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Abstract

In this work we compare the semialgebraic subsets that are images of regulous maps with those
that are images of regular maps. Recall that a map f: R* — R™ is regulous if it is a rational
map that admits a continuous extension to R”. In case the set of (real) poles of f is empty we
say that it is regular map. We prove that if § C R™ is the image of a regulous map
f: R" — R™, there exists a dense semialgebraic subset T C § and a regular map g: R*" — R™
such that g(R") = 7. In case dim(8) = n, we may assume that the difference S\7T has co-
dimension >2 in 8. If we restrict our scope to regulous maps from the plane the result is neat: if
fiR2 = R" is a regulous map, there exists a regular map g: R*> — R™ such that
Im(f) = Im(g). In addition, we provide in Appendix A a regulous and a regular map
f» g B2 — R? whose common image is the open quadrant Q := {x > 0, y > 0}. These maps
are much simpler than the best-known polynomial maps R*> — R? that have the open quadrant
as their image.

1. Introduction

A map f:=(f,....f,): R" — R" is regulous if its components are regulous functions, that is,
fi= % is a rational function that admits a continuous extension to R" and g;, #; € R[x] are rela-
tively prime polynomials. By [15, 3.5] {i; = 0} C {g = 0} and the codimension of {h; = 0} is
>2. Consequently, the set of indeterminacy of f is an algebraic set of codimension >2. In case
{h; = 0} is empty for each i = 1,...,m, we say that f is a regular map whereas f is polynomial if
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1328 J. F. FERNANDO et al.

we may choose h = --- = h,, = 1. Modern Real Algebraic Geometry was born with Tarski’s
article [21], where it is proved that the image of a semialgebraic set under a polynomial map is a
semialgebraic set. A subset 8 C R”" is semialgebraic when it has a description by a finite boolean
combination of polynomial equalities and inequalities, which we will call a semialgebraic
description.

We are interested in studying what might be called the ‘inverse problem’ to Tarski’s result, that
is, to represent semialgebraic sets as images of nice semialgebraic sets (in particular, Euclidean
spaces, spheres, smooth algebraic sets, etc.) under semialgebraic maps that enjoy a kind of identity
principle, that is, semialgebraic maps that are determined by its restriction to a small neighborhood
of a point (for instance, polynomial, regular, regulous, Nash, etc.). In the 1990, Oberwolfach reelle
algebraische Geometrie week [17] Gamboa proposed:

ProBLEM 1.1 To characterize the (semialgebraic) subsets of R" that are either polynomial or
regular images of Euclidean spaces.

During the last decade, the first and fourth authors jointly with Gamboa have attempted to
understand better polynomial and regular images of R” with the following target:

e To find obstructions to be either polynomial or regular images [4, 5, 7, 12].

e To prove (constructively) that large families of semialgebraic sets with piecewise linear bound-
ary (convex polyhedra, their interiors, their complements and the interiors of their complements)
are either polynomial or regular images of Euclidean spaces [6, 911, 14, 22, 23].

In [2], appears a complete solution to Problem 1.1 for the one-dimensional case, but the rigidity of
polynomial and regular maps makes really difficult to approach Problem 1.1 in its full generality.
Taking into account the flexibility of Nash maps, Gamboa and Shiota discussed in 1990 the possi-
bility of approaching the following variant of Problem 1.1 (see [17]).

ProBLEM 1.2 To characterize the (semialgebraic) subsets of R" that are Nash images of
Euclidean spaces.

A Nash function on an open semialgebraic set U C R" is a semialgebraic smooth function on
U. In [3], the first author solves Problem 1.2 and provides a full characterization of the semi-
algebraic subsets of R™ that are images under a Nash map on some Euclidean space. A natural
alternative approach is to consider regulous maps, which are closer than Nash maps to regular
maps, but seem to be less rigid than the latter [19, 20]. We propose to devise the following variant
of Problem 1.1.

ProBLEM 1.3 To characterize the (semialgebraic) subsets of R" that are regulous images of
Euclidean spaces.

By [15, 3.11], amap f: R" — R™ is regulous if and only if there exists a composite of a finite
sequence of blowings-up with non-singular centers ¢: Z — R” such that the composition
fo¢:Z— R" is a regular map. As Z is a non-singular algebraic set, we deduce that
F(RY) = (f o ¢)(Z) is a pure dimensional semialgebraic subset of R”. In addition, as a regulous
map on R is regular [15, 3.6], we deduce that f (R") is connected by regular images of R. We
refer the reader to [15] for a foundational work concerning the ring of regulous functions on an
algebraic set.
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Our experimental approach to the problem of characterizing the regulous images of Euclidean
spaces suggests that regular images and regulous images of Euclidean spaces coincide. Although
we have not been able to prove this result in its full generality, our main result in this direction is
the following.

THEOREM 1.4 Let f: R* — R™ be a regulous map and let 8 = f (R") be its image. Then, there
exists a regular map g: R* — R™ whose image T := g(R") C 8 is dense in 8. In addition, if
dim(8) = n, we may assume that the difference S\7T has codimension >2.

The proof of the previous result is reduced to showing the following one, which has interest by
its own and concerns the representation of the complement of an algebraic subset of R" of co-
dimension >2 as a polynomial image of R".

THEOREM 1.5 Let X C R" be an algebraic set of codimension >2. Then the constructible set
RN\ X is a polynomial image of R".

Assume Theorem 1.5 is proved and let us see how the proof of Theorem 1.4 arises.

Proof of Theorem 1.4 As we have commented above, the set of indeterminacy X of f has co-
dimension >2. By Theorem 1.5, there exists a polynomial map h: R" — R" such that
h(R") = R"™\ X. Consider the composition g := f o h: R" — R™. We have

S\f(X) C T=g(R") =f(R"\X) C8.

As f is a continuous map and R"\ X is dense in R", we deduce that T is dense in 8. In addition, if
dim(8) = n, we have 8\T C f (X), so dim(8\T) < dim(f (X)). By [1, Theorem 2.8.8], the fol-
lowing inequalities

dim(f (X)) < dim(X) <n — 2 =dim(§) — 2

hold, so dim(8\7) < dim(8) — 2, as required. O
As commented above we feel that the following question has a positive answer.

QuEesTioN 1.6 Let f: R" — R™ be a regulous map. Is there a regular map g: R” — R™ such that
Im(f) = Im(g)?

As there are much more regulous maps than regular maps and they are less rigid than regular
maps, we hope that a positive answer to the previous question will ease the solution to Problem
1.1 in the regular case. If we restrict our target to regulous maps from the plane, we devise the fol-
lowing neat answer to Question 1.6.

TueorReM 1.7 Let f: R> — R™ be a regulous map. Then there exists a regular map g: R*> — R™
such that Im(f) = Im(g).

The proof of the previous result is reduced to showing the following lemma, which has interest
by its own and concerns an ‘alternative’ resolution of the indeterminacy of a locally bounded
rational function on R? to make it regular, adapted to our situation, in which one does not care on
the cardinality of the fibers (that are however generically finite).
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Lemma 1.8 Let f: R2 — R be a locally bounded rational function on R%. Then there exists a
generically finite surjective regular map ¢: R — R2 such that f o ¢ is a regular function on R2.

Assume Lemma 1.8 and let us see how the proof of Theorem 1.7 arises.

Proof. Let f:= (f,....f,): R — R" be a regulous map. By Lemma 1.8, one can find a surjective
regular map ¢,: R?> — R2 such that £, o ¢, is regular. Consider the regulous function g, = f, o @,.
Again by Lemma 1.8, one can find a surjective regular map ¢,: R*> — R? such that g, o ¢, is regu-
lar. Clearly, the composition f; o ¢, o ¢, is also regular. We proceed inductively with f;,....f,,
and obtain surjective regular maps ¢,: R> — R? such that f; o ¢, o - o ¢, is a regular function
for k = 1,...,m. At the end, we have a surjective regular map ¢ := ¢, o --- o ¢, : R> — R? such
that g == f o ¢ is a regular map on R2. As ¢ is surjective, we have g (R?) = (f o ¢)(R?) = f (R?),
as required. O

Structure of the article: The article is organized as follows. In Section 2, we prove Theorem
1.5, while in Section 3, we prove an improved version of Lemma 1.8. Our argument fundamen-
tally relies on the properties of the so-called double oriented blowings-up. These tools allow us to
reformulate Lemma 1.8 using regular maps satisfying the arc-lifting property (see Theorem 3.15),
which is commonly used in the analytic setting to study singularities [16]. Finally, in Appendix A,
we propose a regulous and a regular map f, g: R*> — R? whose common image is the open quad-
rant Q := {x > 0, y > 0}. These maps are much simpler than the best-known polynomial maps
R? — R? that have Q as their image [4, 8, 13]. In addition, the verification that the images of f, g
are Q is quite straightforward and does not require the enormous effort needed for the known poly-
nomial maps used in [4, 8, 13] to represent Q. Recall that the systematic study of the polynomial
and regular images began in 2005 with the first solution to the open quadrant problem [4].

2. Complement of an algebraic set of codimension at least 2

The purpose of this section is to prove Theorem 1.5. The proof is conducted in several technical
steps and some of them have interest by their own.

2.1. Finite projections of complex algebraic sets

Let X C R" be a (real) algebraic set and let I (X) be the ideal of those polynomials f € R[x] such
that f (x) = 0 for all x € X. The zero-set X C C" of Iy (X)C[x] is a complex algebraic set that is
called the complexification of X. The ideal Ic (Y ) of those polynomials F € C[x] such that
F(z) = 0 forall z € X coincides with Ig (X )Cx]. Consequently, X is the smallest complex alge-
braic subset of C" that contains X and

Clx]/Ic(X) = (R[] /Ix (X)) ® C.

In particular, the real dimension of X coincides with the complex dimension of X. A key result in
this section is the following result concerning projections of complex algebraic sets [18, Theorem
2.2.8]. The zero set in C" of an ideal a C C[x] will be denoted Z(a).

TheoREM 2.1 (Projection Theorem) Let a C C[x] be a non-zero ideal. Suppose that a contains a
polynomial F that is regular with respect to x,, that is, F = x™ 4 a,,_ (x")x" ' 4+ + a (x')
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or some polynomials a; € C[x] == C[xy,...,x,_1. Let II: C* — C" ! be the projection
poly proj

(Xt s Xp) P> (X1 5oy Xp_1) OntO the first n — 1 coordinates of C". Define a' = a N C[x'] and let
X' == Z(d') be its zero set. Then 11(X) = X' is a complex algebraic subset of C"~ .

2.2. Recovering an algebraic set from its projections

Denote
R — R (xgy ) — (K eees X 1)

the projection onto the first n — 1 coordinates of R". Pick v := (v},...,,) € R"\ {x, = 0} and
consider the isomorphism

G RY 5 RY (x,...x) P (xl — H)c,,,...,x,,,l — v"_lxn, i)c,,) (2.1)

Vn Vn Vn

that keeps fixed the hyperplane Hy = {x, = 0} and maps the vector ¥/ to the vector &, := (0,...,0, 1).
Its inverse map is

51: R* = R, (y,-.0),) P (V] F VDo sVt + Ve 1Ys Vi)
Consider the projection

mpi=mo gy R = R x {0} =R, (x,...,x,)

Vi V-1 _ Vi Vn—1
- <x1 — —Xpy ey Xy — Xp, 0) = (xl — —Xpy ey Xy — x,,) (2.2)

Vn Vn Vn Vn

of R" onto R"~! (identified with {x,, = 0}) in the direction of ¥. We have

Vn—1

A%
s (n + v—lAyn,--wa + Vs Ayn> = (Voo du1)

n n

for each A € R (in particular, for A = v,). Let X C R" be a real algebraic set of dimension
d<n—2,let X be its complexification and let a := I (X) = Iz (X)C|[x]. Let F € Iy (X)\ {0}
and write F = Fy + F +---+ F, as the sum of its homogeneous components. If F, (') = 0, then
F(y 4+ Vi)t + Vu—1),> Wuy,) is regular with respect to y,. We extend 7w to
IT;: C* — C~!and observe that if F, (¥) = 0, then IT; (X) is by Theorem 2.1 an algebraic subset
of C"~! of dimension <d. Consequently, the Zariski closure 73 (X)™ of 7y (X) is contained in

II; (? ) N R"~!, which is a real algebraic subset of R"~! of dimension <d.
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2.3. Just a small vertical skip

Let p € R"\X and consider the algebraic cone C C R" with vertex p and basis X. As X has real
dimension d < n — 2, the real algebraic set C has (real) dimension d + 1 < n — 1. Let Cccr
be the complex1ﬁcat10n of G, which is a complex algebraic set of (complex) dimension d + 1. As
X C €@, the inclusion X C € holds. In addition, as @ is a cone, then € is also a cone. Denote
é —{VER”'V—px xe(‘f}ande ={weC:w=7pZ, z€C}L

Pick a vector v € R"\ (€ U {F, = 0}). We claim:

Lemma 2.2 We have 7y (p) & 77 (X)™.

Proof. As 73 (X)™ Cc Iz(X) NR*!, it is enough to check that 7 (p) & Ix(X). If
w7 (p) € II(X), there exists z € X such that IT;(z) = 7y (p). Thus, there exists A € R and
u € C such that

p+ N =m(p) =1i(z) =z+ pv.

Thus, (A — p)¥ =pZ € C. As p € X, itholds p = z,s0 A = pand V € C N R" = C, which is a
contradiction. Thus, 75 (p) & 7y (X)™, as claimed. O

Lemma 2.3 Let X CR" be a real algebraic set of dimension d <n — 2 and let
Q C R\ {x, = 0} be a non-empty open set. Then, there exist r < n + 1 vectors vy, ...,V €
such that

where m; ==y fori = 1,...,r

Proof. Given an algebraic set Z C R" define ¢ (Z) := dim(Z\ X), that is, the dimension of the con-
structible set Z\ X. If Z\,...,ZF are the irreducible components of Z, then e (Z) is either equal to
—11if Z/ C X for 1 <j < k or the maximum of the dimensions of the irreducible components of
Z that are not contained in X otherwise.

Pick a vector ¥ € Q and denote m := 7y, Let ¥ ,..., ¥ be the irreducible components of the
algebraic set ¥ == 7 ! (m (X)™), which has dimension <d + 1. If e(¥;) = —1, we have X = ¥
and we are done. Assume e (¥;) > 0. For each Ylj not contained in X, pick a point p; € Ylj \X. By
Lemma 2.2, there exists a vector v, € Q such that each p; ¢ Y5 := 7, ' (m (X)™), where m := .
Let T be an irreducible component of ¥; N ¥,. We claim: dim(7) < e (4).

As T is not contained in X but T C Y, there exists an irreducible component Y]j of ¥} not con-
tained in X such that T C ¥/. As p; ¢ Ya, we have dim(T) < dim (¥ N %) < dim(¥/) < e(Y)),
as claimed.

Consequently, e(¥; N ¥5) is strictly smaller than e(Y). If e(¥; N ¥,) > 0, we pick a point
q; € Y5 \X for each irreducible component ¥, of ¥ N Y, not contained in X (and I indexed
Jj=1,....,0). By Lemma 2.2, there exists a vector ¥ € €2 such that each g; & ¥; == m ' (w3 (X)™),
where 73 == 7y, Again, this implies thate (N Y, N ¥3) < e(¥ N ).
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We repeat the process r < d+ 3 <n+ 1 times to find vector y,...,v € £ such that
e(¥N-NY,) =—1 where ¥ :=m '(m(X)™) and 7 := 7. Consequently, X = (Yi_,Y;, as
required. O

LemMma 2.4 Let X C R" be an algebraic set of codimension >1. Then there exists a polynomial
diffeomorphism ¢ : R" — R" such that ¢ (X) C {—%x,_1 < X < Xp_1}-

Proof. Let X be the Zariski closure of X in the projective space RP". As X has codimension >1,
we may assume that (0: - : 0: 1:0) ¢ X. The sets {x3 +---+ x> _, + x> < e2x>_,} fore > 0
constitute a basis of neighborhoods of (0:---:0:1:0) in RP". Let 0 < ¢ < 1 be such that
XN{xd++x2 ,+x2<eXx? |} =0 Ase2x%_ | > —ex,_1x0 — %X% (because €2x2_, +
€Xp_1X0 + ZX% = (ex, 1+ %Xo)z), we have

1
{X(Z) + xﬁ,z + Xﬁ < —€xXp-1X0 — Zx(z)} C {X(2)+-'~+x3,,2 + xfl < szﬁ,l}.
Consequently, X C {% + x4 4x2_, + x2 > —ex,_1}. Consider the polynomial diffeomorphism
2(5 2 2 2
G R > R x = (X0 Xy) 2 | X1 eeXn0, X1 + = 7 F XX, xS X
€

whose inverse
“1. Ton 0 2(5 2 2 2
OLRY - RY xi= (Xp, X)) P | Xy e Xm0y Xy ] — — Z+x1+~--—|—xn,2+xn , Xn
€

is also polynomial. We have

Ase < 1,
1(5
{an > _(Z + X xE , + xﬁ)} CH{=%n-1 < %p < Xp—1}»
€

as required. |

2.4. Proof of Theorem 1.5

We will represent R"\ X as the image of the composition of finitely many polynomial maps
f; + R* — R" whose images contain constructible sets R"\Y; such that X = (;¥;. The proof
is conducted in several steps:

Step 1. Initial preparation. By Lemma 2.4, we assume X C Int(X) where X:=
{—xn-1 < %, < %,_1}. Denote the projection onto the first » — 1 coordinates by
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1334 J. F. FERNANDO et al.
7R — R (g, x) B (XX 1)

For each vector V' := (vy,...,v,) € R"\ {x, = 0} consider the isomorphism ¢ that keeps fixed the
plane Hy = {x, = 0} and maps the vector ¥ to the vector &, (see (2.1)) and let 7y == 7 o ¢ be
the projection of R" onto R"~! (identified with {x, = 0}) in the direction of V' (see (2.2)). We
have

¢V (:K) = {Xn—l - (Vn - Vn—l)xn >0, x,-1 + (Vn + Vn—l)xn > 0}
IfA:=v,—v,1>0and p:=v, + v, > 0, then
(0N D1 = 0, %0 = 0}) = 7 (65 (K)\ {a1 = 0, %0 = 0}) = {01 > 0} € RA

Consider the open set Q = {x, — x,_; > 0, %, + x,_1 > 0} C R"\ {x,, = 0}. By Lemma 2.3,
there exist vectors v, ...,v. €  such that

r

X=Nm H(m (X)),

where m == my for j = 1,...,r. In particular, each set 7; ' (7; (X)™) is an algebraic subset of R"
that contains X. For each j = 1,...,r denote ¢, := (b;j .
Step 2. We claim: There exists a polynomial map f,: R" — R" such that

81 :=f, (R"\Int(X)) = R"\ (Int(K) N ' (m (X)™)) C R\ X. (2.3)

Define :Kl = ¢1 (:K) and X1 = ¢1 (X) Write le = {anl — Alxn > O, Xn—1+ Xy > 0} for
some real numbers ), 1, > 0 and consider the polynomial map

fll: R* = R", x = (Xj,..x0) = (XeesXp 1, X (1 — Hy (xp—1, X,)2 G (x7))),

where Hj == (x,_1 — M%) (%01 + 1;%,) € R[x,_1, %, and Gy € R[x'] = R[xy,...,x, 1] is a
polynomial equation of 7 (X;)*". We claim:

£ (R\Int(%q)) = R\ (Int(5) 0 (7~ (7w (X)™))).

Pick a point x’ := (x,...,x,_ 1) € R*"~! and let £y = {(x/,1): t € R} be the line through
(x’, 0) parallel to &,. Consider the polynomial Q. (x,) := x,(1 — H (x', x,)°GZ (x')) € R[x,)].
We distinguish two cases:

*If x' ¢ 7 (X)), then Q,(x,) is a polynomial of degree five and negative leading coefficient.
Let a,y < b, be real numbers such that

Lo \Int (X)) = {x'} x ((—o00, ay] U [by, +00)).

Aslim, 4,0y (x,) = Foo, Qy(ay) = ay and Q, (b)) = by, we have
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ON REGULOUS AND REGULAR IMAGES OF EUCLIDEAN SPACES 1335

[y, +00) C Oy ((—00, ay]),
(=00, by]C Qv ([by, +0)).

Thus, R = (=00, by] U [ay, +00) C Qv (£v\Int(K)) C R, so f (£x\Int(K;)) = £y
*If x’ € 7 (X;)™, then Qv (x,) = x, and f (L \Int(%)) = £ \Int(K).
Putting all together, we deduce

fll(]R"\Int(iK])): U fl'(é’x/\Int(le))

x'eRrRr-1

LeU U (Ge\Int(0)) = R\ (Int(%3) 0 (7' (7 (X)™))).

zar

v zar

x'ém (X) x'em(X)
As X; C Int(X;) N 7' (7 (X)™), we have
£ (R®\Int (X)) = R™\ (Int(XK;) N 71 (w (X)) € R\ X (2.4)
Recall that iy = 7 o ¢, and define f; := ¢>1*1 ) fI’ o ¢,. If we apply gbl*l to (2.4), we deduce that
/ satisfy condition (2.3) above.
Step 3. We claim: There exists a polynomial map f,: R* — R" such that

RN\ (Int(%) A 7 (0™) A (m ' (mX)™))) € 82 5= (81) € RA\X. (2.5)

Define X, := ¢,(K) and X, := ¢, (X). Write K, :== {x,_1 — X\ax, > 0, x,_1 + p,x, > 0}
for some real numbers )\, 11, > 0 and consider

iR S R xoi= (X, X) 2 (e X1 X (1 — HE (X2 1, %) G3 (X)),

where Hp = (x,_1 — A\aXn) (X, 1 + fy%,) € R[x, 1, x,] and G, € R[x/] is a polynomial
equation of 7 (X>)“". Let us check:

R\ (Int(K2) N 7' (7 (%)) 0 o (7 (m (X)) € f (62(81) CR\Xo.  (26)
Proceeding as in Step 1 for the vector ¥, we have
£ (R\Int(%) ) = R™\ (Int(3) N (w (X)),
By (2.3) R\ (Int(X) N ' (m (X)™)) = 8§, s0
R\ (Int(X2) 0y (77 (m(X)™))) = 6,(81).

As 717 (%)) = {G, = 0}, we have f, | =) = idr ™). Thus, f)lx, = idy, and
(%)) \ (Int(K2) N ¢y (' (m(X)™))) € f; (6,(81)). Consequently,
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R\ (Int(K2) N ! (7 (X)) N ¢y (w7 (m (X)™))) = (R"\ (Int(K2) 07! (7 (X2)™)))
U (m ! (r (2)™)\ (Int(K2) N 6, (mi ' (1 (X)™)))) € £ (62(81))-

As 8; C R"\X, we have ¢, (8;) C R\ X, s0 f; (¢,(81)) C f; (R"\X5).

Let us check: f, “1(X;) = X,. Once this is proved, f, (R"\X;) C R"\X, and the remaining part
of Equation (2.6) holds.

Pick y:= (', 5,) € R" such that f, (y) € X. Then y' = 7(f;(y)) € 7(X%), so G2(y') =0
andy = f] (y) € X. Thus, f;~ ' (%) C Xo. As f;|x, = idy,, we deduce f; ' (%) = X.

Recall that m = 7 o ¢, and define f, = ¢2_l o fz' o ¢,. If we apply ¢2_1 to (2.6), we deduce
that £, satisfy condition (2.5) above.

Step 4. We proceed similarly with the remaining vectors Vj for j = 1,...,r to obtain polynomial
maps f;: R" — R" such that

R™\ <Int(9<) N hm_l(m(x)w)> C 8 =f;(8j-1) C RN\X,

i=1

where 8 := R"\ Int (X).

If we write X; := ¢;(X) and K = ¢,(X) = {x,-1 — A%, > 0, x,-1 + p;%, > 0} for some
real numbers \;, p; > 0, the sought polynomial map f; is the composition f; = qu’l o fj’ o ¢,
where

f]’ R — R, x:= (Xp.00%0) = (X100 0sXn—1, X, (1 — sz(xn,l, xn)sz (x)),
H = (x,-1 — \iXy) (%21 + ,ujxn) € R[x,_1, X, and G; € R[x/] is a polynomial equation of
ﬂ_(Xj)Zal"
Step 5. Conclusion. For j = r, we have

r

RN\X = R"\ <1nt(9<) nnN ;! (W”)) C 8, CR\X.

Thus, R"\X =8, = (f, o --- o f;) (R"\Int(X)). By [14, Theorem 1.3], the semialgebraic set
R™\ Int(X) is a polynomial image of R", so R"\ X is a polynomial image of R", as required. O

3. Resolution of the indeterminacy using double oriented blowings-up

In this section, we prove Lemma 1.8, that is we can make regular each regulous function (or even
each locally bounded rational function) on R? after composing it with a suitable generically finite
surjective regular map ¢: R*> — R2. It is known in general that a regulous function can be made
regular after composition with a finite sequence of algebraic blowings-up, but of course the source
space is no longer the plane. We prove in this section that we can achieve the desired generically
finite surjective regular map via a finite composition of double oriented blowings-up. Let us begin
with some examples.
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ExampLes 3.1 (1) Consider the regulous function f: R*> — R given by f(x, y) := xzxiﬂq The
polynomial map ¢: R?> — R? defined by ¢ (u, v) == (u(u® + v?), v(u?> + v?)) is surjective, and
(f o ¢)(u, v) = u? is polynomial. Note that ¢ is a polynomial homeomorphism.

(2) Consider the rational function on R? given by g (x, y) := %ﬂz defined and continuous on
R*\ {(0, 0) }. The polynomial map ¢: R* — R? defined by ¢ (u, v) :== (v3 (uv + 1), v(uv — 1))
is surjective.

Actually, if ¢ (u, v) = (a, b) = (0, 0), then v = 0 and uv = 1 + b/v. Thus, it is enough to
prove that there exists v € R\ {0} satisfying 2v® 4+ bv?> — a = 0. This is true if a = 0 because the
previous equation in v has odd degree whereas, in case a = 0, we take v = —g.

In addition, the composition (g o ¢) (u, v) = % is regular. However, the surjective

regular map ¢ is not proper because ¢~ ((0, 0)) = {v = 0}.

RemARK 3.2 The previous surjective regular map ¢: R? — R2 has the form
(u, v) = (P*(u, v)Q(u, v), P(u, v)R(u, v)),

where k > 1 is an odd integer and P, O, R € RJu, v] are polynomials such that {PQ = 0} N
{R = 0} = @. The latter condition enables us to soften g by making that the denominator has empty
zero-set after increasing numerator’s multiplicity. Another (more complicate!) possible surjective regular
map such that g o ¢ is regular could be

¢ R = R%, (u,v) = ((u+ v)Fw?(u+v) — 1)), (u+v)(w?(w+v) +1).
A natural question that arise at this point is the following.

QuesTioN 3.3 Which rational functions f := g € R(u, v) can be softened by means of a surjec-
tive regular map ¢: R? — R??

REMARK 3.4 A necessary condition is Z(Q) C Z (P), but it is not sufficient as one can check
x2+y?
x4yt
preimage of the origin under a surjective regular function ¢ := (¢, ¢,): R> — R?, we observe
that it is always negative (because the multiplicity of the denominator doubles the one of the
numerator), so f o ¢ cannot be regular.

considering the rational function f (x, y) :=

If we compute the multiplicity of f o ¢ at any

In the following, we will pay a special attention to locally bounded rational functions, that is,
rational functions on R? that are locally bounded in a neighborhood of its indeterminacy points.
As it happens with regulous functions, a locally bounded rational function on R? admits only a
finite number of poles.

Lemma 3.5 Let f:= L bea locally bounded rational function on R*> where P, Q € R|x, y] are
relatively prime polynomials. Then the zero-set of Q consists of finitely many points.

Proof. As f= g is locally bounded and the polynomials P, Q € R[x, y] are relatively prime, one

has {Q = 0} C {P = 0}. Let Q; be an irreducible factor of Q. Using the criterion [1, Theorem
4.5.1] for principal real ideals of R[x, y], we deduce that the ideal (Q;)R[x, y] is not real.
Otherwise, the ideal J({Q; = 0}) of all polynomials of R[x,y] vanishing identically on
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{01 = 0} is (Q))Rx, y], so Q; divides P against the coprimality of P and Q. Consequently, the
zero-set of Q) has by [1, Theorem 4.5.1] dimension <0, that is, it is a finite set. Applying this to
all the irreducible factors of Q, we conclude that {Q = 0} is a finite set, so f has only finitely
many poles, as required. O

As we have already mentioned, regulous functions can be made regular after composition with
a finite sequence of blowings-up along smooth algebraic centers [15]. Actually those rational func-
tions on R” that become regular after such compositions are exactly the locally bounded rational
functions.

THEOREM 3.6 Let f be a rational function on R". Then f is locally bounded if and only if there
exists a finite sequence 0 of blowings-up along non-singular centers such that f o o is regular.

SKETCH OF PROOF Assume first that such a sequence exists. Then the preimage under o of a com-
pact Euclidean neighborhood of an indeterminacy point of f is compact by properness of ¢. Thus,
the continuous function f o ¢ is bounded on such preimage. As a consequence f is locally
bounded at the corresponding indeterminacy point. The converse implication can be proved as [15,
Theorem 3.11]. Let us provide an idea on how the proof works. By means of a finite sequence
o: M — R" of blowings-up along non-singular centers, it is possible to make normal crossings the
numerator and the denominator of f. If we choose a suitable local system of coordinates at a point
p € M, the rational function f o ¢ is equal in such a neighborhood of p to a unit times a quotient
of products of the variables (with exponents). As f o ¢ is also locally bounded, the denominator
must divide the numerator, so f o ¢ is regular at p, as required. O

3.1. Double oriented blowings-up

In the following, we restrict our target to some particular type of surjective regular maps: composi-
tions of finitely many double oriented blowings-up. The oriented blowing-up 7+ of R? at the origin
corresponds to the passage to polar coordinates and it can be achieved using the analytic map

77 [0, +o0) X St = C=R?, (p,v) = pv.

The previous map provides a Nash diffeomorphism between the cylinder € := (0, +00) x S' and
the punctured plane P = R?\ {(0, 0) } whose inverse is (7¥le)™": P — 8, u  (||ul|, Hi’—tu) The
inverse image of the origin under 7 is the circle {0} x S!'. We choose a rational parameterization

of S! (consider for instance the stereographic projection from the North pole) and we obtain the
map

m: [0, +00) x R — R2, (p, 1) A
o P et Pei)

The image of this map is R*\ {(0, 7): ¢ > 0}. We consider the regular extension 7 of m to R2,
whose image is R? because 7 (p, 0) = (0, —p) for each p € R.

DeriniTION 3.7 The surjective regular map
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2t 2 —1
m R? — R?, 1) - -
(p 1) (pt2+1 pt2+1)

is called the double oriented blowing-up of R? at the origin. The double oriented blowing-up of
IR? at an arbitrary point p € R? is the composition T ©T 0T g where 7; denotes the translation
T3 R2 > R%, x> x+ v for each v € R%. Let II: C*\{#* + 1 = 0} — C? be the natural
rational extension of 7 to C*\ {r* + 1 = 0}.

Lemma 3.8  The double oriented blowing-up of R* at the origin m: R — R? satisfies the follow-
ing properties:

(1) 7 is a surjective regular map.
(i) 71((0, 0)) = {p = O} is the t-axis.
(iii) mlg—oy: {t = 0} — {x =0}, (p, 0) — (0, —p) provides a bijection between the p-axis and
the y-axis.
(iv) The determinant of the Jacobian matrix of T at the point (p, t) values
(v) Both mlge\ {p=0y and Il|c2\ (1241)p=0y are local diffeomorphisms.
(Vi) Both restrictions Tlg2\ (p—o0y: R*\ {pt = 0} — R*\ {x = 0} and

2p
241

I : C\{pt (> + 1) = 0} — C*\{x (x> + y?) =0}

are double covers. In fact, 7 (—p, —%) =7 (p, t)and II(—p, —%) =I(p, t).

We can relate the double oriented blowing-up to the classical blowing-up as follows. Denote
o : M — R? the blowing-up of R? at the origin. We describe M as the subset of R* x P! given by
the equation

M= {((x,y), [u:v]) € R x P': xv = yu},

whereas o: M — R, ((x, y), [u: v]) = (x, ).

Lemma 3.9  The map

R M 2t 2 -1 o1
VR — M, (p,t) — Pm,Pm»[ﬁf—]

satisfies the following properties:

(i) It is a surjective regular map.
(ii) The restriction Yl —oy : {t = 0} — L = {((0, —p), [0: 1]) : p € R} C M is bijective.
(ii)) The restriction g\ (=0} : RZ\ {tr=0} > M\L is a double cover and it holds
U(=p, —7) =¥ (p, 1).

(iv) m = o o 9.
ExampLE 3.10 Consider the locally bounded rational function on R?> given by the formula

X o 442 .
f (.X, y) = w Then (f o 7'(') (p, t) = m 1S regular.
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3.2. Multiplicity of an affine complex curve at a point

For the sake of completeness, we recall how one can compute the multiplicity at a point of a poly-
nomial equation of a planar curve.

In the following, we use the letter w to denote the order of a power series. Let O € C[x, y] be
a non-constant polynomial and denote € := {Q = 0} C C?. Let p € C be a point of € and assume
after a translation that p is the origin. Let [3,...,I; be the complex branches of € at the origin and
let ;== (%, %p) € C{s}? be a primitive parameterization of I;. We mean with primitive para-
meterization of I} a couple of convergent power series v, ;, 7;, € C{s} such that

e both series do not belong simultaneously to the ring C{s*} for any k > 2,
e [} is the germ at the origin of the set { (v, (s), %, (s)): |s| < &} for some & > 0 small enough.

To compute the multiplicity multy(Q) of Q at the origin, write Q as the sum of its homogeneous
components Q = Q,, + Q+1 +--+ Qu, Where each Q, is either zero or a homogeneous poly-
nomial of degree k and Q,, = 0. Then multy(Q) = m.

It is possible to express multy(Q) in terms of some invariant associated to the complex branches
L,....I, of € at the origin. Write Q := P{---P*, where each P. € C|[x, y] is an irreducible poly-
nomial and ¢; > 1. As multy(Q) = eymulty(P) +---+ e;multy(R), it is enough to express multy (P
in terms of the complex branches of C that correspond to the factor £. Thus, we assume in the following
that Q is an irreducible polynomial.

After a linear change of coordinates, we may assume that Q is a regular series with respect to y
of order multy(Q), that is, w(Q (0, y)) = multy(Q) = m. By Weierstrass’ Preparation Theorem
0 = Q*U, where Q* € C{x}[y] is a distinguished polynomial of degree m and U € C{x, vy} is a
unit, that is, U (0, 0) = 0. Let O/, ...,Q;* € C{x}[y] be the irreducible factors of 0* in C{x}[y],
which are distinguished polynomials with respect to y such that degy(Q,-*) = w(QF). As
Q € C[x, y] is irreducible, it has no multiple factor in C{x}[y]. Thus, 0* = Q;*---Q;" and

multo(Q) = multg(Q*) + multe(U) = multy(Q*) = ijlmulto(Q;k).

Consequently, it is enough to compute multy(P) for an irreducible distinguished polynomial
P € C{x}[y] with deg (P) = w(P). Let{ € C{x*} be a Puiseux root of P. It holds that deg , (P)
coincides with the smallest ¢ > 1 such that £ := 3(x'/9) € C{x!/9} for some 3 € C{s}. In add-
ition, the polynomial P is associated with exactly one complex branch I' for which any primitive
parameterization y := (7, 7,) satisfies ¢ = min{w (), w(7,) }-

Thus, if we define mult(T") as the minimum order of the components of a primitive parameter-
ization of I', we have multo(P) = g = mult(T").

3.3. Alternative resolution of indeterminacy

We know that regulous functions become regular after a finite composition of blowings-up (and
this is even true for locally bounded functions as claimed in Theorem 3.6). However, the source
space of the regular function obtained is no longer the same as that of the regulous function we
started with. The following result, which is proved below, is an improvement of Lemma 1.8 from
which we deduce it.
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THeoREM 3.11  Let f be a locally bounded rational function on R2. Then there exists a finite com-
position ¢: R2 — R? of finitely many double oriented blowings-up and polynomial isomorphisms
such that f o ¢ is a regular function on R2.

The strategy to prove Theorem 3.11 is to follow the same process as in classical resolution of
indeterminacy [18, Section 5.3], but replacing the usual blowing-up along a point by the double
oriented blowing-up. The difficulty is to control the number of indeterminacy points, since the
double oriented blowing-up is no longer an isomorphism outside the center and it is generically a
double cover. A crucial step consists in separating all complex branches passing through an inde-
terminacy point with different tangents. Note, however, that after applying the double oriented
blowing-up at an indeterminacy point, the preimage of that point consists of several points each of
these with less complex branches than the original indeterminacy point, but possibly with more
different tangents! To face this issue, we state first an auxiliary result that will be needed con-
stantly in the proof of Theorem 3.11.

Lemva 3.12 Let §:={p,,....p,} CR*> be a finite set and let L C R> be a line. Pick
io € {1,...,n} and q € L. Then there exists a polynomial isomorphism ¢: R? — R? that maps §
into a half-line in £ issued from o ( pio) = q. Moreover, consider

e an additional line L through p; ,
e a collection {3, ..., 3} of complex lines through p; different from L,
e a collection {H], ..., .} of complex lines through q different from L.

Then we may assume in addition that the differential of ¢ at p; maps L onto L and the poly-
nomial extension ®: C* — C? of ¢ to C? does not map any of the lines H; through p;, into the
finite union U‘}:lf}flj of lines through q.

Proof. After an affine change of coordinates, we may assume that £ is the x-axis and the restric-
tion to § of the projection of R? onto the x-axis is injective. Write p; = (a;, b;) and let P € R[x]
be a univariate polynomial such that P (a;) = b; fori = iy and P (a;,) = b;,. Then the polynomial
isomorphism (x, y) + (x, y — P(x)) maps the points of § except for p, into the x-axis. Let
R =L be a line through p, non-parallel to the x-axis such that the intersection
RN {y=0}={(\ 0)} leaves all the points p, for i = iy in the half-line {y > A}. Consider an
affine change of coordinates that keeps the x-axis invariant and maps the line R to the y-axis.
After this change of coordinates p; = (0, ,uio) for some y; = 0 and L is not parallel to the y-axis.
Let O € R[x] be a polynomial such that its graph {y — Q(x) = 0} passes through the points p,
and whose tangent at the point p;, is L. The polynomial isomorphism ¢: R? — R?,
(x,y) = (x, y — Q(x)) maps the point p, to the origin, keeps the points p; for i = i, inside the
x-axis, and the differential of the polynomial isomorphism ¢ at p; maps L to the x-axis (that is,
to the line £). After a translation parallel to the x-axis, we may assume in addition that ¢ maps
pi, t0g.

As we have much freedom to choose O, we may assume that the polynomial extension
®: C? — C? of ¢ to C? does not map any of the lines H; through p; into the finite union
U‘j‘-zlﬂ{; of lines through ¢, as required. d

Proof of Theorem 3.11 The set of indeterminacy points of f coincides with the zero-set {Q = 0},
and this is a finite set by Lemma 3.5. We may assume in addition that Q is non-negative on R2.
Consider the complex algebraic curve € :={z € C?>: Q(z) = 0}, which is invariant under
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complex conjugation in C?. This means that if p € C is a real point and I" is a complex branch of
@ at p, then the conjugated branch T is also a complex branch of € at p. If T, is the tangent line to
I" at p, then its complex conjugated Tp is the tangent line to T at p. Thus, T, = ‘JTP if and only if
7, admits a linear equation with real coefficients. We are going to solve the indeterminacy points
of f by applying a finite chain of double oriented blowings-up centered at the indeterminacy
points and polynomial isomorphisms of R? like those provided by Lemma 3.12 (that maps a finite
subset of R? inside a half-line).

Denote § := {p,,....p,} the set of indeterminacy points of f. For each point p € §, let
mult, (Q) be the multiplicity of Q at p. Let p; € § be such that M := mult,, (€) > mult,(C) for
each p € §. By Lemma 3.12, there exists a polynomial isomorphism ¢: ]Rz — R? such that if we
substitute f by f o ¢! we may assume that the indeterminacy points of f belong to the negative
half y-axis {(0, y) : y < 0} and p; is the origin. In case the germ C,, has only one tangent line at
the origin, we know that it has to be a real line. If € has a real tangent line at the origin, we may
assume in addition by Lemma 3.12 that this tangent line is the y-axis, whereas the remaining ones
are different fromx + iy =0andx — iy = 0.

Note that the origin is now an indeterminacy point of f with maximal multiplicity and the
y-axis is one of its tangents. Consider the composition f o 7, where 7 denotes the double oriented
blowing-up introduced in Definition 3.7. Denote §' := {p; : i = ip} and & := 7~ (F') and let

I: C\ {2 + 1 = 0} — C2

be the natural rational extension of m to C?\ {#* + 1 = 0}. As T|g2\ {p=0} is a local diffeomorph-
ism and 7l;,—o) : {t = 0} — {x = 0} is a bijection between the p-axis and the y-axis, the sets &
and §’ have the same number of points and, if ¢ € &, then II-'(€) has at ¢ the same number of
complex branches and different tangents as € has at 7 (¢).

Let us analyze now what happens at the origin. Let I, ..., I} be the complex branches of C at the
origin. The germ €, equals the union of branches [ J/_,I; and

M == multy(Q) = i e; mult(I})

for some positive integers e;. Fix a complex branch I} and let T be the tangent line to I;. We have
II7Y(L) = {p = 0}a/ U{pfo}a U Al UA? where a},a € {p=0}CC\{?+1=0}
and A’ is a complex branch at ¢/ (as we will see in the following, sometimes there are exactly two
complex branches A!, A? and sometimes there is only one and we will consider A} = A?). As
Tlj—oy: {t =0} — {x =0}, (p,0) = (0, —p) and g2y (=0} R*\ {pr = 0} — R*\ {x = 0}
is a double cover, one has exactly one point a; := a; = a; if J; is the y-axis and two different
points a;, a,-2 otherwise. Let us analyze the germs Al’ for j = 1, 2. Choose a primitive parameter-
ization ; == (7, 7,) of I;. We may assume that it has the form

¢

k; k;

i i= st . i1 3= ¢; s e,

{7‘ ’ k<t or |MEGSTT ey
Yi2 = ¢S A, Yi2 i= 87,

with k;, £; > 1 and ¢; € C\ {0}. Recall that mult(I}) = min{k;, £;}. Observe that the tangent line
to I} at the origin is
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{y = 0} if k,' < [,',
‘J}:: {CiX—YZO} ifk,':[i,
{X = 0} if k; > g,'.

If we apply the double oriented blowing-up 7 at the origin, we make

o, 2 -1
i T

so p?> = x?> + y? and the order of p for each complex branch A{ with respect to the variable s is
min{k;, ¢;} (recall that 1 + c,-2 = 0 since the tangent line to I; is different from x + iy = 0 and
x — iy = 0). We distinguish several situations:

(i) If k; < &, then p = % + ---andr = £1 + ---. Thus, A} and A? are two complex branches
at the points @ := (0, 1) and a?:= (0, —1) of multiplicities smaller than or equal to
k; = mult(T;).

(ii) If k; = £, then p = £s*\/(1 +¢?) + . As 1 +¢? =0, one has t = (/(1 + ¢?) +
¢;)) + --- Thus, A} and A7 are two complex branches at the points a;' := (0, /(1 + ¢) + ¢;)
and a? = (0, —/(1 + ¢) + ¢) of multiplicities smaller than or equal to k; = mult(T}).

(iii) If k; > £;, then p = —g% + --- and t = c,%sk'*[" + ---. Thus, there is only one complex
branch that we write A; :== A} = A7 is a complex branch at the point a; := a} = a? = (0, 0)
of multiplicity smaller than or equal to ¢; = mult(T;).

Starting from the locally bounded rational function f= P/Q, we have constructed the rational
function f om = P'/Q’ for some polynomials P’, Q' € R[r, t]. As f ox remains locally
bounded, {g € R?: Q’(¢) = 0} is a finite set. We have seen above that if two tangent lines T; and
T are different, so are the points aij and alf for j, j' € {1, 2}. Thus,

mult,;(Q") = > ey mult(A)) < > ey mult(T).
i’ Ty=T; ‘ i T =T,

Consequently, if C has more than one tangent line at the origin,

multalj(Q/) < Y ey mult(L}) < e mult(T}) = multo(Q) = M
i T=T; i=1

for each point a,-j and, although we have increased the cardinality of the zero set of the new denomin-
ator Q’, we have dropped the number of real points on which the denominator has multiplicity M.

Next assume that C has only one tangent line at the origin (which is the y-axis). As in the usual
desingularization process, the multiplicity will decrease, but after a finite number of steps.
Namely, the unique tangent to C at the origin is {x = 0} and k; > ¢ (case (iii) above) for
i =1,...,r. For each complex branch A; (= Al = A?) at the origin, we have the following two
possibilities (after reseting the names of the variables and calling X the first variable and y the
second variable):

(iii.1) if k/ = k; — ¢; < ¢, then mult(A;) < mult(T}) and the tangent line to A; is {y = 0},
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(iii.1) if k/ = k; — ¢ > ¢, then mult(A;) = mult(T}) and we can parameterize the complex branch
A; by a primitive parameterization \; := (\;j, A\ip) € C{s}? such that \;; := d; sk + .. and
A\i2 == s%. In this case, the tangent line is either {x = 0} if ¥/ > ¢ or {y — d;x = 0} if
k[l - [i.

If situation (iii.1) arises for one of the complex branches of C at the origin, we have
multy(Q’) < multy(Q) = M and we have dropped the number of real points p € {Q = 0} such
that mult,(Q) = M. Otherwise, all the branches A; are in situation (iii.2) and
multy(Q’) = multy(Q) = M. The worst situation arises if ¢’ == {z € C>: Q' (z) = 0} has only
one tangent line the origin. We can apply to Q' the previous procedure at the origin:

e We construct (using Lemma 3.12) a polynomial isomorphism that maps all the real zeros of Q’
into the half line {(0, y) : y < 0} and keeps the origin invariant. If ¢’ has a real tangent line,
we assume that one of such real tangent lines has equation x = 0.

e We apply the double oriented blowing-up at the origin and repeat the previous discussion.

As the parametrization of the involved complex branches are primitive and A; N R? = {(0, 0) }, if
we follow the previous algorithm we realize that the only possibility to get (apparently) stuck in
situation (iii.2) for all the complex branches (which is the only case that do not drop the multipli-
city) is that §; = 1 for each i = 1,...,r. Assume that such is the case and choose a parameterization
7Y = (% V) of the complex branch I} (at the origin), that is,

— 2 * 1
Vil = 028" 4 eus™ + ¢ s 4
Yi2 =S,

where ¢,,...,¢,, € R (these coefficients are the same for each i because we are ‘apparently’ stuck
in situation (iii.2)), ¢;my1 € C for i =1,...,r and for instance cffm +1 € C\R (because the
branches of € are all complex as C N R? is a finite set). Thus, if we apply our algorithm m + 1
times at the origin, we achieve from the complex branch I} a complex branch ©; that admits a
primitive parameterization 6; := (6;;, 6,) € C{s}? such that

*
011 = Cl,m+ls _A'_,
912 = S.

The tangent line to O, is {x — cfm +1Y = 0} whereas the tangent line to its conjugated complex
branch O is {x — ¢, 1y = 0}, which is different from {x — ¢, ;v = 0}. Hence, it is not pos-
sible to get stuck in situation (iii.2) indefinitely.

Thus, we are always able to reduce the number of points of multiplicity M with respect to the
denominator, using finitely many (polynomial isomorphisms and) double oriented blowings-up.
Consequently, after applying suitably the algorithm above finitely many times, we find a regular
map ¢: R*> — R? which is a finite composition of (polynomial isomorphisms and) double oriented
blowings-up such that f o ¢ is a locally bounded rational function whose denominator has empty
zero-set, that is, f o ¢ is a regular function, as required. O
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3.4. Arc-lifting property

As we have seen above, any locally bounded rational function on the plane becomes regular after
a composition with a generically finite surjective regular map, which can be chosen as a compos-
ition of a finite sequence of double oriented blowings-up and polynomial isomorphisms. We have
seen also in Example 3.1 that other rational functions may becomes regular after composing with a
surjective regular map. We propose here to add a geometric condition to the involved surjective
regular maps in order to characterize this property.

DerNiTION 3.13 A map ¢: R? — R? satisfies the arc-lifting property if for any analytic arc
7 (R, 0) — (R?, p), where p € R?, there exists an analytic arc §: (R, 0) — (R?, p), where
p € R, such that p o § = 7.

Arc-lifting property is a natural condition when dealing with blowing-analytic equivalence [16].
In particular, a blowing-up along a non-singular center satisfies the arc-lifting property, but also a
blowing-up along an ideal, or even a real modification [16, p. 99].

ProposiTION 3.14 A double oriented blowing-up satisfies the arc-lifting property.

It is possible to use Lemma 3.9 together with the arc-lifting property of the blowing-up along a
point to prove the arc-lifting property of a double oriented blowing-up. However, we prefer to pro-
duce a direct elementary proof of this fact in order to enlighten the special behavior of a double
oriented blowing-up, namely to describe in full details when an arc admits one or two liftings.

Proof of Proposition 3.14. Let v := (v, %) : (R, 0) — (R?, p) be an analytic arc in R? defined
on a neighborhood of the origin in R. If we consider the double oriented blowing-up at the origin
of R?, the statement is obvious if p is not the origin. Assume in the following: p := (0, 0) and con-
sider ~,, 7, as elements of the ring R{s} of analytic series in one variable with coefficients in R.
By definition of the double oriented blowing-up at the origin, we must find analytic series
p, t € R{s} such that

2t 2 -1
—— p5—— | = (n. 7). 3.1
<pt2+l ray 1) (7 1) (3.1)

hence the tuple § := (p, t) satisfies the required conditions. If 7, = 0, we take 7 := 0 and p = —~,.
If v, = 0, we take ¢ := 1 and p := ;. Thus, we assume in the following =, 7, = 0 and write

m=ask + - and v =bs’ +--,

where a, b € R\ {0} and ¢, k are positive integers. Using Equation (3.1), we deduce

p=cyyt +9% and r=56 Pt (3.2)

pP— "

for some €, § € {—1, +1}, as soon as the previous expressions have sense and provide analytic
series. We analyze the following three situations:

e Assume first that k < £. Then p? = 42 + 7, = a®s% (1 + --) so that the two possible analytic
choices for p are given by
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p = cas*J1+--- =ecask(1 + ---),

where € = 1. Analogously

_ Pt (cask + ---) + (bst + ) g

t2
p—  (east + ) — (bs' + )

Therefore, we obtain two possible analytic solutions 7 := 641 +---=6(1 + --+), where 6 = £1.
The analytic arc § = (p, t) is a lifting of v if Equation (3.1) is satisfied, which is the case if and
only if €6 = +1. Thus, we have obtained two analytic liftings for .

e Assume next k = £. Proceeding as in the previous case p := evJa> + b?>sk + --- (withe = +1),
whereas

s eNad+ b +b4

- = _CE+...

ea® +b> — b+ -

% > 0 for both choices of ¢ = £1, sot:= §/c. + --- for some 6 = 1. Using
Ja — Ei

again Equation (3.1), there exist two analytic liftings of  corresponding to the choice
eé = sign(a).

and ¢, :=

e The situation in the remaining case k > ¢ is slightly different. The analytic series
pi=eyii + 5 = elbls’ + -

for some € = £1, whereas ¢ must satisfy the equation

p_ptm _(Ebl+- )+ B+ (3.3)

b= (el ) - ()

The previous equation has an analytic solution ¢ if and only if € = —sign(b), that is,
p = —bs! + ---. We rewrite Equation (3.3) as

_ ot _ sign®)Vol + s tsign®)Vy _ NLE /P — L @ ey

= —FS

P="  —sign(b)yit+ 72 —sign(b)y2 L+ (n/nP +1 4

Thus, there exist two possible analytic solutions to (3.3) given by the formula

t2

ti= bmghl 4o,
2b

where § = +1. The couple (p, t) provides analytic lifting of ~y if Equation (3.1) holds and this hap-
pens if and only if 6 = —1, that is, ¢ := —zibsk*" + ---. Consequently, in this case, we have only
one analytic lifting of ~.
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After the analysis made, we conclude that the double oriented blowing-up at the origin satisfies
the arc-lifting property, as required. O

The last result allows us to establish that the locally bounded rational functions are exactly
those rational functions on R? that become regular after composition with a surjective regular map
satisfying the arc-lifting property (compare this with Theorem 3.6).

TueoreM 3.15 Let f be a rational function on R?. There exists a surjective regular map
¢: R? — R? satisfying the arc-lifting property and such that f o ¢ is regular if and only if f is
locally bounded.

Proof. By Theorem 3.11 and Proposition 3.14, it is enough to prove that if ¢: R*> — R? is a sur-
jective regular map satisfying the arc-lifting property and f o ¢ is a regular function, then f is
locally bounded. Otherwise, there exists an analytic arc v: (R, 0) — (R2, p) such that (f o ) (s)
goes to infinity as s tends to zero. By the arc-lifting property, there exists an analytic arc
§: (R, 0) — (R2, p) such that ¢ o § = ~. In particular, the analytic arc f oy = f o ¢ o 7 is not
bounded at the origin, which is a contradiction. O
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Appendix A. The open quadrant

As announced in the Introduction, we represent the open quadrant Q := {x > 0, y > 0} as the image of
simple regulous and regular maps f, g: R? — R

A.1. A regulous map whose image is the open quadrant

Consider the regulous map

— CR2 L R2 o [ 52 x%y? (y + 1)? o x? (xy 4 1)?
S U B ) (x<x2+y2>+l+(x+y)2’y 2y ) Tt )

We claim: f (R?) = Q.

Proof. Observe first that f;, f> are strictly positive on R2. Thus, f (R?) C Q. Let us prove next the converse
inclusion. Pick a point (a, b) € Q. Let us show first: ifa = b, then (a, a) € g (R?).
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We have

14 t2+12 t4 t2+12
rn= (5 CEE L B
2 1+ 4t 2 1+ 4t

and the image of the previous map contains the half-line { (s, s) : s > 1}. In addition,

1 1
160 = (w5 )

and its image contains the segment { (s, s): 0 < s < 1}. Thus, (a, a) € f (R?) for eacha > 0.
If a = b, we may assume a < b. We search x, y € R such that f (x, y) = (a, b). Write y = Ax where
A € R. We obtain

x2 x2y2 (xy+ 1)2 _ x4/\2 (XZ)\+ 1)2 .
x2 4+ y? L+ (x+y)? 1+X  14+x2(1+ A3
y2 x2y2 (xy + 1)2 _ x4 (XZ)\ + 1)2 _
x2 +y? T+ (x+y)? 1T+ 14+x2(1+ N
Consequently,
442 (2 _ 2 —
R IO ) I (R [
1+ N2 (A2 —1)

for some A > 1 (recall that a < b). We deduce

2
(14+X2)(b—a)
SN+
(1+N)(b—a) £ ( A2 -1) )

@A) = + =a

NN —-1) 1+ » [+ (b—a)

for some A > 1. Simplifying we conclude

(14+X2) (b —a)
b - a) (i ween * 1)
= +

A2 —1 A+ [T+ )b —a)
Y (A1)

2

Observe that limy_, @ (A\) =0 while limy ¢ (\) = +oo. Thence, there exists Ao > 1 such that
¢ (Ag) = a. If we take

(1+A5) (b —a)
xgi= 4 —2~ 7 and = \oXo,
SN PYIOT ) Yo

we have f (xq, yo) = (a, b), as required. O
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REmaRK A.1 Observe that the set of indeterminacy of f is {(0,0)} and f (0, 0) = (1, 1). In addition,
f(%\/—6 + 273, %\/—6 4+ 2473 ) = (1, 1). Thus, if h: B2 — R? is a polynomial map such that
h(R?) = R*\ {(0, 0)} (see Lemma 1.5 and [4, Ex. 1.4(iii)]), then g := f o h: R2 — R? is a regular map such
that g (R?) = Q. The polynomial map h: R*> — R? proposed in [4, Ex. 1.4(iii)] that has the punctured plane

R\ {(0, 0)} as image is given by the formula (x, y) — (xy — 1, (xy — 1)x? — y).

A.2. A regular map whose image is the open quadrant

A simpler regular map g: R?> — R? than the one proposed in Remark A.1 that has Q as its image is provided
next. Consider the regular map

2
D" 2y 1)

2
g= (g &) B2 = R% (x,y) (xz(xy —D 1T+ (x+ 2 o LUV)

We claim: g (R?) = Q.

Proof. We proceed analogously to the preceding case, but replacing the lines y = Ax by hyperbolas
y = A/x. As g, g are strictly positive on R?, we have g (R?) C Q. To prove the converse inclusion, pick a
point (a, b) € Q. Let us show first: if a = b, then (a, a) € g(R?).

We have
4+ 1) (1 + 1)
n1)= |1 t2—12+(7,t2 =1+ — |
g(t.1) ( o e T e
: . : 4 4 4
The image of g (¢, r) contains the half-line {(s, §): s> §} <f0rt: 1, we have g(1, 1) = (E’ 5)) In
addition,

o1, 1/1) = 4 4 _ 412 412
’ L4 (t+ 17027 14 (1 + 1/1)? P+ 1D 24 (124 1)?

and its image contains the segment {(s, s): 0<s< %} (for t=1wehave g(1, 1) = (%, %))
Consequently, (a, a) € g (R?).

If a = b, we may assume a > b. We search x, y € R such that g (x, y) = (a, b). Write y = \/x for some
A € R. Then

a = b= g(x Mx) - g(x Mx) = (A= D2 (x? — X/,

Consequently, for \ = 1

a—b B B _ a—b (a — b)?
x4fmx27A2—0 ~ )CZ—V(/\)'—(()\I)QJr (/\1)4+4)\2)/2~

We have limy_, | .7 (\) = +oc and limy_ +(A — 1)?r(\) =a — b.
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Consider the equation f; (x, A/x) = a, that is,

(A + 1)%x2

A= 1)224 ——————— =g,
( ) X2+ (2 + N2

and replace x2 by r () to obtain

R A1y
PN == D T T e

Observe that limy_, | ¢ (A\) = 400 while limy_,;+¢(\) = a — b. As a > a — b, there exists Ao > 1 such
that ¢ (Ag) = a. If we take

a—b a — b)?
v \/((Ao—l)2 8 [ +4A°2>/ o s

we have g (xo, yo) = (a, ), as required. O
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