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In this work we define a semialgebraic set S C R™ to be irreducible if the noetherian ring
N (S) of Nash functions on S is an integral domain. Keeping this notion we develop a sat-
isfactory theory of irreducible components of semialgebraic sets, and we use it fruitfully
to approach four classical problems in Real Geometry for the ring N'(S): Substitution
Theorem, Positivstellensitze, 17th Hilbert Problem and real Nullstellensatz, whose solu-
tion was known just in case S = M is an affine Nash manifold. In fact, we give full
characterizations of the families of semialgebraic sets for which these classical results
are true.
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1. Introduction

This work is motivated by the search of a satisfactory notion of irreducibility for
semialgebraic sets, and, consequently, by the elaboration of a theory of irreducible
components for semialgebraic sets enjoying a similar behavior to the theory of irre-
ducible components in other settings like: algebraic sets, global analytic subsets of
R™ and Nash subsets of open semialgebraic sets in R™, among others. Recall that
S C R" is a semialgebraic set when it has a description by a finite boolean com-
bination of polynomial equations and inequalities. A first attempt to define what
an irreducible semialgebraic set is, has been already approached in the literature
(see [12]): it defines a semialgebraic set S C R™ to be irreducible if its Zariski clo-
sure 5 in R™ (that is, the smallest algebraic subset of R™ containing S) is an
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irreducible algebraic set. With this definition the semialgebraic sets
S ={y* —2*(x+1)=0"\{(=1,0)} and Sy = {zy=1}

are irreducible, but we feel that “they should be reducible”: S; consists of two
analytic branches and S5 is not connected.

In the algebraic, global analytic or Nash settings, a geometric object is irre-
ducible if it is not the union of two proper geometric objects of the same nature.
In our semialgebraic setting, this definition does not work because the complement
of a semialgebraic set is again semialgebraic and so each semialgebraic set with at
least two points would be reducible. Nevertheless, in the algebraic, global analytic
or Nash settings, the irreducibility of a geometric object X C R"™ is equivalent to
the fact that the respective ring of polynomial, analytic or Nash functions on X is
an integral domain. This equivalence suggests us to attach to each semialgebraic
set S a suitable ring F(5) of real valued functions and to define the irreducibility
of S by saying that F(S) is an integral domain. Thus, the first crucial decision is
to choose the nature of such functions. One easily convinces himself that neither
polynomials nor C" semialgebraic functions for 0 < r < +oo fit our situation. In
fact, it seems natural to choose the ring N(S) of Nash functions on S because it
combines the semialgebraic flavor with the existence of an Identity Principle. Recall
that f:5 — R is a Nash function if there are an open semialgebraic neighborhood
U of S in R™ and an extension F':U — R of f which is Nash on U, that is, F is
a C* function with semialgebraic graph, or equivalently, F' is analytic on U and
there is a nonzero polynomial P € R[xq,...,%,,y] such that P(z, F(z)) = 0 for all
zeU.

With these preliminaries, a semialgebraic set S C R" is irreducible if the ring
N(S) is an integral domain. As one can expect our notion extends the notion of
irreducibility of a Nash subset X of an open semialgebraic set U C R™. Even more,
we develop a satisfactory theory of irreducible components for arbitrary semialge-
braic sets and it holds that for such an X the irreducible components of X as a
Nash subset of U coincide with its irreducible components as a semialgebraic set.
The study of the irreducibility of semialgebraic sets is performed in Sec. 3 while the
development of the theory of irreducible components of semialgebraic sets appears
in Sec. 4.

We should not forget the possibility of a different approach to the irreducibility
of semialgebraic sets by using analytic functions. Indeed, if O(S) denotes the ring of
real valued functions f:S — R which admit an analytic extension to an open (non-
necessarily semialgebraic) neighborhood of S in R™, it follows from Theorem 3.2
that NV(S) is a domain if and only if A(S) is a domain for every intermediate ring
N(S) c A(S) € O(S) and so if we choose any of such rings to define the notion
of irreducibility for semialgebraic sets we achieve the same family of irreducible
semialgebraic sets. Any case, the noetherianity of N'(S) (see Sec. 2) and the semial-
gebraic nature of its functions suggest to use this ring to determine the irreducibility
of semialgebraic sets.
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There are four fundamental classical results associated to the study of a ring
of real valued functions on a real geometric object: the Substitution Theorem, the
Positivstellenséitze, the 17th Hilbert Problem and the real Nullstellensatz. As it is
well known, if S = M is an affine Nash manifold, the previous celebrated questions
have been completely solved in the affirmative for its ring of Nash functions (see
for instance [4, 8.5 and 8.6]). As one can expect, those results are not true for
arbitrary semialgebraic sets and the second part of this work (see Secs. 5 and 6)
is devoted to determine the families of semialgebraic sets for which the previous
classical problems have an affirmative solution.

2. Preliminaries

In this section we introduce most of the definitions, notations and objects that
appear in the subsequent sections. We also present some preliminary results that
will be useful in the sequel. We begin recalling the following semialgebraic version
of Tietze—Urysohn extension lemma (see [8]).

Lemma 2.1. Let C C S C R™ be semialgebraic sets such that C is closed in S.
Then, each continuous semialgebraic function f:C — R extends to a continuous
semialgebraic function F:S — R.

Remark 2.2. By means of Lemma 2.1, one proves that two disjoint closed semial-
gebraic subsets C1,Cy C S can be separated by disjoint open semialgebraic subsets
Uy, Uy of R™. This fact will be used freely along this work and it will be useful, for
instance, to separate the connected components of a semialgebraic set.

Next, we propose a careful presentation of the ring of Nash functions of a semi-
algebraic set. Namely,

(2.3) Ring of Nash functions on a semialgebraic set. Let S C R" be a semi-
algebraic set. We say that a function f:S5 — R is a Nash function on S if there are
an open semialgebraic neighborhood U of S in R™ and a smooth function F: U — R
with semialgebraic graph, that is, a Nash function in the classical sense, such that
f = F|s. We denote by N (S) the set of Nash functions on S, which endowed with
the usual operations has the structure of R-algebra. As one can expect, if S1,...,S,
are the connected components of S, we have N'(S) = @;_, N(S;). Of course, if
S = M is an affine Nash manifold, one realizes immediately, by means of a Nash
tubular neighborhood of M in R™, that N (M) is the classical R-algebra of Nash
functions on M.

More generally, given two semialgebraic sets S C R™ and T' C R™, we say that
a semialgebraic map f = (f1,..., fm) is a Nash map, and we write f € N (S,T),
if there exist an open semialgebraic neighborhood U of S in R™ and a Nash map
F:U — R™ such that F|s = f. Of course, this property is equivalent to say that
imf C T and each component f; € N(S) for i« = 1,...,m. Moreover, a map
f € N(S,T) is said to be a Nash diffeomorphism if there exists g € N'(T,S) such
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that f og = idp and g o f = idg. In such case we say that S and T are Nash
diffeomorphic; in particular, S and T are semialgebraically homeomorphic.

Given f € N(S), we denote its zeroset by Zs(f) = {z € S: f(x) = 0}, and for
each ideal a of N(S), its zeroset is the intersection

=) 2s(f)={x€S:f(x)=0, Vfea}.

fea
As one can expect, see Lemma 2.4 below, Zg(a) is a semialgebraic set. Given any
semialgebraic subset T C S, we denote Jg(T) = {g € N(S):g(x) = 0 Vo € T},
which is an ideal of N'(S).

Lemma 2.4. Let S C R" be a semialgebraic set and let a be a proper ideal of
N(S). Then, there exists f € a such that Zs(a) = Zs(f). In particular, Zs(a) is a
nonempty semialgebraic set.

Proof. We denote d = dim S and consider for each integer £k = 0,...,d + 1 the
sentence:

Sk: There exists a function f € a such that the difference Zg(fr)\Zs(a)
is contained in a semialgebraic subset of S of dimension < k.

Observe that 8441 is obviously true by choosing fy11 = 0, whose zeroset is S. All
reduces to show that also § is true and in fact it suffices to show that 8511 = Sj.

Indeed, let Y be a semialgebraic subset of S of dimension < k + 1 containing
Z5(fr+1)\Zs(a) for a certain function fr41 € a. By [4,2.9.10], Y is a finite union
Y = Ule N; of connected Nash submanifolds N; of S. Since Zg(fr+1)\Zs(a) C
Ule N; we may assume, without loss of generality, that Zg(a) contains no Nj.
Therefore for each index 1 < i < é there exists h; € a such that Zg(h;) does
i (NV;) does not vanish identically
on N;. Since N; is a connected affine Nash manifold, dim Zy, (hi|n,) < dim N;.
The Nash function f = fZ,, + S2Y_, h2 € a satisfies our requirements. Indeed, let

¢
T =Uiz1 Zn(hi

4 4 4
Zs(fr)\Zs(a) = | Zs(fxar1) N ﬂ ; \Zs(a) C U N; N ﬂ Zs(hj)
i=1 j=1

~,;) and observe that

L L

c Jwin zs(h) = | 2w, (h

i=1 i=1

and dim T < k, because
dim T = max{dim(Zn;, (h;|n,)): 1 < i < {}
<max{dimN;:1 <i</(} =dimY < k+1.

We have just proved that Zg(a) = Zg(f) for a certain f € a. Suppose now that
Zs(a) is empty and let F' € N/(U) be a Nash extension of f to an open semialgebraic
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neighborhood U of S in R™. Then, the open semialgebraic set V' = U\Zy(F)
contains S and the function G = 1/F € N(V); hence, g = G|s € N(S) and
1=gf € a, a contradiction |

Corollary 2.5. Let S C R"™ be a semialgebraic set. Then, each maximal ideal of

N(S) has the form n, = {f € N(S): f(a) =0} for some point a of S.

As a consequence of Corollary 2.5, we prove that the rings of Nash functions
classify semialgebraic sets modulo Nash diffeomorphism. Namely,

Corollary 2.6. Let S C R™ and T C R™ be semialgebraic sets. The following
assertions are equivalent:

(i) S and T are Nash diffeomorphic.
(ii) The R-algebras N'(S) and N(T') are isomorphic.

Proof. The implication (i) = (ii) is easy; hence, we focus on the proof of its
converse. Let ¢:N(S) — N(T) be an isomorphism and let @: Spec(N(T)) —
Spec(N(S)), p — ¢ 1(p) be the homeomorphism between the Zariski spectra of
N(T) and N (S) induced by ¢, which preserves closed points (maximal ideals). By
Corollary 2.5, the maximal ideals of N'(T") and N/ (S) correspond to the points of T
and S; hence, we get the following homeomorphism

g =@|lr:T =Max(N(T)) — Max(N(S)) = S, ¢ =m, +— ¢ *(m,) =m, = p,

which is, in fact, a Nash diffeomorphism. Indeed, write g; = ¢(x;) € N(T) and
notice that g¢;(¢q) = p; for ¢ = 1,...,n; this is so because the Nash function
x;—p; €M, = ¢ H(my) and so g;—p; = p(x;—p;) € my fori =1,...,n. Thus, g(q) =
p=(p1,---sPn) = (91,---,91)(q), and so g = (g1,...,9n) € N(T,S). Analogously,
using now @1 : N(T) — N(S), one constructs a Nash map f € N (S, T) such that
fog=1idr and go f = idg; hence, ¢ is a Nash diffeomorphism and we are done.

O

To approach the noetherianity of the ring of Nash functions on a semialgebraic
set (see Theorem 2.9) we introduce the ring of Nash function germs at a semialge-
braic set.

(2.7) Ring of Nash function germs at a semialgebraic set. Given a semial-
gebraic set S C R”, germs of Nash functions at S are defined similarly as germs
at a point, through open semialgebraic neighborhoods of S in R"; we denote by
Fs = Fy,s the germ at S of a Nash function F' defined on an open semialgebraic
neighborhood U of S in R™. The collection N (R%) of all germs of Nash functions
at S endowed with the natural operations has an R-algebra structure and will be
called the ring of Nash function germs at S. Again, as one can expect, if Sq,...,S,
are the connected components of S, we have N(R%) = @;_; N(RE ) and so to
study many algebraic problems concerning the ring NV (R%) it is enough to consider
the case in which S is connected.
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Notice that N'(S) = N (R%)/T(S), where J(S) = {Fs € N(R%): F(z) =0Vz €
S}. Of course, it makes sense to say that an element Fs in N (R%) vanishes at a
point x € S if F(z) = 0 and we denote Z5(Fs) = {x € S: F(z) = 0}.

Next, fix an open semialgebraic neighborhood U of S in R™ and consider the
restriction homomorphism pys: N (U) — N(S), F — F|s and the natural R-
algebras homomorphism ny,s : N (U) — N(R%), F +— Fy gs; of course, we have

pus : N(U) =25 N(RE) == N(S) = N(RE)/T(S). (%)
Notice that ny, s is injective if and only if each connected component of U intersects
S. In any case, by abuse of notation, given an ideal 2 of N(R%) we denote by
ANN(U) the preimage n[}}S(Ql) and if a = A/ J(S) is an ideal of N/(S), we denote
aNN(RE) = 7 (a) = A and a NN (U) = pyls(a) = ANN(U). In particular,
Ju(S) =T (S) NN ().

Corollary 2.8. Let S C R™ be a semialgebraic set. Then, each maximal ideal of
N (RY) has the form mg, = {Fs € N(R%): F(a) = 0} for some point a € S and the
zero set of each proper ideal a of N (R%) is nonempty.

Proof. First, let m be a maximal ideal of N (R%). The inclusion J(S) C m is
proved straightforwardly by way of contradiction; hence, the map m — m/J(S)
between the respective sets of maximal ideals of N (R%) and N (S) is well defined
and, by the Correspondence Theorem for quotient rings, it is bijective. Thus, each
maximal ideal of N'(R%) has, by Corollary 2.5, the form in the statement. Next, if
a is a proper ideal of NV (R%), its zero set is nonempty because a is contained in a
maximal ideal of NV(R%). O

Theorem 2.9. Let S C R"™ be a semialgebraic set. Then, the rings N'(S) and
N (RY) are noetherian.

Proof. First, since N(S) = N(R%)/J(S), it is enough to prove that N'(RY) is
noetherian. Moreover, since N(R%) = @;_; N(RE ) where S; are the connected
components of S, we may assume for the rest of the proof that S is connected.
Now, the proof of the noetherianity of N'(R%) runs similarly to the one provided in
[4, Sec. 8.7], for the noetherianity of the ring N'(M) of Nash functions on a connected
affine Nash manifold M C R™. We point out next (without complete proofs) the
main steps one can follow to prove Theorem 2.9 indicating the corresponding result
of [4, Sec. 8.7], whose proof is similar. Let R[x] = R[x1,...,%,]| denote the polyno-
mial ring in n variables with coefficients in R and let (x —a) = (x1 —a1, ..., Xp—ap)
denote the maximal ideal of R[x] of the polynomials in R[x] which vanish at the
point a = (ai,...,a,) € R". We write R[x]x_,) to refer to the localization of R[x]
at the maximal ideal (x — a) and N, to denote the ring of Nash function germs on
R"™ at a. Now, we fix a point a € S.

Property A. The local rings in the diagram R[x](x—q) = N (R%)m, — Ny — N,
are all regular of dimension n and all the inclusions are faithfully flat.
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To prove this fact proceed similarly to the proofs of [4,8.7.12 and 8.7.16].

Property B. Let p be a prime ideal of R[x]x_q). Then, the set of prime ideals
q of N(R%)m, such that g VR[x]x_q) = p is finite. Moreover, if {q1,..., ¢} is the
set of prime ideals of N'(R%)y, lying over p, then pN(R%)m, = g1 N--- N gy, and
ht(q;) = ht(p) for each 1 <i < m.

The proof of Property B runs similarly to the one of [4, 8.7.15].

Property C. Let p be a prime ideal of the polynomial ring R[x]. Then, the set of
prime ideals q of N(R%) such that q N R[x] = p is finite. Moreover, if {q1,...,qm}
is the set of prime ideals of N(R%) lying over p, then pN (R%) = g1 N--- N gy, and
ht(q;) = ht(p) for each 1 < i < m.

To that end it suffices to follow the proof of [4, 8.7.17], with a psychological
advantage: while in [4] the authors deal with the ring of polynomial functions on
the complexification of an irreducible nonsingular real affine algebraic set V', in our
case V = R". Moreover, where the authors deal with a connected open semialgebraic
subset M of V', we use a connected open semialgebraic neighborhood M of S in
R™. Of course, in our case, we use Property A instead of [4, 8.7.16] and Property B
instead of [4, 8.7.15].

Property D. N(R%) is a noetherian ring.

By [14, Sec. 2, Theorem I1.2], it is enough to prove that all prime ideals of
N(R?Z) are finitely generated. Let q be a prime ideal of N(R%) with ht(q) > n.
Then, q is, by Property A, a maximal ideal and ht(q) = n; hence, there is, by
Corollary 2.8, a point a € S such that ¢ = m, and so m, NR[x] = (x — a). Since
the inclusion R[x]x—q) = N (R%)m, is, by Property A, faithfully flat, the equality
q=m, = (x — a)N(RY) follows, proving that q is finitely generated. Once this is
proved the rest of the proof runs in the same way as [4, 8.7.18], substituting the
ring N'(M) by the ring N(R%) and using Property B instead of [4, 8.7.17]. O

(2.10) Analytic, Nash and Zariski closures of a semialgebraic set. Let
U C R™ be an open semialgebraic set and let S C U be a semialgebraic subset.
Since N (U) is a noetherian ring, the zeroset Zy (AN N (U)) is a Nash subset of U
for any ideal A of N (R%). Notice that Zy (T (S)NN(U)) = Zu(Ju(S)) is the Nash
closure of S in U, that is, the smallest Nash subset of U containing S. Moreover,
Ju(Zu(Tu(S))) = T(S) NN(U).

Next, consider also the ideal Jj"(S) = {F € O(U):F(z) =0, Yz € S}. We
will prove that the Nash closure Zy (Ju(S)) of S in U coincides with the zeroset
§Zn of J5*(S) in U, which is the smallest global analytic subset of U containing S.
Consequently, for notational and conceptual simplicity we will denote by §Zn the
Nash closure of S in U.

We denote by S the Zariski closure of S in R™, that is, the smallest algebraic
subset of R™ containing S. By [4, 2.8.2], S and S” have the same dimension.
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Z

Thus, since S C Sy € Zu(Ju(S)) € 5, the dimensions of all the previous sets

coincide.

(2.11) Analytic and Nash closures of a semialgebraic set germ. The sit-
uation is rather similar in the local case. Namely, let a € S and denote by O,
(respectively, N, ) the ring of analytic, (respectively, Nash) functions germs on R"
at a. Consider the ideal

T (Se) = {Fy € Og: 8. C Zo(Fa)},

whose zeroset S, is the smallest analytic germ at a which contains the germ
S,. In fact, as we will check soon, S, is a Nash set germ and so it coincides
with the Nash closure of S,, which is the zeroset germ S_aNaSh at a of the ideal
Zo(Sa) = {Fs € Ny:S, C Z,(F,)}. Thus, for simplicity, we denote by gzn the
Nash closure of the germ S,.

Let W be an open semialgebraic neighborhood of a in R™ such that dim S, =
dim(S N W). It is clear that S, = (SN W),. Now, since

Sa c S—aan c S—aNash c (Wzar)a

and dim S, = dim(SNW) = dim SN W™, we deduce that all the involved germs
have the same dimension.

Proof of (2.11). We have to prove that 5. is a Nash set germ. Let Y1 4,...,Y, 4
be the irreducible components of the analytic germ S_aan and let Xy ,,..., X5,

be the irreducible components of the Nash germ S_aNaSh, which are, by [4, 8.6.9],
irreducible analytic germs. We may assume that dimY; , = dim S,. Since

s
——an ——Nash
Y1 CSas CSa = U Xja
Jj=1

and Y7 , is an irreducible analytic germ, we may assume that Y; , C X ,. In fact,
Y14 = X1,4 because dimY; , = dim X; , and X, is an irreducible analytic germ.
This argument works for all the irreducible components Yj , of S_aam which have
maximal dimension, say Y1 q,..., Y. Thus, we may assume that Y;, = X;, for
j=1,...,L

Consider the semialgebraic set germ T, = S,\ szl Xj.a =5\ U§:1 Y; o which

has dimension < dim S, because it is contained in | J Y; o. Arguing by induction

T

j=0+1
. . — — Nash . . — —

on the dimension, we deduce that Taam =T, = Finally, since Saan = Taam U

¢
Uj=1 Yj.a, we are done. O

Sketch of proof of (2.10). We have to prove that Sy, is a Nash subset of U.
Recall that dim S = dim 'S}, = dim(Zy(Jy(S))). Now, the strategy of the proof
runs in the same way as the one for germs, but using the following Property:

Property E. An irreducible Nash subset X of U is also an irreducible global
analytic subset of U.

1250031-8



On the Irreducible Components of a Semialgebraic Set

To prove this, we proceed as follows. By [7, Corollary 2], p = Jy(X)O(U) C
J&(X) is a prime ideal of O(U). Now, since dim X = dim X, we can choose a
point z € X\ Sing(X"""), which is a regular point of X in the sense of [4, 3.3.9].
Notice that the germs X, and X, coincide. Now, by [4, 3.3.10(iii)], we deduce that
the analytic ring O, /(p,O,) is regular of dimension d; hence pQ, is a real ideal
in the sense of [4, 4.1.3]. Thus, by [1, 3.1], we deduce that p = J3"(X). Since p is
prime, it follows that X = Zy (Juy (X)) = Zuy(Ju (JF*(X))) = X&" is an irreducible
global analytic subset of U. |

When we have referred to a Nash set S we have always involved certain open
semialgebraic neighborhood on which S has finitely many Nash equations. To get
rid of this fact, we introduce the following result.

(2.12) Nash sets. Let S C R™ be a semialgebraic set. The following assertions are
equivalent:

(i) There is an open semialgebraic neighborhood V' of S in R™ such that S is a
Nash subset of V.
(ii) There is an open semialgebraic neighborhood V of S in R™ such that S = Sy
(iii) The semialgebraic set Uy = R™\(Clg~ (S)\S) is an open neighborhood of S in
R™ and S is a Nash subset of Uj.
(iv) S is locally compact and a Nash subset of each open semialgebraic open neigh-
borhood of S on which S is closed.

If S satisfies one of the above conditions (and hence all), we say that S is a
Nash set.

Proof. The implications (i) = (ii), (iii) = (iv) and (iv) = (i) are straight-
forward. Only the implication (ii) = (iii) requires some explanation. Suppose
that S = g?/n for an open semialgebraic subset V' of R" containing S. Then, S
is closed in V' and so it is locally compact; hence, Clgn (S)\S is closed in R™ and
so Up = R™\(Clgn (5)\S) is an open semialgebraic subset of R™ containing S as
a closed subset. In fact, Uy is the largest open subset of R™ in which S is closed;
hence, V' C Uy and, since S is a Nash subset of V' it follows, by [21, I1.5.3], that S
is a Nash subset of Uj. O

We end this section by recalling some main properties of the set of regular points
of a semialgebraic set, that will be useful in the sequel.

(2.13) Regular points of a semialgebraic set. Let S C R" be a d-dimensional
semialgebraic set. A point « € S is a regular point of S if there is an open neigh-
borhood V* of x in S analytically diffeomorphic to R%. We denote by Reg(S) the
set of regular points of S and by 0(S) = S\ Reg(S) the set of nonregular points
of S. By [22], Reg(S) is a nonempty open semialgebraic subset of S, and since it
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is an analytic manifold, we deduce from [21, 1.3.9], that Reg(S) is an affine Nash
manifold. Moreover, §(5) is a semialgebraic set of dimension < d — 1 closed in S.
Of course, Reg(S’) C Reg(S) and §(S’") C §(5) for each semialgebraic set S” C S
which is open in S; moreover, if S C R™ is pure dimensional, S C Clg» (Reg(S)\T)
for each semialgebraic subset T of S with dimT < d — 1. In particular, Reg(S) is
a dense subset of every pure dimensional semialgebraic set S.

3. Irreducible Semialgebraic Sets

In this section we introduce and explore the notion of irreducible semialgebraic set.

(3.1) Irreducibility of semialgebraic sets. Given a semialgebraic set S C R,
we say that S is irreducible if the ring N'(S) is an integral domain; otherwise, S is
reducible. One deduces straightforwardly the following facts concerning irreducibil-
ity:

(i) Irreducible semialgebraic sets are connected, because the ring of Nash functions
of a disconnected semialgebraic set is the direct sum of the rings of Nash
functions of its connected components (see (2.3)), and so, it contains zero
divisors. In particular, an affine Nash manifold is irreducible if and only if it
is connected.

(ii) The Zariski closure of an irreducible semialgebraic set is irreducible as an
algebraic set. Of course, there are many irreducible algebraic sets which are
reducible as semialgebraic sets; for instance, the hyperbola S = {(z,y) €
R%: 2y = 1}.

(iii) Any semialgebraic set compressed between an irreducible semialgebraic set and
its closure in R™ is also irreducible.

(iv) The image of an irreducible semialgebraic set under a Nash map is also irre-
ducible. In particular, the irreducibility of semialgebraic sets is preserved by
Nash diffeomorphisms.

(v) Let T C S C R™ be semialgebraic sets such that 7' is irreducible. Then, Js(T")
is a prime ideal of N'(S), because N (T) is an integral domain and Js(T) is
the kernel of the restriction homomorphism N'(S) — N(T), f — f|r.

(vi) A Nash set X is irreducible as a semialgebraic set if and only if it is irreducible
as a Nash subset of Uy = R™\(Clg~ (X )\X). If such is the case, X is, by (v),
irreducible as a Nash subset of each open semialgebraic neighborhood of X in
R™ in which X is closed.

Proof of statement (vi). Just, the “if” implication requires some comment.
Suppose that X is reducible as a semialgebraic set. Then, there is an open semial-
gebraic neighborhood V' C Uy of X and Fy, F» € N(V) such that Fy|x, Fa|x # 0,
but Fi|xFz|x =0. Consider X; = {F; =0} N X C X and note that X = X; U X».
Since X3 and X, are closed in X, so are in Uy. Thus, by (2.12), each X; is a Nash
subset of Up, against the irreducibility of X as a Nash subset of Uj. |
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Recall that O(S) denotes the R-algebra of analytic functions on S, that is, the
collection of real valued functions on S which admit an analytic extension to an
open neighborhood of S in R", endowed with the usual operations. Our main results
in this section, whose proofs are postponed, are the following;:

Theorem 3.2. Let S C R" be a semialgebraic set. Then S is irreducible if and
only if O(S) is an integral domain.

Proposition 3.3. Let M C R” be a d-dimensional affine Nash manifold and let
S C M be a d-dimensional semialgebraic set. Then, S is irreducible if and only if
S is connected.

In fact, we will prove also Proposition 3.4, which is a more general result than
Proposition 3.3 because each affine Nash manifold admits by [21, VI.2.11], an struc-
ture of affine nonsingular real algebraic variety (and so it can be understood as a
normal algebraic set).

Proposition 3.4. Let X C R"™ be a normal algebraic set and let S C X be a
semialgebraic subset of X of its same dimension. Then, S is irreducible if and only
if S is connected.

Corollary 3.5. Let S C R™ be a semialgebraic set and let (Y C R™, x) be the
normalization of S . Suppose that w(7=1(S)) = S. Then, S is irreducible if and
only if there exists a connected component T of 7=1(S) such that w(T) = S.

Before proving the previous results we need some preparation. We begin with
some useful characterizations of the semialgebraic irreducibility.

Lemma 3.6. Let S C R" be a semialgebraic set. The following assertions are
equivalent:

(i) S is irreducible.
(ii) For each open semialgebraic neighborhood U of S in R™, the Nash closure gaUn
of S in U is irreducible.
(iii) Each Nash function f € N(S) such that dim Zg(f) = dim S is identically zero.

Proof. (i) = (ii) By (3.1)(v), Ju(S) is a prime ideal of N'(U); hence, Sy, =
Zu(Ju(9)) is, by (3.1)(vi), an irreducible Nash subset of U.

(i) = (iii) Let F:U — R be a Nash extension of f to some open semial-
gebraic neighborhood U of S in R™. Since dimgzn = dim S = d, the Nash set
Sing(S;;) has dimension < d — 1. Consider the d-dimensional Nash submanifold
M = Reg(Zs(f))\ Sing(S;;) of the d-dimensional Nash manifold Reg(Sy; ). Since
F vanishes identically on M and Sy, is an irreducible Nash subset of U, we deduce
that F|§§}" =0,andso f = F|g =0.

(i) = (i) Let f1, fo € N(S) such that f;fo = 0. Pick a point x € Reg(S).
Since the Nash germ S, is irreducible, we may assume that f; vanishes identically
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on an open semialgebraic neighborhood of x in S. Thus, dim Z5(f1) = dim S and
so f1 = 0; hence, S is irreducible. O

Next, we prove the following result from which Proposition 3.3 follows as a
particular case. Namely,

Proposition 3.7. Let S C T C R" be semialgebraic sets of the same dimension
such that T is pure dimensional and the Nash set germ T, is irreducible for each
point x € T. Then, S is irreducible if and only if S is connected.

Proof. The irreducibility of S implies its connectedness. Conversely, suppose now
that S is connected. To prove that S is irreducible it suffices, by Lemma 3.6, to
show that each f € N(S) with dim Z5(f) = dim S is identically zero.

Let F € N(U) be a Nash extension of f to some open semialgebraic neighbor-
hood U of S in R™. Let T7 be the connected component of UNT containing S and let
W C U be an open semialgebraic neighborhood of S in R™ such that W NT = Tj.
Since f = (F|wnr)|s, it is enough to show that F|wn~r is identically zero.

Indeed, by hypothesis, the Nash germ T, is irreducible for each point = €
W NT. Hence, for each z € W NT there exist an open semialgebraic neighborhood
V* C W of x and a representative X* C V?* of T, which is an irreducible Nash
set in V® and dim X® = dim 7T, . Denote Z = Zwnr (Flwar) and observe that

dim(WNT)>dimZ > dim Zg¢(f) =dim S = dim 7T > dim(W N T);

hence, all the inequalities above become equalities and we may choose xg € Z C T
such that dim Z,, = dim 7T’ = dim T,. Since T_Ioam is irreducible, Z,, C T_JCO'(m and
dim Z,, = dim T, , we deduce that T,," C Z(F,,); hence, F is identically zero
on the (irreducible) chosen representative X0 of Th, "

Finally, let us show that F' vanishes identically on W NT. Fix a point x € WNT
and let us check that F'(z) = 0. Since W NT is connected, there exist finitely many
points 1, ..., %y, ryp1 = x in WNT such that VENVENT £ @ fork=0,...,7.
Let us prove inductively that F|x=, =0 for k = 0,...,r+1. We have already proved
that F|x=o = 0. Thus, assume that F|x=, = 0 and let us check that F|x=xs1 = 0.
Since T is pure dimensional,

dim(V** A Vo NT) = dimT = dim Ty, = dim X%+,

Tr+1

Moreover, V** N VE+1 NT C X% N X%k+1, Thus, since F|x=, = 0 and X**+! is an
irreducible Nash subset of V**+! we deduce that F|ysw+1 = 0. Hence, F|wnr = 0,
as wanted. O

Notice that in the previous result Proposition 3.7 we need the pure dimensional-
ity of the “ambient” T but we do not require any other dimensional restriction apart
from the equality dim S = dim 7. The following example shows that Proposition 3.7
is false in general if T" is not pure dimensional.
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Example 3.8. Consider the semialgebraic subset of R3:
S=T={(z-DE*+y*) - ")z +1)(@* +°) —y°) = 0}.

A straightforward computation shows that T;n is irreducible for all p € T'. However,
S is not irreducible because N'(S) is not an integral domain. Indeed, the Nash
functions fx on S of respective formulae f, = (z+ (—=1)%)(2? + y?) —y> for k = 1,2
are not identically zero on S but f;fo = 0.

Next, we approach the proof of Proposition 3.4. The existence of normal alge-
braic sets which are not pure dimensional (see Example 3.9) blocks us to use Propo-
sition 3.7 to achieve Proposition 3.4 as a consequence. Conversely, the existence of
irreducible germs which are not normal hinder us to obtain Proposition 3.7 as a
corollary of Proposition 3.4. The subsequent example is inspired in one already
proposed in [23, Esempio, p. 211].

Example 3.9. Consider the real algebraic set Xg = {w? — z(2? + y?) =0} C R*
and its algebraic complexification X¢ = {w? — 2(2% + y?) = 0} C C*. The set of
singular points of X¢ is the complex algebraic set Sing(X¢) = {x = 0,y = 0,w =
0}uU{z? +4y? = 0,2 = 0,w = 0} C C* which has codimension 2 in X¢. Since
Xc is a complex irreducible analytic hypersurface, we deduce, by [17], that X¢
is a normal complex analytic set. This implies that Xy is a real normal algebraic
set. However, since the points of Xy satisfy the equation w? = z(2? + 3?), one
checks straightforwardly that the set germs Xg ) at the points p € Xy of the form
p = (0,0,2,0) with z < 0 have dimension 1. Thus, Xy is a normal algebraic set
which is not pure dimensional.

(3.10) Normalization. We recall here for the sake of the reader well-known results
about the normalization of an algebraic set. Let K = R or C and let Zg C K" be
an algebraic set and a an ideal of K[x] = K[x1,...,x,]. We denote

Ix(Zg) ={F € K[x]: F(2) =0Vz € Zxg} and
ZKn(CI) = {Z € KnF(Z) =0VF e a}.

Given a real algebraic set Xg C R”, we denote X¢ = {z € C":F(z) =0, VF €
Ir(Xr)}.Let 0 =0, :C* - C", 2 = (21,...,2n) — Z = (Z1, . . . , Z) be the complex
conjugation in C"; we say that a subset A C C" is o-invariant if o(A) = A. Of
course, if Xp is a real algebraic set, then X¢ is o-invariant.

Proposition 3.11 (Normalization). Let Xg C R" be an irreducible algebraic
set and consider the integral domain Ax = K[x]/Ix(Xk) for K =R or C. Let Kx

be the field of fractions of Ax and denote by Ax the integral closure of Ag in Kk.
Then:

(i) Zc(Xe) = Ir(X)Clx], Ac = Ag @ C = AR[\/—_l] and Kc = Kg ®r C =
Kx[v/=T].
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(ii) Ac is the integral closure of Ar in K¢ and Ac = Ag @ C = /NIR[\/—l].
(iii) There exist an integer m > n and irreducible algebraic sets Yx C K™ such

that if y = (y1,- -+, Ym—n), we have:

(1) AR = R[X,y]/IR(YR) and A(C = C[X,y]/I«:(YC).

(2) The projection pg : K™ — K" onto the first n coordinates of K™ induces
by restriction a proper map mx:Yrx — Xk with finite fibers. Moreover,
the set Yi\mx'(Sing(Xk)) is an analytic submanifold of K™ and the
restriction map mi|: Yi\mx ' (Sing(Xk)) — X\ Sing(Xxk) is a biregular
diffeomorphism.

(3) The map mc is surjective and Clgn (Reg(Xg)) C im 7g.

In what follows (Yg,7r) will be called the normalization of Xg and (Y¢,7nc) the
normalization of the complezification Xc¢ of Xg.

Proof. Statement (i) is a straightforward computation while (ii) follows at once
from [10, 13.13]. Finally, statement (iii) is an almost immediate consequence of [18,

Sec.

1, Theorem 1], [15, Theorem 1.5] and of [10, 4.13], in what concerns the second

part of (iii.2). |

Remarks 3.12. (i) Of course, the previous result extends straightforwardly to

arbitrary (non-necessarily irreducible) algebraic sets in the natural way using
the total ring of fractions of Ak instead of the field of fractions of Ax (used
when Xp is irreducible).

More generally, one defines the normalization of a (complex) analytic space (see
[16, VI.2]) in the following way. Recall that an analytic space (X, Ox) is normal
if for all z € X the local analytic ring Ox , is integrally closed. A normalization
(Y, ) of an analytic space (X, Ox) is a normal analytic space (Y, Oy ) together
with a proper surjective holomorphic map 7:Y — X with finite fibers such
that Y\7~!(Sing(X)) is dense in Y and 7|: Y \7~!(Sing(X)) — X\ Sing(X)
is an analytic isomorphism. In [16, VI.2. Lemma 2 and VI.3. Theorem 4], it is
proved the uniqueness and the existence of the analytic normalization (Y, 7)
of an analytic space X.

In particular, if Z is an open subset of X, then (7~!(Z),x|) is the nor-
malization of Z. Moreover, if T' is a connected component of 7~!(Z), the
map 7|p:T — Z is proper and by Remmert’s proper mapping theorem (see
[16, VIL.2. Theorem 2]) we deduce that «(T) is a complex analytic subspace
of Z. Moreover, T is irreducible because it is connected and normal; hence,
T\(r|7) =1 (Sing(7(T))) is, by [16, IV.1. Corollary 2], connected. Thus,

(T\(w|r) ™ (Sing(m(T)))) = 7(T)\ Sing(m(T)) = Reg(n(T))

is connected and w(7') is an irreducible complex analytic space (see [16,
IV.1. Corollary 1]). In particular, one checks straightforwardly that 7 (T) is
an irreducible component of Z and that (T, 7|r) is the normalization of 7(T").
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(iii) If X C C™is a complex algebraic set and (Y, ) is the algebraic normalization of
X, then by means of [16, VI.2. Definition 2 and Lemma 2], [10, 4.13], [24] and [2,
VII.2.2(d)], one deduces that (Y, 7) coincides with the analytic normalization
of X.

Proof of Proposition 3.4. We know that the irreducibility of S implies its
connectedness. Conversely, suppose now that S is connected. To prove that S
is irreducible it suffices, by Lemma 3.6, to show that each f € N(S) with
dim Zg(f) = dim S is identically zero.

Let F € N(U) be a Nash extension of f to some open semialgebraic neighbor-
hood U of S in R™. Let X7 be the connected component of U N X containing S
and let W C U be a connected open semialgebraic neighborhood of S such that
WnNX = X;. Let Fr: 2 — C be a holomorphic extension of F' to some o-invariant
connected open neighborhood 2 of S in C™ such that QNR™ = W; we may assume
that Q N X¢ is connected.

Next, since X = Xp is normal, also X¢ is normal; hence, O(C?)/(Zc(Xc)O(C2))
is normal for all z € Xc¢ (see [3, 5.13], [2, VIL.2.2(d)] and [24]). Observe
that, X¢ being a complex analytic set, it is coherent and so O(Xc.) =
O(C2)/(Zc(Xe)O(CT)) for all z € X¢. Since 2N X¢ is a connected and normal
analytic space, it is irreducible.

Now, since dim Z¢(f) = dim S = dim X, the function F is identically zero on
an open neighborhood in X of a regular point xg of W N X. Hence, Fr vanishes
identically on an open neighborhood of zy in Q2 N Xc. Since the latter set is an
irreducible complex analytic space, we conclude that Fglonx, is identically zero,
and so isf:(FC|QﬁXc)|S~ O

Before proving Corollary 3.5 from Proposition 3.4, we need the following pre-
liminary result.

Lemma 3.13. Let S CT C E C R" be semialgebraic sets such that S is irreducible
and let Ty,...,T. C T be semialgebraic sets such that T = U:Zl T, and T; =
Zp(Je(1y)) fori=1,...,r. Then, there existsi =1,...,r such that S C T;.

Proof. Indeed, since S C T is irreducible, Jg(S) is a prime ideal of N'(E) and the
intersection ,_, J(T;) = Je(T) C Je(S); hence, we may assume that Jg(T1) C
Je(S) and so S C Zg(Je(S)) C Zr(Je(Th)) = T1, as wanted. |

Proof of Corollary 3.5. For the “if” part note that, by (3.1)(iv), it is enough
to see that T is irreducible. For that it suffices, by Proposition 3.4, to check that
dimY = dim T, which follows from:

dimY = dim S = dim $§ = dim7(T) < dim T < dim Y.
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Conversely, suppose S irreducible and let Uy,...,U, C R™ be finitely many
nonempty open pairwise disjoint semialgebraic sets such that {m=*(S) N U;:1 <
i < r} is the collection of the connected components of 7=1(S). Consider the closed
semialgebraic subset C' = Y\(Uy U --- U U,) of Y; clearly, C' does not intersect
7 1(S). Since 7: Y — 5 is a proper map and C and S* are, respectively, closed
in R™ and R", the projection 7(C) of C is a closed semialgebraic subset of R"
which does not intersect S. Consider the open semialgebraic set U = R™"\7(C) of
R" and the Nash subset X =5 \7(C) of U, which contains S. By Lemma 3.13,
there exists an irreducible Nash component Z of X which contains S. By [18,
Sec. 2, Theorem 3], there exists a connected component Yy of 771(Z) such that
7(r=1(Z)) = n(Yp), and since Yy C Uy U---UU, is connected, we may assume that
Yy C Uy. Then

S =n(n"'(S)) C n(x~1(2)) = n(Yo) C m(Th),

and so S = (7~ 1(S)NUy); hence, T = 7~ 1(S) NU; is a connected component of
7-1(S) such that 7(T) = S, as wanted. 0

Examples 3.14. (i) The assumption 7(7~1(5)) = S in Corollary 3.5 is a necessary
condition to relate connectedness with irreducibility. Consider the Whitney
umbrella X : 22 = y2? in R3. Its normalization is 7: R? — X, (¢, ) — (¢, 5%, st)
and X = imn U {z = 0,z = 0}. The semialgebraic set S = X\{(0,-1,0)} is
reducible because it is not connected. However, 771(S) = R? is connected.

(ii) Consider the umbrella X : 22 = (y—2)(2? —y? —¢*)? in R3. Its normalization is
m:R? = X, (t,8) > (t,8% +2,5(t> — (s> +2)% — (s +2)%))

and X = im7 U {2? — 4> — y3 = 0,2z = 0}. One could think that the semi-
algebraic set S = X\{(0,—1,0),(v/2,1,0)} is reducible because, although S is
connected, the set of points of S of local dimension 1 is reducible. However, as a
straightforward consequence of the following result Theorem 3.15 one deduces
that S is irreducible.

In the rest of this section we prove the main Theorem 3.2. The key result is the
following.

Theorem 3.15. Let S C R™ be a semialgebraic set and let (Yo C C™, 7ic) be the

normalization of Xc = Sc . Then, S is irreducible if and only if there exists a
connected component S of 5 ' (S) such that mc(S) = S.

Proof. Since we are concerned only with the (complex) normalization of the com-
plex algebraic set X = X, we erase in this proof all the subindices C for the sake
of simplicity. To prove the equivalence in the statement, we may use that X is an
irreducible complex algebraic set. Indeed, if S is irreducible, the irreducibility of X
is clear. Conversely, if 7(S) = S for some connected component S of 7~1(5), denote
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by Z the connected component of Y which contains S. Since Y is a normal com-
plex algebraic set, Z is an irreducible component of Y (see [20, VII.2.1. Corollary]);
hence, since (Y, 7) is the normalization of X, w(Z) is an irreducible component of
X. Therefore, since S C 7(Z), we deduce that X = 7(Z) is irreducible. In partic-
ular, the complex algebraic sets X and Y are pure dimensional, say of (complex)
dimension d = dimg(5). By Lemma 3.6, all reduces to prove:

Property F. For each open semialgebraic neighborhood U of S in R™ the Nash
closure g;n is an irreducible Nash subset of U if and only there exists a connected
component S of 7~1(S) such that 7(S) = S.

Indeed, suppose first that 7(S) = S for some connected component S of 771(.9).
Let U be an open semialgebraic neighborhood of S in R™ and fix a o-invariant
open neighborhood € of S in C" such that Q NR™ = U. By Remarks 3.12(iii),
(771(X NQ),7|) is the normalization of X N{; moreover, X NQNR" = XNU is a
Nash subset of U of dimension d. Since S is connected, it is contained in a connected
component T of 771(X N Q), which has dimension d and is pure dimensional,
because so is Y. By Remarks 3.12(ii), m(T") is an irreducible component of X NQ
of dimension d = dime(7T). Since S = n(8) C 7(T) C X, we have S; € n(T) N U.
Now, since 7(7T') is irreducible and has dimension d, w(T") is the complex analytic
closure of §;n in Q. Thus, since this holds for all o-invariant open neighborhood 2
of 57 in C" we deduce that S is an irreducible global analytic subset of U and
so an irreducible Nash subset of U.

Conversely, let us construct foremost a suitable open semialgebraic neighbor-
hood U of S in R™ to prove the existence of a connected component S of 7= 1(S)
such that 7(S) = S applying the hypothesis that S, is an irreducible Nash subset
of U.

Indeed, note first that S = m(7~1(S)) because 7 is surjective. We identify CP
with R?P for p = n,m and so Y and 7~ (S) can be understood as semialgebraic sub-
sets of R?™, while X can be seen as a semialgebraic subset of R?". Let S1,...,S, be
the connected components of 771(S). Since 7 commutes with complex conjugation
and S C R™ C C" is o-invariant, also 7~ *(S) is o-invariant. Let Af, ..., A/ be pair-
wise disjoint open semialgebraic subsets of R?™ such that S; C A fori =1,...,r.
Denote A" = |Ji_; A} and A = A’ N o (A’); observe that A is a o-invariant semi-
algebraic neighborhood of 771(S) in R?"™ and {A; = A/ N A}7_, is a collection of
pairwise disjoint open semialgebraic neighborhoods of the S;’s. Next, consider the
o-invariant closed semialgebraic subset C' = Y\A of Y, which does not intersect
7~1(9). Since 7 is proper and o-invariant, 7(C) is a o-invariant closed semialgebraic
subset of X. In fact, SN7(C) = &, and so 7~ 1(S) N7~ }(m(C)) = @. Substituting
C by the o-invariant closed semialgebraic set 7~ (7(C)), we may further assume
that C = 7~ (7(C)); hence, the restriction map 7|y\¢ : Y\C — X\7(C) is proper
and surjective. Consider the open set Q@ = C™\7(C) and the open semialgebraic
neighborhood U = Q NR"™ of S in R™.
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By assumption Sy, is an irreducible Nash subset of U and so, by Property E, Sp;
is an irreducible global analytic subset of U. Hence, the complex analytic closure Z
of Sy in Q is irreducible, it is contained in X and has dimension d. Moreover, (Y’ =
71X NQ),n|) is the (analytic) normalization of X NQ (see Remarks 3.12(iii)).

Property G. Our goal is to prove that: There is a connected component K of
71X N Q) such that Z = n(K).

Once this is proved observe that S € Si" € Z = n(K), and since K C U_, A
is connected, then K C A; for some i = 1,...,r. This, together with the fact that
S;NK C8;NA; =@ if i # j, implies that S = w(8;) for some i = 1,...,r, as
wanted.

Thus, we are reduced to prove Property G. Indeed, since dimc(Sing(X)) < d =
dim¢(Z), we deduce that Z\ Sing(X) is an (open) connected and dense subset of
Z (see [16, IV.1. Corollary 2]). In particular, also 7—!(Z\ Sing(X)) is a connected
subset of Y, and so it is contained in one of its connected components, say K. In
fact, we prove next that this is the connected component K we are seeking.

Observe that K is an irreducible component of the pure dimensional normal
(complex) analytic space Y’ and dimc (7! (Sing(X))) < d = dime(Y”). Thus,
K is, by [16, IV.1. Corollary 2], the closure in Y’ of a connected component of
Y/\7~1(Sing(X)). But Z being an irreducible component of X N it follows from
[16, IV.1. Theorem 1], that Z\ Sing(X) is a connected component of Reg(X N
Q) = X NQ\ Sing(X). Hence, 7~(Z\ Sing(X)) is a connected component of Y\
7 1(Sing(X)) and so K is the closure in Y’ of 771(Z\ Sing(X)).

Since the restriction map 7| : Y’ — X NQ is proper, we have

7(K) = Clxna(r(7~(Z\ Sing(X)))) = Clxna(Z\ Sing(X)) = Z,

and we are done. O

Proof of Theorem 3.2. Since N(S) C O(S), it is clear that if O(S) is an integral
domain, then so is N(S); hence, S is irreducible. Conversely, assume that S is
irreducible and let (Y ¢ C™,7) be the (algebraic) normalization of X = Sg.,
introduced in Proposition 3.11(iii). Since S is an irreducible semialgebraic set, there
exists, by Theorem 3.15, a connected component S of 7=1(S) such that 7(S) = S.
Write d = dimg S = dimg Sg = = dime X.

Next, let f,g € O(S) be two analytic functions on S such that fg = 0 and let
Q) C C" be an open neighborhood of S in C™ on which f, g have holomorphic exten-
sions F,G:Q — C. By Remarks 3.12(iii), (Y’ = 7= }(X N Q),n|) is the (analytic)
normalization of X N . Let Z be the connected component of Y/ which contains
(the connected set) S; notice that Z is an irreducible component of the normal
complex analytic space Y’ and in particular it is an irreducible normal analytic
space.

—zar

Moreover, Sing(Sg ) U (S\Reg(S)) has dimension < d — 1 and M =
Reg(S)\ Sing(Sg ) # @ is a d-dimensional submanifold of Reg(Sy ); hence, M
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is an open subset of Reg(Sy ). Pick a point g € M; since the analytic germ
Szy = Sg.g, 18 regular and the product fz, gz, is identically zero on Sg , , we may
assume that f,, is identically zero on ?DZS;O; hence, F' is identically zero on a neigh-
borhood of xy in X N Q. Note also that, since Sing(X) N R" = Sing(Sg ), o is
a regular point of the complex analytic space X N . Thus, the map (F o 7)|y/ is
identically zero on an open neighborhood of the unique point yo in the fiber under
7 of xg. Since g € S = 7(S) and S C Z, we have yp € Z. Thus, (F o )|z is
identically zero on an open neighborhood of yq in the irreducible analytic space Z;
hence, (F o)z =0 and so f = F|g = 0. Therefore, O(S) is an integral domain
and we are done. O

4. Irreducible Components of a Semialgebraic Set

The next natural step is to introduce the notion of irreducible components of a
semialgebraic set. Of course, such notion should behaves as the analogous one in
the algebraic, global analytic or Nash settings. Namely,

(4.1) Irreducible components of a semialgebraic set. Given a semialge-
braic set S, a finite family {Si,...,S¢} of semialgebraic subsets of S is said
to be a family of irreducible components of S if the following conditions are
fulfilled:

(1) Each S; is irreducible.
(2) If T C S is an irreducible semialgebraic set which contains S;, then S; =T
(3) Si;éSg ifi#3j.

Remarks 4.2. (i) Condition (2) together with (3.1)(iii) implies that each irre-
ducible component S; is closed in S, and conditions (2) and (3) imply that
S, ¢ Sy ifi#j.

(ii) If X is a Nash set and Xi,..., Xy are the irreducible components of X as a
Nash subset of an open semialgebraic neighborhood U of X in R™ in which X
is closed, then, {X,..., X,} is a family of irreducible components of X as a
semialgebraic set.

All reduces to check that the family {Xy,..., X,} satisfies the conditions in
(4.1). Just condition (2) requires some comment. Let X; C 7' C X be an irreducible
semialgebraic set. By Lemma 3.13, there exists j = 1,...,r such that X; C T C X};
hence, j =1 and T = X1, as wanted.

The following result proves the existence and uniqueness of the family of irre-
ducible components of an arbitrary semialgebraic set.

1250031-19



J. F. Fernando & J. M. Gamboa

Theorem 4.3. Let S C R™ be a semialgebraic set. Then, there exists the family of
irreducible components {S1,...,S¢} of S and satisfies

(i) S; = Z5(Ts(S;)) fori=1,...,¢L.
(i) JTs(S1),...,Ts(Se) are the minimal prime ideals of N'(S).

We postpone the proof of Theorem 4.3, and obtain first some consequences.

Remarks 4.4. (i) By Lemma 3.13 and the minimality of the ideals Js(S;), once
deduces that S; ¢ (J;; S; for each i =1,... L.

(ii) The family of the irreducible components of a semialgebraic set is unique. Let
{S1,...,5¢} be the family of irreducible components proposed by Theorem 4.3
and let {771, ..., T} be another family of irreducible components of S satisfying
the conditions in (4.1). Then, by Lemma 3.13 (see conditions (1) and (4) in
(4.1)), we deduce that each T; C S; for some j = 1,..., ¢ depending on i; hence,
by condition (2) in (4.1), we have T; = S; and after reordering the indices, we
may assume r < { and T; = S; for i = 1,...,r (see also condition (3) in (4.1)).
Now, since S = (Ji_, S; and using (i), we deduce that r = ¢, and we are done.

(iii) The irreducible components of a pure dimensional semialgebraic set need not
to be pure dimensional. Let X = X; U Xo U X35 C R3, where

X1 = [-1,1] x [-2,2] x {0}, Xp=[-2,—1] x {~1,1} x [~1,1],
and X3 =[1,2] x {-1,1} x [-1,1].

Using Proposition 3.3 and Theorem 4.3 one sees straightforwardly that the irre-
ducible components of X are the intersections X N {x3 = 0}, X N {z2 = 1} and
X N{xs = —1}, and none of them is pure dimensional.

Corollary 4.5 (The 1-dimensional case). Let S C R" be a 1-dimensional semi-
algebraic set and let (Y C R™, ) be the normalization of S C R™. LetSq,...,S,
be the 1-dimensional connected components of 7=1(S). Then, S1 = n(S1),...,S, =
m(S,) are the 1-dimensional irreducible components of S and the isolated points of
S are the zero dimensional ones.

Proof. Since the irreducible components of a semialgebraic set are connected, it
is clear that each isolated point of S is an irreducible component of S. Let T
be the finite set of isolated points of S Since & has dimension 1, the map
7Y — SN\ (T\n (7~ 1(T))) is surjective. By Corollary 3.5, the semialgebraic sets
m(81),...,7(Sy) are irreducible. Observe that, since (Y, ) is the normalization of
$”", the union of any two of the semialgebraic sets 7(S;) is reducible. Moreover,
since dim 7(S;) = 1, we deduce that {7(S1),...,7(S,)} is the family of one dimen-
sional irreducible components of S. O

The clue to prove Theorem 4.3 is the following result, whose proof is post-
poned too.
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Lemma 4.6. Let S C R" be a semialgebraic set and let a be an ideal of N(S).
Then, the semialgebraic set Zg(a) is irreducible if and only if Js(Zg(a)) is a prime

ideal of N'(S).

Proof of Theorem 4.3. Let py,...,ps be the minimal prime ideals of the noethe-
rian ring N'(S). Then, (0) = p;N---Np, and so S = Ule Zs(p;). Next, let us
check that: Fach semialgebraic set S; = Z5(p;) is irreducible and Js(Zs(pi)) = pi
fori=1,... ¢

By Lemma 4.6, it is enough to show that Js(Zs(p;)) C p;. Fix first i =1,...,¢
and for each j # 4, let h; € p;\p;. Let now g € Js(Zs(p;)) and observe that
gHj# hj =0 on S. Hence, gH#i hj € p1N---Np, C p; and so, since p; is a prime
ideal and h; ¢ p; for j # ¢, we conclude that g € p;.

Next, note that the semialgebraic sets Sy, ..., Sy satisfy conditions (1), (3), (4)
in (4.1) and let us check that they also satisfy condition (2) in (4.1).

Indeed, let S; € T C S be an irreducible semialgebraic set. By Lemma 3.13,
there exists 1 < j < such that S; CT" C S; and so p; C p;. Since p; is a minimal
prime ideal, we deduce that p; = p; and so S; =T = 5}, as wanted. |

Thus, to complete the construction of the irreducible components of a semi-
algebraic set, we are reduced to prove Lemma 4.6, which is mainly based in the
following result.

Lemma 4.7. Let S C R" be a semialgebraic set and let a be an ideal of N'(S);
denote T = Zg(a). Then, for each f € N(T) there exists g € N(S) such that

Zr(f) = Zs(9)-

Proof of Lemma 4.6. Recall that, by (3.1), if T = Zg(a) is irreducible, then
Js(T) is prime. Conversely, assume that Js(T) is prime and let fi, fo € N(T)
such that fifo = 0. By Lemma 4.7, there exist Nash functions g1,g92 € N(S5)
such that ZS(gi) = ZT(fz) for i = 1,2. Thus, Zs(glgg) = ZT(flfQ) = T and so
q192 € Js(T). Since Js(T') is a prime ideal, we may assume that g1 € Js(T).
Hence, Z7(f1) = Zs(g1) = T and so f; = 0. This way, A/ (T) is an integral domain
and T is irreducible, as wanted. O

Again, we need an auxiliary result to prove Lemma 4.7. Namely,

Lemma 4.8. Let C' C S C U C R" be semialgebraic sets such that C' is closed in S
and U is open in R™. Let W C U be an open semialgebraic neighborhood of C' in R™
and F € N(W) such that Zw (F)NS C C. Then, there exist an open semialgebraic
neighborhood V-.C U of S in R™ and G € N(V) such that Zs(G) = Z¢(F).

Proof of Lemma 4.7. By Lemma 2.4 there exists h € a such that T' = Zg(h).
Let U, W C R™ be respective open semialgebraic neighborhoods of S, T in R™ such
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that W C U and there exist respective Nash extensions H € N (U) and F € N (W)
of h and f. Since Zw (H|w) NS = Zg(h) =T, we deduce

Zw(F? + (Hlw)))NS = Zw(F) N Zw(H|lw)N S
=Zw(F)NT
— Zw(F? + (H|w)?) N T.
By Lemma 4.8, there exist an open semialgebraic neighborhood V' C U of S in R™

and G € N(V) such that Zy(G) NS = Zw (F? + (H|w)?*) NT. Thus, the function
g = G|s € N(S) satisfies

Zs(9) = Zv(G)NS = Zw(F* + (Hlw)*)NT = Zw(F)NT = Z¢(f),

and we are done. O

Before proving Lemma 4.8 we recall a stratification of a semialgebraic set S C R™
already introduced in [11, 5.17]. Namely,

(4.9) Dismantling of a semialgebraic set into locally compact pieces. Let
S C R™ be a semialgebraic set. We define

po(S) = Clea(S\S and  p1(S) = po(po(S)) = Claa (po(S)) N S.
The following properties hold true:

(i) S is locally compact if and only if pq(.S) is empty.

(ii) The semialgebraic set Si. = S\p1(S) = Clga(S)\ Clgn(po(S)) is the largest
locally compact and dense subset of S. Moreover, S). equals the set of points
of S having a compact neighborhood in S.

We construct the family Ps = {P;(S)}i>1 of mazimal locally compact pieces
of S as follows: Consider Ny = S and N;11 = p1(N;) for i > 1 and define
Pi(S) = N\N;q1 for i > 1. By [4, 2.8.13], and the definition of p; it follows
that dim N;y; < dim N; — 1. In particular, the family (of nonempty elements of)
Pg is finite. Moreover, P;(S) is the largest locally compact dense subset of N;.
This together with the equality P1(S) = S\p1(S) justify the name of these sets
associated to S. Furthermore, P;(S) = N;\N; 11 is an open and dense subset of N;.
Proceeding inductively one realizes that each N; is closed in S and Clg(P;(S)) = N;
for i >1.

Proof of Lemma 4.8. We begin by proving that we are reduced to check the
following property.

Property H. There exists an open semialgebraic neighborhood A C W of C' in
R™ such that Clgn (Z4(F))NS C W.

Assume Property H proved for a while and let us prove that po(Z4(F))NS = @.
Of course, it is enough to check the inclusion Clgn (Z4(F)) NS C Z4(F)N S.
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Indeed, since C' C A and by hypothesis Zw (F') NS C C, we have

=Zw(F)NCNA=Zy(F)NSNA=Z,4F)NS.

Now, since Z4(F) is locally compact and the intersection po(Z4(F)) NS is
empty, V. = U\po(Za(F)) is an open semialgebraic neighborhood of S in R"™.
Moreover, since Z4(F) is closed in V', we deduce, by (2.12), that Z4(F) is a Nash
subset of V, that is, there is a Nash function G € N (V) such that 2y (G) = Z4(F).
Hence,

Zs(G)=Zyv(G)NS=Z4(F)NS=Zw(F)NSNA
ZZw(F)ﬂCﬁAZZC(F)
as wanted. Thus, it only remains to prove Property H.

Indeed, with the notations of (4.9), let N3 = C and N;+1 = p1(IV;) C N; for
1 > 1. This way the family of maximal locally compact pieces of C' is defined by

Po={Pi(C) = N\Nit1:1 <i<r}

this means that N, ;1 = &, and so N, is locally compact. Recall that N;;1 C C'is
a closed subset of N; and Clg(P;(C)) = N; for i > 1. Moreover, since C is closed
in S, each N; is closed in S. Consider, for ¢ = 1,...,r, the closed semialgebraic sets
in R™:

Tit1 = po(Pi(C)) = Clgn (Ni\Nig-1)\(Ni\Nit1) = po(N:i) U Nip1.
Since each N; is closed in S we have po(NV;) NS = &, and so

Tit1 N S = (pO(Nz) N S) UNiy1 = Nip1 = U TJ(C) cC. (@)

j=i+1
Define U; = U\(Tj4+1 U po(N;)) = U\(T;+1 U Ty-41) which is an open semialgebraic
subset of R™ for ¢ = 1,...,7, because T;y; is a closed semialgebraic subset of R™.

Observe that U; = U, \T;+1 C U, = U\po(N,.) and that U, is an open semialgebraic
neighborhood of S in R™, because po(N,) does not intersect S since N, is closed
inS. 1V[OI‘€OV€I‘7 since Can (Nl) = Nl (] po(Nl) and Ti+1 = po(Nl) U N1'+1, the
semialgebraic set

TZ(C) = Ni\Ni+1 = (Ni\Ni+1) NnU, = (Can (Ni)\Ti+1) NU, = Clgn (Nz) NU;

is closed in U;. For each i = 1, ..., r the open semialgebraic set W; = U;NW contains
P;(C) as a closed subset. Let A; be an open semialgebraic set in R™ satisfying

P:(C) C A; C Cly,(4;) C W
Since U; = U, \T;+1, we have

CIUT (Al) - CIUZ (Al) U (ClUr (Al) N Ti+1) C CIUZ (Al) U Ti+1 c W; U Ti+1. (9)
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Consider the open semialgebraic set

A= OAiCOWiCWﬁOUi:WﬁUT
=1 =1 =1

of R"™ which contains C' = (J;_, P;(C), and let us see that Clgn(Za(F)) NS C W.
Indeed, since S C U, and using (®) and (®), we have

Clgn (ZA(F)) NS = Clgn (Z4(F)) NS N U, = Cly, (24(F)) NS C Cly, (A) NS
=Jow, )nsclJwins)uJTinS) cwuc =Ww,
=1

i=1 i=1

and we are done. O

(4.10) Adapted semialgebraic neighborhoods. We end this section by proving
the existence of basis of open semialgebraic neighborhoods of S in R™ on which
the Nash closure behaves neatly with respect to the irreducible components of S.
Namely,

Definitions 4.11. Let S C R" be a semialgebraic set and let Si,...,S; be
the irreducible components of S. An open semialgebraic neighborhood U of
S in R™ is a meighborhood adapted to S if for each i = 1,..., ¢ there exist
Fj1,...,F; € N(U) whose restrictions to S constitute a system of generators of the

ideal Js(5;).

Remark 4.12. Observe that, by Theorem 2.9, each open semialgebraic neigh-
borhood of S in R™ contains a neighborhood adapted to S. Moreover, each open
semialgebraic neighborhood of S contained in a neighborhood adapted to S is also
a neighborhood adapted to S.

By means of diagram (x) in (2.7) and the noetherianity of the rings of Nash
functions on a semialgebraic set, one proves standardly the following properties
concerning neighborhoods adapted to a semialgebraic set. We leave most of the
concrete details to the reader.

Lemma 4.13. Let S C R™ be a semialgebraic set with irreducible components
S1,...,50 and let U be a neighborhood adapted to S. Then,

EaUn ns= Sia

Ju(Si) = Ts(S:) NN(U), )

SlaU’l, RN S;Un are the irreducible components of SaUh,
dim(Reg(EaUh) N Clgn (S])) < dimS; for 1<i,j < withi # j.

(i)

i)
(iif)
(iv)
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Proof. We just prove (iv). By (iii) and the Identity Principle, we deduce that
dim(S;;; N S_j?]n) < min{dim(S;;; ), dim(S_jaUn)} = min{dim S;, dim S;}
if 7 # j. Now, since

Reg(Siy ) N Clga (S;) = Reg(Sipy ) N U N Clga(S;)
= Reg(Si;y ) N Cly(S;) € Siyy NSy s

we are done. O

Example 4.14. Note that the previous result is false if U is not adapted to S.
Consider S = Sy U Sy where Sy = {(t,(—1)*ty/T+1): -1 <t < 2} for k = 1,2
and U = R2. Observe that S;, S, are the irreducible components of S and S, -
Sy NS =Sry; NS =S5 where Syyy =S = Zge(y? — a2 —a3) for k =1,2.

The following result, that we include without proof, “compares” the irreducible
components of the Nash closure of a semialgebraic set in two neighborhoods adapted
to itself.

Lemma 4.15. Let S C R™ be a semialgebraic set with irreducible components
S1,...,5¢. Let U be a neighborhood adapted to S and let Vi,Vo C U be open semi-
algebraic neighborhoods of S in R™. Then, there is an open semialgebraic neighbor-
hood W C Vi N'Va of S in R™ such thatE?ZﬂW zi»izlﬁWfori: 1,...,¢0. In

—an

particular, g?/rll NW=>5,nw

Corollary 4.16. Let S C R" be a semialgebraic set with irreducible components
S1,...,8¢. Let U be a neighborhood adapted to S and for i = 1,...,0 let U; C U
be a neighborhood adapted to S;. Then, there is an open semialgebraic neighborhood
W CU of S inR"™ such thatEaUnﬁWZE?EﬂW foreachi=1,...,¢(.

Proof. The inclusion EaUn C Sipr is clear. Next, we check that (Clgn (EZH)\EZH) N
S = @; for that, we prove the equality Clgn (EaUn) NS = 5;. Indeed, by Lemma 4.13,
we have

S; € Clgn(S;y) NS C Clga (Siy )N SNU = Cly(Siy )N S =Siy NS =S,

Moreover, since Sy is locally compact, V; = R™\(Clgx (S, )\Si;.) is an open
semialgebraic neighborhood of S in R™; hence, V =UnN ﬂle V; is an open semial-
gebraic neighborhood of S in R™. Since Z; = EaUn NV is closed in V, we deduce,
by (2.12), that Z; is a Nash subset of V. Since S; C Z;, we have E?} C Z;. Now,
there is, by Lemma 4.15, an open semialgebraic neighborhood W C V of S in R™
such that

Sy NW =8y NWcCZnNW=8,;nVAW=5,, NWcS;, NW,
foreach i =1,...,¢, and we are done. O
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5. Some Generalizations of the Notion of Nash Set

In this section, we present the classes of semialgebraic sets for which the most
significant classical problems in Real Geometry admit a satisfactory solution (see
Sec. 6).

5.1. Nash sets
We begin with a detailed analysis of Nash sets (see (2.12)).

Lemma 5.1. Let S C R" be a semialgebraic set and U a neighborhood adapted to
S. Then, S is a Nash set if and only if S, = gaUnI for all x € S.

Proof. Assume first that S is a Nash set. By Lemma 4.15 there is an open semial-
gebraic neighborhood W C U of S in R” such that S = Sy, N W; hence, S, = gaUnm
for all z € S.

Conversely, let Fy,...,F, € N(U) be a system of generators of Jy(S). The
equality S, = gaUnI for all € S implies that S is locally compact, because g;n is
so. Thus, Clg» (5)\S is a closed subset of R™. Hence, Uy = R™\(Clgn (5)\S5) is an
open semialgebraic subset of R which contains S as a closed subset.

Moreover, each point x € S admits an open semialgebraic neighborhood V¥ C
UpNU in R™ such that SNV*® = Sy, NV?. Define Uy = |J, .5 V* C Uy N U, which
is an open (non-necessarily semialgebraic) neighborhood of S in R", that satisfies

S = Sy NU;p. Consider the coherent analytic sheaf of ideals 3 on Uy whose fibers
are

T (Fl,m,-n,Fr,m)OUo,m ifx e Ul,
Y Ove if 2 € Up\S,

which is well defined because S = ?aUn NU, = Zy,(Fy,...,F.) and it is closed
in Uy. By [6], the sheaf F is globally generated by finitely many analytic sections
G1,...,Gs € O(Up). In particular S = Zy, (G, ...,Gs) is a global analytic subset
of Uy. Now, S = ?aUr; is, by (2.10), a Nash subset of Up; hence, a Nash set. O

Remark 5.2. In the previous result the hypothesis that U is adapted to S is not
superfluous. Indeed, consider S = {(¢,tv/1+1¢):—1 <t < 2}, which is a Nash set,
and let U = R%; hence, S, = {y? — 22 — 2% = 0} and so Sy # Sy,

Proposition 5.3. Let S C R" be a semialgebraic set and let Sy,...,Se be its
irreducible components. Then, S is a Nash set if and only if each S; is a Nash set.

Proof. First, if S is a Nash set, let U be a neighborhood adapted to S such that
S =S}, . The irreducible components of S, are, by Lemma 4.13(iii), Sy, - . ., Sty
and so S; = EEUH fori=1,...,/, that is, each S; is a Nash set.
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Conversely, if each S; is a Nash set, then each S; is a Nash subset of U; =
R™\ (Clgn (S;)\S;) of R™. Moreover, S C V = ﬂle U; because each S; is closed in
S; hence, since S = Ule S; is a finite union of Nash subsets of V, it is a Nash set.

O

5.2. w-Nash sets

Definition 5.4. Let S C R" be a semialgebraic set and let Sy,...,Sy be its irre-
ducible components. We say that S is a w-Nash set (or just S is w-Nash) if there
exists an open semialgebraic neighborhood U of S in R™ such that Reg(E?]n) C
Clgn (S;) fori=1,... L. It is straightforward to check that each Nash set is also a
w-Nash set.

Remark 5.5. One can check straightforwardly that: If V' C U are open semialge-
braic neighborhoods of S in R™ such that Reg(Siy; )NV C Clgn(S;) for each i, then
Reg(S;y ) C Clgn(S;) fori=1,...,L. Thus, we may always assume that the open
semialgebraic neighborhood U in Definition 5.4 is adapted to .S and it is contained
in a fixed open semialgebraic neighborhood W of S.

As for Nash sets, we present now a local characterization of w-Nash sets.

Lemma 5.6. Let S C R" be a semialgebraic set and let Sy, ..., be its irreducible
components. Then, S is a w-Nash set if and only if there is an open semialgebraic

——an

neighborhood U of S in R™ such that (Reg(Siy; ))a C (Clgn(S;))s fori=1,...,¢
and all v € S.

Proof. Just, the “if” implication requires some comment. Consider the open semi-
algebraic set V = U\C, where C = Clgn (Uf:1 Reg(Siy )\ Clgn (S;)) and let us see
that S C V; we have to check that SN C = &. Fix £ € S and note that the
germ (Uf:1 Reg(Siy )\ Clgn (Si)). = @. Hence, there exists an open semialgebraic
neighborhood W# of z in R"™ such that (Uf:1 Reg(Sip )\ Clgn (S;)) NW? = @, that
is, z ¢ C.

Next, fix an index i = 1,...,¢ and let us see that Reg(Si;; ) NV C Clgn(S;).
Indeed,

¢
Reg(Sipy ) NV = Reg(Siy )\C € Reg(Sipr )\ | | Reg(S)\ Clzn (S))
j=1
C Reg(Sipy )\(Reg(Si )\ Cln (S7)) C Clgn (S7).
Thus, by Remark 5.5, S is a w-Nash set. |

Proposition 5.7. Let S C R"™ be a semialgebraic set and let Sy,...,Sp be its
irreducible components. Then, S is a w-Nash set if and only if each S; is a w-Nash
set.
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Proof. Let U be a neighborhood adapted to S and let U; C U be a neighborhood
adapted to S; for i = 1,...,¢ such that Reg(S;;;) C Clg(S;) if S is a w-Nash
set and Reg(E?f;) C Can(Si) if each S; is a w-Nash set. By Corollary 4.16, there
exists an open semialgebraic neighborhood W C U of S in R" such that E?;: nw =
E?]n NW fori=1,...,¢. Moreover,

Reg(Siy; ) N W =Reg(S;; NW) = Reg(Siy;, N W) = Reg(S;;;) N W, (%)

fori=1,...,¢. Now, the statement follows from Remark 5.5 and the equality ().
O

5.3. q-Nash sets

Definition 5.8. Let S C R" be a semialgebraic set. We say that S is a g-Nash set
(or just S is q-Nash) if for each Nash path v:(—1,1) — R™ such that v(0) € S,
Y((=1,0)) N¥((0,1)) = @ and (im~7)0) C S0y » we have dim(S Nim~y) = 1. Of
course, each Nash set is a g-Nash set.

Lemma 5.9. Let S C R” be a semialgebraic set. The next assertions are equivalent:

(i) S is a q-Nash semialgebraic set.

(ii) For each open semialgebraic neighborhood U of S in R™, there is another open
semialgebraic neighborhood V--C U of S in R™ and finitely many injective
(continuous) semialgebraic paths aq, ..., as 1 [—1,1] — R™, whose restrictions

:(=1,1) — V are Nash paths, such that

(1) Sy\S = Uiy ail(1,0)),

(2) ai([-1,0) NS ={;(0)} fori=1,...,s,
(3) ai([0,1))C S fori=1,...,s

Proof. (i) = (ii) We may assume that U is a neighborhood adapted to S and
define inductively the following semialgebraic sets: T = §?]n7 Ty = Tp—1\Zk and
Zy, = Reg(T)—1) for k > 1. Note that dim T}, < dimT}_; for all £ > 1 and so there
is a positive integer » > 1 such that Ty, = Zxy1 = @ for all k > r but Z, # @.
Moreover, each nonempty Zj, is an affine Nash manifold and §?]n =iy Zi-

Now, since S is a g-Nash set, we deduce, by [2, VIL.4.2], that if dim(Z;\S) > 2,
then Clgn(Z;\S)) NS = @. Moreover, if dim(Z;\S) = 0, then Z;\S is a finite
subset of U and so its closure Z;\S does not intersect S. Let

F={k=1,...,r:dim(Z\S)=1 & Clg-(Z:\S)NS # 2}

If F =@, then V =U\U;_, Can(Zk\S) is an open semialgebraic neighborhood
of S$inR" and § =5, NV =35 . Indeed,

ScSy, cS,nvc |_| (Zi\ Clgn (Z\S)) |_| (Zi\(Zi\S))
k=1 k=1

and so, S = §?/n. Thus, the choice of no Nash path «; guarantees that conditions
(1) to (3) are fulfilled; hence, we may assume that F # @. Moreover, for all k € F
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we have
& # Clgn (Z;\S) N S = Clgn (ZK\S)\(R™\S) C Clgn (Z£\S)\(Zk\S),
and so, by [4, 2.8.13], Clg (Z£\S) N S is a finite set. Write

U Clen (2:\S) NS = {as, ..., ap}
keF

and consider the one dimensional Nash germs (Zk\,S’)ZIJ1 forke Fandj=1,...,p
By Abyhankar—Riickert local parametrization theorem, there are pairwise disjoint
open semialgebraic neighborhoods B; € W = U\ U, gz Clr»(Zx\S) of a; in R"
and injective (continuous) semialgebraic paths «; : [-1,1] — R™ for i = 1,...,s,
whose restrictions a; : (=1,1) — Bj;, with 1 < j(i) < p, are Nash paths, such
that:

ai(0) = a;(,
a;((—1,1)) is an irreducible Nash subset of Bj;),
a;([-1,0]) N S = {a;(0)} and «;([0,1]) C S,
Llker (Z\S)NB)p = Uf:l @;((—1,1)), where B = U§:1 Bj cw.
Consider the open semialgebraic sets Vy = U\ Jj_; Clrn (Z;\S) and V = VyUB.

Notice that Vo NS = S\{a1,...,a,} and so S C V. Moreover, since «;((0,1)) C
S c 8y and o;((—1,1)) € V, we have a;((—1,1)) € Sy, . Thus,

—an

Sy\Sc (Sp\nV=||@z\)nV=|[(Z\S)nB
keF keF
c |_|( (Z:\8) N B) )\S Ual “1L)N\S = Ual ) € S\S.

keF

The neighborhood V' and the paths «;’s are the ones we sought.

(ii) = (i) Let v:(—1,1) — R™ be a Nash path with v(0) € S, v((—=1,0)) N
7((0,1)) = @ and (im 7)) C %an. Let V. C U and o, ..., a4 be as in the state-
ment of (ii) for U = R™. Suppose, by way of contradiction, that dim(S Nim~) = 0;
then, we may assume that S Nim~ = {7(0)} and im~ c S} Thus,

7(0) € Clgn (S3'\S) N S C | Clgn (ai((=1,0))) N S
=1

S

U ~1,0) NS = {ai(0),...,as(0)}.

Since im 7\ {7(0)} € 5}/\S, it follows that imy\{7(0)} C U_, ai((—1,0)). Thus,
we may assume that v(0) = a;(0) and that the irreducible Nash germs (im ). q)
and (imay)a, (o) coincide. But, this is impossible because a;((0,1)) C S and SN
im~ = {7(0)}; hence, dim(S Nim~) = 1, and we are done. O
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Proposition 5.10. Let S C R" be a semialgebraic set and let Si,...,S¢ be its
wrreducible components. Then, S is a q-Nash set if and only if each S; is a q-Nash
set.

Proof. The “if” part is straightforward. For the converse, let U be a neighborhood
adapted to S and let us prove that Sy is a g-Nash set. Indeed, let y: (—1,1) — S_lzn
be a Nash path such that v(0) € S; and v((—1,0)) N~v((0,1)) = @ and so

A(-L1)NS =1(-L 1) NS5 NS =+(~1,1)) N 8.

Since S is a g-Nash set, dim(y((—1,1)) N S1) = dim(y((—1,1)) N.S) = 1; hence, Sy
is a g-Nash set. O

Examples 5.11. (i) S; = {y # 0}U{(0,0)} C R? is a w-Nash set, but it is neither
a Nash set nor a g-Nash set.

(ii) S2 = {z > 0} C R is a g-Nash set, but it is neither a Nash set nor a w-Nash
set.

(iii) S3 = {22 — 2y?> = 0,2z > 0} C R? is g-Nash and w-Nash set, but not a Nash
set.

(iv) Sy = {y >0} U{(0,0)} C R? is neither a g-Nash set nor a w-Nash set.

Next, let us see that “almost” each g-Nash set is a w-Nash set. Namely,

Corollary 5.12. Let S C R" be a q-Nash set. Then S is a w-Nash set if and only
if the one dimensional irreducible components of S, if any, are w-Nash.

Proof. By Propositions 5.7 and 5.10, it is enough to prove that each irre-
ducible g-Nash set S C R"™ of dimension > 2 is a w-Nash set. Indeed, let V'
and ay,...,as be as in Lemma 5.9. Then, Sy = S U Ui_; ai((—1,0)) and so
Reg(Sy)\U_; @i((—1,0)) C S. Since Reg(Sy,) is pure dimensional of dimension
> 2, we deduce Reg(Sy) C Clgn(S) and so S is a w-Nash set, as wanted. |

5.4. The 1-dimensional case

Proposition 5.13. Let S C R™ be a semialgebraic set of dimension 1. Then,

(i) S is a q-Nash set.
(i1) S is a Nash set if and only if S is a w-Nash set.

Proof. Statement (i) follows almost straighforwardly from Lemma 5.9. Concern-
ing part (ii) just the “if” part requires some explanation. By Propositions 5.3 and
5.7, we may assume that S is irreducible. Since S is one dimensional, it is locally
compact and so closed in Uy = R™\py(.9). Since S is a w-Nash set, there is an open
semialgebraic neighborhood U < Uy of S in R™ such that Reg(Sy;) C Clgn(S).
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. . . . . . . . —an ., .
Now, since S is an irreducible 1-dimensional semialgebraic set, S;; is pure dimen-
sional, and so

S c Sy = Cly(Reg(Sy)) € Clgn (S)NU = Cly(S) = S,

hence, S = §aUn and, by (2.12), S is a Nash set, as wanted. O

6. Classical Problems of Real Geometry for the Ring of Nash
Functions on a Semialgebraic Set

In this section we approach Substitution Theorem, Positivstellensétze, 17th Hilbert
Problem and real Nullstellensatz for arbitrary semialgebraic sets and we character-
ize the families of those for which the previous problems have a solution.

6.1. Substitution theorem

Let K be a real closed field extension of R. For every semialgebraic set S C R™
there is by [4, 5.1.2], a semialgebraic subset S C K™ called the extension of S
to K, which satisfies S = Sk N R™. Moreover, given another semialgebraic set
T C R™ and a (continuous) semialgebraic map f:S — T there is, by [4, 5.3.2],
a (continuous) semialgebraic map fx : Sk — Tk called the extension of f to K,
which fulfills fx|s = f.

If S =M C R" is an affine Nash manifold, the classical Substitution Theorem
due to Efroymson [9] and Bochnak-Efroymson [5] says that for every R-algebras
homomorphism ¢: N (M) — K the point p(x) = (¢(x1),...,p(x,)) € K™ belongs
to Mg and ¢(f) = fx(p(x)) for every f € N(M). Next, we prove that this result
is not longer true if we substitute M by an arbitrary semialgebraic set S, and
determine the subclass of those which enjoy this property.

Definition 6.1. Given a semialgebraic set S C R™ we denote by Fg the family of
all open semialgebraic neighborhoods of S in R" and we write X(5) = ez, Uk C
K™. Moreover, for every ideal 2 of N'(R%) we define the envelope of Sk with respect
to 2 as

ES,A) =X(S)N () (Bu(F)x C K™

FU7S€QL

Although the set (Zy(F))x = Zu, (Fi) depends on U, and not only on the equiv-
alence class Fy g € N(R%), the intersection in the right-hand side of the equality
above just depends of the ideal 2(, and not on the representatives of its elements
used to describe it. Moreover, Sx C E(S,J(S)) and this justifies to call € the
envelope of Sk.

Lemma 6.2. Let K be a real closed field extension of R. Let S C R™ be a semi-
algebraic set and let A be an ideal of N(R%). Fiz a point p € E(S,2). Then, the
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map
evp :N(RS) — K, Gg — Gg(p),

1s a well defined R-algebras homomorphism whose kernel contains the ideal .

Proof. Let Hg = 0g € N(R%). Then, H vanishes identically on an open semial-
gebraic neighborhood W of S in R™, that is, W = Zy (H|w ). Since p € X(S) we
have

p €Wk =Zw(H|w))g = Zwi (Hr|wi),

and so Hg(p) = 0. Now, it is straightforward to check that ev, is an R-algebras
homomorphism. Finally, since p € £(S,2) it follows that p € (Zy(F))k for each
Fy s € 2, that is, evp(Fy,s) = Fx(p) = 0. This way, 2 C kerev,. O

We state a Substitution Theorem for N (R%) valid for arbitrary semialgebraic
sets in terms of the envelope of Sk with respect to an ideal of N(R%).

Proposition 6.3 (Substitution Theorem). Let S C R™ be a semialgebraic set
and let A be an ideal of the ring N (R%). Let K be a real closed extension of R and let
©:N(R%) — K be an R-algebras homomorphism whose kernel contains 2. Then,
o(x) = (p(x1), ..., ¢(xn)) € E(S,A) and p(Fs) = Fi(p(x)) for each Fs € N(RY).

Proof. We must prove first that ¢(x) € Uk for every open semialgebraic neigh-
borhood U of S in R™. Consider the natural homomorphism pys:N(U) —
N(RZ), G — Gu,s. The composition ¥y = p o py,s: N(U) — K is an R-algebras
homomorphism and, by [4, 8.5.2], ¢(x) = ¥y(x) € Uk. On the other hand, let
Fy.s € 2 and let us check that ¢(x) € (Zy(F))k. By [4, 8.5.2], applied to ¢y, we
deduce that

Fr(p(x)) = Fr(Yu () = Yo (F) = ¢(Fus) =0,
because Fyg € A C kery. Thus, ¢(x) € Zy,(Frx) = (Zu(F))k. Putting all
together, it follows that ¢(x) € (5, 2).
For the second part, let Fyy g € N(R%). Now, we apply [4, 8.5.2], to ¢y and

this way we have ¢(Fu,s) = ¢(pv,s(F)) = Yu(F) = Fx(Yu(x)) = Fk(p(x)), as
wanted. O

Lemma 6.4. If S C R" is a Nash set, then E(S,TJ(5)) = Sk.

Proof. Indeed, we already know that Sx C &(S,7(5)). Conversely, let p €
&(S,J(S)). By Lemma 6.2, ev, : N(R%) — K, Fy,s — Fg(p) is well-defined and
factorizes through N(S); denote by ¢:N(S) — K the induced homomorphism.
Since S is a Nash set, there is an open semialgebraic neighborhood U of S in R™ such
that S = Zy(G) for some G € N(U). By [4, 8.5.2], applied to ¢ o py,s: N(U) —
N(S) — K, we deduce that ¢(x) € Uk and Gg(¢(x)) = ¢(G|s) = 0. Thus,
o(x) € (Zu(G))k = Sk- O
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Corollary 6.5. Let S C R™ be a Nash set. Let K be a real closed extension
of R and let p:N(S) — K be an R-algebras homomorphism. Then, p(x) =
(p(x1),- .- 0(xn)) € Sk and o(f) = fr(p(x)) for all f € N(S).

As we see next the Substitution Theorem in its classical formulation is not true
for semialgebraic sets which are not Nash. Recall that R({t*})a1 denotes the real
closed field of algebraic Puiseux series endowed with the unique ordering making
t>0.

Proposition 6.6. Let S C R™ be a connected semialgebraic set which is not Nash.
Then, there is an R-algebras homomorphism 1 : N'(S) — K = R({t*})ag such that

() = (Y1), P(xn)) & Sk

Proof. Let U be a neighborhood adapted to S. By Lemma 5.1 there exists a point
p € S such that S, C S/, and so p € Clax (S \S).

By the Nash Curve Selection Lemma [4, 8.1.13], there is a Nash path
~v:(~1,1) — U such that v(0) = p and v((0,1)) € S;; \S. Denote by T, the germ
at p of I' = im~, and consider the point v(t) = (71(t),...,7(t)) € K™. Observe
that, by the Identity Principle, I" C gzn. Next, let us check that v(t) occurs in the
envelope £(S, 7 (95)) of Sk.

Indeed, note first that if A C R™ is an open semialgebraic neighborhood of S in
R™, then v(t) € Ax because I', C gzrjp C A,. Hence, v(t) € X(9).

Next, let Fy,s € J(5) and note that, by Lemma 4.15, there is an open semialge-
braic neighborhood W c UNV of § in R™ such that S;; "W = Sy NW C Zy (F);
hence,

Fp c S?Jr,lp = (SaUn N W)p - (ZW(F))p7
that is, v(t) € (2w (F))x and so v(t) € £(S, T(5)). By Lemma 6.2, we have
vy (N (RE) — N(S) = N(RE)/T(S) 5 K, Fs i Flg % Fie(y(t)).

The homomorphism ¢ satisfies 1(x) = v(t) & Sk, because v((0,1)) € S \S and
R({t*})alg is endowed with the unique ordering making t > 0. O

6.2. Positivstellensdatze

Recall that the cone Plas,...,a,] generated by a finite subset {ai,...,a,} of a
commutative ring with unity A is the set

P[al,...,ar]:{p+q1b1+~-~+q5bs:s€N}

where p, q1, ..., ¢s are sums of squares in A and by, ..., b, are products of the a}s.

In case S = M is an affine Nash manifold, the Positivstellensétze are immediate
consequences of the classical Substitution Theorem. The same happens in the more
general setting of Nash sets, just adapting the proof of [4, 8.5.5].

1250031-33



J. F. Fernando & J. M. Gamboa

Proposition 6.7 (Positivstellensitze). Let S C R" be a Nash set, let
fr01,--.9r €N(S) and let W ={z € S:g1(z) > 0,...,9-(x) > 0}. Then:

(i) Ve e W f(z) >0« ImeN3Ig,h € Plgi,...,gr] such that fg = f>™ + h.
(ii) Ve e W f(x) >0 < 3g,h € Plg1,...,gr] such that fg =1+ h.
(ili) Ve e W f(z) =0« Im e N 3g € Plg1,..., g such that f>™ +g=0.

The next result shows that in case the semialgebraic set S is not Nash, the ring
N(S) does not enjoy neither the Artin-Lang Property ([4, 4.1.2 and 4.4.1]) nor the
Positivstellensatze.

Corollary 6.8. Let S C R" be a semialgebraic set which is not Nash. Then, there
are finitely many polynomials gi,...,gr, fo € R[x] and an R-algebras homomor-
phism ¢ : N'(S) — K = R({t*})ag such that the intersection

SNn{zxeR":g1(x) >0,...,g-(x) >0, fo(zx) #0}
is empty but ©(fo) # 0 and p(g;) > 0 for each i = 1,...,r. In particular, f =
—fE>00on W ={x e S:qi(x) >0,...,9-(x) > 0} but there does not exist an
expression of the type fp = f2™ +q for any m > 1 and p,q € Plg1, ..., g-).
Proof. First, we write S = Ule T; as a union of basic semialgebraic sets, where

T, ={x € R":a;(x) = 0,b1;(x) > 0,...,bg(x) >0}

for some nonzero polynomials a;, bj; € R[x|. By Proposition 6.6, there exists an R-
algebras homomorphism ¢ : N'(S) — K such that ¢(x) € Sk = Ule T; K, that is,

¢ ¢
p(x) € ((K"\Tik) = [ R™\T}) .
i=1 i=1
Therefore, for each indexi = 1,. .., ¢ there is a polynomial ¢; among the polynomials

ai,b14, ..., bs such that the sign of ¢;(p(x)) is different to the constant sign of
¢ilr,. We may assume that ¢;(p(x)) < 0 just for ¢ = 1,...,7. Write ¢, = —¢;
for i = 1,...,7 and fo = [[;c;ci, where I = {i = 1,...,£:¢;i(¢(x)) # 0}. By
construction, the intersection

SN{z eR":g1(x) >0,...,9-(x) >0, fo(z) #0} =&

and, fo, 91, ..., gr being polynomials, ¢(fo) = fo(¢(x)) # 0 and ¢(g:) = gi(¢(x)) >
0fori=1,...,r.

Suppose next that there exist an integer m > 1 and p,q € Plgi, ..., gr] such
that fp = f2™ + q. Then, fi™ + ¢+ pf2 = 0. Thus,

e(fo)*™ + ola) + e()e(fo)? = e(fd™ + q+pf3) =0,

against the fact that ¢(fp) # 0 and ¢(g;) > 0 for each i = 1,...,r. O
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6.3. 17th Hilbert problem

Next, we determine the class of semialgebraic sets S C R™ whose ring N (S) of
Nash functions admits a positive answer to the 17th Hilbert Problem. We provide
also quantitative information about the number of squares needed to represent a
positive semidefinite Nash function on S.

Proposition 6.9 (17th Hilbert Problem for Nash functions). Let .S C R" be
a d-dimensional w-Nash semialgebraic set and let f € N(S) be such that f(x) >0
for each x € S. Then, f is a sum of 2¢ squares in the total ring of fractions K of

N(S).

Proof. We may assume that f # 0. Let Sy, ..., Sy be the irreducible components of
S. Since S is a w-Nash set, there exists, by Remark 5.5, a neighborhood U adapted
to S such that for each index 1 <1 <1,

(i) Sig' 08 =8,
(ii) Reg(Siyy) C Clgn(S;), and
(iii) f admits a Nash extension F' € N(U).

——an

Recall that Sy ,...,EZH are, by Lemma 4.13(iii), the irreducible components of
Sy Let Z; = Sing(Sip;) and let P; € N(U) be a Nash equation of Z; for i =
1,...,¢. As one can check each p; = P;|g is a nonzero divisor in A/(S) and so, also
p = p1---p¢is a nonzero divisor in N(5).

Observe now that the Nash function Fy = (P;---FP)*F € N(U) is positive
semidefinite on the Nash set Sy, = Ule Si s because Reg(Syy; ) C Cly(S;), each
P, is identically zero on Sing(S;;, ) and F is positive semidefinite on S. Since S,
is a Nash set, applying Proposition 6.7(i) to fo = Fp 5o and g1 = -+ = g, = 0,
there exist two sums of squares g, h in N'(Sy; ) such that fog = f2™ + h. Hence,

folfg™ + h)* = feg(fe™ + h). (6.1)

Now, we distinguish two cases accordingly to either f is a zero divisor or not. If f is
a nonzero divisor in N(S) the same holds for fy|s = p*f and so also for f&™|s+h|s;
hence, the formula (6.1) allows us to represent f as a sum of squares in K.

Suppose next that f # 0 is a zero divisor in N(S). We may assume that
f e ﬂle Js(S;) for some 1 < k<l and f ¢ Uf:m-l Js(S;). Note that p*f €
ﬂle Js(Si) and p?f ¢ Uf:k+1 Js(Si). Let @ € N(U) be a Nash equation
of Uf:k+1 EEUH Notice that ¢ = Q|s ¢ Ule Js(S:), q € ﬂf:k_H Js(S;) and
(Q2F0)|§Z“ = 0. Moreover, (p?f)?>™ + h + ¢ is not a zero divisor in N'(S). Next, we
rewrite equation (6.1) as follows:

fol£8™ +h+ (Qlg)?)? = fog(fi™ +h)
T ol @lge)? (Qlgze)? + 2037 + b)) = fg(f3™ + ),
and this new formula provides a representation of f as a sum of squares in K.
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Next, we prove that 2¢ squares are enough. Since K = @le af (N (S)/Ts(Ss))
(see (2.3)) and qf(N(S)/Ts(S;)) is a subfield of qf (M (S;)), for our purposes it is
enough to approach the irreducible case. Therefore, assume S irreducible and let
x € Reg(S). Denote by m, the maximal ideal of N'(R%) associated to the point x
and let n, = m,/J(S). Consider the chain of inclusions

N(S) = N(Rg)/T(S) = (N(RS)/T (S))n,
= NRS)m, /(T (SINR)m,) = No/ T ().

Thus, tr. degg K < tr.degp qf (N /T (Sz)). By Noether’s normalization theorem, we
have

tr. degr qf (N /T (Sz)) = tr.degp R((x1, - . ., %Xq) )alg = d,

since dim S, = dim S = d. Now, by [4, 6.3.15], the number of squares needed to
represent a sum of squares in K is upperly bounded by 2?, and we are done. O

The next result shows that to be w-Nash is a necessary condition to guarantee
that 17th Hilbert Problem has a positive answer for the ring N (S).

Proposition 6.10. Let S C R™ be a semialgebraic set which is not w-Nash. Then,
there exists a positive semidefinite Nash function on S which is not a sum of squares
in the total ring of fractions K of N'(S).

Proof. Let Si,...,S¢ be the irreducible components of S and let U be a
neighborhood adapted to S. Let us check that we may assume that there is
z € S such that the germ (Reg(Sig; )\ Clgx(S)). # @. By Lemma 5.6, we
may assume that there is # € S such that (Reg(Sip))e ¢ (Clgn(S1))e;
hence, (Reg(Siy )\ Clgn(S1)), # @ has dimension d; = dim S;. Moreover, by
Lemma 4.13(iv), the semialgebraic set Reg(Syy;) N Uj:z Clgn (S;) has dimension

——an

< d; — 1 and so (Reg(S1y )\ Clgn (S5))s # 2.

Clearly, z € Clgn(Reg(S1y )\ Clgn(S)) and, by the Nash Curve Selection
Lemma [4, 8.1.13], there is a Nash path «:(—1,1) — R™ such that «(0) = =
and Z = a((—1,0)) C Reg(Sip; )\ Clgn (S). By [19, Theorem 1], there exists a poly-
nomial H € R[x] such that H|c,, (s)\{z} > 0 and Hy|z \ (s} <0. Thus, h = H|s
is a positive semidefinite Nash function on S and we claim that it is not a sum of
squares in K. Otherwise, there would exist go, g1, ..., g, € N(S) such that go is a
nonzero divisor in NV (S) and ggh = g7 + --- + g2. We will prove that gols, = 0
which contradicts the fact that gg is a nonzero divisor. Since U is a neighborhood
adapted to S, there exist an open semialgebraic neighborhood V' C U of S and

Nash functions G; € N(V) such that G;|s = g; and
(Golge)*Hlger = (Gilgz)® + -+ + (Gplzan)*.

. . . —an .
For our purposes, it suffices to show that G0|S—1?/n = 0 and in fact, since Sy, is an

irreducible Nash subset of V', it is enough to check that G vanishes identically on
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a semialgebraic subset of S_li/n of its same dimension. Observe that G is identically
zero on the semialgebraic set T = {H < 0} NSy and all reduces to see that
dimT = d;. By Lemma 4.15, there is an open semialgebraic neighborhood W C V'
of S in R™ such that Siy NW = S, NW and so T contains the open semialgebraic
subset

{H <0} NReg(Siy) NW = {H < 0} NReg(S1y) N W,

of the d;-dimensional manifold Reg(S7y, ), which is nonempty because the germ
Z. € ({H <0} NReg(S1yy ). Consequently, dim T = d;, and we are done. O

6.4. Real Nullstellensatz

Recall that an ideal a of a commutative ring with unity is said to be real if Y;_, f? €
a = f; €afori=1,...,r. The smallest real ideal of A containing a given ideal a
of A is its real radical, which is defined as

Ya={feA:3meN, Jg1,...,9, € A such that f2m+gf+-~-+g§ € a}.
By its definition, {/a is a radical ideal (see [4, 4.1.7]).

Proposition 6.11 (Real Nullstellensatz). Let S C R™ be a q-Nash set and let
a be an ideal of the ring N'(S). Then, Js(Zs(a)) = ¥a.

Proof. As usual, since N(S) is a noetherian ring, it is enough to prove the
statement in case a = p is a real prime ideal, and so {p = p. The inclusion
p C Js(Zs(p)) is clear. Conversely, let f € Js(Zs(p)) and f1,..., fr € p be a sys-
tem of generators of p. Let V' C R™ be an open semialgebraic neighborhood of S in
R™ and F, Fy,...,F. € N(V) be Nash functions such that F|s = f and Fi|s = f;.

By Lemma 5.9, there are an open semialgebraic neighborhood W C V of S in R™
and finitely many injective (continuous) semialgebraic paths aq,...,a,:[-1,1] —
R™, whose restrictions «; : (—1,1) — W are Nash paths, such that

(1) Sw\S = Uj_; a5((~1,0)),
(2) o ([-1,0))N S ={e;(0)} for j =1,...,s,
(3) a;([0,1))Cc Sforj=1,...,s.

Property I. Moreover, shrinking W if necessary, we may assume that:
For each j = 1,...,s either a;((—-1,1)) C Zw(p N NW)) or Zw(pnN
NW))Na;((-1,0) = o.

Indeed, we can suppose that Fi|w,..., F,.|w generate the ideal p N N (W). Let
G = (Filw)? + -+ + (Frlw)? and note that Zw(p NN (W)) = Zw(G). After
relabeling, we may assume that G o aj|(_1,1) # 0 exactly for j = r +1,...,s.
We choose ¢ > 0 such that o;([—¢,0)) N Zw(G|lw) = @ for j =r+1,...,s and
a;([—e,e])Nax([—e, €]) is either empty or equals {c;(0) = o (0)} for 1 < j < k <s.
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Then, taking W\ Uj_, Clrn(;([~1, —¢])) instead of W and reparametrizing the
injective (continuous) semialgebraic paths a;|[_. ., we achieve our assumption.

Property J. By the real Nullstellensatz for the ring N (W), see [4, 8.6.5], we have
Jw (Zw(pNNW))) = pNN(W); hence, to show that f € p it is enough to check
that Zw(p ON(W)) C Zw(F|W)

Since f; = (Filw)|s and p = (fi1, ..., fr)N(S) it follows that Zg(p NN (W)) =
Zs(p). Moreover, let H € N (W) such that Sy, = Zw (H). Note that H € pnN (W)
because H|g = 0. Therefore,

2w (p N (W) = Zgun (p AN (W) = Z5(9) U Zgan, 50 NN (W),

Notice that a;((—1,1)) C Zw(p NN(W)) if and only if «;([0,1)) C Zs(p). Thus,
since f € Js(Zs(p)), we have Foa; =0forall je J={j=1,...,5:a;([0,1)) C
Zs(p)}. Moreover, by Property I, Zw (p N N(W)) N ;((—1,0)) = & for j & J;

hence,

Zgu sGNNW) = [ o5 (-1,0)nZw(p N W) € | as((-1,1)) € Zw (Flw).
j=1 jeJ
Putting all together, we have
Zw(pNNW)) = Zs(p) U Zgun\ s (p NN (W) C Zw (Flw),

as wanted. O

Now, we prove that q-Nash sets S are exactly those for which the ring A(S)
admits a classical real Nullstellensatz.

Proposition 6.12. Let S C R" be a semialgebraic set which is not q-Nash. Then,
there exists a real prime ideal p of N'(S) such that p # Ts(Zs(p)).

Proof. Let U be a neighborhood adapted to S. Since S is not g-Nash, we may find
a Nash path v:(—1,1) — 5 such that ((=1,0)) N y((0,1)) = @ and S Nim~y =
{~(0)}-

Consider the prime ideal p of N'(S) consisting of all functions f € N(S) such
that there exist ¢ > 0 and a Nash extension F' of f to an open semialgebraic
neighborhood V' C U of S in R™ so that v((—¢,¢)) C V and Fov|_. . =0.

Let us check that Zg(p) = {7(0)}. Indeed, the germ (im ),y is irreducible
and so there is an open semialgebraic neighborhood B C V of 4(0) in R™ such that
I' = BNim+ is an irreducible Nash set contained in the compact set y([—1/2,1/2]).
Since T is locally compact, the semialgebraic set T = Clgn (I')\I" is closed; moreover,
TNS =@ because T C v([—1/2,1/2])\{7(0)}. Now, since I" is closed in the open
semialgebraic neighborhood W = V\T of S in R"”, we deduce by (2.12) that T’
is a Nash subset of W. Thus, there is G € N(W) whose zeroset is I'. Note that
g=Gls € pand Zs(g) = T NS = {7(0)}; hence, Zs(p) = {7(0)}.

This way the polynomial function ||x —~(0)||? € Js(Zs(p))\p, and we are done.

O
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6.5. The 1-dimensional case

To finish, we remark the following consequence of Sec. 5.4 and the main results of
this section.

Proposition 6.13. Let S C R™ be a semialgebraic set of dimension 1. Then:

(i) The real Nullstellensatz holds true for N'(S).
(ii) The Substitution Theorem, the Positivstellensitze and/or the 17th Hilbert prob-
lem have a positive answer for N'(S) if and only if S is a w-Nash set.
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