R(X,Y) has a quasi-euclidean stra-
tification and dimeg R(X,Y) is finite.

Every map in R(X,Y) is
Zariski locally constant.

R(X,Y) is nowhere dense up
to trivial maps in Map(X,Y).

Figure 1: Topology of regular morphism space: general case

THE THEOREMS: NONSINGULAR CASE. Let M and N be real algebraic
manifolds, i.e., nonsingular real algebraic varieties. Define:

[ as the number of irreducible components of M
and

n as the dimension of N.

By the symbol Smo(M, N), we indicate one of the topological spaces
described below:

i') C*(M, N) equipped with a locally C* compact—open topology, where
ke N*U{oo},

iy N(M,N), or C¥(M, N), equipped with the C* compact-open topolo-
gy, where M and N are assumed to be affine.

We indicate by A the topology of Smo(M, N). If, in case i'), X is the C*
compact—open topology, then we say that Smo(M, N) is equipped with the
C* compact—open topology. Unless explicitly stated otherwise, R(M, N) is
considered as a subspace of Smo(M, N). Denote by Q(M, N) the comple-
ment of the closure of R(M, N) in Smo(M, N) and by X(M, N) the set of
all maps f € Smo(M, N) such that, for some ¢ € N, f~1(¢q) contains a

32



1-dimensional semi-algebraic subset of M (for basic definitions and results
concerning semi-algebraic sets, see chapter 2 and section 3.2 of [4]). Re-
mark that dimeg Smo(M, N) = 400 and, when Smo(M, N) is metrizable,
dime Smo(M, N) = +o00 also. Moreover, ¥(M, N) is always non—void be-
cause it contains all Zariski locally constant maps between M and N.

The following result is the nonsingular version of Theorem 2.27. The
unique substantial newness is contained in point b).

Theorem 2.30 The following assertions are verified.

a) If po(M) < pi(N) (or, better, p.(M) < e(N)), then R(M,N) coin-
cides with the set of all Zariski locally constant maps between M and N,
is nowhere dense in Smo(M, N), has a quasi—euclidean stratification S and
dimg R(M, N) < nl. Moreover, if X\ is nice, R(M, N) is homeomorphic to
Y'! and hence the stratification S can be choosen singular and euclidean and
dimg R(M, N) = nl.

b) Suppose py(N) = 1. Then, the closure of Q(M,N) in Smo(M, N)
contains (M, N). In particular, Q(M,N) is non—void, i.e, R(M,N) is
not dense in Smo(M, N).

¢) Equip R(M, N) with a topology & finer than the pointwise topology (as,
for example, the one induced by Smo(M,N)). If p.(M) > p,(N) > 2, then
R(M, N) is nowhere dense in Smo(M, N), has a quasi—euclidean stratifica-
tion S and dimg R(M, N) < nl. Moreover, if £ is nice, dimg R(M, N) = nl
and, if € is nice and M 1is irreducible, S can be choosen singular.

') Suppose N affine and equip R(M, N) with the C* compact—open topolo-
qy. If bgpe(N) > 2, then R(M, N) is an euclidean set and dimg R(M, N) =
dime R(M, N) = nl. Moreover, if N is compact, R(M, N) is compact also.

The next result is the nonsingular version of Corollary 2.29.

Corollary 2.31 Let N be an affine real algebraic manifold. Then, there is a
weak change ¢ : N-—N of the algebraic structure of N with the following
property: For each real algebraic manifold M, equipping Smo(M, N) with
the C* compact—open topology, R(M, ]\Nf) is nowhere dense in Smo(M, N),
is an euclidean set and dimg R (M, N) 1s finite. Moreover, if N is compact,
R(M,N) is compact also.
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R(M, N) is nowhere dense in Smo(M, N),
has a quasi—euclidean stratification and

Every map in R(M, N) is dimg R(M, N) is finite.
Zariski locally constant.

The closure of Q(M, N) in Smo(M, N)
contains (M, N). In particular, R(M, N)
is not dense in Smo(M, N).

of 12 3 4 5 6 g

Figure 2: Topology of regular morphism space: nonsingular case

3 Proof of finiteness theorems

Lemma 3.1 Let X be an irreducible real algebraic variety and let D be a
real algebraic curve with g(D) > 2. Then, Ratio*(X, D) and R*(X, D) are
finite and it holds:

fRatio™ (X, D) < M(P.(X), (D))

and

fR*(X, D) < M(pc(X),9(D)).

Proof. Step I. Suppose X is a real algebraic curve. Bearing in mind Defi-
nition 2.8, the lemma follows immediately from the uniqueness of the com-
plexification of nonconstant rational (resp. regular) maps between real alge-
braic curves, the Hurwitz—de Franchis—Martens theorem (see page 22) and
Lefschetz’s principle.

Step II. Let us complete the proof. Let h := M(P.(X), g(D)). We must
prove that fRatio*(X, D) is less than or equal to h. Suppose on the contrary
that Ratio*(X, D) contains h + 1 distinct elements ag, aq,...,a;. Then,
there are a non—void Zariski open subset Z of X and maps fo, fi,..., fn
in R*(Z, D) which represent «, o, ..., ay respectively. By the last part of
Lemma 1.7, there is a point p of Z such that P.(X) = p.x(p) = pez(p).
Define A := U};:o 7 (filp)) U Uizilz € Z|fi(x) = [f;j(z)}. Since each
map f; is nonconstant and, for each 4,j € {0,1,... h} with ¢ # j, f; and
f; are distinct maps, we have that A is a proper Zariski closed subset of
Z. In this way, bearing in mind the definition of curve genus at a point,
it is possible to find a real algebraic curve E of Z containing p such that
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9(E) =pez(p) = P.(X) and E ¢ A. By definition of A, it follows that the
regular maps fo|g, filg, - - ., fu|p are h+1 distinct elements of R*(E, D). This
is impossible because, thanks to Step I, {R*(E, D) < M(g(E), g(D)) = h.
The proof of the inequality {R*(X, D) < M(p.(X), g(D)) is similar. U

Proof of Lemma 1.31. Step I. Suppose X is a real algebraic curve. Let X¢
be a projective nonsingular complexification of X. The map ¢ : Go(X) —
Jmy(X¢), which sends the F—equivalence class of an element a of Gy(X)
into the Fe—equivalence class of the complexification of a in Jmy(X¢), is
well-defined and injective. In this way, bearing in mind Definition 1.28, the
de Franchis-Harris-Howard-Sommese theorem (see page 17) ensures that
1G2(X) < §Imy(Xe) < F(g(X)) = F(P(X)).

Step II. Let us complete the proof. If P.(X) < 2, then, by Theo-
rem 2.2, b), we know that Go(X) = () so the lemma is proved. Suppose
P.(X) > 2 and define K := F(P.(X)). We must show that §G,(X) < K.
Suppose on the contrary that Go(X) contains K + 1 dinstinct elements
ap € Ratio* (X, Dy), . ..,ax € Ratio* (X, Dk) for some real algebraic curves
Dy, ...,Dg. Let A be the set of all pairs (i,5) € {0,1,..., K}? with i < j
and D; and D; are birationally isomorphic. Fix (¢,j) € A and indicate by
B;; the set of all birational isomorphisms between D; and D;. By Lemma
3.1, B;; is finite. Fix a non-void Zariski open subset €2;; of D; and choose
regular maps gij1, - - -, gij,n;; between );; and D; which represents the ele-
ments of B;;. For each i € {0,1,..., K}, define A; := {j|(i,j) € A} and
Q = ﬂjeAi Qi; (where Q; := D; if A; = 0). Since each «; is noncon-
stant, there exist a non-void Zariski open subset Z of X and regular maps
fo:Z — Dy,..., fx : Z — Dk which represent v, ..., ax respectively
and satisfy the following condition: f;(Z) C €, for each i € {0,1,..., K}.
By the last part of Lemma 1.7, there is p € Z such that p.(X,p) = P.(X).
Let (i,j) € A. Define A;; := UhNgl{m € Z|(gijn o fi)(z) = f;(z)}. Remark
that A;; is a proper Zariski closed subset of Z, otherwise o; would be F—
equivalent to a; in G3(X) and our assumption would be contradicted. Let
A= UgjeaDij U Uli{:o I (fi(p)). Tt follows that A is a proper Zariski
closed subset of Z. In this way, by the definition of p.(X,p), there exists a
real algebraic curve F of Z containing p such that g(F) = P.(X) and E ¢ A.
For each i € {0,1,..., K}, define §; : E — D; as the restriction of f; to F
and ; € Ratio*(E, D;) as the rational map represented by &;. Remark that
each §; is nonconstant and, for each (7, ) € A and for each h € {1,..., N;;},
the map ¢; is different from the composition map g;j, o &. In particular, for
each 4,5 € {0,1,..., K} with i # j, §; is not F—equivalent to 3; in G5(E) so
#G2(E) > K + 1 which is impossible by Step 1. U
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Proof of Theorem 2.11. We will prove only part a). The proof of part b) is
similar. Let n := tdim(Y’). By definition of toric dimension, there are a non-
void affine Zariski open subset V' of Y, real algebraic curves Dy, ..., D, with
T := [[., D;, By Lemma 3.1, we have that, for each i € {1,...,n},
Ratio* (X, D;) is finite and it holds: fRatio* (X, D;) < M(P.(X),g(D;)) <
M (P.(X), p(Y)). Identify Ratio(X,T) with [[;_, Ratio(X, D;) in the natu-
ral way. For each f € rDom(X,Y), V; := f~}(V) is a non-void Zariski
open subset of X so it is possible to define the map ¢* : rDom(X,Y) —
Ratio(X,T) which sends f into the rational map represented by (Vy, wo f|v,).
Remark that ¢* is injective. Let us prove that ¢*(rDom(X,Y)) is con-
tained in [[;, Ratio*(X,D;). Suppose this is not true. For each i €
{1,...,n}, let m; : T — D; be the natural projection. By the assump-
tion just done, there exists f € rDom(X,Y), ¢ € {1,...,n} and b; € D;
such that (m; 0o ¢ o f)(Vy) = {b;}. Without loss of generality, we may
suppose i = 1. It follows that o(f(Vy)) C {b1} x [I_, D; so, being f
dominating, ¢(V) C {bi} x [[;_, D; also. This is impossible by defini-
tion of n. In this way, ¢* injects rDom(X,Y) into [[;_, Ratio*(X, D;)
and hence frDom(X,Y) < [, fRatio* (X, D;) < M,(P.(X),p(Y))". By
Lemma 1.20 and Lemma 1.30, it follows that n < Tdim(Y) < F(P.(Y)) so
trDom (X, Y) < M, (P.(X),p,(Y))7 () also. O

Proof of Theorem 2.11'. We will prove only part a). The proof of part b) is
similar.

Step I. Suppose that X and Y are Zariski connected. Let Xi,..., X,
be the irreducible components of X and let Yj,..., Yy be the irreducible
components of Y. Denote by F' the set of all functions between {1, ..., u} and
{1,...,U}. For each v € F, let D, be the set of all maps f € rDom(X,Y)
such that Zcly (f(X;)) = Y, for each i € {1,...,u} and let ¥, : D, —
[I;., rDom(X;,Y,)) be the map which sends f into (fi,..., f,) where f;
is the restriction of f between X; and Y,;. Remark that rDom(X,Y) =
L] P D, and each 1), is injective. By Theorem 2.11, we have that

ﬁrDom(X, Y) < Z’\/GF H;LZI M*(PC(XZ‘),pt(Yﬁ/(i)))tdim(Y’Y(i)) <
< U*. M*(PC<X>7pt(Y))u-tdim(Y).

Step II. Let us complete the proof. Let Xo = {p1,...,pw}, let Yo =
{q1, .- yqw}, let XP ... X® be the Zariski connected components of X,
and let Y®, ... Y™ be the Zariski connected components of Y,. For each
i€ {l,...,v}, let u; be the number of irreducible components of X and, for
each j € {1,...,V}, let U; be the number of irreducible components of Y.

.....
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let F) be the set of all functions between {1,...,v}\x and {1,...,V} (where
,,,,, v} is considered equal to the empty set). Let f € rDom(X,Y). By
definition of dominating regular map, there exist (and are unique) a fun-
ction o : {1,...,w} — {1,..., W}, a subset x of {1,...,v}, a function
B:x —{1,...,W} and a function v € F, such that: f(p;) = ga@) for each
ie{l,...,w}, f(X?)={qgsu} for each i € x and f(X®) C YO for each
i€ {1,...,v}\ x. In this way, it is possible to define an injective map @
between rDom(X,Y") and the following set

..........

is the function which sends ¢ € {1,...,w} into «a(i) and j € x into (3(j)
and f; is the restriction of f between X and Y™  Define H := Z -
M, (P(X), p,(Y))4m) and, for each i € {1,...,v}\ x, define

Hy i MU(Pa(X0), po( 00 prttimy o),
Remark that p(Y?) > p,(Y) > 2 for each j € {1,...,V}. By Step I, we
have that

frDom(X,Y)

A\
(]
=
Al
<
N
2
m
X’TJ
S
g
3
=
—
2

,,,,, v}\X(Uv(i))ui H; <
H(Zie{l ..... v\ x ul) —
X

.....

INA
=
Iy
n
=
I\
k!

-----

W}ix . vatix . H(Zie{l ,,,,, vH\x u;) <

I
>
0]
=
N
0
lﬂ
dJ

-----

W (W +V - H)*

IN A

as desired. Bearing in mind that rAut(Y’) is contained in rDom(Y,Y), the

corresponding inequality for rAut(Y) can be obtained by a similar argument.
O

Proof of Corollary 2.12. Immediate consequence of Theorem 2.11', Remark
1.29, Lemma 1.30 and Remark 2.10. U

Let X be a real algebraic variety. Recall that the accumulation points of
Nonsing(X) in X are called central. We denote by Cent(X) the set of all
central points of X, i.e, the closure of Nonsing(X) in X.
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Proof of Theorem 2.14. Step I. Suppose X and Y irreducible. We need a
preliminary study of two particular families of subsets of Y. Define {Y;}F_,
and {Y/}*_, as follows:

Y1:=Y, Y{:=Cent(Y),
Vion o= Zely (Sing(V) \Uj_, ¥}) . ¥y, o= Cent(¥irn) \ Ui, Y,
Yi#0, Vi =0.

Since Y1 C Sing(Y;) for each ¢, the previous definition is consistent.

We will prove that {Y;}r_, is a partition of Y and, for each i € {1,...,k},
Y/ # 0, |, Y/ is closed in Y and ¥; \ | [} Y/ = Y \ [J'Z| ¥/, Remark
that, for each i € {1,..., Kk}, Y;\U;;ll Y/ = (Cent(Y;) USing(Y;)) \ U;;ll Y/ =
Y/ U (Y \Uj—, Y)) so, by induction on i = k,k —1,...,1, it follows that

Yi\ U;;ll Y] = Uf:l Y;. In particular, Y = Ule Y;. On the other hand, by
definition, we know that, for each 4,5 € {1,...,k} with i # j, Y/ NY] =0

so {Y/}r | is a partition of Y. It follows that, for each i € {1,...,k},

YA Y =Y = (U Y)OA\US Y = YA Y- Since LJj_, Y/ =
Cent(Y;) U |_|;;11 Y/ and Y; (and hence Cent(Y;)) is closed in Y, proceeding
by induction on 4, it follows immediately that each union |_|§.:1 Y/ is closed
inY. Fix i€ {1,...,k}. From the definition of Y;, we have that dim(Y;) =
dim(Y;\ |_|;;11 Y7). In this way, Y] cannot be void. Otherwise, Y; \ |_|;;11 Y/ C
Sing(Y:) \ |_|;;11 Y/ and hence dim(Y;) < dim(Sing(Y;)) which is impossible.
Let us proceed with the proof of this step. For each i € {1,...,k}, let
Yi1,...,Yim, be the irreducible components of ¥; of maximum dimension.
Fix f € woR(X,Y). Let U be the interior of f(Nonsing(X)) in Y, let
ho=min{i € {I,... .k} |[UNY/ # 0} and let V := Un (Y, \ LI} Y)).

Remark that 0 # UNV, Cc V =UnN Y\ |_|§L;11 Y/) so V is a non-void
open subset of ¥ contained in Y}, and f~!(V) N Nonsing(X) is a non-void
open subset of Nonsing(X). In particular, f~*(Y;) = X or, equivalently,
f(X) C Y),. On the other hand, Zcly, (f(X)) is irreducible and its interior in
Y}, contains V' which intersects Y} (and hence Cent(Y},)) so Zcly, (f(X)) = Y;
for some (unique) 7 € {1,...,my}. In this way, we can define an injective
map between woR(X,Y) and the set | [f_, LIi2, rDom(X, Y;;) which sends f
into its restriction between X and Y},;. By Lemma 1.14, a), it follows that,
for each i € {1,...,k} and for each j € {1,....,m;}, p(Y;;) > p(Y) > 2 s0
Theorem 2.11 ensures that woR(X,Y') is finite.

Step II. Let us complete the proof. Let Xi,..., X, be the irreducible
components of X and let Yi,...,Ys be the irreducible components of Y.
Fix f € woR(X,Y). By definition of weakly open map, there exists a map
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Y {1,...,b} — {1,..., B} such that, for each i € {1,...,b}, f(X;) C Yy@
and the restriction f; of f between X; and Y, ;) is weakly open. In this way,
there exists an injective map between woR(X,Y') and the following set

.....

It remains to prove that, for each i € {1,...,b} and for each j € {1,..., B},
woR(X;,Y;) is finite. If dim(Y;) = 0, then woR(X;,Y;) contains only an
element. If dim(Yj) is positive, then dim(X;) is positive also and, being
pe(Y;) > pe(Y) > 2, woR(X;,Y;) is finite by Step 1. U

4 Proof of topological theorems

Throughout this subsection, we consider only the case R = R.

Lemma 2.26 is elementary and Theorem 2.27, a) follows easily from Theo-
rem 2.2, a). In order to prove Theorem 2.27, b), we need some preliminary
notions and results.

Let D and E be a real algebraic curves and let f € R*(D, E). Define
D; := Nonsing(D) \ f~*(Sing(E)). Since f~!(Sing(F)) is finite, D; is a
non-void Zariski open subset of Nonsing(D). Let z € Dy and let y := f(x).
Considering Dy and Nonsing(E) as C*° manifolds, we can find a C*° coordi-
nate system of D; centered at x and a C'*° coordinate system of Nonsing(E)
centered at y in which the map f is given by ¢ —— t* for some a € N*. Such an
integer depends only on f and = and will be indicated by v¢(x). Remark that,
being f regular and nonconstant, the set of points = of Dy with vy(x) > 2 s fi-
nite. We define the singular locus S(f) of f as the divisor erDf (ve(z)—1)-x

on D and the degree deg S(f) of f by deg S(f) := erDf(l/f(I) —1).

Lemma 4.1 Let D and E be real algebraic curves and let f € R*(D, E). If
g(E) > 1, then deg S(f) < 29(D) — 2.

Proof. Let fc : Dc — FE¢ be a complexification of f, let d be the de-
gree of fc and let B(fc) be the branch locus divisor of fc. Define Dy :=
Nonsing(D)\ f~(Sing(E)). Identify D; with a Zariski open subset of D¢(R)
and Nonsing(E) with a Zariski open subset of Ec(R). It follows immediately
that deg S(f) < deg B(fc). On the other hand, by Hurwitz’'s formula, we
have that deg B(fc) = 2¢9(D) — 2 — d(29(F) — 2) < 2¢g(D) —2. U

Lemma 4.2 Let X be a real algebraic variety and let p € X \Isol(X). Then,
there are an irreducible component X' of X and an open semi—algebraic subset

A of X such that A C X'\Isol(X") and p is an accumulation point of A in X.
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Proof. Since the problem is local, we may suppose that X is an algebraic
subset of some R™. For each t € R*, let B,(p) be the open ball of R™ centered
at p with radious ¢t and let U; := X N B,(p). Let Xi,..., X, be the irreducible
components X* of X such that p is an accumulation point of X* in X. Choose
e € R* in such a way that U. C |J;_, X; and U. N |J;_, Isol(X;) = 0. For
each z € U,, let I, be the subset of {1,...,s} formed by the integers i such
that x € X;. Define the function h : U. — {1, ..., s} by h(x) := #1, and the
function H : (0,e] — {1,...,s} by H(t) := minh|y,. Let K := max H and
let n € (0, €] such that min h|y, = K for each ¢ € (0, 7]. For each n € N* such
that 1/n <mn, fix p, € Ui, \ {p} in such a way that h(p,) = minhly, , = K.
Since {1,...,s} has a finite family of subsets with K elements, extracting a
subsequence if needed, we may suppose that each I, is equal to some non-
void subset I of {1,...,s}. Let A:= U, \ U,g; Xi. The sequence {p,}, lies
in A and converges to p so p is an accumulation point of A. Let x € A. Since
fl, > K=fl and x & Uiﬁl X;, it follows that I, = I. In particular, we have
that A = (B,(p) N(e; Xi) \ Uigy Xi- Fix i € I and define X’ := X;. The
proof is complete. [

Lemma 4.3 Let X be an algebraic subset of R™, let Y be an algebraic subset
of R™ and let f € R(X,Y). Then, there are a nonsingular algebraic subset W
of some RY | a reqular map F : X — W and a polynomial map P : W — Y
such that f = Po F.

Proof. Let us recall the statement of the so—called general Néron desingu-
larization (for the proof, see [55] and [57]): “Let F — B be a regular
morphism of noetherian rings where F' contains a field of characteristic zero.
Then, for every finitely generated F-algebra A and every F-algebra mor-
phism a : A — B, there exist a finitely generated regular F-—algebra A’
and two F-algebra morphisms p: A — A" and @' : A’ — B such that
a =a op”’. When A is the R-algebra of polynomial functions on Y, B is the
R-algebra of regular functions on X and a : A — B is the pullback of f,
this result is equivalent to the present lemma. U

Indicate by ||v||,, the usual norm of a vector v of R™.

Lemma 4.4 Let X be an algebraic subset of R™, let Y be a mnonsingular
Zariski locally closed subset of R™ and let g € C°(X,Y) such that, for some
compact subset K of X and for some f € N(X,Y), g = f on X \ K.
Equip C°(X,Y) with the compact—open topology. Then, g is approzimable by
Nash maps in C°(X,Y), i.e., it is contained in the closure of N (X,Y) in
C'(X,Y).
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Proof. Let g, K and f be as in the statement of the lemma and let &/ be a
neighborhood of g in C°(X,Y). Let p: U — Y be a Nash retraction of an
open semi—algebraic neighborhood U of Y in R™ onto Y and let £ : X — R
be the function which sends x into the distance dist(g(z), R™ \ U) between
g(x) and R™\U in R™. Since £ is positive and coincides with a semi—algebraic
function on X \ K, by Proposition 2.6.2 of [4], there are § € R* and « € N
such that £(z) > 0(1 + ||x]|,) " for each x € X. On the other hand, thanks
to Lemma 2.8.1, b) of [1], we know that, for each ¢ € R and for each § € N,
there is G. 5 € N(X,R™) such that |G 5(z) — g(2)|lm < e(1 + ||z|,) =7 for
each x € X. In this way, choosing ¢ sufficiently small and 3 sufficiently large,
the Nash map po G.3: X — Y is well-defined and lies in ¢ (remark that,
if G.g(x) € U for some x € X, then ||(0 0 G.p)(x) — g(@)||m < 2||Gep(z) —
9()[lm)- O

Proof of Theorem 2.27, b). Step I. Suppose Map(X,Y) = C°(X,Y). We
must prove that, for each f € R(X,Y) \ Triv(X,Y) and each neighborhood
U of fin COX,Y), there exist a map ¢ in U which is not contained in the
closure of R(X,Y") in C°(X,Y). Bearing in mind Definition 2.19 and Lemma
1.14, a), it suffices to prove the following affine version of Theorem 2.27, b).

Assertion. Let X be an algebraic subset of R™ (of positive dimension),
let Y be an algebraic subset of R™ (of positive dimension) with p,(Y) > 1
and let f € R(X,Y) \ Triv(X,Y). Equip C°(X,Y) with the compact-open
topology. Then, there exist a point p € X \ Isol(X) with f(p) ¢ Isol(Y)
and a compact neighborhood K of p in X with the following properties: for
each e € RT, there is a map g of C°(X,Y) such that g = f on X \ K,
SUp,ex |9(x) — f(2)||lm < € and g is not contained in the closure of R(X,Y)
in C°(X,Y).

Let X, Y and f be as in the statement of the previous assertion and fix
a point p in X \ Isol(X) such that ¢ := f(p) & Isol(Y'). We subdivide the
remainder of the proof of the previous assertion into three parts.

Part I.1. By Lemma 4.2, we can choose an irreducible component Y of
Y and an open semi-algebraic subset A of Y such that A C Y’ \ Isol(Y’)
and ¢ is an accumulation point of A in Y. Since p;y/(q) > 1, there are
a Zariski open neighborhood Z of ¢ in Y, a finite family {D;};c; of real
algebraic curves with min;e; g(D;) = pry/(¢) and an injective regular map
¢ Z — [l Di. Let A’ := AN Z. It is immediate to see that A’ is
an open semi-algebraic subset of Y contained in Y’ \ Isol(Y”) such that ¢ is
an accumulation point of A" in Y. Let V be the Zariski closed subset of X
defined by V' := Isol(X)Uf ! (Isol(Y))Uf~1(Y'\ Z). Since p ¢ V, we can find
a compact neighborhood K of p in X which does not intersect V. Indicate
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by € the interior of K in X and, for each ¢ € RT, denote by B,(q) the open
ball of R™ centered at ¢ with radious ¢t. Fix e € R*. Let o: U — Y be a
continuous retraction of an open neighborhood U of Y in R™ onto Y (recall
that an affine real algebraic variety is an absolute neighborhood retract), let
U. == 0 "(Y N B.j2(q)) and let n € (0,¢/2) such that Bs,(q) C U.. By using
the Nash Curve Selection Lemma (see Proposition 8.1.13 of [4]), it is easy to
find a real algebraic curve G' of X containing p such that p ¢ Isol(G) and a
real algebraic curve L of Z such that Nonsing(L)NA'NB,(¢) # 0. Since ¢|y is
nonconstant, thereis j € I such that, setting 7; : [[,.; D; — D; equal to the
natural projection, the composition map 7; o ¢|, : L — D, is nonconstant
also. By Sard’s theorem, there exists a finite subset L’ of L containing Sing(L)
such that (m;0¢)(L\ L") C Nonsing(D,) and the restriction of 7; 0 between
L\ L' and Nonsing(Dj;) is a local diffeomorphism. Fix p’ € Nonsing(G) N Q2
so close to p that f(p') € B,(q) and fix ¢ € (L\ L') N A N B,(q). Let
v = max{0,2¢g(G) — 1}. By using adequate C*° coordinate systems on
Nonsing(G) locally at p’ and on Nonsing(L) locally at ¢/, it is easy to find
an open neighborhood H of p’ in Q and a continuous map h between H and
(L\ L')Nn A'N B,(q) such that f(H) C B,(q), H N Sing(G) =0, h(p') = ¢
and the map 7; 0 ¥ o h|gANonsing(c) : H N Nonsing(G) — Nonsing(D;)
is C*°, nonconstant and has at least v distinct critical points pq,...,p, of
order 2. Let K’ be a compact subset of H such that the interior of K/ NG
in Nonsing(G) contains {p1,...,p,}.

Part 1.2. Let {«, 5} be a continuous partition of unity subordinate to the
open cover {H, X \ K’} of X. Define the continuous map ¢’ : X — R™ as
follows: ¢’ :== ah + f on H and ¢’ := f on X \ H. Remark that ¢ = h on
K’ and, for each x € H, it holds:

lg"(x) = f(@)llm + 1 (2) = qllm < [2(z) = f(@)[lm + 1 <
1h(x) = qllm + llg = f(2)[lm + 1 < 3n.

lg'(z) —qllm <
<

Since ¢'(X) C U, we can define the continuous map g : X — Y by g := pog’.
We have: g =hon K', g = fon X\ H (and hence on X\ K), g(H) C B.2(q)
and, for each x € K, [|g(x) — f(x)||m < € (because g(z) = f(x) if r € K\ H
and [|g(z) — F(2)lm < 19(z) = alim + llg — F(@)lln < & if & € H).

Part 1.3. It remains to prove that g is not contained in the closure of
R(X,Y) in C°(X,Y). Suppose this is not true. Equip C°(K’' N G, D;)
with the compact—open topology. Since A’ is open in Y and g(K') C A/,
for each neighborhood V of h* := 7 0 v 0 g|king in C*(K' N G, D,), there
exists a neighborhood U of g in C°(X,Y’) with the following properties: if
R € R(X,Y)NU, then R(K') C A', (mj o po R)(K'NG) C Nonsing(D;)
and the map 70 po R|gng : K'NG — Dj is well-defined, is nonconstant
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and is contained in V. Furthermore, if V is sufficiently small around h*,
then Rolle’s theorem ensures that the C* map m; o ¢ o R|gne has at least
v distinct critical points in the interior of K’ N G in Nonsing(G). Fix a
neighborhood U of g in C°(X,Y") so small that each R € R(X,Y)NU has
the properties described above. Since K’ N G is Zariski dense in G and
R(K'NnG) C Y’ it follows that R(G) C Y’. Define the real algebraic
curve Gg of X by Gr := G N R7Y(Z) (remark that Gg D K' N G) and
the regular map R* : Gg — D; by R* := m; o ¢ o R|g,. We will show
that the existence of R* gives a contradiction. The proof of the previous
assertion will be complete. Remark that ¢g(D;) > 1 and ¢g(G) = g(Gr) so
v = max{0,2¢(Gg) — 1}. If g(Gg) = 0, then Lemma 1.6 implies that R* is
constant which is false. If g(Ggr) > 1, then, from Lemma 4.1, it follows that
v < deg S(R*) < 2¢(Gg) — 2 = v — 1 which is impossible.

Step II. Suppose Map(X,Y) = C¥(X,Y) or Map(X,Y) = N(X,Y).
It suffices to prove that, for each f € R(X,Y) \ Triv(X,Y’) and for each
neighborhood U of f in N (X,Y), there is g € U which is not approximable
by regular maps in V'(X,Y"). We may assume that X is an algebraic subset of
R™ and Y is an algebraic subset of R™. Let f € R(X,Y)\ Triv(X,Y). First,
suppose that f is Zariski locally constant. Let X’ be a Zariski connected
component of X, and let p € X'\ Isol(X’) such that ¢ := f(p) & Isol(Y).
Repeat word for word Part 1.1 of the previous step. Let ¢ : X — Y be the
constant map which sends X into ¢’. By using an adequate partition of unity
on X and a C'* coordinate system on L\ L', it is easy to define a continuous
map ¢ : X — L\ L' with the following properties: ¢ = h on K’, ¢ = c on
X'\ K (we can choose K contained in X'), ¢'(X’) C (L\ L')N A N B,(q)
and ¢ = f on X \ X'. Remark that, choosing ¢ sufficiently small, ¢ is
arbitrarily close to f in C°(X,Y). Applying Lemma 4.4 to ¢/, we find a
map g € N(X,Y) such that ¢g(X’) € L\ L' and, viewing ¢’ as a map
between X and Y, g is arbitrarily close to ¢’ in C°(X,Y). In particular,
g is arbitrarily close to f in N(X,Y). Repeating Part 1.3, we see that,
choosing ¢ sufficiently close to ¢/, ¢ is not approximable by regular maps
between X and Y. Suppose now that f is not Zariski locally constant so
dim(Zcly (f(X))) > 1. Remark that, as a map between X and Zcly (f(X)),
f is not trivial and, from Lemma 1.14, a), it follows that p;(Zcly (f(X))) >
pe(Y) > 1. In this way, we may suppose that f(X) is Zariski dense in Y.
By Lemma 4.3, there are a nonsingular algebraic subset W of some R”, a
regular map F': X — W and a polynomial map P : W — Y such that
f:=PoF. Since P(W) D f(X), P(W) is Zariski dense in Y so, by Sard’s
theorem, there is a Zariski closed subset V' of Y containing Sing(Y’) such
that dim(V) < dim(Y") and the restriction of P between P~!1(Y \ V) and
Y \ V is a submersion. Since f(X) is Zariski dense in Y and dim(Y') > 1,
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there are a nonsingular point p of X of some positive dimension and a real
algebraic curve G of X such that p € Nonsing(G), q := f(p) € Y \V
and f|g is nonconstant. Since p;(Y) > 1 and ¢ lies in an unique irreducible
component of Y, there are a Zariski open neighborhood Z of ¢ in Nonsing(Y"),
a finite family {E;};c; of real algebraic curves with min;e; g(£;) > 1 and
an injective regular map ¢ : 7 — Hje ; ;. Define the real algebraic
curve L of Y by L := Zcly(f(G)). Proceeding as in Part 1.1, we find a
finite subset L' of L containing Sing(L) and j € J such that L\ L' C Z,
(mjo1)(L\ L") C Nonsing(E;) and the restriction of m; o ¢ between L\ L'
and Nonsing(E;) is a local diffeomorphism. Choose a point p’ € G close to p
in G such that, setting ¢’ := f(p'), ¢ is arbitrarily close to ¢ in L, ¢ € Y \'V
and lies in L\ L' (such a point p’ exists because f~'(L') N G is finite and
p € Nonsing(G)). Let 2/ := F(p'). Since P is a submersion over Y \ V,
it is easy to find a real algebraic curve S of W such that 2’ € Nonsing(S),
P(S) C L and the restriction of P between P~!(L\ L") N Nonsing(S) and
L\ L' is a local diffeomorphism at z’ (remark that P(z') = ¢')). Let B be
an open neighborhood of 2’ in Nonsing(S) such that B’ :== P(U) C L\ L/,
B" := (m;jopoP)(U) is an open subset of Nonsing(E;) and both the restriction
maps P|p : B — B’ and 7; 0 ¢|p : B' — B" are diffeomorphisms. Let
v := max{0,2¢(G) — 1}. Equip C°(X,Y’) with the compact—open topology.
Following the argument used in Part 1.1 and Part 1.2 to define ¢’, we obtain
two compact neighborhoods K and K’ of p’ in X and a continuous map
g : X — W arbitrarily close to F' in C°(X,W) such that ¢ = F on
X \ K, K’ is contained in the interior of K in X, K’ NG C Nonsing(G),
¢'(K'NG) C B and the restriction of ¢’ between K'NG and B is a nonconstant
C* map having v distinct critical points of order 2 in the interior of K’ NG
in Nonsing(G). By Lemma 4.4, there is a Nash map ¢” : X — W so close
to ¢’ in C°(X, W) that, setting g : X — Y equal to the composition map
Pog”, gis arbitrarily close to f in M(X,Y") and the restriction of ;0 og
between the interior of K’NG in Nonsing(G) and Nonsing(E;) is nonconstant
and has at least v distinct critical points. Repeating Part .3, we complete
the proof. U

We refer the reader to [18] for further results obtained by arguments
similar to the ones used in the previous proof.

Proof of Theorem 2.27, ¢). Step I. Let us prove the following assertion.

Assertion. Let X andY be real algebraic varieties (possibly zero—dimensio-
nal) such that X is irreducible and p,(Y) > 2 if s .= dim(Y') > 1. Equip
R(X,Y) with the pointwise topology. Then, R(X,Y) has a singular quasi—
euclidean stratification S = {Rj};”zo with the following properties: for each
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Jj €40,1,...,m}, there are a semi-algebraic set S; with dim(S;) < s and an
injective continuous map between R; and S;. Moreover, dimg R(X,Y) = s.

Let us proceed by induction on s. The case s = 0 is trivial because
R(X,Y) is a finite set equipped with the discrete topology so it is an eu-
clidean set and its Brouwer dimension is zero. Let s > 1. If dim(X) = 0,
then X is a single point and R(X,Y") is homeomorphic to Y which always
has a singular euclidean stratification. Suppose dim(X) > 1. Let Y;,..., Y},
be the irreducible components of Y of dimension s and let Yy.4,...,Y, be
the remaining irreducible components. For each j € {1,...,d}, we have that
pe(Y;) > pi(Y) > 2 so there are a non-void affine Zariski open subset Z; of

77777

p:(Y;) and an injective regular map ¢; : Z; — T9 := [[2, D;;. Define

d e
Y= Uj:1(Y}‘ \ Z;) U Uj>d Y; U U{(i,j) | 1§i<j§d}(Y; nY;),

R ={feRX,V)|f(X)ZY'} and R := {f € R(X,Y) | f(X) C Y'}.
Remark that Y is Zariski closed in Y, dim(Y’) < s and, by Lemma 1.14, a),
pe(Y’) > 2. Moreover, {R*,R'} is a partition of R(X,Y), R* is open in
R(X,Y) and hence R’ is closed in R(X,Y’). By induction, it suffices to show
that dimg R* = s and there are a semi-algebraic set S with dim(S5) < s and
an injective continuous map between R* and S. For each j € {1,...,d},
define R} := {f € R*| f(X) C Y;}. Fix f € R*. Since Zcly(f(X)) is irre-
ducible, there exists at least one integer j in {1,...,d} such that f(X) C Y.
Such an integer must be unique, otherwise f(X) C Y’. In this way, R*
is the disjoint union of R3’s. Fix j € {1,...,d}. Let f € Rj and let
p € Nonsing(X) such that f(p) € Y; \ Y’. Since Y; \ Y is open in Y, there
is a neighborhood U of f in R(X,Y) with respect to the pointwise topol-
ogy such that, for each g € U, g(p) € Y; \ Y’. On the other hand, X is
irreducible so each g in U sends X into Y}, ie., U C Rj. It follows that
{Rj ?:1 is an open partition of R* so it suffices to prove that, for some
j€A{l,...,d}, dimg R} = s and, for each j € {1,...,d}, there are semi-
algebraic sets S; with dim(95;) < s and an injective continuous map between
R; and S;. Fix j € {1,...,d}. By Lemma 3.1, we have that the cardinal-
ity of each Ratio™(X, Dj;) is finite. Let aju,...,a;:n, be the elements of
Ratio* (X, Dy;) for each i € {1,...,n;}. Choose a non-void Zariski open sub-
set W; of X and, for eachi € {1,...,n;}, maps gji, ..., gjin, in R*(Wj, Dj;)
which represent the rational maps ajii,. .., a;; N, respectively. For each
feR;, let W= f~H(Y;\'Y’). Remark that each W7 is a non-void Zariski
open subset of X and f(W}) C Z;. Denote by g; : R} — Ratio(X, Z;) the
map which sends f into the rational map represented by the restriction of
f between W} and Z; and indicate by ¢} : Ratio(X, Z;) — Ratio(X,T7)
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the map which sends a rational map in Ratio(X, Z;) represented by (U, fv)
into the rational map in Ratio(X,TV) represented by (U, ¢; o fi). Since
X is irreducible and ¢; is 1nJect1ve both g; and ¢} are injective. Iden-
tify Ratio(X,T7) with [[2, Ratio(X, Dj;) in the natural way. For each
i € {1,...,n;}, let m;; : T — Dj; be the natural projection. For each
x C {1,...,nj}, let ' == {1,...,n;} \ x, let T;, = [l;e Dji (where Tg
is considered equal to a point), let m : 79 — T ;, be the natural projec-
tion and let F;(x) be the set of all functions 1) between x and N such that
P(i) € {1,..., N;;} for each i € x. Remark that if x = 0 or Nj; = 0 for some
i € X, Fj(x) is void. For each x C {1,...,n;} and for each ¢ € F;(x), let
Pjx.w be the set of all elements (fy,...,8,,) of Ratio(X,T7) such that, for
each i € x, B; = o () and, for each i € X', 3; is represented by a constant
map between X and Dj;. Moreover, define R, , := (¢} 0 0;) " (Pjx). De-
note by R*@ the set of all constant regular maps between X and Y; \ Y.
Remark that {Rgxw}xC{l 77777 ny }beF; (x) Y {72 o} is a partition of R;. In order
to complete the proof of the prev1ous assertmn it suffices to show that:

a) for each x C {1,...,n;} and for each ¢ € Fj(x), R, , is open in R}
and there are a semi-algebraic set S, , with dim(S;, ) < s and an injective
continuous map between R7, , and S 4,

b) R*@ is open in R}, dimy R;@ = s and there is an injective continuous
map between R, and a s-dimensional semi-algebraic set.

We will prove property a). The proof of b) is easy. Remark that, for each
X C{1,...,n;} and for each ¢ € F;(x), we have that

i = AfERG I mjiopjof=gjip on WiN W],c for each i € x
and my o ;o f is constant on W; N W}}

Fix x C{1,...,n;}, ¥ € Fj(x) and f € R}, For each i € \/, let b;(f) be
the point of DjZ such that (mj0p;0 f)(W;nW}) = {b;(f)}. Choose two points
p and g of W; N W} N Nonsing(X) such that: gjin(p) # gjix(p) for each i € x
and for each h, ke{l,...,N;} with h # k, gjin(p) # g;in(q) for each i € x
and for each h € {1,..., N;;} and g;n(p) # b;(f) for each i € x’ and for each
h € {l,...,Nj}. For each i € x and for each h € {1,..., Ny}, let U, be
a neighborhood of gj;(p) in Dj; and let Uq be a neighborhood of gﬂh(q) in
Dj; such that: U}, NUZ, = 0 for each i € x and for each b,k € {1,..., Nj;}
with h # k and Ujph N Uqh = () for each ¢ € x and for each h € {1,..., N;;}.
For each i € X/, let V}; be a neighborhood of b;(f) in D;; such that Vi N
{g;in(p), ... ,gﬂNﬂ( )} = (Z) Let A be the neighborhood of ¢;(f(p)) in 77
defined by A := [[;c, U, i) % Ilicy Vi and let B be the neighborhood
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of ¢;(f(g)) in T7 defined by B := [[,, Ul i) X Iliey Dji- Since ¢; is
continuous and Y; \ Y’ is an open subset of Y containing {f(p), f(¢)}, there
exist a neighborhood A’ of f(p) in Y contained in Y;\ Y’ and a neighborhood
of B' of f(¢q) in Y contained in Y;\ Y’ such that ¢;(A’) C A and ¢;(B’) C B.
Define a neighborhood U of f in R} by setting: U := {{ € R;[{(p) €
A" and ¢(p) € B'}. From the properties of UJ;,’s and UJ;,’s, it follows easily
that 4 C Rj, ,. In particular, we have that each R} , is open in R}
as desired. The previous argument gives some more. The map Hj, , :
R v — [licy Dji which sends f into (b;(f))iey is continuous. Moreover,
it is injective because ¢} o g; is and its image is contained in the semi-
algebraic set S; .4 = Ty (p;(Z;)) whose dimension is less than or equal to
s = dim(Z;).

Step II. Let X4, ..., X} be the irreducible components of X. For each ¢ €
{1,...,b}, equip R(X;,Y) with the pointwise topology. By Step I, we know
that each R(X;,Y) has a singular quasi-euclidean stratification {R{’}7,
such that, for each ¢ € {1,...,b} and for each j € {0,1,...,m;}, there are
a semi-algebraic set Sj; with dim(Sj;) < s and an injective continuous map
@ji + RY — Sji. Moreover, dimgR(X,Y) = s. Let & : R(X,Y) —
[T, R(X;,Y) be the map which sends f into (f|x,, ..., f|x,). Remark that
® is injective and continuous. Let I be the set of all b—uples (o7y,...,0p)
in N° such that o; € [0,m;] for each i € {1,...,b}. Define an ordering
on [ as follows: (oy,...,04) =< (d1,...,8) in [ if and only if o; < §; for
each i € {1,...,b}. For each 0 = (0y,...,04) € I, let P, be the subset of
[T, R(X;,Y) defined by P, =[], R and let R, := ®7'(P,). Since
{Ps}oer is a quasi-euclidean stratification of [[_, R(X:,Y), {Ro}ecs is a
quasi—euclidean stratification of R(X,Y") also. Fix 0 = (04,...,0) € I. The
map ([0, i) © ® : Ry — Sy := [['_y So,s is injective and continuous
so dimg R, < dimg(S,) = dim(S,) < bs. It follows that dimg R(X,Y) =
max ,¢7 dimg R, < bs. If £ is nice, then the subspace of R(X,Y’) formed by
Zariski locally constant maps between X and Y is homeomorphic to Y so
dimg R(X,Y) > as. U

Proof of Theorem 2.28. We follow the proof of Theorem 2.27, c). First,
suppose X irreducible (and, possibly, zero-dimensional). Since bgp,(Y') > 2,
there exist a finite family { D; };c; of real algebraic curves with min;c; g(D;) =
bgp:(Y') and an biregular embedding ¢ of Y into 1" := [[,., D;. Fix i € I.
By Lemma 3.1, we know that R*(X, D;) is finite. Let {gi,...,g:n,} be the
elements of R*(X, D;) and let m; : T' — D; be the natural projection. For
each non-void subset x of I, define: ' := 1\ x, Ty := HieX,
T, as the natural projection and F'(x) as the set of all functions ¢ : x — N
such that ¢ (i) € {1,...,N;} for each ¢ € x. Let A be the family of all

D,y : T —
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non—void subsets x of I such that F(x) # 0, i.e, N; > 1 (or, equivalently,
R*(X, D;) # 0) for each i € x. For each x € A and for each ¢ € F(x), define
Ryw by Ryw ={f € RIX,Y)|mogo f= gy foreach i € x and my o
@ o fis constant} and, for each f € R, ,, indicate by a(f) the point of T},
such that (m,y oo f)(X) = {a(f)}. Let Const(X,Y) be the constant maps
between X and Y. Proceeding as in Step I of the above-mentioned proof,
we obtain that {Const(X,Y)} U{ Ry }yeaver(y is a partition of R(X,Y)
whose elements are open and closed in R(X,Y). Moreover, for each x € A
and for each ¢ € F(x), the map H, 4 : R, — T\, which sends f into a(f)
is continuous and injective. In order to prove that R(X,Y) is an euclidean
set, it suffices to show that Const(X,Y') is an euclidean set and each H, 4
is a topological embedding. Const(X,Y’) is homeomorphic to Y so it is an
euclidean set. Let d be a metric for Y and, for each i € I, let d, be a metric
for D;. Define the metric d’' for T by d'(x,y) = >, di(mi(x), m(y)). Fix
x € Aand ¢ € F(x). Let f € R, 4, let K be a compact subset of X and let
e € R*. In order to prove that H, , is a homeomorphism onto its image, it
suffices to show that there is ¢ € R* with the following property: if g € R, 4
and sup,cx d'((g(2)), 0(f(2))) < 6, then sup,cp d(g(z), f(x)) < e. This
fact follows immediately from the continuity of o' : ¢(Y) — Y. Remark
that H, ,(Ryp») C my(@(Y)) so, using Theorems I1.3 and II.7 of [51], it
follows that dime R, < s. On the other hand, dimg Const(X,Y) = s so, by
Theorems II.1 and I1.7 of [51], we have that dime R(X,Y) = s. Suppose Y
compact. It remains to show that R(X,Y’) is compact. Since Const(X,Y)
is homeomorphic to Y which is compact, it suffices to prove that each R,
is compact also. Fix x € A and ¢ € F(x). We will show that R, , is
sequentially compact and hence compact (because R, 4 is metrizable). Let
{fn}nen be a sequence in R, 4. The corresponding sequence {a(f,)}nen of
T is contained in m (¢(Y")) which is compact so, extracting a subsequence if
needed, we may suppose that {a(f,) }nen converges to a point a in m (¢(Y)).
Define the regular map { : X — T by setting m; 0 § = g; ;) for each
i € x and 7y (£(X)) = {a}. Equip R(X,T) and R(X,p(Y)) with the
compact-open topology. Evidently, the sequence {¢ o f,}nen of R(X,T)
converges to . Since p(Y) is closed in T, it follows that £(X) C ¢(Y) so
{po fulnen converges to £ in R(X, ¢(Y)) also. Define the element f of R,
by f:= ¢ o€ Since ! is continuous, it turns out that {f, },en converges
to f in R(X,Y). This completes the proof when X is irreducible. In the
reducible case, it suffices to repeat the argument of Step II of the previous
proof. U

Proof of Theorem 2.30. Following the proofs of Theorem 2.27 and Theorem
2.28, we obtain without difficulties points a), ¢) and ¢’). Let us prove point b).
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We consider only the case Smo(M, N) = C*°(M, N). The proof of other cases
can be easily infered from the following proof of the above-mentioned case
and from well-known analytic and Nash approximation results for C*° maps.
Fix f € (M, N). We must prove that there is g € C*(M, N) arbitrarily
close to f which is not approximable by regular maps. Choose ¢ € N in
such a way that f~!(q) contains a 1-dimensional semi-algebraic subset S
of M. Making use of standard argument of Semi-algebraic Geometry, we
can construct a real algebraic curve G of M such that the interior 2 of
S N Nonsing(G) in Nonsing(G) is non—void. Fix p € Q. Let N’ be the
irreducible component of N containing ¢. Since p; n/(q) > 1, there are an
affine Zariski open neighborhood Z of ¢ in N’, a finite family {D;};c; of
real algebraic curves with min;e; g(D;) > 1 and an injective regular map
¢+ Z — Jl;e; Di. We may also suppose that, setting 7; : [[,., D; —
D; equal to the natural projection for each j € I, each composition map
mj o : Z — D; is nonconstant. From the latter assumption and Sard’s
theorem, it follows the existence of a proper Zariski closed subset W of Z
with the following properties: for each y € Z \ W, there is j € I such
that 7;(¢(y)) is a nonsingular point of D; and is a regular values of the
restriction ¢; of m; o ¢ between (m; o ¢)~!(Nonsing(D;)) and Nonsing(D;).
Up to compose f with a C°° automorphism of N arbitrarily close to the
identity on NN, we may suppose that ¢ € Z\ W. Let j € I such that 7;(¢(q))
has the properties described above. Fix a 1-dimensional C*° submanifold L
of (mj0¢) ! (Nonsing(D;)) containing ¢ such that ¢; sends diffeomorphically
an open neighborhood V' of ¢ in L into an open subset of Nonsing(D;). Let
v := max{0,2¢(G) — 1}. By using an adequate C'* partition of unity on M
and C'*™ coordinate systems on M locally at p and on N locally at ¢, it is
easy to find an open neighborhood U of p in © and a map ¢ in C*°(M, N)
arbitrarily close to f such that ¢(U) C V and g|y : U — V' is nonconstant
and has v distinct critical points of order 2. Such a map is not approximable

by regular maps as one can see repeating the argument used in Part 1.3 of
the proof of Theorem 2.27, b). U

Acknowledgements

I would like to thank Alberto Tognoli and Riccardo Benedetti for their
invaluable suggestions. A special thank goes to Edoardo Ballico who helped
me to improve the original version of this paper.

49



References

1]

[9]

[10]

[11]

[12]

S. Akbulut, H. C. King, Topology of Real Algebraic Sets, Mathematical
Sciences Research Institute Publications, no. 25, Springer—Verlag, New
York, 1992.

A. Alzati, G. P. Pirola, Some remarks on the de Franchis theorem, Ann.
Univ. Ferrara, Nuova Ser., Sez. VII 36 (1990), 45-52.

Geometry of algebraic curves, Vol. I. Grundlehren der Mathematischen
Wissenschaften [Fundamental Principles of Mathematical Sciences], 267.
Springer—Verlag, New York, 1985.

R. Benedetti, A. Tognoli, On real algebraic vector bundles, Bull. Sci.
Math., (2) 104 (1980), 89-112.

J. Bochnak, M. Coste, M.—F. Roy, Real algebraic geometry, Translated
from the 1987 French original. Revised by the authors. Ergebnisse der
Mathematik und ihrer Grenzgebiete (3) [Results in Mathematics and
Related Areas (3)], 36. Springer—Verlag, Berlin, 1998.

J. Bochnak, M. Buchner, W. Kucharz, Vector bundles over real algebraic
varieties, K—Theory 3 (1990), no. 3, 271-298; Erratum: ”Vector bundles
over real algebraic varieties” [K-Theory 3 (1990), no. 3, 271-298; MR
91b:14075], K-Theory 4 (1990), no. 1, 103.

J. Bochnak, W. Kucharz, Algebraic approximation of mappings into
spheres, Michigan Math. J. 34 (1987), 119-125.

J. Bochnak, W. Kucharz, Realization of homotopy classes by algebraic
mappings, J. Reine Angew. Math. 377 (1987), 159-169.

J. Bochnak, W. Kucharz, On real algebraic morphisms into even—
dimensional spheres, Ann. of Math. (2) 128 (1988), no. 2, 415-433.

J. Bochnak, W. Kucharz, Algebraic models of smooth manifolds, Invent.
Math. 97 (1989), no. 3, 585-611.

J. Bochnak, W. Kucharz, K -theory of real algebraic surfaces and three-
folds, Math. Proc. Cambridge Philos. Soc. 106 (1989), no. 3, 471-480.

J. Bochnak, W. Kucharz, Complezx cycles on real algebraic models of a
smooth manifold, Proc. Amer. Math. Soc. 114 (1992), no. 4, 1097-1104.

J. Bochnak, W. Kucharz, Vector bundles on a product of real cubic
curves, K—Theory 6 (1992), no. 6, 487-497.

20



[13]

[14]

[15]

[16]

[17]

[18]

[19]

J. Bochnak, W. Kucharz, Algebraic cycles and approximation theorems
in real algebraic geometry, Trans. Amer. Math. Soc. 337 (1993), no. 1,
463-472.

J. Bochnak, W. Kucharz, FElliptic curves and real algebraic morphisms,
J. Algebraic Geom. 2 (1993), no. 4, 635-666.

J. Bochnak, W. Kucharz, The homotopy groups of some spaces of real
algebraic morphisms, Bull. London Math. Soc. 25 (1993), no. 4, 385-392.

J. Bochnak, W. Kucharz, Sur les applications réquliéres des variétés
abéliennes réelles dans S?, (French) [Regular mappings from real abelian
varieties into the standard 2-sphere S?] C. R. Acad. Sci. Paris Sér. I
Math. 318 (1994), no. 5, 467-470.

J. Bochnak, W. Kucharz, Real algebraic hypersurfaces in complex pro-
jective varieties, Math. Ann. 301 (1995), no. 2, 381-397.

J. Bochnak, W. Kucharz, The Weierstrass approximation theorem and a
characterization of the unit circle, Proc. Am. Math. Soc. 127 (4) (1999),
1571-1574.

J. Bochnak, W. Kucharz, The Weierstrass approximation theorem for
maps between real algebraic varieties, Math. Ann. 314 (1999), no. 4,
601-612.

J. Bochnak, W. Kucharz, Smooth maps and real algebraic morphisms,
Canad. Math. Bull. 42 (1999), no. 4, 445-451.

J. Bochnak, W. Kucharz, Line bundles, reqular mappings and the under-
lying real algebraic structure of complex algebraic varieties, Math. Ann.
316 (2000), no. 4, 793-817.

J. Bochnak, W. Kucharz, Complexification of real algebraic varieties and
vanishing of homology classes, Bull. London Math. Soc. 53 (2001), no.
1, 32-40.

J. Bochnak, W. Kucharz, R. Silhol, Morphismes et espaces de modules
en géométrie algébrique réelle, (French) [Morphisms and moduli spaces
in real algebraic geometry] C. R. Acad. Sci. Paris Sér. I Math. 321
(1995), no. 11, 1463-1468.

J. Bochnak, W. Kucharz, R. Silhol, Morphisms, line bundles and moduli
spaces in real algebraic geometry, Inst. Hautes Etudes Sci. Publ. Math.

51



[27]

28]

[29]

[33]

[34]
[35]

No. 86 (1997), 5-65 (1998); Erratum to: "Morphisms, line bundles and
moduli spaces in real algebraic geometry” [Inst. Hautes Etudes Sci. Publ.
Math. No. 86, (1997), 5-65 (1998); MR 99h:14055], Inst. Hautes Etudes
Sci. Publ. Math. No. 92 (2000), 195 (2001).

M. Buchner, W. Kucharz, Algebraic vector bundles over real algebraic
varieties, Bull. Amer. Math. Soc. (N.S.) 17 (1987), no. 2, 279-282.

M. Coste, Reconnaitre effectivement les ensembles algébriques réels,
Bull. TREM, Rennes 1999; available at http://name.math.univ-
rennesl.fr/michel.coste/publis/ EARa4.pdf

M. Coste, J. M. Ruiz, M. Shiota, Approrimation in compact Nash man-
ifolds, Amer. J. Math. (4) 117 (1995), 905-927.

D. Dubois, G. Efroymson, A dimension theorem for real primes, Canad.
J. Math. 26 (1974), no. 1, 108-114.

M. de Franchis, Un teorema sulle involuzioni irrazionali, Palermo Rend.
36 (1913), 368 .

R. Ghiloni, Algebraic obstructions and a complete solution of a rational
retraction problem, Proc. Am. Math. Soc. (12) 130 (2002), 3525-3535.

R. Ghiloni, On the space of regular morphism space, Rend. Mat. Acc.
Lincei Ser. IX, (4) 14 (2003), 307-317.

R.  Ghiloni, Second  Order  Homological — Obstructions  and
Global  Sullivan—type  Conditions on  Real  Algebraic — Vari-

eties, (2003)  available  at  http://www.uni-regensburg.de/
Fakultaeten/nat_Fak I/RAAG /preprints/0065.pdf

R. Ghiloni, Explicit  equations  and  bounds  for  the
Nakai—Nishimura—Dubois—Efroymson dimension theo-
rem, (2003)  available  at  http://www.uni-regensburg.de/
Fakultaeten/nat_Fak I/RAAG /preprints/0078.pdf

M. W. Hirsch, Differential Topology, Springer—Verlag, Berlin, 1976.

A. Howard, A. J. Sommese, On the theorem of de Franchis, Ann. Scuola
Norm. Sup. Pisa Cl. Sci. (4) 10 (1983), no. 3, 429-436.

A. Hurwitz, Uber algebraischen Gebilde mit eindeutigen Transformation
in sich, Math. Ann. 41 (1893), 403-442.

52



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

N. Ivanov, Approximation of smooth manifolds by real algebraic sets,
Russian Math. Surveys 37 (1982), 1-59.

N. Joglar—Prieto, F. Mangolte, Real algebraic morphisms and
Del Pezzo surfaces of degree 2, Journal of Algebraic Ge-
ometry (to appear), available at http:// www.lama.univ—
savoie.fr/ /sitelama/Membres/pages_-web/ MANGOLTE/dps.pdf

E. Kani, Bounds on the number of non—rational subfields of a function
field, Invent. Math. 85 (1986), 185-198.

J. L. Kelley, General topology, (The University Series in Higher Mathe-
matics.) New York: D. van Nostrand Co., Inc., 1955.

W. Kucharz, Vector bundles over real algebraic surfaces and threefolds,
Composition Math. 60 (1986), 209-225.

W. Kucharz, Complex vector bundles on real algebraic varieties of small
dimension, Bull. Austral. Math. Soc. 38 (1988), no. 3, 345-349.

W. Kucharz, Real algebraic morphisms into flag varieties, Boll. Un. Mat.
Ital. A (7) 8 (1994), no. 3, 345-352.

W. Kucharz, K. Rusek, Approximation of smooth maps by real algebraic
morphisms, Canad. Math. Bull. 40 (1997), no. 4, 456-463.

W. Kucharz, Algebraic morphisms into rational real algebraic surfaces,

J. Algebraic Geom. 8 (1999), no. 3, 569-579.

W. Kucharz, Algebraic cycles and algebraic models of smooth manifolds,
J. Algebraic Geom. 11 (2002), no. 1, 101-127.

A. M. Macbeath, On a theorem of Hurwitz, Proc. Glasgow Math. Assoc.
5 (1961), 90-96.

F. Mangolte, Real algebraic morphisms on 2—
dimensional  conic  bundles, availble  at  http://www.uni-

regensburg.de/Fakultaeten /nat_Fak I/RAAG /preprints/0068.pdf

H. Martens, Observations on morphisms of closed Riemann surfaces,
Bull. London Math. Soc. 10 (1978), 209-212.

C. McCrory, A. Parusinski, Algebraically constructible functions: Real
Algebra and Topology, (2002) available at http://www.math.univ-
rennesl.fr/geomreel /raag01/ surveys/mccpar.pdf

Varieties, Springer—Verlag, 1976.

53



[51] J. Nagata, Modern dimension theory, Rev. and ext. ed, Sigma Series in
Pure Mathematics, Vol. 2. Berlin: Heldermann Verlag, 1983.

[52] J. Nash, Real algebraic manifolds, Ann. of Math. (2) 56 (1952), 405-421.

[53] Y. Ozan, On homology of real algebraic varieties, Proc. Am. Math. Soc.
(11) 129 (2001), 3167-3175.

[54] J.—P. Serre, Faisceauz algébriques cohérents, (French), Ann. Math. (2)
61 (1955), 197278,

[55] D. Popescu, General Néron desingularization, Nagoya Math. J. 100
(1985), 97-126.

[56] M. Shiota, Nash manifolds, Lecture Notes in Mathematics, 1269,
Springer—Verlag, Berlin, 1987.

[57] M. Spivakovski, A new proof of D. Popescu’s theorem on smoothing of
ring homomorphisms, J. Amer. Math. Soc. 12 (1999), no. 2, 381-444.

[58] M. Tanabe, A bound for the theorem of de Franchis, Proc. Am. Math.
Soc. (8) 127 (1999), 2289-2295.

[59] A. Tognoli, Su una congettura di Nash, (Italian), Ann. Sc. Norm. Super.
Pisa, Sci. Fis. Mat., I1I. Ser. 27, 167-185 (1973).

[60] H. Whitney, Differentiable manifolds, Ann. of Math. (2) 37 (1936), no.
3, 645-680.

April 2, 2004

o4



