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Knowledge of orderings of a real field is very important in considerations
related to the 17th Hilbert problem. In the paper we consider orderings of
the field of real rational functions in several variables (also infinite number
of variables). Fields of Nash functions are introduced, and it is shown that
these fields are real-closures of the real rational functions field.

1 Introduction

It is known that the algebraic closure of the field C(A;) of complex rational
functions in one variable A; is embedded in the field of Puiseux power series
(R. J. Walker, Algebraic curves. Dover, New York 1962). So, any algebraic
element over C(A;) can be considered as a convergent Puiseux power series

ZajA{/p, peEZ, p>0,
i.e. as a complex Nash function
9= a;f/ in (C\R)NU

for some branch f: C\R_ — C of the power A}’”,
where R_ = {t €e R:¢ <0} and U C C is a neighbourhood of the origin.



This concept has enabled a construction of the algebraic closure of the
field C(A), A = (Ay4,...,Ay), in terms of Nash functions.
There exists a family U: Up, P € C[A], subsets of C™ such that:
Co. UpC{AeC™: P(X\) # 0} is a semi-algebraic set,
01. UPOUQ:UPQ,
Cy. for P #0, Up is a dense subset of C™,
C5. for P # 0, Up is an open, connected and simply connected set

(Spodzieja 1996).
For P € C[A], P # 0, the ring N©(Up) of complex Nash functions on Up

is a domain.
In

U NCw»)

PeC[A]\{0}

we introduce an equivalence relation
o (fl :Up — C) ~ (fz :Ug — (C) iff flfUpQ = f2|UPQ-

Theorem. (Spodzieja 1996) The set NS of equivalence classes of "~
with the usual operations of addition and multiplication is a field.

Theorem. (Spodzieja 1996) N5 is the algebraic closure of C(A).

The purpose of this article is to develop the sketched above idea in the
real case.

2 Preliminaries

1. Semi-algebraic sets
Let K be a field, and let m € Z, m > 0.
By A = (Aq,...,A,,) we denote a system of variables, by K[A] and K(A)

— the ring of polynomials in A over K and its quotient field, respectively.
Let T be linearly ordered set (perhaps infinite).

By Ar = (A; : t € T') we denote a system of variables Ay, t € T, by K[A7]
and K(Ar) — the ring of polynomials in Ay over K and its quotient field,
respectively.

Property. For any P € K(Ar) we have P € K(Ay,, ..., A,,) for some
finite number of points ti,...,t,, € T.
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Let K=R or K=C.

Definition. By K” we denote the set of all functions 7" — K equipped
with the unique topology for which projections KT > z +— z(t) e K, t € T,
are continuous.

Definition. A subset of K’ is called algebraic, when it is defined by a
finite system of equations P = 0, where P are polynomials in K[A7].

Definition. A subset of R is called semi-algebraic, when it is defined
by a finite alternative of finite systems of inequalities P > 0 or P > 0, where
P are polynomials in R[Ar].

Property. Any algebraic set in KT is of the form
{x e K" : (2(t1),...,2(tm)) € V},

where t1,...,ty, € T and V is an algebraic subset of K™.

Property. Any semi-algebraic set in RT is of the form
{z e R : (z(ty),...,z(tm)) € X},

where t1,...,t,, € T and X 1s a semi-algebraic subset of R™.

From the basic properties of algebraic and semi-algebraic sets in finite
dimensional real vector space we obtain:

Property. The family of algebraic sets in KT is closed with respect to
union and intersection of finite number of sets.

Property. The family of semi-algebraic sets in RT is closed with respect
to complement, union and intersection of finite number of sets.

We have a version of the Tarski-Seidenberg Theorem.

Theorem. (Tarski-Seidenberg) Let tq,...,t,, € T and
R > 2 (z(t),...,2(tn)) € R™.

If X C R, Y C R™ are semi-algebraic sets, then m(X) and 7=1(Y) are
semi-algebraic sets, too. Moreover, any semi-algebraic set X C RT is of the
form =YY, where Y CR™, m € Z, m > 0, is a semi-algebraic set.

Since connected components of semi-algebraic subsets of finite dimen-
sional real vector space are semi-algebraic then we have



Corollary. Any connected component of a semi-algebraic subset of RT is
semi-algebraic.

2. Analytic functions in R”

For any tq,...,t,, € T, we define a projection map
WE,...,tm K's 2 — (x(t1), ..., x(tn)) € K™,

Definition. Let U C R” be an open set and let f : U — R. The function
f we call analytic if there exist m € Z, m > 0, ty,...,t,, € T and an analytic
function g : 7%, (U) — R such that

(1) fa) = g(my 4, (2)) for zel.
Definition. Let U C C’ be an open set and let f : U — C. The
function f we call holomorphic if there exist m € Z, m > 0, t1,...,t,, € T

and a holomorphic function g : 7%, (U) — C such that

f(2) = g(my 4, (2)) for zeU.

Remark. Let f be analytic function of form (1), and let {t1,...,t,,} C
{uy,...,up} € T. Then f(z) = h(nk (z)), * € U, for some analytic

UL yeeey Uk
function h : my, (U) — R. Analogous holds for holomorphic functions.

geeny Ul
Since analytic functions in R? (resp. holomorphic functions in CT) are

defined by analytic functions (resp. holomorphic functions) in finite number
of variables, then we immediately obtain:

Proposition. Let U C RT be an open set and let f, g : U — R be analytic
functions. Then
(@) f4+g, f—g, f-g and f/g (under suitable assumption on g) are analytic
functions.
(b) If flw = glw for some nonempty open set W C U, then f = g.

Proposition. Let U C CT be an open set and let f,g : U — C be
holomorphic functions. Then
(a) f+g, f—g, f-g and f/g (under suitable assumption on g) are holomorphic
functions.
(b) If flw = glw for some nonempty open set W C U, then f = g.



3. Nash functions

Let K=Q or K=R.

Definition. A function f : U — R, where U C R™ is an open set, is
called K-Nash function if f is analytic and if there exists a nonzero polyno-
mial P € K[A, Z], such that P(\, f(A)) =0 for A € U.

Definition. A function f : U — C, where U C C™ is an open set, is
C-Nash function if f is holomorphic and if there exists a nonzero polynomial
P € R[A, Z], such that P(\, f(A)) =0 for A € U.

For the basic properties of Nash functions and semi-algebraic sets see for
instance:

R. Benedetti, J-J. Risler, Real algebraic and semi-algebraic sets, Actu-
alités Mathématiques, Hermann, Paris, 1990.

Let K=Q or K=R.

Definition. A function f : U — R, where U C R” is an open set, is called

K-Nash function if f is analytic and if there exists a nonzero polynomial
P € K[Ar, Z], such that P(\, f(\)) =0 for A € U.

Definition. A function f : U — C, where U C C7 is an open set,
is called C-Nash function if f is holomorphic and if there exists a nonzero

polynomial P € C[Ar, Z], such that P(\, f(A)) =0 for A € U.
Definition. The ring of K-Nash functions in U we denote by N¥(U).
From the basic properties of Nash functions we immediately obtain:

Proposition. [f K =R or K = C and U C K” is an open connected set
then N®(U) is a domain.

Proposition. If U C RT is an open connected set then NQ(U) is a
domain.

3 Orderings

Let K = Q or K = R and let T" be ordered set. Take an open connected
semi-algebraic set X C RT.
We introduce orderings in the domain N*(X) in the following way.



Definition. A family (2 of nonempty semi-algebraic subsets of X we call
ordering family if:
(i) For any algebraic set V' ¢ R” there exists U € {2 such that V N U = 0.
(ii) For any Uy, Us; € (2 there exists U € (2 such that U C Uy N Us.
(iii) Any U € {2 is an open, connected and simply connected set.

Definition. We call f € N®(X) positive, and write f =g 0, if for some
U € 2 we have f(z) > 0 for x € U. We write f =g g,if f —¢g >0 0.

Property. The relation =¢ determines ordering in N¥(X), i.e. total
ordering satisfying:
@) frog9 = f+h=ag+h,
() f=20, g=00 = fg=00.

The key point in considerations of orderings in N(X) is the following

Theorem. For any open connected semi-algebraic set X C RT there
exists an ordering family §2 subsets of X.

At the end of this lecture we give some remarks on the proof of the above
Theorem.

Remark. Let X C R” be an open connected semi-algebraic set and 2
be an ordering family subsets of X. It is easy to see that there exists at most
one point € R” which is an accumulation point of any U € 2.

Remark. One can prove that for any x € X there exists an ordering
family (2, subsets of X such that x is an accumulation point of any U € (2,.

4 [K-Nash fields

Let K= Q or K =R, let X C R be open connected semi-algebraic set, and
let {2 be an ordering family subsets of X.

Definition. In
U V()
Uen

we introduce a relation ”~g” :
(fi: Ui =R)~g (f2: U= R) iff Juep(UCUNUy A filu = folu)-

0

Property. "~ 7 is an equivalence relation.
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Definition. The equivalence class of the relation ”"~” determined by
f: U — R we denote by [f]q, and the set of all such classes — by N5.

» oYM,

Theorem. N5 is a real field, together with the operations ” + 7,

[file + [fole = [filo + f2lu], [file - [fale = [filvfalu],
where fi € N¥(Uy), fo e N&(Uy) and U € 2, U C Uy N Us.

Definition. The field N§ we call K-Nash field.

Let X C R” be open connected semi-algebraic set, and let 2 be ordering
family subsets of X.

Definition. By FX(X) we denote the field of fractions of N¥(X).

Property. For any U € 2 the ring N¥(X) is embedded in N¥(U).
The field F*(X) is embedded in N§.

Main Theorem. N§5 is a real closure of K(Ar). In particular, N5 is
a real closure of FX(X).

Simply connectedness of sets of family (2 is essential in the proof.

Corollary. The field N is ordered by:
[f]2 = 0 if for some U € 2, f € N*(U) and f(x) > 0 for any x € U.

Corollary. Letx € X and {2, be an ordering family of subsets of X such that
x 15 an accumulation point of any U € §2,. Then for any x,y € X, x # vy,
the fields ./\/}Ii, ./\/'}Ify determine different orders in K(Ar). In particular, the
fields N5, ?i, are not K(Ar)-isomorphic.

5 (C-Nash field

Let T be ordered set. Let {2 be an ordering family subsets of C7.
Analogously as in previous section we define an equivalence relation ~.

Definition. In

U V)

Ue?



we introduce a relation ”~g” :
(f1i:U1=C)~g(fo: Uy —C) it Jueo(UCUiNUs A filu = folv)-

” N N
)

The set of all classes of ~ together with the usual operations ” +
we denote by N§.

Theorem. The field NSC is an algebraic closure of the field C(Ar).

6 Remarks on the proof
Recall the key lemma of my lecture.

Theorem. For any open connected semi-algebraic set X C RT there
exists an ordering family 2 subsets of X.

The essential point in the proof is an analogous result in finite dimensional

case. Then by Tarski Seidenberg Theorem we construct ordering families in
RT.

Finite dimensional case

Let m € Z, m > 0 and let A = (Ay,...,A,,) be a system of variables.
Take any P € R[A]. Let us defined a set I'py C R™ by

Cp={(A1,..sAm) €ER™: P(A1,...; A1, A + ) =0 for some y€10,00)}.

Property. I'pg =I'p UT'q.

We define a polynomial w(P) € R[Ay, ..., Ap—1] (w(P) € Rif m = 1):
w(P) =0 for P =0, and w(P) = PRy for P # 0,
where P = P()Agn + PlAgnil + ...+ Pd, and .Pl S R[Ah ...,Am_l] (R e Rif
m=1) fori=0,...,d, Py #0.
Let us define sets 2p C R™. The definition will be inductive with respect
to the number of variables Ay, ..., A,,. For P € R[A], we put

Qp=R\IpCR, if m=1,

Op = (Rm\FP)H(Qw(p) XR) CRm, if m>1.



Property. The sets Qp, P € R[A], are semi-algebraic.
The finite dimensional version of our theorem is the following.

Proposition. The family Qp, P € R[A] satisfies the following conditions:
Ry. QpC{AeR™: P(\) #0},

Ri. QpNQg=Qpg,
Ry, for P # 0, Qp is an unbounded subset of R™,
R3.  for P #0, Qp is an open, connected and simply connected set.

Moreover, one can demand that
Ry. Qp =R"™ for P= const, P # 0.

Corollary. {Qp: P € R[A/, P # 0}, is an ordering family of subsets of
R™.

Remark. By a Nash isomorphism we may remove the family
Qp, P € R[A], P # 0 into any open semi-algebraic set X C R™.

In the infinite dimensional case very useful is the following

Proposition. Let 1 < iy < ... <, <n, and let P € R[A;,,..., A;, ]
Let Q € R[Aq, ..., A, be a polynomial of the form

Q(z1,...,xn) = Playy,...,x;,), (x1,...,2,) € R™
Then Qp C R™, Qg C R", and

QQ C {(l’l,...,ﬂfn) e R": (l’il,...,ﬂfim) GQP}.

The End



