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Abstract In this work we present the concept of C-semianalytic subset of a real
analytic manifold and more generally of a real analytic space. C-semianalytic sets
can be understood as the natural generalization to the semianalytic setting of global
analytic sets introduced by Cartan (C-analytic sets for short). More precisely S is
a C-semianalytic subset of a real analytic space (X, Oy) if each point of X has a
neighborhood U such that S N U is a finite boolean combinations of global analytic
equalities and strict inequalities on X. By means of paracompactness C-semianalytic
sets are the locally finite unions of finite boolean combinations of global analytic
equalities and strict inequalities on X. The family of C-semianalytic sets is closed
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under the same operations as the family of semianalytic sets: locally finite unions and
intersections, complement, closure, interior, connected components, inverse images
under analytic maps, sets of points of dimension k, etc. although they are defined
involving only global analytic functions. In addition, we characterize subanalytic sets
as the images under proper analytic maps of C-semianalytic sets. We prove also that
the image of a C-semianalytic set S under a proper holomorphic map between Stein
spaces is again a C-semianalytic set. The previous result allows us to understand better
the structure of the set N (X) of points of non-coherence of a C-analytic subset X of
a real analytic manifold M. We provide a global geometric-topological description
of N(X) inspired by the corresponding local one for analytic sets due to Tancredi
and Tognoli (Riv Mat Univ Parma (4) 6:401-405, 1980), which requires complex
analytic normalization. As a consequence it holds that N (X) is a C-semianalytic set
of dimension <dim(X) — 2.

Mathematics Subject Classification Primary 14P15 - 58A07 - 32C25;
Secondary 26E05 - 32C20

1 Introduction

Let M be a real analytic manifold. A subset X of M is (real) analytic if for each point
x € M, there exists an open neighborhood U* suchthat XNU* = {f; =0, ..., f, =
0} c U”* for some f1, ..., fr € O(U"). Already in the 1950s Cartan, Whitney and
Bruhat noticed that this class of sets, whose definition is a straight conversion to the real
case of the concept of complex analytic subset of a complex analytic manifold, does
not enjoy all the good properties of complex analytic sets (for instance: coherence,
irreducible components, etc.). The global behavior of these sets could be wild as it
is shown in the exotic examples presented in [9,10,45]. Concerning this fact Cartan
wrote in [11, pag. 49] the following:

“...la seule notion de sous-ensemble analytique réel (d’une variété analytique-
réelle V) qui ne conduise pas a des propriétés pathologiques doit se référer a I’espace
complexe ambiant: il faut considérer les sous-ensembles fermés E de V tels qu’il existe
une complexification X de V et un sous-ensemble analytique-complexe E’ de W, de
maniére que £ = W N E’. On démontre que ce sont aussi les sous-ensembles de V
qui peuvent étre définis globalement par un nombre fini d’équations analytiques. La
notion de sous-ensemble analytique-réel a ainsi un caractere essentiellement global,
contrairement a ce qui avait lieu pour les sous-ensembles analytiques-complexes.”

The special class of real analytic subsets of a real analytic manifold M introduced
by Cartan [10] is the family of analytic subsets of M that can be described by finitely
many global analytic equations. They are commonly known as C-analytic sets. Of
course, such class contains classical coherent analytic sets but also more general ones
as Whitney’s umbrella. Naturally, for each point x of a real analytic set S there exists a
small open neighborhood U C M of x such that the intersection S N U is a C-analytic
subset of U.

In Real Geometry also appear naturally sets described by inequalities. A subset
S of a real analytic manifold M is a semianalytic set if for each point x € M there
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On globally defined semianalytic sets 615

exists an open neighborhood U~ such that S N U~ is a finite union of sets of the type
{f=0,g1>0,...,g >0} C U* where f, g; € O(U") are analytic functions on
Uu-.

Semianalytic sets (and more generally subanalytic sets) were introduced by
Lojasiewicz in [28,29] and were developed later by many authors: Bierstone—Milman
[7,8], Hironaka [22-25], Gabrielov [15], Hardt [20,21], Galbiati [16], Pawtucki [36],
Denkowska [12], Stasica [42], Kurdyka [27], Parusinski [35], Shiota [41] between
others. These sets have many and wide applications in complex and real analytic
geometry.

While the family of complex analytic sets is stable under proper holomorphic maps
between complex analytic spaces (Remmert’s Theorem [31, VII.§2.Thm.2]), an analo-
gous property does not hold in the real analytic setting. The image of a real analytic set
under a proper real analytic map is not even in general a semianalytic set. Indeed, this
fact promoted the introduction of subanalytic sets by Lojasiewicz [28] in the 1960s.

In [17] Galbiati proved that if f : X — Y is a proper analytic map between real
analytic spaces that admits a proper complexification f : X — Y and Z is a C-analytic
subset of X, then f(X\Z) is a semianalytic set. In [25] Hironaka quoted this result
and remarked that f(X\Z) is ‘globally semianalytic in Y with respect to the given
complexification Y of Y’. In [43, p.404] it is used without proof that the image of a
semianalytic set under a proper invariant holomorphic map between Stein spaces is
semianalytic. Although it seemed to be an assumed result in the 1970s, we have found
no precise reference with a proof to this fact.

At this point, it is natural to wonder whether it is possible to find, amalgamating
the concepts of C-analytic sets and semianalytic sets, a family of semianalytic sets
‘globally defined’ in the sense of Cartan and Hironaka that enjoy a good behavior
with respect to basic boolean, topological and algebraic operations and admit a kind
of direct image theorem for good enough proper analytic maps. In addition, assume
that the set of points of a C-analytic set satisfying a property P is semianalytic. We
would like to understand when P provides a globally defined semianalytic set.

A global approach to semianalytic sets was explored first by Andradas—Brocker—
Ruiz [3,38-40] under compactness assumptions and by Andradas—Castilla [5] for low
dimension. They defined a global semianalytic subset S of a real analytic manifold M
as a finite union of global basic semianalytic sets, that is, a finite union of sets of the type
{f=0,81>0,...,8 > 0} where f, g; € O(M). As far as we know, it is not known
whether the family of global semianalytic sets is closed under taking closure, interior
or connected components except for dim(M) < 2. There exist further information
concerning closure (and interior) of a global semianalytic set if dim(M) = 3 but
nothing conclusive for higher dimension if the involved global semianalytic set has
non-compact boundary.

In this work we refine the previous approach and consider the family of C-
semianalytic sets, which is constituted by those semianalytic sets that are locally
finite unions of global basic semianalytic sets (see Sect. 3). As M is paracompact, C-
semianalytic sets are those semianalytic sets of M that admit in a small neighborhood
of each point of M a local description involving only global analytic functions on M
(see Lemma 3.1). Roughly speaking, we are considering the class of those semianalytic
sets that can be described using only elements of O(M).
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616 F. Acquistapace et al.

We see in this article that the family of C-semianalytic sets enjoys the desired
properties. However, it is still too large to have a consistent concept of irreducibility and
a reasonable theory of irreducible components and requires a refinement to approach
this problem. To that end in [14] it is introduced the subfamily of ‘amenable’ C-
semianalytic sets and it is developed a satisfactory theory of irreducible components.

1.1 Main results
We present next the main results of this work.
1.1.1 Main properties of C-semianalytic sets

The family of C-semianalytic sets is closed under the same operations as semianalytic
sets: locally finite unions and intersections, complement, closure, interior, connected
components, sets of points of dimension k and inverse images of analytic maps. Anal-
ogously to the semianalytic and semialgebraic cases: open C-semianalytic sets and
closed C-semianalytic sets admits local homogeneous descriptions (see Lemma 3.4).
There exist many semianalytic sets that are not C-semianalytic sets, we refer the
reader to Examples 3.3. In addition C-semianalytic sets satisfy the following type of
complex-proper image theorem that we prove in Sect. 4.

1.1.2 Images of C-semianalytic sets under proper holomorphic maps

Let (X, Ox) and (Y, Oy) be reduced Stein spaces. Leto : X — Xandt:Y — Y
be anti-involutions. Assume

X ={xeX:x=0x)} and Y :={yeY: y=r1(y)

are non-empty sets. It holds that (X?, Ox0) and (Y*, Oyr) are real analytic spaces.
Observe that (X, Ox) and (¥, Oy) are complexifications of (X7, Oxo)and (Y7, Oyr).

We will say that a C-semianalytic set S C X is A(X?)-definable if for each
x € X°¢ there exists an open neighborhood U* such that S N U* is a finite union
of sets of the type {F|xc = 0,G|xc > 0,...,G,|xs > 0} where F, G; € O(X)
are invariant holomorphic sections. We denote the set of o-invariant holomorphic
functions of X restricted to X with A(X?).

Theorem 1.1 (Direct image theorem) Let F : (X, Ox) — (Y, Oy) be an invariant
proper holomorphic map, thatis, to F = Foo. Let S C X° be an A(X?)-definable
C-semianalytic set. We have

(i) F(S) is a C-semianalytic subset of YT of the same dimension as S.
(i) Let E := CI(F~Y(Y")\X?). Then F(E N S) is a C-semianalytic subset of Y<.
(iii) If S is a C-analytic set and F~Y(Y7") = X, then F(S) is also a C-analytic set.

Remark 1.2 Let S be a semianalytic subset of X?. For each x € X there exists an
open neighborhood U C X¢ of x such that S N U is a C-semianalytic subset of
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On globally defined semianalytic sets 617

U. Using this fact and Theorem 1.1 one shows straightforwardly that the image of a
semianalytic set under an invariant proper holomorphic map between reduced Stein
spaces is a semianalytic set.

The keys to prove Theorem 1.1 are [7, Thm.2.2] (whose statement is recalled in
Sect. 4.2) and the following result that analyzes the local structure of proper surjective
holomorphic morphisms between Stein spaces. Foreachx € X we denote the maximal
ideal of O(X) associated to x with m, and for each y € Y we denote the maximal
ideal of O(Y) associated to y with ny. Recall that compact analytic subsets of a Stein
space are finite sets, so the fibers of a proper holomorphic map between Stein spaces
are finite sets. Write F*(O(Y)) :={Go F: G € O(Y)} Cc O(X) and

* GoF
F*(OW¥)n,) = ToF G, HeO)and H ¢ nyt.

Theorem 1.3 (Local structure of finite holomorphic morphisms) Let F : (X, Ox) —
(Y, Oy) be a surjective proper holomorphic map between reduced Stein spaces and let
yo € Y. Denote the multiplicative subset of O(X) constituted by all the holomorphic
functions on X that do not vanish at the set F_l(yo) = {x1,...,x¢} with § :=
OX)\(my, U ---Umy,). Then 8~ HO(X)) is a finitely generated (’)(Y)n),0 -module
and there exist invariant holomorphic functions Hy, . .., H, € O(X) such that

81 OX)) = F* (O ), )IH1, ..., Hpl.
1.1.3 C-properties

Let P be a property concerning either C-semianalytic or C-analytic sets. We say that
P is a C-property if the set of points of an either C-semianalytic or C-analytic set S
satisfying P is a C-semianalytic set. For example, as we have already commented,
the set of points where the dimension of the C-semianalytic set S is k is again a C-
semianalytic set. As a consequence of Theorem 1.1 we prove in Sect. 5 that the set of
points of non-coherence of a C-analytic set is C-semianalytic, that is, ‘to be a point
of non-coherence’ (or ‘to be a point of coherence’) are C-properties.

1.1.4 Set of points of non-coherence

The set of points N(X) where an analytic set X C M is not coherent was studied
first by Fensch in [13, 1.§2] where he proved that it is contained in a semianalytic
set of dimension < dim(X) — 2. This result was revisited by Galbiati in [16] and she
proved that it is in fact a semianalytic set. Thus, analytic curves are coherent and real
analytic surface have only isolated points where they fail to be coherent. As coherence
is an open condition, N (X) is a closed set. Later Tancredi—Tognoli provided in [43]
a simpler proof of Galbiati’s result. Their procedure has helped us to understand the
global structure of the set of points of non-coherence of a C-analytic set and we
describe it carefully in Theorem 5.1. As a consequence, we have:
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618 F. Acquistapace et al.

Corollary 1.4 The set N(X) of points of non-coherence of a C-analytic set X C M
is a C-semianalytic set of dimension <dim(X) — 2.

1.1.5 Images of C-semianalytic sets under proper analytic maps and subanalytic sets

The family of semianalytic sets is not closed under the image of proper analytic maps.
The concept of subanalytic set was introduced to get rid of this problem. Recall that
S C M is subanalytic if each point x € M admits a neighborhood U* such that
S N U is a projection of a relatively compact semianalytic set, that is, there exists a
real analytic manifold N and a relatively compact semianalytic subset A of M x N
such that S N U = w(A) where 7 : M x N — M is the projection.

It could sound reasonable to consider the family of C-subanalytic sets. However,
this is useless because each subanalytic set is the image of a C-semianalytic set under
a proper analytic map.

Theorem 1.5 Let S be a subset of a real analytic manifold N. The following assertions
are equivalent:

(i) S is subanalytic.
(i1) There exists a basic C-semianalytic subset T of a real analytic manifold M and
an analytic map f : M — N such that fl|cir) : C(T) — N is proper and
S = f(I).
(iii) There exists a C-semianalytic subset T of a real analytic manifold M and an
analytic map f : M — N such that f|ciry : C(T) — N is proper and
S = f(T).

The family of subanalytic sets is closed under the following operations: locally finite
unions and intersections, complement [15], closure, interior, connected components,
sets of points of dimension k, inverse images of analytic maps and direct images of
proper analytic maps. As before, this family is not closed under the image of general
analytic maps (see Example 6.3).

1.2 Structure of the article

The article is organized as follows. In Sect. 2 we present all basic concepts and notations
used in this paper as well as some preliminary results concerning: complexification,
points of non-coherence, normalization, excellence of localizations of rings of holo-
morphic functions, etc. that will be useful in the subsequent sections. The reading
can be started directly in Sect. 3 and referred to the Preliminaries only when needed.
The aim of Sect. 3 is to study the main properties of C-semianalytic sets. In Sect. 4
we prove Theorems 1.1 and Theorem 1.3 while in Sect. 5 we study the structure
of the set of points of non-coherence of a C-analytic set and we conclude that it is
a C-semianalytic set (Corollary 1.4). Finally, in Sect. 6 we show Theorem 1.5 and
deduce that each subanalytic set is the image under a proper analytic map of a basic
C-semianalytic set.
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2 Preliminaries on real and complex analytic spaces

In the following holomorphic refer to the complex case and analytic to the real case.
For a further reading about complex analytic spaces we refer to [19] while we remit
the reader to [18,44] for the theory of real analytic spaces. We denote the elements of
O(X) := H(X, Ox) with capital letters if (X, Oy) is a Stein space and with small
letters if (X, Oy) is a real analytic space. All concepts that appear in the Introduction
involving a real analytic manifold M can be extended to a real analytic space (X, Ox)
using the ring O(X) of global analytic sections on X instead of the ring O(M) of
global analytic functions on M.

2.1 General terminology

Denote the coordinates in C" with z := (z1,...,2,) Where z; = x; + «/—_lyi.
Consider the conjugation = : C" — C", z +— 7 := (Z1, - . ., 2) of C", whose set of
fixed points is R”. A subset A C C" is invariant if A = A. Obviously, A N A is the
biggest invariant subset of A. Let & C C” be an invariant open set and F' : Q@ — C
a holomorphic function. We say that F is invariant if F(z) = F(z) for all z € Q.
This implies that F restricts to a real analytic function on 2 N R". Conversely, if f
is analytic on R", it can be extended to an invariant holomorphic function ¥ on some
invariant open neighborhood 2 of R". If F : Q — C is a holomorphic function and
2 is invariant,

RE): Q> C 20 TOTE and 3(F): Q- C, 21> QIO

are invariant holomorphic functions that satisfy F' = N(F) + +/—1J(F).

2.2 Reduced analytic spaces [18, 1.1]

Let K =R or C and let (X, Oy) be an either complex or real analytic space. Let Fy
be the sheaf of K-valued functions on X and let 9 : Ox — Fx be the morphism of
sheaves defined for each open set U C X by vy(s) : U — K, x +— s(x) where
s(x) is the class of s module the maximal ideal myx , of Oy .. Recall that (X, Ox) is
reduced if ¥ is injective. Denote the image of Ox under ¢ with O%. The pair (X, O%)
is called the reduction of (X, Ox) and (X, Ox) is reduced if and only if Ox = O.
The reduction is a covariant functor from the category of K-analytic spaces to that of
reduced K-analytic spaces.

2.3 Anti-involution and complexifications [18, 11.4]
Let (X, Ox) be acomplex analytic space. An anti-involution on (X, Oy ) isamorphism

o:(X,0x) —> (X, O ¥) such that 62 = id and it transfoLms the sheaf of holomorphic
sections Oy into the sheaf of antiholomorphic sections Oy.
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620 F. Acquistapace et al.

2.3.1 Fixed part space

Let (X, Ox) be a complex analytic space endowed with an anti-involution o. Let
X? :={x € X : o(x) = x} and define a sheaf Oxs on X in the following way:
for each open subset U C X7, we set HO(U, Oxo) as the subset of H(U, Ox|xo)
of invariant sections. The R-ringed space (X7, Oxv) is called the fixed part space of
(X, Ox) with respect to o. By [18, 11.4.10] it holds that (X, Oxo) is a real analytic
space if X7 # @.

2.3.2 Complexification and C-analytic spaces [18, II1.3]

A real analytic space (X, Ox) is a C-analytic space if it satisfies one of the following
two equivalent conditions:

1. Each local model of (X, Oy) is defined by a coherent sheaf of ideals, which is not
necessarily associated to a well reduced structure (see Sect. 2.4).

2. There exist a complex analytic space (X,0 ) endowed with an anti-holomorphic
involution o whose fixed part space is (X, Ox).

The complex analytic space (X,0 %) is called a complexification of X and it satisfies
the following properties:

() Oz, =0xx®@Cforallx € X.

(i1) The germ of (X, O%) at X is unique up to an isomorphism.
(iii) X has a fundamental system of invariant open Stein neighborhoods in X.
(iv) If X is reduced, then X is also reduced.

For further details see [10,18,44,45].

2.4 C-analytic sets

The concept of C-analytic sets was introduced by Cartan in [10, §7,§10]. Recall that
a subset X C M is C-analytic if there exists a finite set & := {f, ..., fr} of real
analytic functions f; on M such that X is the common zero-set of S. This property is
equivalent to the following:

1. There exists a coherent sheaf of ideals J on M such that X is the zero set of J.
2. There exist an open neighborhood €2 of M in a complexification M of M and a
complex analytic subset Z of 2 such that ZN M = X.

A coherent analytic set is C-analytic, but the converse is not true in general. Consider
for example Whitney’s umbrella.

2.4.1 Well reduced structure
Given a C-analytic set X C M the largest coherent sheaf of ideals J having X as zero

setis Z(X)Oy by Cartan’s Theorem A, where Z(X) is the set of all analytic functions
on M that are identically zero on X. The coherent sheaf Oy := Oy /Z(X)Oypy is
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On globally defined semianalytic sets 621

called the well reduced structure of X. The C-analytic set X endowed with its well
reduced structure is a C-analytic space, so it has a well-defined complexification as
commented above.

2.4.2 Singular set of a C-analytic set

Let X C M be a C-analytic set and let Xbea complexification of X. We define the sin-
gular locus of X as Sing(X) := Sing()?) N M. Its complement Reg(X) := X\ Sing(X)
is the set of regular points of X. Observe that Sing(X) is a C-analytic set of strictly
smaller dimension than X. We define inductively Sing,(X) = Sing(Sing,_; (X)) for
£ > 1 where Sing; (X) = Sing(X). In particular, Sing,(X) = @ if £ > dim(X) + 1.
We will write X := Sing,(X) for simplicity.

We say that x € X is a smooth point of X if there exists a neighborhood U of x in
M such that X N U is analytically diffeomorphic to an open subset of R”. We denote
by Smooth(X) the set of smooth points of X.

Remark 2.1 Tt holds that Sing(X) depends only on X and not in the chosen complexi-
fication. It is important to distinguish between regular and smooth points because they
are different concepts, although the inclusion Reg(X) C Smooth(X) always holds.

Example 2.2 Let X = {()c2 + yz)xz — y4 =0} C R3. One can check that the set
of regular points of X is Reg(X) = X\{x = 0,y = 0}. However, Smooth(X) =
X\{0}. To illustrate this fact pick a point x = (0, 0, a) with a # 0 and consider the
parameterizations

Qe {t > 01> XN{ez >0}, (5,0) > e((s?+12)s2, (s> +12)st, 1),
for ¢ = +1, whose images cover X\{0}.
2.4.3 Irreducible components of a C-analytic set

A C-analytic set is irreducible if it is not the union of two C-analytic sets different
from itself. In addition, X is irreducible if and only if it admits a fundamental system
of invariant irreducible complexifications. Given a C-analytic set X, there is a unique
irredundant (countable) locally finite family of irreducible C-analytic sets {X;};>1
such that X = | J,.; X;. The C-analytic sets X; are called the irreducible components
of X. For further details see [45].

2.4.4 Set of points of non-coherence of a C-analytic set

Let X C M be a C-analytic set. Recall that X is coherent if the sheaf Jx of germs
of analytic functions vanishing identically on X is an Ojs-coherent sheaf of modules.
If M is a real analytic manifold (so Oy, is a coherent sheaf of rings), Jx is coherent
at x € M if and only if it is of finite type at x € M, that is, there exists an open
neighborhood U of x in M and finitely many sections fi,..., f, € H (U, Jx) such
that for each y € U the germs f y, ..., f, generate the stalk Jx , as an Oy -
module. Otherwise, we say that X is non-coherent at x € X.
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622 F. Acquistapace et al.

Remark 2.3 The usual definition of coherence for a sheaf F of Oy;-modules says that
Fis coherent if and only if F is of finite type and of finite presentation, that is, for every
openset U C M and every morphism ¢ : (Oy|y)? — F|y the Oyr|y module ker(¢)
is of finite type. However as Oy is a coherent sheaf of rings and Jy is a subsheaf of
ideals of Oy, then Jy is coherent if and only if it is the finite type.

Recall the following two useful facts concerning coherence:

(i) Let )j(v be a complex analytic subset of an open subset of C". Let x € X be such
that X is the complexification of X,. Then X is coherent at x if and only if there
exists an open neighborhood U of x in M such that for each y € X N U the
complexification of X is }?y (see [18, II1.2.8] or [31, V.§1.Prop.5, pag.94]). In
particular, irreducible coherent analytic set germs are pure dimensional.

(i1) X is coherent at a point x € X if and only if the irreducible components of the
germ X, are coherent (see [18, II1.2.13] or [31, V.§1.Prop.6, pag.94]).

2.5 Normalization of complex analytic spaces

One defines the normalization of a complex analytic space in the following way [31,
VI.2]. A complex analytic space (X, Oyx) is normal if for all x € X the local analytic
ring Oy is reduced and integrally closed. A normalization (Y, ) of a complex ana-
Iytic space (X, Ox) is anormal complex analytic space (¥, Oy ) together with a proper
surjective holomorphic map 7 : ¥ — X with finite fibers such that ¥\7 ! (Sing(X))
isdensein ¥ and 7| : Y\m ! (Sing(X)) — X\ Sing(X) is an analytic isomorphism.
The normalization (Y, ) of a reduced complex analytic space X always exists and is
unique up to isomorphism [31, VI.2.Lem.2 & VI.3.Thm.4].

The following example is inspired in one already proposed in [44, Esempio, p. 211]
and it shows that the concepts of normality of the complexification and coherence are
independent.

Example 2.4 Consider the C- analytlc set X 1= {w? — z(x* 4+ y?) = 0} c R* and
its complexification X = {w? — z(x2 + y?) = 0} ¢ C*. The set of s1ngular pomts
of X is the complex analytic set Smg(X) ={x=0y=0w=0U (x2 + y?
0,z =0, w = 0} C C* which has codimension 2 in X.AsXisa complex 1rredu01ble
analytic hypersurface, we deduce by [34] that X isanormal complex analytic set. Thus,
X is a normal C-analytic set. As the points of X satisfy the equation w? = z(x” + y?),
the germs X, at the points p := (0,0,z,0) € X with z < 0 have dimension 1.
Consequently, X is not pure dimensional and consequently non-coherent.

2.6 Localizations and excellent rings
Let (X, Ox) be a reduced Stein space endowed with an anti-involution o such that
its fixed part space X° is non-empty. Let A(X) C H°(X, Ox) be the subring of all

invariant holomorphic sections of H 0(X, Ox) and

A(X?) :={Fl|xo : F e AX)} C O(X%).
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Letxp € X and denote the respective maximal ideals of O(X? ) and A(X? ) associated
to xo with my, and n,,. We refer the reader to [30] for the theory of excellent rings
and regular homomorphisms. We denote the completion of a local ring A with A.

Lemma 2.5 Letxg € R". Then the rings O(R" Jmy, and A(R" In,, are excellent rings,

O(R”)mxo = OR",xo = A(R")mo
and the homomorphisms
(9(]Rn)m)¢0 - OR”,xov E = gxo and A(Rn)nm - OR",xos ; = g-xo

are regular.

Proof In [4, VII1.4.4(a,b)] it is proved the statement for O(R”)mxo, so we focus on
A(R")n, . The restriction homomorphism

AC") > AR"), F+> Flgn

is an isomorphism, so we identify both rings and prove the results for A(C") Ny - Denote
the maximal ideal of O(C") associated to xo with gy,. Proceeding as in the proof of
[4, VIIL.4.4(a,b)] one shows that O(C") . is a regular local ring of dimension n, the
homomorphism O(C") gy Ocn y, is faithfully flat and it extends to an isomorphism
between completions.

2.6.1 We claim: ,él((C”)n'\_0 is a regular local ring of dimension n and the homomor-
phism .A((C")nxo — ORn x, is faithfully flat and it extends to an isomorphism between
completions.

We prove first that A(C")y,_ is noetherian. Pick an ideal a of A(C")mxo and consider
the extended ideal aO ((C”)gxo. As O(C™) v is noetherian, there exists finitely many
{1, ..., ¢ € a that generate aO(C") gy,- Pick an element { € a and write { =
giay + -+ - + ¢, for some o; € (’)((C”)gxo. Then

¢ =N = aN(a) + -+ &New) € @1y ) AC)m,

so a is finitely generated and A((C”)mxO is noetherian. Similarly one shows that the
homomorphism .A((C”)mxo — ORn 4, 1s faithfully flat and it extends to an isomor-
phism between completions (follow the proof of [4, VIII.4.4(a,b)] and use the previous
trick involving R (-) where needed). Consequently, A(C”)mxo is a regular local ring
of dimension n.

Consider the partial derivatives = a and the prOJectlons w7 C" = C, (x1,...,xp)

— x;, which belong to A(C”)mx It holds 3 -77; = & for 1 < i, j < n. By [30,
40.F, Th.102, p.291] we conclude that AC? )mx is an excellent ring.

2.6.2 Consider the composition of homomorphisms
n ¢ Voo L
A(R )mx() — OR”,XO — OR”,)CO - A(R )me-
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As A(R”)mxo and Og» y, are local excellent rings, the homomorphisms 1 o ¢ and ¥
are regular. As all rings in the row are local, both homomorphisms are faithfully flat.
By [30, 33.B, Lemma 1, p.250] ¢ is also regular. O

Corollary 2.6 Let u := (uy,...,uy) be a tuple of variables and fix xo € R" and
uo € R™. Denote the respective maximal ideals of O(R")m, [u] and A(R")n, [u]
associated 10 (xo, u0) With W (xy,ug) and Wy, ug)- Then the rings (O(R")m, [UDm( .
and (AR")n, [uDn, ., are excellent,

(O®RM g [y gy = O—r R (xptg) = (AR e [y )
and the homomorphisms

(O(Rn)mx() [u])m(X0~“O) - OR"XRW,(XQ,MO)’ E = s(xo,u())
(-A(}Rn)\’lx0 [U-])n(x()yuo) - OR”XR"‘,(XQ,L{Q)? = g(xo,uo)

are regular.

Proof The rings (O(R")mxo [u])m(m?uo) and (.A(R”)nx0 [u])m(xo.u()) are excellent by
Lemma 2.5 and [30, 33.G, Th.77, p.254 & 32.B, Th.73, p.246]. Consider the compo-
sitions of homomorphisms

1 W — N —
((Q(RH)mX0 [u])m(m_uo) — OR”XR’”,(XQ,uO) — OR”XR’",(XO,MO) = (O(Rn)nx() [U])m(myuo),

053 v — - —
(-A(Rn)nx() [u])n()‘-oyuo) — O]R"XR”’,(X(),HO) — O]R”X]R"’,(xo,uo) = (-A(Rn)nxo [u])n(m,uo)o

As (O(R”)mxo [u])m<m~uo>’ (.A(]R")nxo [u])m(xovuo) and Ogn xR (xy,u0) are local excel-
lent rings, the homomorphisms ¥ o ¢, ¥ o ¢ and Y are regular. As all rings
in the rows are local, the previous homomorphisms are faithfully flat. By [30,
33.B, Lemma 1, p.250] ¢ and ¢, are also regular. O

2.7 Transferring results from complex analytic sets to reduced Stein spaces

The following results allows us to reduce ‘local’ problems on a reduced Stein space
to the corresponding ‘local’ problems on a complex analytic subset of C".

Lemma 2.7 Let (X, Ox) be a reduced Stein space endowed with an anti-involution
o such that its fixed part space X is non-empty and let xo € X°. Then there exist
an invariant injective proper holomorphic map ¢ : X — C" with image Z := ¢(X)
satisfying:

(i) Foreachx € Reg(X) U {xo} there exists an open neighborhood U in X such that
olu : U — ¢(U) is an analytic diffeomorphism.
(i) ¢*: (Q(Z)m;0 — O(X)mxo, g > gzg, where zg := @(x0), is an isomorphism.
(i) ¢*(A(Z)w, ) = AX)n-
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Proof By [18, V.3.7-8] there exists an invariant injective proper holomorphic map
¢ : X — C" where n is large enough satisfying:

e For each x € Reg(X) U {xo} there exists an open neighborhood U in X such that
olyu : U — ¢(U) is an analytic diffeomorphism (recall that ¢(U) is a complex
analytic subset of an open neighborhood of ¢(x) in C" by Remmert’s Theorem).

e p(0(x)) =¢(x)forall x € X.

By Remmert’s Theorem Z is a complex analytic subset of C". We have ¢(X?) = Z*
is the fixed part space of Z under usual conjugation.

Let g’zo be either the zero ideal if Z is irreducible or the maximal ideal of M (Z)
associated to zo otherwise. We define analogously g, in M(X). By [6, Lem.3.8] the
homomorphism

o* i M(Z) > MX), £ gzz

is an isomorphism. The previous isomorphism extends to an isomorphism

*/ F Fogp
) .M(Z)g/zo — M(X)g;(), G Gop:

Observe that

AD)w, € O(Z)m, € M(Z)g, .
AX)n,y € OX)m, € M(X)g,,

Now, one can check (p*/(A(Z)n/ZO) = A(X)n,, and <p*’((’)(Z)m/ZO) = O(X)m,,- Con-
sequently, statements (ii) and (iii) holds, as required. O

Corollary 2.8 Let (X, Ox) be a reduced Stein space endowed with an anti-involution
o such that its fixed part space X° is non-empty and let xog € X°. Then the rings
0]0.¢ U)mxo and A(X U)“xo are excellent rings and the homomorphisms

O(Xa)mxo - OX",an & fxo and A(XU)nXO - OX”,X()? ¢ Ly

are regular.

Proof By Lemma 2.7 we may assume X C C" is a complex analytic set. As
O(X?) = OR")/Z(X?) and A(X?) = AR")/Z'(X?) where Z(X°) and Z'(X?)
are the corresponding zero ideals of X, the statement follows from Lemma 2.5. O

Lemma 2.9 Let X, Y be two topological spaces and let ¢ : X — Y be a continuous
map. Let {x1, ..., x¢} C X and denote y; := @(x). Assume that there exists a neigh-
borhood V of {y1, ..., ye}suchthat p|y : U := go_l(V) — V is a homeomorphism.
Let R(X) and R(Y) be two rings of continuous real-valued functions. Denote

(1) the multiplicative set of the functions of R(X) that do not vanish at each xi with
3,
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(ii) the multiplicative set of the functions of R(Y) that do not vanish at each yy with
7.

Assume that ¢* : T-'R(Y) — S$7'R(X), &€ — & o ¢ is an isomorphism. Let
fij € R(X) for1 <i <randl < j < s and define S := |Ji_, ﬂ‘;:l{fij *;; 0}
where *;; is either > or =. Assume S C U. Then there exists h, g;j € R(Y) such that
h(yi) # 0 and

{(hop)*>01NS ={(hop)”>01N|J [ {(gijop) %, 0}, (1)
i=1j=I

o({(hop)* > 01N S) = {h* > 0y N | J [{gij i O} 22)
i=1j=1

Proof Let gij; € R(Y) and h € T be such that
* (8if = fij ~ . = fii-(h 2
@ n2) =i gljow_flj' op)”.

Note that

{fij *ij 0} N {(h o @)? > 0} = {(gij o ®) *i; 0} N {(h 0 )* > O}.

Consequently, equality (2.1) holds. In addition, as the restriction ¢|y : U — V is a
homeomorphism, ¢! (¢(U)) = U and {(ho¢)?> > 0} NS C U, Eq. (2.2) also holds,
as required. O

3 C-semianalytic sets

A subset S C M is a basic C-semianalytic if it admits a description of the type
S=xeM: f(x)=0,g1(x) >0,...,gx) >0}

where the functions f, g; € O(M). To uniform notations S is a global C-semianalytic
set if it is a finite union of basic C-semianalytic sets. We say that S C M is a C-
semianalytic set if it satisfies one of the following equivalent conditions:

1. S is the union of a countable locally finite family of basic C-semianalytic sets.
2. For each point x € M there exists an open neighborhood U~ such that S N U~ is
a global C-semianalytic set.

Recall that if {X;};>; is a locally finite family of C-semianalytic sets, then X :=
U;>1 X; is a C-semianalytic set. To show the equivalence of conditions (1) and (2)
above we prove first the following result concerning countable locally finite analytic
refinements.
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Lemma 3.1 (Countable locally finite analytic refinement) Let % := {U;}ie; be an
open covering of a real analytic manifold M. Then there exists a countable locally
finite open refinement V' = (V;};>1 of % such that each V; = {g; > 0} for some
analytic function g; € O(M).

Proof As M is paracompact and it admits a countable exhaustion by compact sets,
there exist countable locally finite open refinements % := {W;};>; and #' :=
{W}}jzl of 7/ such that Cl(Wj/.) C W; for each j > 1. As the closed sets Cl(Wj’.)
and M\W; are disjoint, there exists a continuous function f; : M — R such that
fj|C](Wj’.) = l and fjlmw; = —1. Let g; be an analytic approximation of f; such

that |g; — fj| < 1. Notice that
CI(W)) C V= {g; >0} C W,

for each j > 1. Thus, ¥ := {V;};>1 is a countable locally finite open refinement of

v . O

Proof of the equivalence of conditions (1) and (2) above Assume first that S satisfies
condition (1) and let x € M. Let g € O(M) be such that x € U := {g > 0} and U
intersects only finitely many S;, say Sy, ..., S,. Thus, SNU = [J;_, S; N {g > 0} is
global C-semianalytic.

Conversely, assume S satisfies condition (2). For each x € M let W* C M be an
open neighborhood of x such that SN W~ is a global C-semianalytic set. By Lemma 3.1
there exists a countable locally finite refinement ¥ := {V;};>1 of # = {W¥} em
such that each V; = {g; > 0} for some g; € O(M). Foreach j > 1letx; ¢ M
be such that V; C W*/ and let S}l, R S}Jj be basic C-semianalytic sets such that
SNWY = S}l U..-u S}’rj. Therefore

SﬂVjZSle“-USj,rj

where S := S} « N'V; is abasic C-semianalytic set. Notice that
s=snlJvi=Usnv,=Jsnu--us;)
Jj=1 Jj=1 j=1

and that the family {S;x : 1 < k < r;};>1 is locally finite because ¥ is so. After
reindexing the basic C-semianalytic sets S;; we are done. O

Example 3.2 Let S := {x> — (2 = 1)y> =0,z > —3}U{x =0,y =0} C R? be
the double umbrella suggested by Coste (see [37, §1]).
The smallest C-analytic set (Fig. 1) that contains the C-semianalytic set S is
X = {x>— (2= 1y>=0}.

For each x € R? there exists an open neighborhood U* such that the intersection

SNU*={f=0}NU"
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Fig. 1 Two dimensional parts of the double umbrella 2—@2-n y2 = 0 and Cartan’s umbrella

for some f € O(R3). However S is not a C -analytic set because S C X. Thus, if a
C-semianalytic set admits local descriptions as a C-analytic set, it is not guaranteed
that S is in addition a C-analytic set.

There exist many semianalytic sets that are not C-semianalytic sets. We present
next some examples (Figs. 1, 2).

Examples 3.3 (1) We recall first a classical example of Cartan [10, §11]. Consider the
continuous function f : R — R given by the following formula:

a = [0 (F5) h <
0 if |z] > 1.

Clearly, a is analytic on R\{—1, 1}. Let Z be the closed set of equation 2(x2 +y?) —
3a@) =0 (Fig. 1). Observe that § := ZNU is a C-analytic subsetof U := ]R3\{x =
0,y =0, |z] > 1}. On the other hand,

Zﬂ{x2+y2<e,|z|>%}={x=0,y=0,|z|>%}

for ¢ > 0 small enough. Consequently, Z is a semianalytic set. However, it is not a
C-semianalytic subset of any of its open neighborhoods in R3.

Fix an open neighborhood U of Z in R3. By [10, Prop.18] every analytic function
f on U that vanishes at each point of Z is identically zero. Assume that Z is a C-
semianalytic set. Then there exists an open neighborhood V of the origin such that
ZNYV is afinite union of basic C-semianalytic sets. One of these basic C-semianalytic
sets

S={f=0,g1>0,...,g >0}

contains a non-empty open subset of the connected real analytic manifold N :=
Z\{x =0, y = 0}. As f vanishes identically on an open subset of N, it is identically
zeroon N.

As Zy is an irreducible germ and {x = 0, y = 0} is irreducible, f vanishes identi-
cally on the line {x = 0, y = 0}. Thus, f is identically zero on Z and consequently
on U, so
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L

Fig. 2 Several views of the two dimensional part Sy of the semianalytic set S in Example 3.3(ii)

S={f=0,g1>0,...,8 >0}={g1>0,...,g >0}

is a non-empty open subset of U, a contradiction.
(ii) Consider the closed subset Z C R? defined by the equation

Fi=0—4@+ 2+ 202 — (- D*+22 = D%a) =0

where a(z) is the same function as in the previous example. It is a semianalytic set
and it is compact. Observe that S is the union of the circle C; := {x =0, (y — 1) +
72 — 1 = 0} with a two dimensional C-semianalytic set S(2) contained in the ball
(x2+y2 422 < %}. As before, one proves that it is not a C-semianalytic subset of
any of its open neighborhoods in R3.

3.1 Basic properties of C-semianalytic sets

The family of C-semianalytic sets is closed under:

locally finite unions,

locally finite intersections,

complement,

inverse image under analytic maps between real analytic manifolds,
taking closure and interior and

considering connected components.

Proof The first three properties are clear. For the remaining ones we proceed as fol-
lows.

3.1.1 Inverse image

If f: N — M is an analytic map between real analytic manifolds N and M and
S ={g >0,...,8 > 0,h = 0} C M is a basic C-semianalytic set where
gi,h € OM),

IS =(xeM: fx) eN}={giof>0,....,g.0f>0,hof=0CN

is a basic C-semianalytic set where g; o f,ho f € O(N).
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3.1.2 Closure

To prove that the closure of a C-semianalytic set is a C-semianalytic set, we observe
first that if M = jes Uj is an open covering of M, then

cs) = Jasnu; = Jasnu)ynu;.
jeJ jeJ

Thus, it is enough to check that for each x € M there exists a neighborhood U~ of
x in M such that C1(S N U¥) N U~ is a global C-semianalytic set. Take an open C-
semianalytic neighborhood of x € M such that C1(U") is a compact C-semianalytic
set and apply [4, VIIL.7.2].

3.1.3 Interior

It is enough to use that the complement and the closure of a C-semianalytic set are
C-semianalytic sets.

3.1.4 Connected components

For each x € M there exists by [4, VIIL.7.5] an open basic C-semianalytic set U*
such that S N U* is the union of m connected C-semianalytic sets and m coincides
with the number of connected components of the germ S,. Let now C be a connected
component of S. For each x € M pick a neighborhood U* as above and observe that
C N U is a finite union of the family of the connected components of SN U, soitisa
global C-semianalytic set. Consequently, C is a C-semianalytic set, as required. O

A classic result for semialgebraic sets states: each semialgebraic set S C R" that
is in addition open admits a description of the type S = \Ji_,{gi1 > 0, ..., gir > 0}
where gij € R[x] := R[xy, ..., x,]. If S is in addition closed, it can be written as
S = Ule{hil >0,...,hiyy > 0} where h;j € R[x]. By [1, 3.1] the previous results
extend to open and closed global C-semianalytic sets.

Lemma 3.4 (Homogeneity of open and closed C-semianalytic sets) Let S C M be a
C-semianalytic set. We have:

(1) If S isopen, for each x € M there exists an open neighborhood U* C M of x and
analytic functions gij € O(M) such that SNU* = | J;_{gi1 > 0, ..., gir > O}.

(i) If S is closed, for each x € M there exists an open neighborhood U* C M
of x and analytic functions gi; € O(M) such that S N CL(U*) = Ji_{gi1 >
0,...,gr >0}

Proof Fix a point x € M and let U*¥ C M be an open neighborhood of x such that
SNU* and SNCL(U"Y) are global C-semianalytic set. The statement follows from [1,
3.1] applied to SN U* and S N CI(U™). O
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3.2 Stronger results concerning closure and connected components

For later purposes we will need stronger results concerning the closure and the con-
nected components of C-semianalytic sets. Let (X, Ox) be a reduced Stein space
endowed with an anti-involution o such that its fixed part space X is non-empty and
letu := (uy, ..., uy), where m > 0, be a tuple of variables. Denote either O(X?)[u]
or A(X?)[u] with &7. A C-semianalytic set S C X? x R™ is <7 -definable if for each
x € X7 there exists an open neighborhood U~ such that SN U is a finite union of sets
of the type {f = 0,g1 > 0,..., g > 0} where f, g; € &/. We define analogously
o/ -definable global and basic C-semianalytic sets.

Proposition 3.5 Let S C X x R™ be either a bounded global C-semianalytic set or
a C-semianalytic set. Assume S is <7 -definable. Then

(1) For each x € X there exists an open </ -definable basic C-semianalytic set U*
such that S N U* is the union of m connected <f -definable C-semianalytic sets
and m coincides with the number of connected components of the germ Sy.

(ii) The closure of S and its connected components are
(ii.1) «7-definable global C-semianalytic sets in the first case.
(ii.2) o7-definable C-semianalytic sets in the second case.

Proof We prove first (i). As S is bounded, its closure CI(S) is compact, so we are
reduced to prove the result for a small enough open neighborhood of each point of
CI(S). Notice that each point of X° has a basis of open A(X?)-definable basic C-
semianalytic neighborhoods in X°. This is clear if X is a complex analytic subset of
C™ and it follows from Lemmas 2.7 and 2.9 if (X, Oy) is a general reduced Stein
space.

Fix a point (xq, ug) € CI(S) and let W be an small enough open .7 -definable basic
C-semianalytic neighborhood of (xg, up) in X? x R™. Consider the bounded global
C-semianalytic set S N W. By Lemmas 2.7 and 2.9, we may assume X is a complex
analytic subset of C", so S N W is an «7’-definable global C-semianalytic subset of
R" x R™, where &/’ is either O(R")[u] or A(R™)[ul].

By Lemmas 2.5 and 2.6 one can reproduce ‘verbatim’ the proofs of [4, VIIL.7.1-
2 & VIII.7.5-6] to prove (i) and (ii.1), substituting everywhere the local excellent ring
O[R")m,, by the local excellent ring szfé(m’uo) where g(x,,u0) 15 the maximal ideal of

/" associated to (xq, ug).
To prove (ii.2) one proceeds as in the proof of Sects. 3.1.2 and 3.1.4 using (i) and
(ii.1) instead of [4, VIIL.7.2 & VIIL.7.5]. O

3.3 Dimension of a C-semianalytic set

Let S C M be a C-semianalytic set. We define the dimension of § as dim(S) :=
Sup, ¢ {dim(S,)}. For the dimension of semianalytic germs see [4, VIIL.2.11]. Given
a subset E C M, we denote the Zariski closure of E in M (that is, the smallest C-
analytic subset of M that contains E) with E™ . 1tis an easy exercise to check the
following.

@ Springer



632 F. Acquistapace et al.

Lemma 3.6 Let S C M be a global C-semianalytic set. Then dim(gzar) = dim(S).

We prove next that the set of points of dimension k of a C-semianalytic set S is a
C-semianalytic set.

Proposition 3.7 Let S C M be a C-semianalytic set and let Sy be the subset of S of
points of (local) dimension k. Then S is a C-semianalytic set for all k > 0.

Proof Let d < dim(M) be the dimension of § and let us check that Sy is C-
semianalytic.

Fix x € CI(S)) and let U* C M be a neighborhood of x such that S N U* =
Ule S; where each S; is a basic C-semianalytic set. Assume that dim(S; ) = d
exactly for i = 1,...,£. Let T; be the union of the connected components of
S,'\Sing(Ezar) of dimension d. By Sect. 3.1.4 T; is a C-semianalytic set. The set
of points of dimension d of S; is C1(7;) N S;. Thus,

l
SayNU* = Jaumns;

i=1

is a C-semianalytic set, so S() is C-semianalytic.

Next, consider the C-semianalytic set S’ := S\ S(4) and letd’ < d be the dimension
of §’. Notice that Sy = SE 4y SO S(an 1s a C-semianalytic set. Proceeding recursively
we conclude that each S is C-semianalytic for k > 0, as required. O

We end this section with a characterization of C-semianalytic sets of dimension <k
inspired by [7, 2.14] and [29, 17. Prop.7, pag. 60].

Proposition 3.8 Let S C M. Then S is C-semianalytic of dimension <k if and only if
for each x € M there exist an open C-semianalytic neighborhood U* of x in M and a
C-analytic set Z of dimension <k that contains SNU”* such that CL(SNU)\(SNU™Y)
and (SN U*)\Intz (S N U") are C-semianalytic sets of dimension <k — 1.

The proof of Proposition 3.8 requires a preliminary result inspired by [7, 2.15].

Lemma 3.9 Let S C T C M where T is C-semianalytic. Let S1 := CI(S) N T (be
the closure of S in T) and let Sy := S\ CI(T'\S) (be the interior of S in T). Then S is
C-semianalytic if and only if S1\S and S\ Sy are C-semianalytic.

Proof The ‘only if” implication is clear. To prove the ‘if’, we proceed as follows:
T\S; and S, are disjoint open and closed subsets of their union 7'\ (S1\S>), which is
C-semianalytic because S1\S> = (S1\5) U (S\S$2) is a C-semianalytic set. Therefore,
S, is C-semianalytic because it is the union of some of the connected components of
T\(S1\S2), which are C-semianalytic sets. Then § = S U (S\S2) is C-semianalytic.

O

Recall that if S is a semianalytic set, C1(S), = CI(Sy) and dim(CI(S;)\Sy) <
dim(S,) foreach x € CI(S) (see [4, VIII.2.11]). We are ready to prove Proposition 3.8.
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Proof of Proposition 3.8 We prove the ‘if” implication first. We have to check that
S N U* is C-semianalytic of dimension <k for all x € M. By Lemma 3.9 SN U* is
C-semianalytic. On the other hand, SN U* = Intz(SNU*) U (SN U*\Intz(S N
U%)) and it has dimension <k because Intz (S N U*) C Z has dimension <k and
SN U\ Intz(S N U*) has dimension <k — 1.

We prove next the ‘only if” implication. We show first that each point x € M has
an open C-semianalytic neighborhood U* C M such that dim(Sy) = dim(SNUY) =
dim(S N szar) and C1(S) N U~ is a global C-semianalytic set.

Let U* be an open neighborhood of x in M such that S N U* is a finite union
of basic C-semianalytic sets Sy, ..., S,. After shrinking U* we may assume x €
CI(S;), CI(S) N U* is a global C-semianalytic set and dim(S; N U*) = dim(S; )
fori = 1,...,r. We may assume that U~ is in addition basic C-semianalytic, so by
Lemma 3.6 dim(S; N U"mr) = dim(S; N U*). Consequently,

dim(S,) = l_:nllaxr{dim(Si,x)} = l_:nllaxr{dim(Si NU")}

..........

i=l1,...,

= max {50 U = dim(S N U*™),
= r

so dim(Sy) = dim(S N U¥) = dim(S N U*"™).
Denote Z := SNU*"" and A := S N U~. We have dim(Z) = dim(A) < k and

dim(Cl(A)y\Ay) <k —1

for each y € CI(A). We claim: dim(A,\ Intz(A)y) < k — 1 for each y € CI(A).
As Intz(A) = Z\ CI(Z\A),

A\Intz(A) = AN (Z\Intz(A)) = ANCI(Z\A) = CI(Z\A)\(Z\A).
For each y € CI(A) we have
dim(A,\Intz(A)y) = dim(ClI((Z\A),)\(Z\A),) < dim((Z\A),) < dim(Z) < k.

Thus, CI(A)\A and A\ Intz(A) are C-semianalytic sets of dimension <k — 1, as
required. O

4 Images of C-semianalytic sets under proper holomorphic maps

The main purpose of this section is to prove Theorems 1.1 and 1.3. Before that we
present two enlightening examples. The first one prove that a proper real analytic
map with finite fibers may not admit a proper complex holomorphic extension to
complexifications. The second one shows that Theorem 1.1(iii) can be false if X C
F~Yym).

Examples 4.1 (i) Considerthemap f : R> — R?, (x, y) — ((x24+y?)x, (x2+y?)y).
Observe that f is an analytic map, with continuous inverse map:
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R S R () {<ﬁ =) if (wv) # (0.0),
(0, 0) if (u, v) = (0, 0).

Thus, f is ahomeomorphism, so it is a proper analytic map with finite fibers. However,
f cannot be extended to a proper holomorphic map F : U — C? defined on an open
neighborhood U of R? in C2.

(i) Let ¥ := {x2 — zy?2 = 0} ¢ C3 be the complex Whitney’s umbrella endowed
with the complex conjugation 7,50 Y7 = {x?—zy? = 0} C R3.Let X = C? endowed
with the complex conjugation o . Consider the finite holomorphic map

F:X:=C>vY, (s, t) — (st, t,sz).
and let Z = X° = R2. Observe that X° C F~!(Y") and F(Z) = (x> — zy*> =
0}\{z < 0} C R?, which is not a C-analytic subset of Y.
4.1 Local approach

Let us prove Theorem 1.3.
Proof of Theorem 1.3 Consider the sheaf F,(Oyx) of Oy-modules. Recall that if V C

Y is open, HO(V, F,.(Ox)) = HY(F~(V), Ox). Fix yo € Y and write F~!(yg) :=
{x1,...,x}. By [26, 6.1.18]

l 14
F*(OX)_VO = HOX,x,- = HO(X)C[)
i=1 i=1

and by [26, 6.3.5] F.(QOy) is a coherent sheaf of Oy-modules. By Cartan’s Theorem
A there exist Hi, ..., H, € H(Y, F.(Ox)) = H%X,Ox) = O(X) such that
Fy(Ox)y, is generated by Hj, ..., H, as a Oy y,-module. By [4, VIIL.4.4] we have
the following diagram of faithfully flat homomorphisms between local excellent rings

O(X)m, = O(Xy,)

|

OX)m, —— O(Xy)

Consider the inclusion of F*(O(Y )“.vo )-modules

My =Y Hi- F{(O)n,) C My = F (O ), )IHi. ..., Hyl € 871(O(X)).

i=1

Recall that § := O(X)\(my, U---Umy,).
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4.1.1 We have to prove: M; = M> = B := 8~ 1(O(X)).

In what follows, completions of rings are considered with respect to the Jacobson
ideal. In case the involved ring is local, its Jacobson ideal coincides with its unique
maximal ideal. The maximal ideals of the semi-local ring B are my, B, ..., my, B.

By [30, 24.C, p. 174] the completion of B satisfies B = Hle B/mx,-\B- Observe that
BmXiB = O(X)mxi , SO

£ L
B[] Bm,s = [[OX)m, — HO(XXJ = F.(Ox)y,,

i=1 i=1
B, 5= O0(X)m, = O(Xy,).

By [30, 24.C, p. 174] the completion of the semi-local ring Fy(Ox)y, is

r

L
Fu(Ox)y, =[] OX) = [ | Bm, 8 = B.
i=1 i=1

As F,(Ox)y, is a finitely generated Oy, y,-module, the completion of F,(Ox)y,
with respect to the maximal ideal of Oy, y, is by [30, 23.K-L, Thm.55, p.170]

F*(OX)yo = F*(OX)yo ®Oy.y0 OY,yo~

Recall that F.(Ox),, is generated by Hy, ..., Hy as a Oy, y,-module, so F*@yo is

generated by Hy, ..., H, as a (’)/y;()—module. Again by [30, 23.K-L, Thm.55, p.170]
the completion of M| with respect to the maximal ideal of O(Y )"yo is

M) = M, BO¥)ny, O,

As M is generated by Hy,...,H, as a Oﬁ)\“m -module, A’Zl is generated by
Hy,...,Hy, as a Oﬁ)\n -module. Consequently, since Oﬁ)\“o = (9/)/;), we con-

clude M1 = F*(OX)yo As the inclusion (’)(Y)n > O(Y)n‘ is faithfully flat
because (’)(Y)nVO is a local excellent ring, we have the following commutative dia-

gram of O(Y )“yo -modules

My ®0)n,, O )n,, = M ®O¥)n,, O )y, ~— B BO¥)ny, O,

I
14

Ml F@yo F* (OX),VO ®OY._\'0 OY’yO
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Thus, all the inclusion are in fact isomorphisms, so
M ®(')(y)n)_0 O(Y)nyo = M, ®O(Y)ny0 O(Y)nyo =B ®Oy_y0 Oy’yo.

As the inclusion (’)(Y)ny0 — Oﬁ)\“,vo is faithfully flat, M| = M> = B, as required.
O

Remark 4.2 If F : (X, Ox) — (¥, Oy) is in addition invariant, we assume that each
H; is invariant after taking 91(H;) and J(H;) instead of H;.

4.2 Global approach

A key resultto prove Theorem 1.11is [7, Thm.2.2] that we translate next to our situation.
Let (X, Ox) be a reduced Stein space endowed with an anti-involution o such that its
fixed part space X is non-empty and letu := (uy, ..., uy), where m > 0, be a tuple
of variables. Denote either O(X?) or A(X?) with 7.

Theorem 4.3 Ler S C X x R™ be an </ [u]-definable global C-semianalytic set and
consider the projection w : E x RE — RK, (x,u) — x onto the first factor. Then
7 (S) is an of -definable global C-semianalytic set.

We also need the following application of M. Artin’s approximation theorem, that
we include in detail for the sake of completeness.

Lemma 4.4 Let Xo C Cjj and Yy C Cf be complex analytic set germs at the origin.
Let ¢ : O(Xg) = O(Yy) be a local analytic homomorphism such that the extension

to the completions ¢ : O(Xy) — OYy) is an isomorphism. Then ¢ is also an
isomorphism.

Proof Denote the variables of C" with (xy, ..., x,) and the variables of C" with
1y ---5ym). Let G; := @(x;) fori = 1, ..., n. By the universal property of local
homomorphisms between power series rings, ¢ is given by

7:0(Xo) = OYp), ¢ +> C(G1, ..., Gp).

In particular, ¢ : O(Xo) — OFp), F +— F(Gy,...,Gy). Denote n; :=
@~ '(yj) € O(Xo) for j =1,...,m. As before, ()~ is given by

@ O(Yp) — O(Xo), & > E(n1. ... ).

In particular, the tuple (nq, ..., ny) € ((m)m is a solution of the system
Gi(Y1,---»¥Ym) = X1,
: 4.1
Gu(Y1, . s Ym) = Xm.
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By M. Artin’s approximation theorem, there exist a solution (F1, ..., F;) € O(Xp)"
of (4.1). Consider the local homomorphism

¥ : O(Yo) - O(Xo), &> E(Fi, ..., Fy),

that satisfies ¥ o 9(x;) = ¥(Gi) = x;. Thus, Y 0 ¢ = idz5=, 50 ¢ = @' 1t
follows that

Ylowy) : OXo) — OXo), Hw H(Fy, ..., Fy)

is the inverse of @, so ¢ is an isomorphism, as required. O
Next, we prove Theorem 1.1.

Proof of Theorem 1.1 Recall that F : (X, Ox) — (Y, Oy) is an invariant proper
holomorphic map and § C X? is an A(X?)-definable C-semianalytic set. As F is
proper, we may assume for the whole proof that X is irreducible and F' is surjective
because if { X}, is the locally finite family of the irreducible components of X, it holds
that {Yy := F(Xy)}q is by Remmert’s Theorem a locally finite family of irreducible
complex analytic subsets of Y.

We prove together (i) and (ii). We have already denoted E := CI(F -1 (YH\X).
Fix a point yy € Y*. We have to show: There exists an open neighborhood A C Y* of
yo such that F(S) N A and F(E N S) N A are global C-semianalytic sets.

The proof is conducted in several steps:

4.2.1 Write F~'(y9) = {x1,...,x¢} and let § := O(X)\(my, U --- Umy,). By
Theorem 1.3 and Remark 4.2 there exist invariant Hy, ..., H, € O(X) such that

$HOX)) = F*(O(Y)n,)[Hi, ..., Hpl.
Consider the evaluation epimorphism

0: 0, [21,....zZm] — 8 1(OX)), Q(y. 21, ..., Zm)
= Q(F(x), Hi(x), ..., Hu(x))

that maps y to F(x) and the variables z; to H;(x).
As X is irreducible, $~1(O(X)) is an integral domain. By the first isomorphism
theorem there exist a prime ideal p of O(Y)nyo [z1, ..., zm] and an isomorphism

6:0)ny 21, ..., 2nl/p = 871(OX), Q(z1,..., zm) +p
= Q(F(x), Hi(x), ..., Hy(x)).

As the ring O(Y)“yo [z1, ..., zm] is noetherian because (9(Y)ny0 is excellent, p is
finitely generated. Let Py, ..., P, € O(Y)[z1, ..., Zn] be a system of generators of
p. Let
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Q={(,2) €Y xC": Pi(y,2) =0,..., P(y,2) =0} CcY xC"
and consider
H:X—->QcYxC", xw (Fix),H((x),..., H,(x)),

which satisfies & = H*. We use implicitly the irreducibility of X here to assure that
H(X) C Q. Denote w; := H(x;) and observe that the maximal ideals of the semi-
local ring A := O(Y)nyo [z1, ..., Zm]/p are the maximal ideals n,, of A associated to
the point w; fori =1, ..., £. Denote B := 8~ 1(O(X)) and observe that H* induces
a isomorphism between the local rings Anw,- and Bmx’_ B=0(X )mxi , where m,, is the
maximal ideal of O(X) associated to the point x; fori = 1, ..., £. Thus, H* induces
an isomorphism H* : A/n: — B/m; between the corresponding completions. As

(X, Ox) and (Y, Oy) are reduced Stein spaces, Omx,' coincides with O/(X\x, ) and

Xn; coincides with (9/(52: ). Thus, we have the following isomorphism

T o~ H*=| — — ~
O(Q) = Any ———= B 5 = O(X)m, = O(Xy,)

fori = 1,...,¢. By Lemma 4.4, the homomorphism O(,,) = O(Xy,), Gy —
Gy, o Hy; is an isomorphism for i = 1, ..., . Consequently, there exist invariant
open neighborhoods U of {x1,...,x;} in X and V of {wy, ..., w¢} in 2 such that
H-'(V)=Uand H|y : U — V is an invariant complex analytic diffeomorphism.

4.2.2 As each H; is invariant, also H is invariant, so H(X?) C Q" :=Qn (YT xR™),
where

Y xC"—=>YxC" 2~ ()2

is an anti-involution. Consider the restriction maps f := F|xo : X° — YT and
h:=H|xos : X° — Q7. As Sis A(X?)-definable, there exist an open neighborhood
W C U N X% of the finite set f~'(yo) = F~'(yp) N X? such that S N W is an
A(X?)-definable global C-semianalytic set, thatis, S N W = [J;_; (=, Si; where
Sij is either

{xeX?: fij(x) >0} or {xe€X?: fij(x)=0}. 4.2)

and f;;j := Fjjlxo. In addition h|w : W — h(W) is a real analytic diffeomorphism,
ﬁ_l(h(W)) = W and h(W) is an open neighborhood of h(f_l(yo)) in Q7. As
6 = H* is an isomorphism, we may assume by Lemma 2.9

o fij =gqij o hforsomegq;; € O(Y)[uy,...,unl,
o h(SNW) =T where T := |Ji_, ﬂ‘}:] T;j C Q" and T;j is either

(o) € Q7 2 qij(y,u) >0} or {(v,u) €Q° : g;j(y,u) =0}
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accordingly to the choices of signs done in (4.2).

Letmw : YT x R"™ — Y7, (y,u) — y be the projection onto the first factor. As
f = m o h, we conclude by Theorem 4.3 f(SNW) =a(h(SNW)) =n(T)isa
global C-semianalytic set.

4.2.3 Observe that

HF 'YX = {(y,u++/—1v) € YT x C" : P(y, u +~/—1v)
=0,...,P(y,u+~=1v) =0,v7 + - + 0% #0).

Thus, we can understand H(F~'(Y")\X?) as an O(Y7)[u, v]-definable global C-
semianalytic subset of ¥Y* x R™ x R™ where u := (u,...,uy) and v :=
Vi,...,vi). Let V. C VN (¥Y" x R" x R™) be a bounded open O(Y™)[u, v]-
definable global C-semianalytic neighborhood of {w1, ..., w¢}. By Proposition 3.5

CI(H(F~'(Y")\X)n V)

is an O(Y")[u, v]-definable global C-semianalytic subset of Y7 x R™ x R™. Thus,
ash(SNW)c{vy;=0,...,v, =0}

CI(H(F'Y")O\X)NV)Nnh(SNW)

is an O (Y 7)[u]-definable global C-semianalytic subset of Y* x R™. We may assume
W c H ' (V). As hlw : W — h(W) is a real analytic diffeomorphism,

RENSNW) =hCHF'YO\X°)NSNW)
= h(CUF'YNX)NW)NA(SNW).

In addition, as H|y : U — V is an analytic diffeomorphism and H vy =u,it
holds

RCHF Y YON\X)NW) = HCIF ' YO\X)NH- (VYN X NW)
= HCWF 'Y NX)NH (V) NH (V)
NH(X° NW)
=CIHF 'Y ONXHNVHINV NHX NW).
Consequently,

WMENSNW) =CIHFE (Y NX)NV)NR(S N W)
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isan O(Y")[u]-definable global C-semianalytic subsetof Y* x R™. As f = woh, we
conclude by Theorem 4.3 f(ENSNW) = n(h(ENSNW)) is a global C-semianalytic
set.

4.2.4 To finish the proof of (i) and (ii) we find an open C-semianalytic neighborhood
A C YT ofyosuchthat f(S)NA = f(SNW)NAand f(ENS)NA = f(ENSNW)NA.
Consequently, f{S) and f(E N S) are C-semianalytic sets.

As W is an open neighborhood of f~!(y) in X%, we have C := f(X°\W)is a
closed subset of Y (recall that f is proper) that does not contain yy. Let A C Y* be
an open basic C-semianalytic neighborhood of yg that does not intersect C. As

fS=fENW)U f(SN(X°\W)) and
FENS)= F(ENSNW)U F(ENSN (X \W)),

we conclude f(SYNA=f(SNW)NAand f(ENS)NA=fF(ENSNW)NA,
as required.

(iii) By hypothesis there exists a complexification Z C X of Z that is closed in X,
hence Z is a complex analytic subset of X and Z N X? = Z. By Remmert’s Theorem
F(Z) is a complex analytic subset of Y, so F(Z) N Y" is a C-analytic subset of Y*
that contains F'(Z). Thus,

F(ZYCFZ)NY ' =F(ZNF ' (YY) =F(ZNX°) =F(2),

so F(Z) = F(Z) N YT is a C-analytic subset of Y7, as required. O

4.3 Sufficient condition

We end this section with some sufficient conditions under which statement Theo-
rem 1.1(iii) applies.

Lemma 4.5 Assume that Y is coherent and let F : (X, Ox) — (Y, Oy) be an
invariant surjective proper holomorphic map. Let Z C Y be a complex analytic set
such that X\F_l(Z) is dense in X. Assume that F|X\F71(Z) : X\F_1 (Z) > Y\Zis
biholomorphic. Then F~1(YT) = X°.

Proof We may assume X is irreducible and consequently also Y is irreducible. In
particular, both are pure dimensional of the same dimension d. We have to prove
F~l(y") c x°.

Suppose by contradiction that there exists z € F~'(Y7)\X°. As F is invariant,
F(o(z)) =F(z) e YT, s00(z) € F"L(YT)\X°.

By Remmert’s Theorem the germs F(X;) and F(X,(;)) are unions of irreducible
components of Yr(;). As X\ F ~1(Z) is dense in X and the restriction

Flx\p-1(zy: X\F™(Z) > Y\Z
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is biholomorphic, we conclude dimc(F(X;) N F(X5(;))) < d. As F is invariant,
F(X)NY" = F(X5))NY", sodimg(F(X;)NY*) < d.AsY isirreducible and Y'*
is coherent, Y'* is pure dimensional, so all the irreducible components of Y. @ have
dimension d. In addition, the irreducible components of Y} oy are the intersections
with Y7 of the irreducible components of Yr (). But this is impossible because
F(X;) is a union of irreducible components of Yr(;), dimr (F(X;) NY®) < d and all
the irreducible components of Y. @ have dimension d. O

5 Set of points of non-coherence of a C-analytic set

In [43]itis proved that set N (X) of points where a d-dimensional analytic set X is non-
coherent is a semianalytic set. The authors sketch a smart semianalytic decomposition
of the set of points x € X at which the germ X has an irreducible component of
dimension d that is non-coherent. Then they prove inductively that the set of points
x € X at which the germ X, has all its irreducible components of dimension d coherent
but one of dimension k < d non-coherent is also semianalytic. In this section we
improve their construction to prove that N (X) is a C-semianalytic set whenever X is
C-analytic.

5.1 Description of the set of points of non-coherence of a C-analytic set

Let M be a real analytic manifold and let X C M be a C-analytic set of dimension
d. For each 0 < k < d := dim(X) let §; be the collection of all the irreducible
C-analytic sets Z C M of dimension k that are an irreducible component of Sing,(X)
for some £ > 0 (see Sect. 2.4.2). Define Zy := |7z, Z and

d
Ry = U Zj ) where Z; jy :={z € Z; : dimgr(Z;) = j}=CU(Z;\ Sing(Z))).
j=k+1
LetZ « be acomplexification of Z; and let (Y, 7y ) be the normalization of Zk endowNed

with the anti-involution oy : Y3 — Y that is induced by the usual conjugation on Z.
Let

Y i={yeYr: or(y) =)
be the fixed part space of Y, which is a C-analytic space. Define

Ylj,k(k) ={y e Y,fk : dimR(YI:I}) =k} = Cl(Y,f"\Sing(Y,fk)),
Cr1 =7 (Z\YJ*, Crp =YY

k,(k)*
Ap.i = CI(Cy.p) ﬂCl(Y,f"(k)\n’l(Rk)) fori =1,2.
We state next our main result.
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Theorem 5.1 Let N(X) be the set of points of non-coherence of the C-analytic set X
of dimension d and let Ny (Zy, Ry) := i (A1) U i (Ak,2). Then

(i) Nk(Zg, Ry) is a C-semianalytic set of dimension < k — 2.
(i1) UZ:] Ni(Zy, Ry) is the set of points of X such that the germ X, has a non-
coherent irreducible component of dimension > j.
(i) NOX) = Uf_y Ne(Zk, Ro).

Once we prove the previous result it holds in particular Corollary 1.4.

5.2 Initial preparation

By Grauert’s immersion theorem we assume that X is a C-analytic subset of R".
Let X be a complexification of X that is an invariant complex analytic subset of a
Stein open neighborhood €2 C C" of R". Denote the restriction to X of the complex
conjugatlon on C" with o : X — X. It holds d := dimg(X) = dlm(c(X) and

={xeX:okx)=x}.Letm : Y — X be the normalization of X. As X is Stein,
also Y is Stein [33]. The complex conjugation of X extends to an anti-involution & on

Y that makes the following diagram commutative [18, IV.3.10]

Es
_% 5

s

~

lye T

-
—< ~
el

o
-

Ml<— N

oo

>
>

X —

where Y7 :={y € Y : 5(y) = y} is the set of fixed points of 5.
The following results from [18] will help us to describe the set of points of non-
coherence of a C-analytic set. We keep all the notations introduced before.

Lemma 5.2 [18,1V.3.12] Let x € X. We have:

(i) If Zy is an irreducible component of X of dimension d, its complexification Z,
is an irreducible component ofX If y € Y satisfies m(Yy) = Zy, then 'y € Y®
and dlmR(Y") =

(ii) Lety € Y° besuchthatn(y) = xanddimR(n(Yy)ﬂz(x) <d. ThendimR(YyE) <
d. In particular, if dimg (Xy) < d, we have dimR(Y;) <dforallx et~ '(x)N
Y.

Lemma 5.3 [18, IV.3.13] Let x € X be a point such that all the irreducible compo-
nents of X have dimension d. The germ X, is coherent if and only if there exists a
invariant open neighborhood V of x in X such that

(i) 7~ {XNV) =Y na=L(V).
(i) dimg(Y7) =d forevery z € 7 Y a)anda e XNV.
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5.3 Points of non-coherence for maximal dimension outside a prescribed set

Let R C X be a closed A()Af“)-deﬁnable C-semianalytic set. Let Y’ be the union of
the irreducible components of Y of dimension strictly smaller than d. Define:

Y5, = {y € Y° : dimp(¥?) = d} = CI(Y°\(Sing(¥?) U Y")),
Cr=n"'CO\Y?, Cri=Yo\Y(),
Ai = CI(C) NCIYG\r ' (R) C Y7 fori=1,2.

We claim: 7 (A;) C X is a C-semianalytic set.

Proof The C-semianalytic set Ya\(Sing(Ya) UY’) is A(Y?)-definable, so by Propo-
sition 3.5 Yg) = CI(Y?\(Sing(Y?)UY")) is A(Y?)-definable. By Proposition 3.5 the
same happens with CI(C;). As R is an A()?")-deﬁnable C-semianalytic set, then
7' (R) N Y7 is an A(Y?)-definable C-semianalytic set. By Proposition 3.5 the
same happens with Cl(Ygi)\n’l(R)). By Theorem 1.1(i) and (ii) 7(4;) C X is a
C-semianalytic set for i = 1, 2, as required. O

Define
Ng(X,R) =m(A)Um(Ar) C X, 5.1

which is a C-semianalytic set. We keep all previous notations in the following results.

Lemma 5.4 We have:

(1) dimp(Cy) <d — 1 and dimp(Cy) <d — 2.
(i1) dimg (7 (A1) <d — 2 and dimg (7 (A3)) <d — 3.

Proof We claim: If y € Cy, it holds dimg(C1,y) < d — 1. Consequently, dimg(C;) <
d—1

If y € C1, we have 5(y) # y and 0(Yy) = Yg(y). Observe that x := 7(y) =
(o (y)), so 7r(Yl) Ur (Ys(y)) C Xy and 7w (Yy), T (Y5 (y)) are two different irreducible
components of X . As these irreducible components are conjugated,

XyNrYy) =X, NaYy) No(x(Yy)) = X, Na(Yy) N7 (Ys(y)),
sodimg(Xy Nw(Yy)) <d—1.Thus, Cyy C T[_l(X)y C Yy has dimension < d — 1
because 7 is proper and has finite fibers.

As Y is a normal complex analytic space,

dime(Sing(Y)) < dimg(Y) —2=d — 2.

Consequentlylas Sing(Ya) C Sing(Y) N YE, we have dimpg (Sing(Ya)) <d-2. As
C, C Sing(Y?), also dimp(C3) <d — 2.
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Observe that C; N A; C C; N Y(Z) = @, s0 A; C CI(C;)\C;j. Thus, dimp(A;) <
dimp(C;) fori = 1,2 (use [4, VIIL.2.11]). We conclude dimg(A{) < d — 2 and
dimp(A) <d — 3.

As (A1) and (A,) are C-semianalytic subsets of M and they are the images of
A1 and A; under a proper analytic map with finite fibers, dimg (7(A1)) < d — 2 and
dimp (7 (A2)) < d — 3, as required. O

Proposition 5.5 A point x € X belongs to Ny(X, R) if and only if the germ X has a
non-coherent irreducible component Ty of dimension d such that dim(Ty\Ry) = d

Proof The proof is conducted in several steps.

5.3.1 We prove first the ‘only if” part of the statement. To that end, it is enough to
show the following: Let x ¢ N;(X, R) be such that the germ X, has an irreducible
component By of dimension d and dim(B,\R,) = d. Then, By is coherent.

By Lemma 5.2(i) it holds that the complexification | B, of B, is an 1rredu01ble
component of X .. In addition, there exists a point y € Y7 such that n(Yy) = By, and
dlm(Y ") =

5.3.2 Letus check: y € Yd)\(Cl(Cl) U CI(C2)).

As dlm(Y”) =d,itholds y € Y, (d) We prove next dim( (d)’y\n’l(R)y) =d
Indeed, Bx = Xx Nn(Yy),so

BNy, = ' XN i@y Ny, =27 (X)y N Yy
=771 (X)y = @ ONYT), U(Y\YG) U Y
=CiyUC, UYg) ..

Consequently,
7 BAR) N Yy = (x7 (B N Y\ (R)y € C1y UCay U (YG) \m ' (R)y)

As n(n_l(Bx\Rx) NYy) = By\Ry, dim(Bx\Ry) = d and 7 has finite fibers, we
deduce

CryUCay U (YG, \ ' (R)y)

has dimension d. By Lemma 5.4(i) dim(Cy,, U C2y) < d — 2,50 dim(Ygl))y\n’l
(R)y) =

In partlcular y € CI(Y, d)\n_l(R)) C (d) If y € CI(C;), then y € A;, so
x € m(A;) C Ng(X, R), which is a contradiction. Thus, y € (d)\(Cl(Cl) UCI(C2)).

5.3.3 Write ﬂ_l(x) = {y1,..., ¥} and assume y; = y. Let W; C Y be an invariant
open neighborhood of y; and let V be an open neighborhood of x such that 7~ (V) =
Uiz Wiand W; N W; = @ if i # j. We may assume that W; is connected and
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Wi N (CI(C)UCI(C,)) = &. As Wy isclosed in 7~} (V) and 7 : ¥ — X is proper,
the restriction & : Wi — V is proper, so by Remmert’s Theorem the set w(Wp) is a
complex analytic subset of V. Observe that = : W; — m(Wj) is the normalization
of mw(Wp). The set B := w(Wp) N X is a representative of By,. As dim(w(Wy)) =
dim(B) and 7t (W) is irreducible (recall that W; is normal and connected), 7w (W) is
a complexification of B.

5.3.4 We claim: B? := {yAe Wl,f c(y) =y} = (7T|W1)_1(B).
Indeed, observe that B° = Y° N W) and

@lw)'B) =7 L @) Nz )N Wy =27 X)) N wy.

Thus, we have to prove Y°n W = 7 1(X) N W. As W, N CI(C)) = &, we have
T ' XONYO)NW =2,50Y° "W =771 (X) N WL

5.3.5 Since Wi N CI(Cy) = @, we have (YZ\Y5,)) N W) = @, so dim(Y?) = d for
each z € (|w, )~ !(a) where a € B. By Lemma 5.3 the irreducible component B is
coherent.

5.3.6 Next we show the ‘if” part of the statement. To that end, we prove: If all the non-
coherent irreducible components By of X of dimension d satisfy dim(Bs\Ry;) < d,
then x ¢ Ny(X, R), or equivalently, 7l N AU A = 2.

Lety e 771 (x). If y ¢ Y(‘?), then y ¢ A; U As. So let us assume y € Ygi). By
Lemma 5.2(ii) we deduce dim (7 (Yy) N X ) = d. Consequently, By := 7 (¥y) N X, is
anirreducible analytic germ of dimension d contained in X . Thus, B, is an irreducible
component of X, and 7 (Yy) is the complexification of By. In particular 7 (Y. f ) C By.
We distinguish two cases:

Case 1. B, is non-coherent. Then dim(By\Ry) < d, so dim(n(Yf)\Rx) < d.Denote
E, = gl)’y\n*I(R)y. As 7 has finite fibers and 7(Ey) C n(YyE)\Rx, we have
dim(Ey) < d. As R is closed and dim(Ey) < d,

Y&, = ClYG) \Ey) € Clr ' (R)y) = 77 (R),.

Consequently, Ygl)’v\rr_l(R)y = g,s0y ¢ Cl(Ygl)\rr_l(R)). We conclude y ¢
AU Aj. ’

Case 2. By is coherent. Proceeding as we have done in Sect. 5.3.3 we find an invariant
neighborhood Wi of y in Y such that w (W) is an irreducible complex analytic subset
of an invariant neighborhood V of x in X and B := 7w (W1) N X is a representative of
By. As By is coherent, by Lemma 5.3 we may shrink V and Wj to have

L. 7= ' (X)N Wi = Y7 N W; and
2. dim(Y?) =d forevery z e 7~ !'(a) anda € BNV.
Condition (1) is equivalent to @ Nx NY 5) NW; = a,soy ¢ CI(Cy). Condition (2)
means y ¢ C1(C2). Consequently, y ¢ C1(C1) UCI(C2),s0y ¢ A1 U Ap.
Thus, 71 (x) N (A U A3) = @, as required. O
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5.4 Proof of Theorem 5.1

Given a set germ S, C R, we define its Zariski closure S_XZar as the smallest analytic
germ at x that contains Sy. Before proving Theorem 5.1 we state the following easy
fact concerning germs that will be used several times in its proof.

Lemma 5.6 Let Ay C B, C R} be analytic germs and let T, be an irreducible
component of By such that Ty C Ay. Then Ty is also an irreducible component of Ay.

Proof Let T, beanirreducible component of A, suchthat 7y C 7.As A, C By, there
exists an irreducible component T) of By such that T, C T, C T,. Consequently
T, =T, =T/, so Ty is an irreducible component of Ay. O

Proof of Theorem 5.1 Observe that by its definition and Proposition 3.5 each C-
semianalytic set Ry is A()~( 7)-definable. Consequently, statement (i) follows from 5.3
and Lemma 5.4(ii), so it remains to prove statements (ii) and (iii). We have to show:
N(X) = U{_, Ni(Zx, Ry) where
o 7 = UZeSk Z,
e 3§y is the collection of all the irreducible C-semianalytic subsets Z of M of dimen-
sion k that are an irreducible component of Sing,(X) for some £ > 0,
e R = U?=k+l Zjjy where Z; jy = {z € Z; : dimgr(Z;) = j} =
CI(Z;\ Sing(Z})).
In addition, we have to prove: Uf: i Ni(Zi, Ry) is the set of points of X such that the
germ X has a non-coherent irreducible component of dimension > j.

The proof is conducted in several steps.

5.4.1 Let x € N(X) and let Ty be an irreducible component of X, of dimension e
that it is non-coherent. Recall that e > 2 because C-analytic curves are coherent. We
claim: Ty is an irreducible component of Z, .

Let Z be an irreducible component of X such that T, C Z,. As Z, C X, we have
T, is an irreducible component of Z, by Lemma 5.6. As Z = | -, Reg(Sing,(2)),

zar

Z, = | Reg(Sing,(2))).
>0

As T, is an irreducible component of Z,, there exists £ > 1 such that

zar

T, C (Reg(Sing,(2)))x C Z.

Thus, T is by Lemma 5.6 an irreducible component of (Reg(Sing,(Z))) xLar. Since
all the irreducible components of (Reg(Sing,(Z))) xLar have the same dimension and
dim(7Ty) = e, we deduce dim(Sing,(Z)) = e. By Lemma 5.6 there exists an irre-
ducible component Z’ of Sing,(Z) (of dimension e) such that 7 is an irreducible
component of Z/.. Observe that Z’ € §,, so T is an irreducible component of Z, .

5.4.2Weclaim: x € N.(Z,, R,) or equivalently by Proposition 5.5 the germ Z, , has a
non-coherent irreducible component B, of dimension e such that dim(B,\R, ) = e.
It is enough to check: dim(7;\ R, ) = e.
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Otherwise, dim(7x\R, ;) < e, so

Consequently, there exists e + 1 < j < d such that T, C Zj,(j),xzar C Xx. By
zar

Lemma 5.6 7 is an irreducible component of Z; ;) x , which is a contradiction

because all the irreducible components of Z; (), + " have dimension j > e. We
conclude dim(7\ R, ») = e.

5.4.3 Thus, we have shown N (X) C UZ:Q Ni(Z, Ry). We prove now the converse
inclusion UZ:Z Ni(Zi, Ry) C N(X).Letx € N¢y(Zy, Ry) forsome?2 < ¢ < d and let
us show: X has a non-coherent irreducible component of dimension >£. In particular,
x € N(X).

As x € Ny(Z¢, Ry), the germ Z, , has an irreducible component 7, of dimension
£ that is non-coherent and such that dim(7x\R¢.x) = €. As Zy x C X, there exists an
irreducible component A of X, thatcontains Ty.If T, = A, then A, is non-coherent.
Otherwise, £ = dim(7y) < dim(Ay,) = j. As

d
———zar
Xx = U Zk,(k),x P
k=0

we deduce by Lemma 5.6 that A, is an irreducible component of some Zk’(k)‘xzar. As

all the irreducible components of Zk,(k),xzar have dimension k, we conclude j = k.
. . . 5 ———————Zar
Consequently, A, is an irreducible component of Z; (j x
Let us assume by contradiction that Ay is coherent. Then A, C Z; ( j)yxw CZjx
is pure dimensional (because it is coherent), so Ty C Ay C Zj (j),x C Re x, which
contradicts the fact dim(7y\ Ry ) = £. Consequently, A, is non-coherent, so X has
a non-coherent irreducible component and x € N (X), as required.

5.4.4 Finally, by Sects. 5.4.1 and 5.4.2 we deduce that if X, has a non-coherent
irreducible component of dimension j, then x € N;(Z;, R;) while by Sect. 5.4.3 we
getthatif x € N;(Z;, R;), then X, has an irreducible component of dimension > ;.
Consequently, statement (ii) holds. O

We finish this section with two examples that illustrate some key facts of the proofs
above.

Examples 5.7 (i) In [2] it is shown that the set of points of non-coherence of the
3 2

C-analytic set X := {x° —x wz — wy? = 0} is
NX)={x=0,y=0,z=0U{x=0,y=0,w =0,z >0},

which is a C-semianalytic set but not a C-analytic set.
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(i) Let X1 := {(x> — z + Dy»)?z —u? = 0} ¢ R* and X, := {u = 0}. Let us
prove

N(X1) ={x>—y*=0,2=0,u =0} U{(0,0, —1,0)}
while N(X; U X») = {x2—y2=0,2=0,u = 0}.

We compute first N(X1). Let Z; := {(x> — (z + Dy?)?z —u> =0} c C*be a
complexification of X. It holds that

T:C > (x, y,v) = (x, v, v o — (0 + l)yz)),
is the normalization of Z;. The singular locus of Z; is
Sing(Zy) = {x2 —(z+ l)y2 =0,u =0}.
It holds
7 X =R3IU (V1 —2,5,i1) : 0 < |r] < 1} U{(0,0,ir) : |t] > 1}.
Observe that

Ty :=7(R¥) = X, N{z >0},
T i=na({(£svV'1 —12,5,it): 0 < |t| <1})

= {(£sv1—12,5,—12,0): 0 < |t] < 1},
T3 := 7({(0,0,ir) : || > 1}) = {(0,0, —£2,0) : |t] > 1}.

Thus, T is the set of points of X| of maximal dimension. By Theorem 5.1

TR N {(E£svV1 =125, —t2,0): 0 < |t] < 1}U{(0,0, —2,0) : |£] > 1})
={x—y=0,z=0,u=0}U{x+y=0,z=0,u =0}

is the set of points of X that have a non-coherent irreducible component of dimension
3.

To find the set of points of X that have a non-coherent irreducible component of
smaller dimension we have to look at 7, U T3 = {x2 —(z+ l)yz, z < 0}, which is an
open subset a classical Whitney umbrella. This set has only the point (0, 0, —1, 0) as
its unique non-coherence point. Consequently,

NX)={x>=y>=0,2=0,u =0} U{(0,0,—1,0)}.
On the other hand, N (X U X3) = {x2 — y2 =0,z = 0, u = 0} because at these
points of X U X the corresponding germ has a non-coherent irreducible component

of dimension 3 while at the point (0, 0, —1, 0) the unique irreducible component is
{u = 0}, which is coherent.
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6 Subanalytic sets as proper images of basic C-semianalytic sets

We begin with some examples concerning the properties of the images of C-
semianalytic sets under analytic maps.

Example 6.1 (Image under a proper analytic map with finite fibers of a C-analytic
set) Consider the compact analytic set S := {f = 0} introduced in Example 3.3(ii).
Observe that S\{(0, 0, £1)} is a C-analytic subset of R3\{z = £1} and So) Clg =
1 —x2+y?+ 272 > 0}. Define

X ::{(x,y,Z,I)E]R42 f=0,t2—(%—x2—y2—22)=0},

which is a compact 2-dimensional C-analytic subset of the sphere Sy := {x? + y> +
2412 = %}. Define 7 : R* - R3, (x, y,2,1) — (x,, 2).

The map 7 g, is proper, analytic, has finite fibers and satisfies 7 (X 1) = SN{g > 0}.
LetSy = {(x24+(y—1)?>+z2+(t—2)%> = 1}and X5 := SoN{x = 0, r = 2}. The map
7 |s, is proper, analytic, has singleton fibers and satisfies 7 (X7) = SN{x =0} = {x =
0, (y—1)24z% = 1}. Of course X := X U X> is a C-analytic subset of M := S;US,.
Thus, 7|y is proper, analytic, has finite fibers and satisfies 7 (X1 U X3) = S, which
is semianalytic but not C-semianalytic.

Example 6.2 (Osgood: Subanalytic set that is not a semianalytic set) Let
fiR> > R, (x,y) > (x, xy, xe’).

Then S := f({x? 4+ y> < £?}) is subanalytic but it is not semianalytic.

Observe that S is subanalytic because it is the image of a compact semianalytic
set under an analytic map. Let us prove next that S is not semianalytic. We claim:
If G(u,v) € R[[u, v]] is a formal power series such that G(x, xy, xe”) = 0, then
G =0.

Write G (u, v, w) = ijo G;(u, v, w)where G(u, v, w)isahomogeneous poly-
nomial of degree j. Then

0=G(x,xy,xe¥) = ZGj(x,xy,xey) = ijGj(l, v, e’).
Jj=0 Jj=0

Therefore, G;(1, y,e”) = 0 foreach j > 0,soeach G; =0and G = 0.
Consequently, the smallest real analytic set containing (the germ at the origin of)
S is the whole Rz, so S is not semianalytic.

Example 6.3 (Image under an analytic map of a C-analytic set) The image of a C-
analytic set under an analytic map is not in general a subanalytic set. Let X :=
Ukzl{(%, k)} C R2 and let o R? > R, (x, y) — x be the projection onto the first
coordinate. Then § = p(X) = Ukzl{%} C R is not subanalytic.

Indeed, suppose S is subanalytic. Then S’ := S\{0} is also subanalytic and there
exists a neighborhood U of the origin such that S’ N U is the projection of a relatively
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compact semianalytic set A C M x N where N is a real analytic manifold. By [7,
2.7] the connected components of A are finitely many. Consequently, 7(A) = SNU
has finitely many connected components, a contradiction.

6.1 Proof of Theorem 1.5

Recall first two relevant results [7, 3.12, 5.1]. Theorem 1.5 can be understood as a
kind of global version of [7, 3.12]. Following [7, 3.5] the dimension of a subanalytic
set is the highest of the dimensions of its smooth points.

Proposition 6.4 [7,3.12] Let M be a real analytic manifold andlet S C M be a closed
subanalytic set. Then each point of S admits a neighborhood U such that SNU = m(A)
where A is a closed analytic subset of U x RY for some g, dim(A) = dim(S N U)
and 1| 4 is proper (Where w : U x R? — U is the projection).

Theorem 6.5 (Uniformization Theorem, [7, 5.1]) Let X be a closed analytic subset
of M. Then there exists a real analytic manifold N (of the same dimension as X) and
a proper real analytic map p : N — M such that p(N) = X.

We are ready to prove Theorem 1.5.

Proof of Theorem 1.5 The implication (ii)) = (iii) is immediate. Let us prove (iii)
= (i). We have to show: each point of M admits a neighborhood U such that S N U
is a projection of a relatively compact semianalytic set.

LetI' s be the graph of f andletr : M x N — N be the projection onto the second
factor. Let T/ := 'yN(T xN)and C :=T"y N (CI(T) x N), which are semianalytic
subset of M x N.

6.1.1 We claim: C = CI(T").

Only the inclusion C C CI(T’) requires a comment. Pick (x, f(x)) € C and let
U x V be a neighborhood of (x, f(x)) in M x N. As f is continuous, we may
assume f(U) C V. As x € CI(T), there exists x' € T NU, so (x/, f(x)) €
(UxV)NnT'yN(T x N)). Consequently (x, f(x)) € CI(T").

6.1.2 Let us prove: The restriction map 7w|c : C — N is proper.

Indeed, I is a real analytic submanifold of M x N and it is analytically diffeo-
morphic to M via the restriction to I y of the projection p : M x N — M. Let K be
a compact subset of N and observe that

FYK)yNnCKT) = p(Tr N (CKT) x N)N (M x K))
= p(C N~ (K) = p(xlc' (K)).
As flciry : CI(T) — N is proper, f_l(K) N CI(T) is compact. As ,o|rf Tyr—>M
is an analytic diffeomorphism, |El (K) is compact. Consequently, 7 |¢ is proper.

6.1.3Lety € N and let U be an open semianalytic neighborhood of y in N such that
K := CI(U) is compact. As 7| ¢ is proper, & |El (K)iscompact. As f(T) = S, itholds
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a(T") = S,son(T' Nz~ (U)) = SNU. It only remains to prove: A := T’ Nz~ (U)
is a relatively compact semianalytic set.

As T’ is a semianalytic subset of M x N and U is a semianalytic subset of N, we
have that A is a semianalytic subset of M x N. To prove that A is relatively compact,
we only need to show that it is contained in a compact subset of M x N. Indeed,

A=T'na ') ccna'(U) =" U) C 7" (K),

which is a compact set because 7| ¢ is proper.

We prove next (i) = (ii). Let S be a subanalytic subset of N.
Step 1. Local construction. Fix xo € N and denote n := dim(N). In this step we prove:
there exist and open neighborhood U C N of xo, a compact real analytic manifold
M c R an analytic function g € O(M) and an analytic map w : M — N such
that

r{g>0na Y U)=SNU.

As S is subanalytic, there exist an open neighborhood U C N of xq, a real analytic
manifold N and a relatively compact semianalytic subset A of N x N’ such that
SNU = m1(A) where 71 : N x N’ — N is the projection onto the first factor. We
can suppose dim(S N V) = dim(S N U) for each open neighborhood V C U of xg.

6.1.4 We may assume: dim(A) = dim(S N U) and 711_1 (x0) N A is a finite set.
By [7, 3.6] there exist finitely many smooth semianalytic subsets By of A such that

e SNU =m1(A) = m1 (U B)-
e For each By the restriction 71 |p, : By — N is an immersion.

This means that there exists a relatively compact semianalytic subset B := | J; By of
N x N’ of the same dimension as S N U such that 71 (B) = SN U and nl_l(xo) NB
is a finite set. After substituting A by B, we are under the hypothesis of Sect. 6.1.4.

6.1.5 After shrinking U and using that 7~ ! (xp) N A is finite, there exists an open
neighborhood Wofnfl (x0) in N x N' and finitely analytic functions f;, gij € O(W)
suchthat A = J;_{fi =0,&1 >0, ..., gs > 0}.

6.1.6 Let h € O(W) be such that nl_l(xo) NA C {h > 0} and {h > 0} is compact.

After shrinking U we assume SN U =71 (AN {h >0} N nl_l(U)).
Now, we transform inequalities into equalities. For eachi = 1, ..., r define

Xii= {(x,y,2) e Wx R fi(x, y) =0, 2 — gi(x,y)
=0,...,22 = gs(x,») =0, 22, —h(x,y) =0,z =i}

Let X := [J!_, X;, which is a compact analytic subset of W x RS*2 (recall that
{h > 0} is compact) of the same dimension as A, so dim(X) < dim(N).Letm, : N x
N’ x R$*t2 — N x N’ be the projection onto the first two factors. Let g; := Hj: 1 8ij
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and g :=h le»zl (g,-2 + (z542 — i)?). Notice that

mX\g =0 Nmy '@ 'U)) = An{h >0 Na N (U),
m(mX\g =0} Ny (' (U))) = SN U.

By Theorem 6.5 there exists a compact real analytic manifold M (of the same dimen-
sion as X) and a proper real analytic map p : M — W such that p(M) = X.

6.1.7 By Whitney’s immersion theorem for the analytic case [32, 2.15.12] we can
embed M in RZ"t! a5 a closed analytic submanifold where n = dim(N) > dim(M).
Write g := (g')2opandn := mjomop : M — N.Wehave 7 ({g > 0}nNz~1(U)) =
SNU.

Step 2. Global construction. By Lemma 3.1 there exists a countable locally finite
open refinement {V;};>| of {U"}yen such that each V; = {h; > 0} is a open C-
semianalytic subset of N where /1; € O(N). We have seen above that for each j > 1
there exists a compact real analytic submanifold M; C R+ {j} € R***2, an
analytic function g; € O(M;) and an analytic map 7; : M; — N such that

SNV =m;({g; > 0Nz (V) =m;({g; > 0, (hj o 7)) > 0}).

Consider the real analytic manifold M = || =1 M; C R21+2 whose connected
components are all compact. Let g, h € O(M) be given by g|y;, = g; and h|y; =
hj o mj. Consider the analytic map 7 : M — N such that 7|y, = 7; and define

T :={g > 0, h > 0}, which is a basic C-semianalytic set. We have

() =n({g>0.h>0)=|Jmg >0 (hjorj)>0n=]SnV;=5s.
j>1 j=1

6.1.8 It only remain to check: 7 |cyr) : CI(T") — N is proper.

Let Ko be acompact subset of N and denote K := KoNCI(S).As S = szl SNV,
and the family V; is locally finite, C1(S) = szl CI(S N V;) and the family {CI(S N
Vi)}j=1 is locally finite. As K is compact, we may assume K NCI(SNV;) = &
for j > €. As the family {M;} ;> is locally finite and M; N My = @ if j # k, we
have CI(T) N M; = CI(T N M}). In addition, 7(T N M;) = § N V;. We claim:
7 W K)YNCAT)NM; = @ for j > €.

Suppose by contradiction that there exists x € 7~ (K) N CI(T N M ;) for some
Jj = €. Thus, as 7 is continuous and j > ¢,

7(x) e KNa(CT)NM;)=KNa(CT NM;j))
CKNClx(TNMj)=KNCI(SNV;) =2,

which is a contradiction.
As 77 1(K) C Uﬁ-_ll CI(T) N M; and each M; is compact, we conclude that

771 (K) is compact, so 7|ciry : CI(T') — N is proper, as required. m|
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