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Motivic invariants of arc-symmetric sets and
blow-Nash equivalence

Goulwen Fichou

ABSTRACT

We define invariants of the blow-Nash equivalence of Nash function germs, in a similar
way to the motivic zeta functions of Denef and Loeser. As a key ingredient, we extend the
virtual Betti numbers, which were known for real algebraic sets, to a generalized Euler
characteristic for projective constructible arc-symmetric sets. Actually we prove more: the
virtual Betti numbers are not only algebraic invariants, but also Nash invariants of arc-
symmetric sets. Our zeta functions enable one to distinguish the blow-Nash equivalence
classes of Brieskorn polynomials of two variables. We prove moreover that there are no
moduli for the blow-Nash equivalence in the case of an algebraic family with isolated
singularities.

Introduction

In the study of real analytic function germs, the choice of a good equivalence relation between germs
is a crucial topic. Whereas the topological equivalence is too coarse and the C'-equivalence too fine,
the blow-analytic equivalence, a notion introduced by T.-C. Kuo in 1985 (see [Kuo85], and [FKK9§]
for a survey) seems to behave better, especially with respect to finiteness properties. In this paper,
we will focus on a particular case of blow-analytic equivalence, called blow-Nash equivalence, for
which we add algebraicity assumptions.

Let f,g : (R%,0) — (R,0) be Nash function germs. Then f and g are said to be blow-Nash
equivalent if there exist two algebraic modifications

f 1 (Mp, 77 (0) — (R%,0) and 7y : (Mg, (0) — (R%,0),

and a Nash isomorphism ¢ : (M, 77]?1(0)) — (My,7,*(0)), that is an analytic isomorphism with
semi-algebraic graph, which respects the multiplicity of the jacobian determinants of 7; and
and which induces a homeomorphism h between neighbourhoods of 0 in R¢ such that f = g o h.
Here, by a modification 7 of f, we mean a proper birational map which is an isomorphism over
the complement of the zero locus of f and such that f o7 and jacw have simultaneously only
normal crossings. One can define such a relation on Nash sets, and Koike [K0i97, Koi00| proved
that finiteness properties hold in this setting. In the case of germs of functions, the question of
moduli is still open in general. However, in § 4, we prove that there are no moduli for a Nash family
with isolated singularities under some algebraic assumptions on the modifications. In particular, an
algebraic family of isolated singularities does not admit moduli for the blow-Nash equivalence.

A common issue for blow-analytic equivalence and blow-Nash equivalence is to prove that,

when it is the case, two given germs of real analytic functions are not equivalent. The difficulty
arises in the lack of invariants known for these relations. Up to now, just two kinds of invariants
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have been known: the Fukui invariants and the zeta functions of Koike and Parusiniski [KPO03].
With an analytic function germ f, the Fukui invariants associate the set of possible orders n of series
fory(t) =ant™+--- ,a, #0, for v: (R,0) — (R%,0) an analytic arc [Fuk97, IKK02]. There exists
also a version of the Fukui invariants related to the sign of f. Using motivic integration combined
with the construction of a computable motivic invariant for arc-symmetric sets, the virtual Betti
numbers, we introduce in this paper zeta functions Z(T') and Z*(T) of a real analytic function germ
that belong to Z[u,u !][[T]], and take into account not only the orders of the series f o~(t) but also
the geometry of the sets X,,(f) of arcs y that realize a given order n (for precise definitions, see § 3.1).
These zeta functions are similar to the motivic zeta functions of Denef and Loeser [DL01], and also
to those of Koike and Parusinski, defined using the Euler characteristic with compact supports.

We prove that our zeta functions are invariants of the blow-Nash equivalence. The proof is
directly inspired by the work of Denef and Loeser via their formulae for the zeta functions in terms
of a modification of the zero locus of the given function germ (Propositions 3.2 and 3.5). It uses the
powerful machinery of motivic integration, a theory introduced by Kontsevich in 1995 [Kon95] and
developed further by Denef and Loeser [DL98, DL99, DL01, DL02], in particular the fundamental
change of variables formula (Proposition 3.10).

In order to dispose of computable invariants, motivic integration requires computable measures,
or in other words generalized Euler characteristics. A generalized Euler characteristic is an additive
and multiplicative invariant defined on the level of the Grothendieck group of varieties. In our
setting of the blow-Nash equivalence, we need invariants of the Zariski constructible sets over real
algebraic varieties X, (f) (real algebraic variety in the sense of [BCR98]), and we ask them to be
respected by Nash isomorphisms. This leads naturally to the category of Nash varieties, and more
generally of arc-symmetric sets, a category introduced by Kurdyka [Kur88].

In § 2, we give conditions, inspired by a result of Bittner [Bit04], on an invariant defined on
connected components of compact non-singular real algebraic varieties such that it extends to an
additive invariant on the constructible category of arc-symmetric sets. Additive means that y(A) =
X(B)+ x(A\ B) for a closed inclusion B C A of arc-symmetric sets. As a fundamental example, we
prove that the Betti number by, with Zs coefficients defined on connected components A of compact
non-singular real algebraic sets by bi(A) = dim Hg(A,Zz) give such an additive invariant (8 on
arc-symmetric sets for each k € N (Corollary 2.5), called a k-virtual Betti number. We make them
multiplicative by putting B(A) = Z%SBA Br(A)uF € Z[u], called the virtual Poincaré polynomial
of A.

Let us emphasize the fact that the unique such additive invariant known up to now in the

real case is the classical Euler characteristic with compact supports, and in fact it is the unique
generalized Euler characteristic for semi-algebraic sets up to homeomorphism [Qua01].

The virtual Poincaré polynomial is not a topological invariant. It respects the dimension
(see Remark 2.11) whereas the Euler characteristic with compact supports may identify the
dimension. Note that the virtual Betti numbers have been proven recently to be additive invariants
of real algebraic varieties by McCrory and Parusinski in [MCPO03] and independently by Totaro
[Tot02]; in this paper, we extend these numbers to the more general context of arc-symmetric sets,
and we prove the invariance not only under algebraic isomorphisms but also under Nash isomor-
phisms (see Definition 2.15).

1. Arc-symmetric sets

The category of arc-symmetric sets contains the real algebraic varieties and, in some sense, this
category has a better behaviour than that of real algebraic varieties, similar to complex algebraic
varieties. For example, a closed and irreducible arc-symmetric set is connected whereas a closed and
irreducible real algebraic variety may have as many connected components as one wants!
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In this section, we introduce arc-symmetric sets, with a definition slightly different from that
of Kurdyka, and we state their basic properties in relation to closure, dimension and irreducibility.
Then, we study in more detail the non-singular arc-symmetric sets and especially the resolution of
singularities for arc-symmetric sets.

1.1 Arc-symmetric sets and closure
We fix a compactification of R”, for instance R™ C P".

DEFINITION 1.1. Let A C P™ be a semi-algebraic set. We say that A is arc-symmetric if, for every real
analytic arc v : |—1,1[ — P such that v(]—1,0[) C A, there exists ¢ > 0 such that v(]0,¢[) C A.

This definition is due to Parusinski [Par04]. Note that a closed arc-symmetric set is neces-
sarily compact. This definition differs from that of Kurdyka [Kur88], who considers only closed
arc-symmetric sets in R™. One can think of our arc-symmetric sets as being the projective con-
structible arc-symmetric sets of Kurdyka. We remark moreover that an arc-symmetric set need not
be an analytic variety (cf. [Kur88, Example 1.2]).

Example 1.2.

(i) A real algebraic variety is an arc-symmetric set. A connected component of a compact real
algebraic variety is also an arc-symmetric set.

2

(ii) The two-dimensional sheet of the Whitney umbrella of the equation zz? = 3?2 is arc-symmetric.

We remark that the arc-symmetric sets form a constructible category of semi-algebraic sets in
the sense of [Par04], denoted AS, that is:
(a) AS contains the algebraic sets;
(b) AS is stable under set-theoretic operations U, N, \;
(c) AS is stable by inverse images of AS-maps (i.e. whose graph is in AS) and by images of
injective AS-maps;
(d) each A € AS has a well-defined fundamental class with coefficients in Zs.

In particular there is a notion of closure in AS (we refer to [Par04] for a proof).

PROPOSITION 1.3. Every A € AS admits a smallest arc-symmetric set, denoted by ZAS, containing
A and closed in P".

Remark 1.4. Arc-symmetric sets are not stable under the euclidean closure. Consider for example
the regular part A of the Whitney umbrella zz? = y2. The closure of A in AS is the entire Whitney
umbrella.

We can define irreducible arc-symmetric sets in the usual way: A € AS is irreducible if the
existence of a decomposition A = B U C, with B and C' closed in A and arc-symmetric, implies
that either B C C or C' C B. We remark that an irreducible arc-symmetric set is not necessarily
connected, with our definition of arc-symmetric sets (as an example, consider a hyperbola in the
plane). Nevertheless, as proved in [Kur88|, an arc-symmetric set A admits a unique decomposition
into a finite union of irreducible arc-symmetric sets closed in A.

ProroOsITION 1.5. If A € AS is irreducible, then so is a1,

Proof. Assume that a4 can be decomposed into A —B U C with B and C' arc-symmetric and
closed in A°. Then B and C are closed and A splits into

A=ANAY = (AnB)U(ANC),
657
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with AN B and ANC arc-symmetric and closed in A. But A is irreducible so either ANB C ANC or
the reverse inclusion holds. By symmetry, one can assume that ANB C ANC'. Then A equals ANC),

so A is included in C and finally A % is equal to C' because C is arc-symmetric and closed. O

Define the dimension of an arc-symmetric set to be its dimension as a semi-algebraic set. Then,
it equals the dimension of its Zariski closure in the projective space [Kur88] (recall that we consider
real algebraic varieties in the sense of [BCR98]) and therefore

dim A = dim 4™° = dim 47
for A € AS. The following result relates the dimension of an arc-symmetric set to the dimension

of its arc-symmetric closure. It will be useful in the sequel when dealing with proofs by induction,
e.g. for Theorems 2.3 and 2.16.

—AS = ¢ . . —TAS .
PROPOSITION 1.6. Let A€ AS. Then A”~ = AUA\ A . In particular dim A \ A < dim A.

Proof. Note that, as a union of arc-symmetric sets, F = AU A\ A is arc-symmetric. Moreover
F' can be decomposed into

F=AU@\ AU (TN 2") =A0T A",

and thus F' is closed. So the inclusion ZAS C F holds.

— — — = AS _ —
Moreover A is included in A7° because A°° is closed. Thus A \A C AAS, and so F ¢ A7,
Consequently F' = a1, O

We can adapt Proposition 1.5 of [Kur99] to our definition of arc-symmetric sets. It is another
example of the good behaviour of irreducible arc-symmetric sets.

PROPOSITION 1.7. Let A € AS be irreducible, and B C A be a closed arc-symmetric subset of A
of the same dimension. Then B = A.

Proof. A can be decomposed into the union of two arc-symmetric sets closed in A as follows:
A=BU(A\ B n A). Then, by irreducibility of A, either B C A\ BYnAor A \ BYnAcB.

——AS
In the second case B is equal to A, and in the first one B is included in (A4 \ B* )\ (A\ B).
But this cannot happen, for the dimension of this arc-symmetric set is strictly less than dim B by
Proposition 1.6. U

1.2 Nonsingular arc-symmetric sets

Let us define a non-singular arc-symmetric set with relation to its Zariski closure in the projective
space.

DEFINITION 1.8. An arc-symmetric set A is non-singular if AN Sing(AZ) = 0.

LeMMA 1.9 [Kur99]. A non-singular and connected arc-symmetric set is irreducible.

Let us state a definition of an isomorphism between arc-symmetric sets.

DEFINITION 1.10. Let A, B € AS. Then A is isomorphic to B if and only if there exist Zariski open

subsets U and V in A~ and B~ containing A and B respectively, and an algebraic isomorphism
¢ : U — V such that ¢(A) = B.
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Remark 1.11. At this point, we are only interested in the algebraic point of view, because we have in
mind to study algebraic singularities of arc-symmetric sets, and to use Hironaka’s desingularization
theorem. In § 2.2 we will give another definition of an isomorphism between arc-symmetric sets (see
Definition 2.15).

PROPOSITION 1.12. Let A € AS be compact and non-singular. Then A is isomorphic to a union of
connected components of some compact non-singular real algebraic variety.

Proof. Let X = a7 be the Zariski closure of A in the projective space, and let x : X — Xbea
resolution of the singularities of X. We remark that the three spaces A, X and X have the same
dimension and that A is isomorphic to the subset 7 1(A) = A of X because A C Reg(X) and
Reg(X) is a Zariski open subset of X isomorphic to 7~ (Reg(X)) C X.

Now, denote by X = Uier Ci the decomposition of X into connected components. Each Cj,
1 € I, is a connected and non-singular arc-symmetric set of dimension dim X, hence irreducible by
Lemma 1.9. Therefore A N Ci, whose dimension equals dim C; by the non-singularity of A is either
equal to C; or empty because of Proposition 1.7, and so A is a union of connected components of
X as claimed. O

1.3 Arc-symmetric sets and resolution of singularities
The following proposition is an adaptation of Theorem 2.6 of [Kur88] to our definition of arc-
symmetric sets. It asserts that, up to desingularization, we can think of an irreducible arc-symmetric
set as being a connected component of a real algebraic variety.

PROPOSITION 1.13. Let A € AS be irreducible. Let X be a compact real algebraic variety containing
A with dim X = dim A, and 7 : X — X a resolution of singularities for X (cf. [Hir64]). Then,
there exists a unique connected component A of X such that w(A) = Reg(A).

Proof. Let Ay be an irreducible arc-symmetric component of dimension Ac/iimA of 771(A). Such
an Ag exists because the dimensions of 77 !(A4) and A coincide. Then Ay is contained in some
connected component Aof X. Actually AZOA‘S is irreducible (because so is Z{VO, cf. Proposition 1.5) and
closed, and therefore it is connected by Proposition 1.12. Now AZOAS is included in some connected
component of X , and is equal to this component by Proposition 1.7. We can put A= AZOAS. Note
moreover that the euclidean closure AVO of AVO also equals A by the non-singularity of A.

Let us prove that the announced equality W(AV) = m holds. In fact, it suffices to prove that

AS ~
dim 7r(A) \7(A4) < dim A,
which will be done in the next lemma.

—AS _
This is sufficient for the following reasons. Note first that w(A) is included in A1 because

w(ﬁ) = n(Ay) C 77(213) cAc AN

Then, on the one hand, 7T(A) is equal to a by Proposition 1.7, so dim A \ m(A) < dim A.
Now Reg(A) N (AAS \ 7(A)) is an open subset of A A% of dimension strictly less than dim A, so
Reg(A) N (ZAS \ 7(A)) = . This implies the inclusion Reg(A) C m(A).

On the other hand, if E denotes the exceptional divisor of the resolution, then W(AV\ E) is

included in Reg(ZAS). However Reg(ZAS) is included in Reg(A) because dim e \ A < dim A by
Proposition 1.6.

Thus the inclusions (A \ E) C Reg(A) C w(A) hold and give the conclusion by taking the
closure. O
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LEMMA 1.14. Let A and A be as in the proof of Proposition 1.13. Then

dimw(4)  \7(4) < dim A.

Proof. Let us prove that the inclusion mw(A) C 7(A4) U (E)A‘S holds. Denote by F' the set

S
m(A)Un(E) . We remark that if F is closed and arc-symmetric, the lemma is proved.

As 7 is proper, w(A) is closed and so is F. Now, let v : |—€, e[ — P" be a real analytic arc such
that inty~1(F) # 0. Then

(a) either int fy_l(mAS) # () and y(]—e¢,€]) C WAS

(b) or inty~(x(A) \ 7(B)") # 0.

In the latter case, there exists a unique analytic arc 5 : |—¢,¢[ — P™ such that m o7 = 7.
One has inty '(A) # 0, and therefore j(J—e,€[) C A because A is arc-symmetric. Finally
v(J—€,€]) C m(A) C F, and thus F is arc-symmetric. O

Remark 1.15. Denote by D the singular locus of X and by E the exceptional divisor of the resolution
of Proposition 1.13. Then 7 : A \E — e \ D is an isomorphism of arc-symmetric sets (restriction
of an algebraic isomorphism). If we add the assumption that A is non-singular, then the conclusion of
Proposition 1.13 becomes simply m(A) = A. Moreover 7 : A\ (A\ 7 (A)) — A is an isomorphism

between arc-symmetric sets, and A is close to A is the sense that dim A\ 771(4) < dim A.

Actually, it is easy to prove that the symmetric difference of A and w(g) consists of a semi-
algebraic set of dimension strictly less than dim A. More precisely, we have the following proposition.

PROPOSITION 1.16. Let A and A be as in Proposition 1.13. Then
A\ (r(A) N A) = {z € Sing(A); dim, A < dim A},
r(A)\ (AN7(A) = {z € 2%\ 4; dim, A*° = dim A}.
Let us finish this section by stating the particular case of the ‘blowing-up’ of a real algebraic
variety along a closed non-singular arc-symmetric set. By virtue of Proposition 1.12, it is just the
blowing-up of a non-singular real algebraic variety along a non-singular centre.

PROPOSITION 1.17. Let Y C X be compact non-singular algebraic varieties such that dimY <
dim X, and let A C X be a connected component of X. Denote by m : X — X the blowing-up of
X along Y. Then 7 is surjective and 7~ !(A) is a connected component of X.

2. Virtual Betti numbers

In the theory of motivic integration, generalized Euler characteristics play the role of a measure for
certain subsets of the arc space of a variety. In § 2.1, we give a new example of such a generalized
Euler characteristic of arc-symmetric sets, constructed from the Betti numbers of compact non-
singular arc-symmetric sets.

This example, called the virtual Poincaré polynomial, was already known for real algebraic
varieties; it has been introduced independently by McCrory and Parusinski [MCPO03] and by Totaro
[Tot02]. Here we define the virtual Poincaré polynomial for the larger category of arc-symmetric
sets. The way to perform this is, following an idea of Bittner [Bit04], to extend an invariant of
the compact non-singular arc-symmetric sets to the whole category of arc-symmetric sets. The key
ingredients are the resolution of singularities, which enables us to define the invariant for all arc-
symmetric sets, and the weak factorization theorem, which simplifies the proof of the independence
of the choices we have to make.
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Moreover we prove, in § 2.2, that the virtual Betti numbers are invariants of the arc-symmetric
sets not only under algebraic isomorphisms, but also under Nash isomorphisms. This result will
be useful when studying the blow-Nash equivalence of germs of real analytic functions in the next
section.

2.1 Generalized Euler characteristics of arc-symmetric sets
DEFINITION 2.1. An additive map on AS with values in an abelian group is a map x defined on
AS such that
(i) for arc-symmetric sets A and B that are isomorphic, y(A) = x(B),
(ii) for a closed arc-symmetric subset B of A, x(A) = x(B) + x(A\ B).

If moreover x takes values in a commutative ring and satisfies x(A x B) = x(A4) - x(B) for
arc-symmetric sets A and B, then we say that y is a generalized Euler characteristic on AS.
Remark 2.2.

(i) One can construct a universal generalized Euler characteristic with values in the Grothendieck
ring of arc-symmetric sets [DLO1]. But this ring is rather complicated, and we are interested
in more computable invariants.

(ii) The Euler characteristic with compact supports is a generalized Euler characteristic on AS,
and maybe the simplest one. In fact, it is unique if we consider just semi-algebraic sets, with
isomorphisms replaced by homeomorphisms [Qua01]. However, for complex algebraic varieties,
a lot of such generalized Euler characteristics exist, for example deduced from mixed Hodge
structures [DLO1, Loo02].

The following theorem gives sufficiently good conditions, on an invariant y over the closed
(i.e. compact) and non-singular arc-symmetric sets, such that x extends to an additive map on
AS. We state the theorem in terms of connected components of real algebraic varieties thanks
to Proposition 1.12. The method is inspired by that of Bittner [Bit04], who proves the result for
algebraic varieties over a field of characteristic zero.

THEOREM 2.3. Let x be a map defined on connected components of compact non-singular real
algebraic varieties with values in an abelian group and such that:

(P1) x(@) =0;
(P2) if A and B are connected components of compact non-singular real algebraic varieties that
are isomorphic as arc-symmetric sets, then x(A) = x(B);

(P3) with the notations and assumptions of Proposition 1.17,
X(r7HA) = x(mH(A) N (ANY)) = x(A4) = x(ANY).
Then x extends uniquely to an additive map defined on AS.

Remark 2.4. Property (P3) of Theorem 2.3 is a kind of additivity property for non-singular
arc-symmetric sets.

Before giving the proof of the theorem after Remark 2.11, let us state some consequences. First,
this result enables us to give another example of such an additive map by considering the homology
with coefficients in Zs. For ¢ € N, denote by b; the ith Betti number with coefficients in Zs, defined
COROLLARY 2.5. There exist additive maps on AS with values in Z, denoted 3; and called virtual
Betti numbers, such that (3; coincides with the classical Betti number b; on the connected components
of compact non-singular real algebraic varieties.
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Remark 2.6. McCrory and Parusiriski [MCPO03] have proven the same result for real algebraic
varieties. In particular, they have defined the virtual Betti numbers of real algebraic varieties.
The proof below is inspired by their arguments.

Proof of Corollary 2.5. We adopt the notations of property (P3) of Theorem 2.3. One checks in a
similar way to [MCPO03] that there exist exact sequences of the form

0 — Him Y A)nam Y ANY)) — H(ANY)® Hy(n Y(A)) — H;(A) — 0,
where the homology is considered with coefficients in Zo. Therefore
bi(r N (A) —bi(r N (A N7 (ANY)) = bi(A) —bi(ANY),
and we can apply Theorem 2.3. O

It turns out to be easy to adapt Theorem 2.3 in order to obtain not only additive maps but also
generalized Euler characteristics.

THEOREM 2.7. Let x be as in Theorem 2.3. Assume moreover that x takes values in a commutative
ring, and that for connected components of compact non-singular real algebraic varieties A and B,
the relation x(A x B) = x(A)x(B) holds. Then the unique extension of x on AS of Theorem 2.3 is
a generalized Euler characteristic.

The proof of this theorem is given at the end of this subsection. The following corollary is an
immediate consequence of the Kiinneth formula.

COROLLARY 2.8. Let (3 be defined by $(A) = zfi:rgA (A)u! for A € AS. Then f3 is a generalized
Euler characteristic on AS, called the virtual Poincaré polynomial.

Remark 2.9.

(i) The name ‘virtual Poincaré polynomial’ is inspired by [Ful93], where Fulton studies such
a virtual Poincaré polynomial for complex algebraic varieties. It is related to the weighted
characteristic associated with mixed Hodge structures.

(ii) By uniqueness in Theorem 2.7, one recovers the Euler characteristic with compact supports
by evaluating 8 at u = —1.

(iii) The virtual Poincaré polynomial is not a topological invariant [MCPO03].
Ezample 2.10.

(i) If P* denotes the real projective space of dimension k, which is non-singular and compact, then
B(P*) = 1 4+ u + --- + u*. Now, compactify the affine line A}, in P! by adding one point at
infinity. By additivity 8(AL) = B(P!) — B(point) = u, and so B(AL) = u*.

(ii) Let W be the Whitney umbrella, and L be the line included in W. Then the additivity property
implies B(W) = (W \ L)+ B(L). Moreover W'\ L is isomorphic, via the blowing-up of W along
L, to the strict transform of W minus a parabola P. Therefore S(W \ L) = B(A}, x P)—((P) =
(B(A%) — 1)B(P) = (u — 1)u. Finally (W) = u?.

Remark 2.11. The virtual Poincaré polynomial satisfies dim(A) = deg(5(A)) for an arc-symmetric
set A. In particular, it respects the dimension.

Proof of Theorem 2.3. We prove Theorem 2.3 by induction on the dimension; the rank-n inductive
hypothesis claims that y is defined on arc-symmetric sets of dimension less than or equal to n, is
invariant under isomorphisms between arc-symmetric sets, and is additive.

For n = 0 the arc-symmetric sets are just finite unions of points and the result is clearly true.
Assume that the inductive hypothesis is true at rank n — 1. We prove the result at rank n in two
steps:
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(1) If x is an additive map on the non-singular elements of AS of dimension less than or equal to
n, then y extends to an additive map on all arc-symmetric sets of dimension less than or equal
to n.

(2) If x satisfies properties (P1), (P2) and (P3), then x extends to an additive map on the
non-singular elements of AS of dimension less than or equal to n.

Step 1. Let A € AS of dimension n. There exists a stratification p- Uges S of A% with
non-singular algebraic strata, i.e. A% s a disjoint union of locally closed algebraic varieties (note
in particular that we do not ask the strata to be connected). Then S N A, for each S € S, is a
non-singular arc-symmetric set, and thus x (SN A) is defined. Put x(A4) = > g.gx(SNA). One has
to check that x(A) is well-defined and satisfies the additivity property.

We show first that x(A) is equal to Y g.gXx(S M A) in the case where A is non-singular, by
induction on the number of elements in S. Indeed, take Ny € S; then

X(A) =x(A\ (ANNy)) + x(ANNy) and x(A\(ANNg)= > x(SNA)
SeS\{No}
by induction, so the result follows.

. . . —Z
Now, if &1 and Sy are two stratifications of A™, one can find a common refinement S of &3
and Sy. The independence in the non-singular case implies that

S snA) =Y x50 4) = 3 x(5n4A),
Ses SeS SeSs
and thus y does not depend on the choice of the stratification.
Let us show finally that y is additive. Take A, B € AS, with B C A, of dimension less than or

— — ——=z
equal to n. One can choose a stratification (Jgcg S of A7 such that B> and A \ B are unions of
strata. Then

D ox(SNB)+ Y X(SN(A\B)) =Y (x(SNB)+x(SN(A\ B))),
SeS SeS SeS
and x(SN(A\ B))+ x(SNB) = x(SN A) because the strata are non-singular, so x is additive.

Step 2. The second step constitutes the heart of the work. Define y over the non-singular arc-
symmetric sets of dimension n in the following way.

(D1) If A = ;s Ai denotes the decomposition of A into irreducible components, put x(A4) =
Zie[ X (4i).

(D2) If A € AS is non-singular and irreducible, then define y(A) by x(A) = x(A) — x(A \
771(A)), where A is the connected component of a resolution of singularities 7 of a° given by
Remark 1.15.

We have to prove that y is well-defined, invariant under isomorphisms, and additive over the

non-singular elements of AS.

The following lemma will be useful in the sequel.

LEMMA 2.12. Let A and B in AS be non-singular, irreducible and isomorphic. Suppose that A7 and

B are non-singular, and denote by Ac A% and B ¢ B® the connected components containing A
and B respectively. Then

X(A) = x(A\ 4) = x(B) = x(B\ B).

Proof. By definition of an isomorphism between arc-symmetric sets, we know that A7 and B”
are birationally equivalent, and the weak factorization theorem [AKMWO02, Wlo03] factors this
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birational isomorphism into a succession of blowmgs up and blowings-down. In particular, we can

assume that the birational isomorphism between A% and B” is just a blowing-up 7 : Py
along a non-singular variety C' such that C N B = (). Note that 7T_1(§) = A by Proposition 1.17.
Now x(B\ B) = x(BNC)+x(B\ (BUC)) by the additivity inductive hypothesis because dim B\ B
is strictly less than dim B by Proposition 1.6. Moreover

X(B) =X(BNC) = x(A) = x(An7}(C)) and x(B\(BUC))=x(A\ (Aur(C)))

by property (P3), and the inductive hypothesis about invariance under isomorphisms respectively.
Therefore

X(B) = x(B\ B) = x(4) = x(An710)) = x(A\ (AU H(())),
which is equal to x(A) — x(A \ A) by the additivity inductive hypothesis. O

Now we return to step 2 of the proof of Theorem 2.3. Let us check that the definition of y, for
the non-singular and irreducible arc-symmetric sets of dimension n, does not depend on the choice
of the resolution of singularities of Remark 1.15.

Let A € AS be non-singular and irreducible, and let 7; : 3(7 — ZZ, for i € {1,2}, be resolutions
of singularities ofgz. Let;ﬁ; be the connected components of )72 given by Proposition 1.13. One has
to show that: x(A1) — x(A1 \ 77 '(4)) = x(42) — x(42 \ m, ' (A)).

But 7 1(A) and Ty 1(A) are isomorphic irreducible non-singular arc-symmetric sets because
is an isomorphism on a Zariski open subset of X; containing ;" Y(A), for i € {1,2}. Therefore
Lemma 2.12 applies and x is well-defined.

Now let us show that x is invariant under isomorphisms between arc-symmetric sets. The proof
is very similar to the last one. Let A and B in AS be non-singular, irreducible and isomorphic.

Then there exist Zariski open subsets U and V in A% and B” respectively, and an algebraic
isomorphism ¢ : U — V such that ¢(A) = B. Choose resolutions of singularities

7rA:)~(—>ZZ and WB:}N/—>§Z
for A7 and B respectively. Then 7,1 (A) and 75" (B) are isomorphic as arc-symmetric sets, and
then by Lemma 2.12: x (7' (A)) = x(75"(B)).
Moreover x(7;'(A)) equals y(A) because both are equal to Y(A) = x(A4\ 71 (A)), where A

is the connected component of X given by Proposition 1.13. In the same way y(75'(B)) is equal
to x(B), hence the equalities x(A) = x (7' (A)) = x(75"(B)) = x(B) hold.

In the case where A and B are not irreducible, it suffices to decompose A and B into irreducible
components, and to apply the property (D1) because an isomorphism between arc-symmetric sets
respects the irreducible components.

Finally, let us check that y is additive. Let B C A be an inclusion of non-singular arc-symmetric
sets. Note that, by definition of x, we need to prove the result only in the case where A is irreducible.
If A and B have the same dimension, then B =A% by Proposition 1.7, and so BY = 4%

Now choose a resolution of singularities 7 : X — A% for A7, 1f A denotes the connected component
of X given by Proposition 1.13 for A, then it is also the component associated to B, and therefore

X(B) = x(4) = x(A\ 7~ (B)).

Now x(A\ 77 YB)) = x(A\ 7 1(A)) + x(7L(A) \ 7~1(B)) by the inductive hypothesis on
additivity. As a consequence x(B) equals x(A) — x(A4\ B) because x (7~ 1(A)\ 7= 1(B)) is equal to
X(A\ B) by the invariance under isomorphisms in dimension smaller that n.

If dim B < dim A, choose a resolution of singularities 7 : X — A7 for A%, Tt is also a resolution
of singularities of A\—BZ = A7 and so Y(A\ B) equals the difference x(A) — x(A\ 7=1(4\ B)).
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Now

X(A\7HAN B)) = x((A\ 771 (A)) UnH(B)) = x(A\ 771 (A4)) + x(7~(B))
by the inductive assumption, and once more by the inductive assumption y(7—1(B)) is equal
to x(B). Finally x(A \ B) = x(A4) — x(B), which completes the proof of step 2, and thus the
proof of Theorem 2.3. ]

As was the case for the previous proof, we are going to prove Theorem 2.7 by induction on the
dimension. The following relations will be useful:

(1) X(Ule Ap) = Zle X(A4;), where the union of the arc-symmetric sets A;,7 = 1, ..., k, is disjoint;
and

(2) x(4) = Z((/A() — x(A\ A), where A is a non-singular arc-symmetric set whose arc-symmetric
closure A is non-singular.

Proof of Theorem 2.7. Assume, as an inductive hypothesis at rank n, that y is multiplicative for
all arc-symmetric sets of dimension strictly less than or equal to n.

We remark that we can restrict our attention to the non-singular case because, by considering
stratifications of arc-symmetric sets with non-singular strata, we prove the multiplicativity directly
with formula (1) above.

Assume therefore that A and B are non-singular arc-symmetric sets of dimension less than or
equal to n; suppose that dim A = n for instance.

In the case where A is compact, the result follows from another induction, which is finite, on

the dimension of B: indeed, resolving the singularities of EZ one can assume that B C B , where
B is the non-singular_arc-symmetric closure of B. Then, by formula (2), x(A x B) is equal to

X(4 x B) — x(A4 x (B \ B)). However, x(A x B) = y(A)x(B), for they are compact and non-
singular, and x(A x (B\ B)) = x(4)x(B\ B), as we can see by stratifying B\ B with non-singular
strata and using the inductive assumption of the second induction, because dim B \ B < dim B by
Proposition 1.6. Consequently

X(A x B) = X(A)(x(B) = x(B\ B)) = x(A)x(B).

If A is no longer compact, then compactify A and B in Aand B respectively, and assume that E, B
are non-singular, even if it means resolving singularities, as before.

Then, by additivity, (4 x B) = x(A x B) — x((A\ A) x B) + x((A\ A) x (B\ B)).

The multiplicativity of the first two terms comes from the preceding case (for the second term,
stratify the possibly singular set ,2[\ A), and the multiplicativity of the third is obtained by the
inductive assumption for max(dimg \ A4,dim B\ B) < n by Proposition 1.6. Therefore x(A x B) =
Y(A)X(B) = x(A\ A)x(B) + x(A\ A)x(B\ B) = x(A)x(B), and Theorem 2.7 is proved. O

2.2 Virtual Betti numbers and Nash isomorphisms

The definition of an isomorphism between arc-symmetric sets, which we gave in § 1, is algebraic,
via birational morphisms. But arc-symmetric sets are also closely related to analytic objects. As an
example, the following proposition emphasizes the good behaviour of the virtual Poincaré polyno-
mial # with respect to the compact algebraic varieties that are non-singular as analytic varieties.
Recall that by b;(X) we denote the ith Betti number of X with coefficients in Zso, and let us put

B(X) = 20X by (X)ui

PrRoPOSITION 2.13. Let X be a compact algebraic variety that is non-singular as an analytic space.
Then the virtual Poincaré polynomial 3 evaluated at X is equal to b(X).
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Proof. One can desingularize the algebraic singularities of X by a sequence of blowings-up with
smooth centres [BM97, Hir64]. At each step of the desingularization, one has the following relations,
where Bl X designates the blowing-up of X along the non-singular subvariety C, and F is the
exceptional divisor: S(BlcX) — B(E) = (X)) — B(C), because the blowing-up is birational, and
b(BlcX) — b(E) = b(X) — b(C), because X and C' are smooth and the blowing-up is a degree-one
morphism (cf. Corollary 2.5).

We remark that G(E) and B(C) are equal to b(E) and b(C) respectively by definition of 3,
because F and C are non-singular and compact arc-symmetric sets. The same is true for X , the
desingularization of X. Then 3(X) and b(X) can be expressed by the same formulae in terms of
0 for the former, and b for the latter, where the spaces involved are non-singular and compact.
Therefore, for each of these spaces, § and b coincide, and then 3(X) is equal to b(X). O

Remark 2.14.

(i) Note that a real algebraic variety that is non-singular as an analytic space is not necessarily
non-singular as an algebraic variety (cf. [BCR98, Example 3.3.12.b]).

(ii) We will see in the proof of Theorem 2.16 that the assumption ‘X is an algebraic variety’ can
be replaced by the weaker ‘X is a semi-algebraic set’.

In order to relate the analytic aspect of arc-symmetric sets to the behaviour of the virtual
Poincaré polynomial (3, we propose the following definition of a Nash isomorphism between
arc-symmetric sets.

DEFINITION 2.15. Let A, B € AS. Assume that there exist compact analytic varieties Vq, V5 con-
taining A, B respectively, and also an analytic isomorphism ¢ from V; to V5 such that ¢(A) = B.
If moreover one can choose V7, V5 to be semi-algebraic sets and ¢ to be a semi-algebraic map, then
we say that A and B are Nash isomorphic.

THEOREM 2.16. Nash isomorphic arc-symmetric sets have the same value under the virtual Poincaré
polynomial.

Proof. Once more, we are going to prove the result by induction on the dimension. As a first step,
let us generalize the result of Proposition 2.13.

Step 1. Let A be a compact arc-symmetric set that is also a non-singular analytic subspace of the
Zariski closure X of A. Then 3(A) is equal to b(A).

In order to prove this claim, one would want to apply the same method as in the proof of
Proposition 2.13. But, if C' is a smooth centre of blowing-up for X, it is not true in general that
C N A is still non-singular, so the equality 3(C N A) = b(C N A) no longer holds. In order to
solve this problem, consider the algebraic normalization X of X. There exists A C X the analytic
normalization of A (see [Loj91]), which is analytically isomorphic to A because A is non-singular as

an analytic space. Then b(A) is equal to b(A) because b is invariant under homeomorphisms.

Moreover (3(A) is equal to ﬂ(ﬁ); in fact, the algebraic normalization is a birational map; hence
it is an algebraic isomorphism outside compact subvarieties £ and D of X and X respectively, of
dimension strictly less than dim X = dim A. Thus 3(A \ E) is equal to (A \ D) by Corollary 2.5,
and the algebraic normalization, restricted to AN E, is an analytic isomorphism onto A N D, so
B(ANE) is equal to 3(AN D) by the inductive assumption.

Note that X is locally analytically irreducible as a normal space, and therefore A is a union of
connected components of X. Now it is true that C'N A is non-singular when C' is non-singular, and
the method of the proof of Proposition 2.13 applies; therefore (3 (/T) is equal to b(/T) It follows that

B(A) = B(A) = b(A) = b(A), and then step 1 is completed.
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Step 2. Let A1 and A be Nash isomorphic arc-symmetric sets. Let us prove the theorem in the
particular case where A; and A, are non-singular arc-symmetric sets and moreover, with the
assumptions of the definition of a Nash isomorphism, the compact analytic varieties V7 and V5
are supposed to be smooth as analytic spaces.

AS ——AS . .
). We remark that A" is a union of connected com-

(i) First we show that B(A_QAS) = B(A;
ponents of Vo by Proposition 1.7. Thus A_QAS is also non-singular as an analytic variety and
p (A_zAS) is equal to b(A_gAS) by step 1.

Moreover A_QAS is isomorphic to A_lAS by ¢. Indeed, qﬁ_l(A_gAS) is a closed arc-symmetric set
because ¢ has an arc-symmetric graph and ¢ is continuous, and it contains Aj, so A_lAS C
gb‘l(A_QAS). The reverse inclusion comes from the fact that the image of an arc-symmetric
set by an injective map with arc-symmetric graph is still an arc-symmetric set (recall that
AS forms a constructible category, cf. § 1). Consequently, A_lAS is non-singular as an analytic
variety because so is Asy S and ¢ is an analytic isomorphism; hence 3 (A_lAS) equals b(A_lAS)
by step 1.

We remark also that b(A_gAS) is equal to b(A_lAS) because ¢ is a homeomorphism between
these two smooth compact topological varieties.

These equalities imply that /B(A_QAS) equals (A_lAS).

(ii) Then, we remark that B(A_lAS \ A7) is equal to B(A_QAS \ As). Indeed this follows from the

inductive hypothesis, for A_lAS \ 4; and A_gAS \ Ay are Nash isomorphic arc-symmetric sets of
dimension strictly less than dim As.

(iii) Finally (A1) is equal to 5(Asz). Actually f(A;1) = B(A_lAS) - ﬁ(A_lAS \ A1) and [(Ag) =
ﬁ(A_QAS) - ﬁ(A_QAS \ A3), and we have proved that the second members are equal, so 3(A;)
equals 3(A3) by additivity of the virtual Poincaré polynomial §.

Step 3. Reduction of the problem to step 2. Let A; and A, be Nash isomorphic arc-symmetric sets.
By definition of a Nash isomorphism, there exist compact analytic varieties V7 and V5 containing A
and B respectively, and an analytic isomorphism ¢ : V; — V5 such that ¢(A;) = Ag, and moreover
V1 and V5 are semi-algebraic sets and ¢ is a semi-algebraic map.

Denote by X7 and Xy the Zariski closures of V7 and V5 respectively.

As a first step, we are going to obtain a regular morphism rather than a semi-algebraic map
between 1V} and Va. Denote by I' the graph of ¢. This graph is semi-algebraic and analytic, thus arc-
symmetric. Then the projection p; from Z = TZ onto X;, for i € {1,2}, is a regular morphism whose
restriction to I' is an analytic isomorphism onto V;. Moreover, the preimages by these restrictions of
Aj and A, coincide, so one can put B = p~!(A), where A=A, CV; =V C X; = X fori € {1,2}
and p: Z — X denotes the natural projection. Therefore B is an arc-symmetric set that is Nash
isomorphic to A, and the issue is now to prove that §(B) equals 3(A).

In order to do this, we want to come down to non-singular objects.

Desingularize X by a sequence of blowings-up with respect to coherent algebraic sheaves of ideals
(this is possible by [BM97, Hir64]). By blowing-up Z with respect to the corresponding inverse image
ideal sheaves with respect to p, at each step one has a regular morphism which lifts the projection
p: Z — X to the corresponding blowing-up by the universal property of algebraic blowing-up.
Let mx : X — X denote a resolution of singularities of X and 7z : Z — Z the corresponding
composition of blowings-up of Z. If p denotes the morphism obtained between Z and X by the
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universal property, one has the diagram

D~
%X

Z
le lwx
Z

— X

which is commutative. Moreover p restricted to the analytic strict transform [ of T is an analytic
isomorphism onto the strict transform V of V because so is p between I'" and V' (here we consider
the blowing-up as an analytic one).

Now we reduce the problem to the case where A and B are non-singular by the inductive
hypothesis. In fact, the singular parts of A and B are not necessarily exchanged by pr, but

Sing(A) Up‘_Fl(Sing(B)) and  Sing(B) U pr(Sing(A))

are exchanged by pr and its inverse, and thus are Nash isomorphic. Moreover the dimension of
these arc-symmetric sets is strictly less than dim A = dim B, so they have the same image by 3 due
to the inductive hypothesis. Let us denote by A’ and B’ the respective complements of these sets
in A and B. Now A’ and B’ are non-singular.

As A’ is non-singular, it is isomorphic to its preimage in the desingularization X of X , in the sense
of Definition 1.10. Consequently B’ is also isomorphic to its preimage in I' by commutativity of the
diagram. As a consequence 3(A’) and B(B’) are equal to (7~ 1(A")) and B(7~!(B’)) respectively,
and we have reduced the problem to step 2. The proof of Theorem 2.16 is complete. ]

3. Zeta functions

The zeta functions of a real analytic function germ, which we consider in this section, are directly
inspired by the work of Denef and Loeser [DLO01] on their motivic zeta functions. In particular,
our zeta functions are defined by considering the image, under the virtual Poincaré polynomial, of
certain constructible real algebraic subsets of the arc space of an affine space.

In the case where the function germ is Nash (that is, semi-algebraic and analytic), we connect
these zeta functions with the blow-analytic equivalence in § 4.

In this section, after the definition and some examples of zeta functions, we focus on the Denef
and Loeser formulae. These formulae enable one to compute the zeta functions in terms of a mod-
ification of the Nash function germ we consider. It gives some possibilities to compute these zeta
functions more easily, and it is also a key ingredient for the application to blow-Nash equivalence
in § 4.

Note that we state also a Thom—Sebastiani formula for analytic germs of the same sign, but we
do not obtain such a formula in the general case.

3.1 Zeta functions and the Denef and Loeser formula

We first define the zeta functions for a germ of real analytic functions. Then we give a formula to
compute these zeta functions in terms of a modification in the case when the germ is Nash.

Denote by £ the space of arcs at the origin 0 € R?, defined by
L£=L(R%0)={y:(R,0) — (R%0) : vy formal},
and by L,, the space of arcs truncated at the order n + 1,
Ln=Ly(RE0)={y € L:y(t) =at +ast® + - + ant™, a; € R},
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for n > 0 an integer. Let 7, : L — L, and m,; : £, — L;, with n > 4, be the truncation
morphisms.

Consider f: (R% 0) — (R,0) a real analytic function germ. We define the naive zeta function
Z¢(T) of f as the following element of Z[u,u™1][[T]]:

Zp(T) = B(X)u T,
n>1
where
Xp={vel,:ord(foy)=n}t={yeLl,: foyt)=0b"+---,b#0}.
Similarly, we define zeta functions with sign, by
Z5(0) = 3 BT and 75 (T) = 3 A )u T,
n>1 n>1

where
XF={yeLly:foy(t)=+t"+ -} and X, ={yE€Ly:foy(t)=—t"+--}.

We remark that A, and Xﬁc, for n > 1, are Zariski constructible subsets of R™, and hence
belong to AS.

Ezample 3.1. Let f: (R,0) — (R,0) be defined by f(z) = ¥, k > 1. Then

v {7 = amt™ + -+ + apt™; apm # 0} = R* X R™™™ if n = mk,
"o otherwise.

Therefore 5(X,) = (u — 1)u™"™ if n = mk and 0 otherwise hence

mk k
260 = 3 (- vt (D)7 — ey Lo

m>1 u
To compute the zeta functions with sign, we have to consider the cases k = 2p and k = 2p + 1.
If k = 2p, then X, = and
b JIy=FET e ant™s ag # 0}~ {E1} xR if = mh,
) otherwise,
SO
T\™* T*
ZHT) =) 2™ (=) =2——.
7 (1) m,2>:1 " <u> u—TFk
If Kk =2p+1, then
Yt {{’y:j:tm+---+ant”; am # 0} ~ {£1} x R"™™ if n = mk,

n .
0 otherwise,

and thus
T\ T*
+ = _ mk—m _
ZHT)=2Z;(T)=> u (E) = —
m2>=1

It may be convenient to express the zeta functions of a germ f in terms of a modification of f, that
is a proper birational map, which is an isomorphism over the complement of the zero locus of f, and
such that f, being composed with the modification, becomes a function with only normal crossings.
Similarly to [DL99], the following proposition, called the Denef and Loeser formula, enables one to
do this in the case where the germ is Nash.
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PROPOSITION 3.2 (Denef and Loeser formula). Let f : (R% 0) — (R,0) be a Nash function germ.
Let o : (M,071(0)) — (R%,0) be a modification of R? such that foo and the jacobian determinant
jaco have only normal crossings simultaneously, and assume moreover that ¢ is an isomorphism
over the complement of the zero locus of f.

Let (f oo)~1(0) = Ujes Ej be the decomposition into irreducible components of (f o o)~1(0),
and assume that o~ 1(0) = Uy Ex for some K C J.

Put N; = multg, f o 0 and v; = 1 4 multg, jaco, and for I C J denote by E? the set
(Mier Ei) \ (U]GJ\I j)- Then

1] 2 70 1 u TN
Zi(T)=> (u—-1)"BE e 0) ][] FR—

170 icl

Remark 3.3. We have to assume that f is Nash, and not only analytic, in order for the sets E? to
be arc-symmetric.

Ezample 3.4. Let f;, : (R%,0) — (R,0) be defined by fi(z,y) = ¥ + ¢*, k = 2. The blowing-up
at the origin gives a suitable modification o for f. Here (f o)~ (0) consists of just the exceptional
divisor P! in the case k even, and furthermore, in the case k odd, of the strict transform of f which
is a smooth curve crossing transversally the exceptional divisor. Then
Tk
(U2 — 1)u_2w if k£ is even,
—2k —1
u T u T e

Note in particular that, for k& # £/, the zeta functions Zy, and Z 7, are different.

Zf, =

k

—_~

When we are dealing with signs, one has to define coverings E?’i of E?, where + denotes either
+ or —, in order to state the corresponding Denef and Loeser formula.

Let U be an affine open subset of M such that foo = u]],; yZNi on U, where u is a unit.
Let us put

RE = {(az,t) e (E9NU) xR;tm:iﬁ},

where m = ged(N;). Then the Rﬁ glue together along the EY N U (cf. Lemma 3.12) to give E(I)’i.

ProrosiTIiON 3.5. With the assumptions and notations of Proposition 3.2, one can express the zeta
functions with sign in terms of a modification as

a0t u VTN
ZET) = (u— 1)l 1ﬁ(E? No 1(0)) [
I£0 icl
Propositions 3.2 and 3.5 will be proven in § 3.2.

Example 3.6.

(i) The case of a normal crossings function is particularly simple to handle. Let f : (R% 0) —
(R,0) be defined by f(x) = u(x) Hf 1 x; ", with N; € N. Then

) —ITN
Zi(T) = (u—1) Hl—u—lTN
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Now, if there exists at least one N; odd, then

1
= Z4(T).
—14(T)

On the other hand, if all the V; are even, then Z, (T') = 0 and
2

mzf(T)

T) = Z; (T)

Z{(T) =

if u is positive, the converse otherwise.
(i) Let f : (R%,0) — (R,0) be defined by f(z,y) = 2% + y%. As f is a positive function, then

Z . (T) = 0. We obtain a modification in the same way as in Example 3.4, and E?’Jr here is the

!
boundary of a Mobius band, hence homeomorphic to P!. Therefore
—277 1
ZHT) = (u+1)— = Z,(T).
f( )= (u+ )1—u_2T2 u—_1 f( )

(iii) Let f: (R%,0) — (R,0) be defined by f(x,y) = 2% + y*. One can resolve the singularities of
f by two successive blowings-up, and then one obtains that the exceptional divisor £ has two
irreducible components E; and Fy with N1 =2, 11 =2, Ny =4, vy = 3. Therefore

u2T? u 3T u2T? 3T

2
Zi(T) = (= V) T — e + (0 + (=D — =7

—_—~

Moreover in this case Eg;{ and Eg;{ are homeomorphic to a circle minus two points, so

272 —34 —272 —374
u— T u T u— T u T

1 —-1)— —-1)—.

)1—u—2T21—u—3T4+(u )1—u—2T2+(u )1—u—3T4

Note that in this particular case one has neither Zy(T) = (u — 1)ZJT(T) nor Zy(T) =
T(u— 1)Z;[(T ), whereas this was the case in the previous examples.

Z5(T) =2(u —

Remark 3.7. It would be convenient to dispose of a Thom—Sebastiani formula in order to compute
the zeta functions of the function f * g, which is defined by the formula f * g(z,y) = f(z) + g(y),
from those of f and g, as is the case in [KP03, DL01, Loo02]. Unfortunately, I do not see how to
do this in general. However, in the particular case of two positive (respectively negative) functions,
one has the following formulae.

PROPOSITION 3.8. Let f : (R%,0) — (R,0) and g : (R%,0) — (R,0) be two positive or two
negative real analytic function germs. Let us put Zg(T) = 3, <y anT", Zy(T) = 3,51 byT" and
moreover A, =1-37"_, aj, B, = 1-3""_, b;. Then the naive zeta function of fxg : (RE+d2 ) —
(R,0) is Zpsg(T) = 3,51 cnT™, where

¢n = an B, + Anb, + anby,.

Example 3.9.
(i) Let h:R? — R be defined by h(z,y) = 22 + 3. Recall that (cf. Example 3.4)
) T2n
Zp(T) = (u” = 1) Z e
n>1

Putting f(z) = g(x) = 22, then h = f * g and by Example 3.1 we get that ag, = b, =
(u—1)/u"™ and agp+1 = bapy1 = 0; hence Ay, = Agpy1 = 1/u”. Then, by Proposition 3.8, we
rederive cg, = (u? — 1)/u?" and cg,11 = 0.
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(ii) Let f and g be defined by f(z) = 22 and g(y) = v*, and consider f * g(z,y) = 2% + y*.
The odd coefficients of the naive zeta function of f % g are zero because f and g are positive,
and it is easy to verify that

u—1 1 u—1 1
on = — and by, = ——, bany2 =0, Bay = — = Bupyo.
u u

a27’L = — pry
um um

Therefore cq, = (u? —1)/u®™ and cipio = (u—1)/u®"*!, which was not so clear for the
expression of the naive zeta function of f * g computed with the Denef and Loeser formula, in
Example 3.6(iii).

Proof of Proposition 3.8. We remark first that v A,, = B({y € L,;ord(f o) > n}). In fact, the
space L, can be decomposed into the disjoint union

Ly, = w;’ll()(l) U...u 7@711()(”) U{y € Ly;ord(f o) > n}.
Hence, by additivity of 3, one gets u™¥ = Y7 a;u™* + B({y € Ly;ord(f o) > n}), and the

j=1
remark is proved.
Now take (71,72) in £,(R%) x £,(R%) = £,,(R%+92). Then ord(f o + g o 7o) is greater than

n if and only if ord(f o~y;) and ord(go2) are greater than n, because f and g are of the same sign.
Therefore we have to distinguish the three cases:

(i) ord(f o) =n and ord(g ovy2) > n;

(ii) ord(f o~v1) > n and ord(g o v2) = n;
(iii) ord(f o~1) =mn and ord(g o v2) = n.

The computation gives

B(Xn(f *g)) = ﬁ(Xn(f))und2Bn + UndlAnﬁ(Xn(g)) + B(Xn(f))B(Xn(9))- O

3.2 Motivic integration and the proof of the Denef and Loeser formula

The proof of the Denef and Loeser formula, which is a simplification of that of [DLI8, Theorem 2.2.1],
to our setting, uses the theory of motivic integration on arc spaces for real algebraic varieties.
In particular, we will use the change of variables formula of Kontsevich.

For the convenience of the reader, we recall briefly these notions before proving Propositions 3.2
and 3.5.

Take o : (M,071(0)) — (R?,0) a real modification, and define the arc space associated to
(M,o71(0)) by
L(M,o71(0)) = {v: (R,0) — (M,o1(0)); ~ is formal}.
The truncated arc space L,, consists of the arcs of £, but truncated at the order n+ 1, for an integer
n > 0.

Denote by m, : L — L,, the natural truncation morphism, for n € N, where £ denotes either
L(M,071(0)) or L(R4,0). A subset A C L is called stable if there exist a constructible set C' C L,
and some n > 0 such that A = 7, 1(C). Then we can define the measure in Z[u,u"!] of such a
stable set A, with respect to the virtual Poincaré polynomial 3, by

B(A) = u= "D (m, (A)),

for n large enough (note that 3(m,(A)) is well-defined since Zariski constructible real algebraic
varieties are arc-symmetric sets). Indeed, (A) does not depend on n because the natural projections
L1 — L, are locally trivial fibrations with fibre RA.
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Let us recall now the definition of integrals. Let 6 : A — Z[u,u™!] be a map with a finite image
and whose fibres are stable sets. Then the integral of # over A with respect to 5 is defined by

/A pag= 3 cBO7(0).

c€Z[u,u"1]
We can state the Kontsevich change of variables formula. Recall that jac o denotes the jacobian
determinant of Jaco.

PROPOSITION 3.10 [Kon95, DL99]. Let A C L(R?0) be stable, and suppose that the function
ord; jac o is bounded on o~ '(A). Then

B(A) — / u—ordtjaccr dﬁ
o1(4)

Before giving the details of the proof of the Denef and Loeser formula, and notably a preliminary
lemma, we fix some notations. Recall that f is a Nash function germ. The modification ¢ induces
maps o, (respectively o.,) between L(M,o=1(0)) and L(R%,0) (respectively L, (M,c~1(0)) and
L, (R%,0)). Put

Zn(f) = W;l(Xn) and Zn(f © U) = O'*_l(Zn(f))
Moreover, for e > 1, put A, = {y € L(M,01(0));ord;jaco(y(t)) = e}, and finally define
Zne(foo)=2Z,(foo)NA..

LEMMA 3.11. Let o : (M,0-(0)) — (R?0) be a modification of R? such that f o o and the
jacobian determinant jac o have only normal crossings simultaneously, and assume moreover that
o Is an isomorphism over the complement of the zero locus of f.

Let (foo)~1(0) = Ujes Ej be the decomposition of (f o o)~1(0) into irreducible components,
and assume that o~ 1(0) = U, jc Ex for some K C J.

Put N; = multg, f o 0 and v; = 1 + multg, jaco, and for I C J denote by E? the set
(Mier E:) \ (UjEJ\I E;). Then there exists ¢ € N such that the naive zeta function Z;(T) of f
equals

WIS ST WY B({y € Lo(M,EY) A my(Ad)ord f oo oy = n))

n>1 e<cn 1#0
and the zeta functions with sign Z;E(T ) equal
u ST T uT> By € La(M,ED) Nmn(Ae); fooon(t) =£t"+---}).

n>1 e<cn I#£0

Proof. Let us prove the lemma for Zy since the argument is the same for ijf.

For n > 1, Z,(f) is stable, so 3(Z,(f)) is defined and equals u~("*V43(X,,), hence Z;(T) =
u? Zn;1 B(Zn(f))T™.

Moreover Z,(f o o) equals the disjoint union Ue>1 Zpe(f o o), which is a finite union.
Take v € Z,(f o 0); there exists I C .J such that () € EY. Then in a neighbourhood of v(0), one
can choose such coordinates that

foo= unitHyZNi and jaco = unitHy;’i_l,
iel icl

where by unit we denote a non-vanishing analytic function.
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Let us write v = (71,...,7q) and k; = ordy ~y;, for i = 1,...,d. Then the order ord; f o o(y(t)) is
d
ords jaco(y(t)) = Z( —1Dk; < max <

equal to Z?Zl N;k; = n and therefore
Z N;k; = max —1 n.
i=1 - N

Let ¢ = max;((v; — 1)/N;). Then we have shown that |J,., n,e(f oo)=
the union is finite.

e<en Zne(f 0 0), where

Now the Kontsevich change of variables formula implies that 5(Z,(f)) is equal to the finite sum

Zegcn u B(Zne(f 00)), and then Z¢(T) = ud Zn>1 AL Zegcn u B(Zne(fo0)).
We are going to compute 3(Z, (f o o)) using the fact that Z, .(f o o) equals the disjoint union

Ursp Zne(f o 0) Ny (B No™1(0)). Indeed, by additivity we find
B(Zne(fo0)) =) B(Zune(foo)Nmy (E] Na™(0))).
140
Choose I # . Then 7,(Z,, c(f o o) N7y {(EY No~1(0))) is just the set
{v(t) € L,(M,o71(0)); v(0) € EYNo71(0),0rd; f o o(7) = n,ord; jaco () = e}.
The result follows directly from the additivity of S. O

The proof of Propositions 3.2 and 3.5 just consists in computing the value of the virtual Poincaré
polynomial 3 on the sets that appear in the formulae of Lemma 3.11.

Proof of Proposition 3.2. Take v € 7,(Z,.c(foo)N7y  (EYNe=1(0))). In a neighbourhood of (0),
one can choose such coordinates that

foo= unitHyZNi and jaco = unitHy;’i_l,
i€l iel
hence m,(Z,.¢(f o o) N1y (EY N a=1(0))) is isomorphic to
{7 € Ly(M,o71(0)); ¥(0) € Ef o 1(0),) kiNi=n, Y ki(v; — 1) = e},
el el
where k; = ord; y; for i € I. As a consequence 7, (Z,..(f o o) Nmy (EY N o~1(0))) is isomorphic to

|_| (E(I)mo_— ( R* I<HRn k’> Rn)d \I\

keA(n,e) iel

where A(n, e) is the subset of k& € N¢ defined by the equations Z 1 Nik; = nand ZZ 1(wi—1)k; =
By taking the image by 3, we obtain the equality

B(mn(Zne(foo)nmg (EY o™ (0) = D BEINo " (0)(u - 1) =2 b
keA(n,e)
Hence the naive zeta function of f satisfies

ZyT)=> (w—-D)"BEI N O)Y YT Y u Siakigm,

I#£0 n=1e<cn k€ A(n,e)

We remark that {k € A(n,e); n > 1,e < cen} is in bijection with NII; therefore
—viN;

—e=X{ ki TN v
> > weEmbrn = [t = [ ==
n>1le<cen k€ A(n,e) k i€l el
and this ends the proof. O
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The proof of Proposition 3.5 is a little bit more involved due to the fact that we have to intro-
duce a covering E?’i of E? in order to compute Z;E(T). Recall that if U is an affine open subset
of M such that foo = u[,; yZN “ on U, where u denotes a unit, then by Rﬁ we mean the set

RE = {(v,t) € (BYNU) x R; t™ = +1/u(z)}, where m; = ged;c;(N;). Then E(I]’i is the gluing
of the R§ along the E(I) NnU.

LEMMA 3.12. The R§ glue together along E(I) NnuU.

Proof. 1t suffices to prove that the definition of EO’jE does not depend on the choice of the local
coordinates. Let z; be another local system of coordinates on U such that foo =v][];c; z . Then
z; 18 proportional to y; for the indices ¢ in I; therefore z; = «;y; for a non-vanishing analytlc function
a;. So v(y) [Licr afvi = u(y) and therefore the sets {(z,t) € (EY NU) x R; t™ = +1/u(z)} and
{(z,t) € (E}NU)xR; t™ = £1/v(z)} are isomorphic by the map (z,t) — (z,t[[,¢; aN /ml) O

Proof of Proposition 3.5. Let U be an affine open subset of M such that foo =u[[,c; yZNZ on U,
where u is a unit. What we have to compute is the value of 3 on

Wi:{(x,y)e(E%U) R u(@) [T vl Z—jzl}
i€l
Denote by m the greatest common divisor of the N;, ¢ € I, and choose n;, ¢ € I, such that
> ey miN; = m. Assume that I = {1,...,s}. We remark that W= is isomorphic to

/ +1 A
W x 0 *\ |1 *, gm N;i/m
—{(x,y,t)E(EIﬂU)X(R )‘ ‘XR ;1 —@, I |y2 —1},

iel

by the map (z,y,t) — (z, "y, ..., t"y,) from W * to W=. The inverse is the morphism given

by
(z,y) — < <HyN/m> (HyN/m>_ Ys, HyN/m>

el el el

Now it is easier to compute (W %) because W'+ ~ Ri (R*)MI=1. This last isomorphism
comes from the fact that at least one N;/m is odd. Therefore 5(Wi) (u— )= 1ﬁ(RjE) and the
same computation as in the naive case gives the formula. ]

4. An invariant of the blow-Nash equivalence
In this section, we define the blow-Nash equivalence of Nash function germs, by analogy with the
blow-analytic equivalence due to Kuo [Kuo85]. He introduced this equivalence relation after noticing
that the Whitney family, which is topologically trivial but has infinitely many C'-equivalence classes,
is analytically trivial after one blowing-up.

For a survey on blow-analytic equivalence, we refer to [FKK98]. Note in particular that this equiv-
alence relation between real analytic function germs does not admit moduli for a family with isolated
singularities. Moreover, there exist efficient tools to prove that two given germs are blow-analytically
equivalent, for example via toric modifications. Note that there exist some recent invariants of this
equivalence relation which enable one to distinguish blow-analytic types [Fuk97, KP03].

We prove that similar triviality results hold for this new equivalence relation. Moreover, we state
and prove the main result of this section, which is the invariance of the zeta functions, constructed
in § 3, with respect to the blow-Nash equivalence. As an application, we finally state in § 4.2 the
blow-Nash equivalence classes of the two-variable Brieskorn polynomials.
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4.1 Blow-Nash equivalence

4.1.1 Definitions and remarks. To begin with, let us recall that by an algebraic modification of a
real analytic function germ f : (R%,0) — (R, 0), we mean a proper birational algebraic morphism
o+ (M f,afl(O)) — (R%,0), between analytic neighbourhoods of 0 in R% and the exceptional
divisor 0]71(0) in My, which is an isomorphism over the complement of the zero locus of f and for
which f o ¢ is in normal crossing.

DEFINITION 4.1.

(i) Amap ¢ : (R? 0) — (R?0) is blow-Nash if there exists a proper birational algebraic morphism
o:(M,o071(0)) — (R%0) such that ¢ o o is Nash (i.e. semi-algebraic and analytic).

(i) Let f,g: (R%,0) — (R,0) be two germs of Nash functions. They are said to be blow-Nash
equivalent if there exist two algebraic modifications

of: (Mf,ajjl(O)) — (R%,0) and o, : (Mg,ag_l(O)) — (R%,0),

such that f oo and jacoy (respectively g o o, and jaco,) have only normal crossings simul-
taneously and a Nash isomorphism (i.e. a semi-algebraic map is an analytic isomorphism) &
between analytic neighbourhoods (M f,UJIl(O)) and (Mg,ag_l(O)) which preserves the multi-
plicities of the jacobian determinants of oy and o, along the components of the exceptional
divisor, and which induces a homeomorphism ¢ : (R%,0) — (R? 0) such that f = go ¢, as
illustrated by the following commutative diagram.

(My,07(0)) 2 (Mg, 0,1(0))
|k
(R4, 0) (R4, 0)

\(R O)/

Remark 4.2.

(i) We do not know whether the blow-Nash equivalence is an equivalence relation or not. When
trying to adapt the corresponding proof for the blow-analytic equivalence [Kuo85], the problem
comes from the transitivity property. Namely, the fibre product of an algebraic map and a Nash
map need not be algebraic.

In the following, we consider the equivalence relation generated by this relation, which we still
call blow-Nash equivalence.

(ii) Apart from the fact that the blow-Nash equivalence only concerns Nash germs, the differences
between the blow-analytic equivalence (cf. [Kuo85]) and the blow-Nash equivalence are the
following. In the definition of blow-Nash equivalence, we ask for the following:

(a) the modifications to be algebraic, and not only analytic, and their jacobian determinant
to be in normal crossings,

(b) the isomorphism ® upstairs to be Nash, and not only analytic,

(c) @ to preserve the jacobian determinant orders of the modifications.

These additional assumptions are necessary in order to adapt techniques coming from motivic
integration to this more analytic framework, and in particular to obtain the central result of
this paper, Theorem 4.8.
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Note however that different definitions of a blow-analytic homeomorphism have occurred since
the original article of Kuo [Kuo85] appeared, and notably Fukui, Kuo and Paunescu pro-
pose in [FKPO1] a definition closer to ours. They define a blow-analytic isomorphism to be a
homeomorphism such that there exists an analytic isomorphism upstairs which is moreover an
isomorphism between the critical loci of the modifications.

(iii) Another relation close to blow-analytic equivalence, called blow-analytic equivalence, is also
studied (cf. [FKK98]). It is defined in a similar way to blow-analytic equivalence, with the
difference that the real analytic modifications are required to be compositions of blowings-up
along smooth centres. Up to now, it is not known whether blow-analytic equivalence is an
equivalence relation or not when d > 2.

4.1.2 Properties. Here, we are concerned with triviality results and classification tools. First, it
is obvious that two real analytic function germs that are analytically equivalent are blow-analytically
equivalent! But note also that two Nash germs that are only analytically equivalent are also Nash
equivalent, as proven by Shiota [Shi98], and therefore blow-Nash equivalent. Thus blow-Nash equiv-
alence is a particular case of analytic equivalence between Nash germs.

Now, the question of moduli is a natural question when one studies an equivalence relation
between germs. The following theorem states that there are no moduli for a Nash family with
isolated singularities under some algebraicity assumptions on the modifications.

THEOREM 4.3. Let I : (R%,0) x P — (R,0) be Nash, where P is a Nash set diffeomorphic to an
open simplex in a euclidean space. Assume that F(-,p) : (R?,0) — R has an isolated singularity
at 0 for each p € P, and assume moreover that ' admits an algebraic resolution of singularities.

Then the family F(-,p), for p € P, consists of a finite number of blow-Nash equivalence classes.
Remark 4.4.

(i) By an algebraic resolution of singularities for F', we mean a finite composition 3 : M — RYx P
of blowings-up with smooth algebraic centres such that § is an isomorphism outside 0 x P,
and F' o (3 is in normal crossing. Note that in the particular case where F' is polynomial, such
a resolution exists by Hironaka’s desingularization theorem [Hir64].

(ii) The proof of Theorem 4.3, which is postponed to § 4.3, is inspired by [Kuo85] where Kuo
proved the finiteness of the number of blow-analytic equivalence classes for an analytically
parametrized family of isolated singularities. However, the key argument of integration along
a vector field no longer applies in the Nash category, so we need new arguments.

The following particular case, which is a consequence of the proof of Theorem 4.3, gives a tool to
prove blow-Nash triviality. It will help us in classifying the blow-Nash type of Brieskorn polynomials
(see § 4.2).

COROLLARY 4.5. Let f; : (R%,0) — (R,0), t € I, with I an interval of R, be a Nash parametrized
family of weighted homogeneous polynomials of the same weight with an isolated singularity at the
origin. Then the family { f;}tcs is blow-Nash trivial.

Proof. 1t is well known (see [FKK98, FP00] for example) that, in that case, one can find a toric
modification 3 : (M, E) — (R%,0) of (R?,0), given by the weight of the weighted homogeneous
polynomials, such that 8 x id fulfils the assumptions of Proposition 4.17. O

Ezample 4.6. Consider the Nash function germs a? + y*? and 2P — y* from (R2,0) to (R,0).
They are blow-Nash equivalent. Indeed,

2
fi(w,y) = 2P + mpwyk(p_l) +

2t

1 +t2ykp7 te [_171]7
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is a weighted homogeneous polynomial of weight (k, 1) with an isolated singularity at the origin for
each t € [—1,1], and therefore Corollary 4.5 implies that f_; and f; are blow-Nash equivalent.

The counterpart is now to be able to distinguish blow-Nash types. Actually, it is a difficult issue
to find invariants with this kind of relation. More precisely, for the blow-analytic equivalence, only
the Fukui invariants [IKK02] and the zeta functions of Koike and Parusiniski [KP03], defined with the
Euler characteristic with compact supports, are known. Note that by evaluating the virtual Poincaré
polynomial at u = —1 in the zeta functions defined in § 3, one recovers these zeta functions. Moreover
our zeta functions generalize the Fukui invariants. Indeed, it follows directly from Remark 2.11 that
the following proposition is true.

PROPOSITION 4.7. The Fukui invariants are the exponents of the naive zeta function Z;(T) with
non-zero coeflicients. Similarly, the Fukui invariants with sign are the exponents of the zeta functions
with sign Zfi (T") with non-zero coefficients.

The following theorem is the main result of this paper.

THEOREM 4.8. The naive zeta function Z¢(1') and the zeta functions with sign ij(T) of germs of
Nash functions are invariants of the blow-Nash equivalence.

Proof. Let f,g: (R? 0) — (R,0) be two blow-Nash equivalent Nash function germs. By definition,
there exist modifications

of: (Mf,JJTI(O)) — (R%,0) and o, : (Mg,ag_l(o)) — (RY,0),

and a Nash isomorphism ® : (M, 0;1(0)) — (My,0,%(0)) as in Definition 4.1. Then the assump-
tions of Propositions 3.2 and 3.5 are satisfied.

Now, it suffices to prove that the expressions of the zeta functions given by the Denef and Loeser
formulae coincide. But § is invariant under Nash isomorphisms by Theorem 2.16, and moreover ®
preserves

a) the multiplicities of f oo, and g o o,, because it is an isomorphism,
f g
b) the multiplicities of the jacobians of o and o, along the components of the exceptional divisors,
f g

by definition of blow-Nash equivalence.

Therefore the zeta functions of f and g coincide. O

Remark 4.9.

(i) If the zeta functions generalize the Fukui invariants and the zeta functions defined with the
Euler characteristic with compact supports, they are invariants for a more restrictive relation
between germs.

(i) However, our zeta functions are also invariants for the analytic equivalence of real analytic
germs. In fact, the constructible sets X, and X associated with two analytically equivalent
function germs f, g are isomorphic. Indeed, let h be a local analytic isomorphism such that f =
goh. Then, the map v — m,(h(y)) from X, (f) to X, (g) is an algebraic isomorphism because,
after truncation at the level of the space of arcs, the local analytic isomorphism becomes
algebraic. Therefore the naive zeta functions of f and g coincide. The proof in the case with
sign is similar.

4.2 Application to Brieskorn polynomials

We apply our zeta functions to sketch the classification of two-variable Brieskorn polynomials under
blow-Nash equivalence, and to give examples in three variables. Brieskorn polynomials in two or
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three variables are polynomials of the type

ept? +eqyl (+6,27), p<qg<reN, g,e4,6 € {£1}.
We remark that, if p = 1, then e,z +¢4y? (+€,2") is Nash isomorphic to z. Therefore we will restrict
our attention to the case p > 2.

The classification under blow-analytic equivalence has been done completely in the two-variable
case, and almost completely in the three-variable case in [KP03] using the zeta functions defined
with Euler characteristic with compact supports and the Fukui invariants (see [KP03, Theorem 7.3];
for the Fukui invariants, see [IKK02]). There exists only one case that cannot be decided, and the
following example shows that we can distinguish it under blow-Nash equivalence. However, this is
not sufficient to come to any conclusion in the blow-analytic context.

Ezample 4.10. Let f,x be the Brieskorn polynomial defined by f,; = £(2P + y*P + 2kP), with
p even, k € N. We prove that for fixed p and different k, two such polynomials are not blow-Nash
equivalent.

In order to do this, we calculate directly the naive zeta function of f, ;. For n € N, we have to
compute ((X,,). First, it is clear that &,, = () when n is not a multiple of p. If n is a multiple of p,
write n = p(mk + r) where mk + r represents the euclidean division of n/p by k. If v € L,,, put
= (a1t + -4 apt”™, bt 4+ -+ byt™, 1t + -+ cpt™).

Then if r #£ 0, the first non-zero term of f o~ is given by the first component of +; hence X,
equals

{’Y; amk+r7é07a1 = = Omk+r—1 :bl :"':bmzcl = :Cm:O}.
In the case where r = 0, the three components of v play a part, and &, equals
11 (amks by em) # 0,01 = - =app-1 =br = =by1 =c1 =--- = cp1 = 0}
Therefore
R* x RP—1D(mk+r) (Rp(mk+r)—m)2 if r 0,
n (RB)* % R(p—l)mk % (Rpmk—m)2 ifr=0,
and hence the coefficient of T" is
(w — Dy~ (k1) =2mif n — p(mk +71), 0 <7 <k,
B(X)u™3" = (u — 1)y~ mk=2m if n = pmk,

otherwise.

[an}

Therefore the zeta function of f,; looks like

pr’k _ ('LL - 1)('LL_1Tp + 'LL_2T2p I u—(k—l)T(k—l)p) + (u?; o 1)u—k—2Tkp
+ (’LL o 1)(u—(kz+3)T(k+l)p + u—(k+4)T(k:+2)p 44 u—(2k+l)T(2k—1)p)

+ (u3 - 1)u—2(k:—2)T2k’p 4.

Now it suffices to note that, for p fixed and k < kK, the pk coefficient of Zg,, is (u — 1)u=F=2
whereas that of Zy , is (u—1)u~

Remark 4.11. The case of two-variable Brieskorn polynomials has been dealt with in [KP03], using
their zeta functions and the Fukui invariants. The only case where the equivalence class of Brieskorn
polynomials of two variables cannot be distinguished using only their zeta functions, and which
requires the use of the Fukui invariants, is the following: fi(z,y) = +(z* + 3*), k > 2 even.
We remark that we have seen in Example 3.4 that for & # k' the naive zeta functions Zy, and
Z f, are different; therefore our zeta function distinguishes this case, with respect to the blow-Nash
equivalence.
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E@3;2)

E(8;5)

£(4:3) E(12;7)
FIGURE 1. Resolution tree of z3 4 y*.

The fact, one can say more. Indeed, for two-variable Brieskorn polynomials the naive zeta
function determines the exponents p and gq.

PROPOSITION 4.12. Let g = 2P + y? be a two-variable Brieskorn polynomial. Then the exponents
p and q are uniquely determined by the naive zeta function Z,(T') = Zn>1 gn ™. More precisely

p = min{n; g, # 0},

and if | = min{n; g, # apu™}, where 3 -, a,T" denotes the naive zeta function of £, then

_JI—1 ifpisodd, p divides | — 1 and g; # (u — 1)u” for any k € N,
1= l otherwise.

Proof. The characterization of p is clear. Now, if p { ¢, then ¢ = [ and g, = (u — 1)u* for some
ke N.

If ¢ = kp for some k € N, then g, = B({£aP £ b*?})u?*P~*=1 and thus
Gkp = appu'? = B({Fad” £ #£0}) = u(u — 1) <= p odd.

In that case grpi1 = (u— 1)?u?*P=F=2 g0 | = kp + 1.
Therefore, if p is even, then ¢ = [; and if p is odd, then either ¢ =1 or ¢ =1 — 1. More precisely,
if gy = (u — 1)u*, then p{ q and ¢ = [; whereas if g; = (u — 1)>u¥, then p |l —1and ¢=1—1. O

To find the signs in front of 2P and y?, the naive zeta function is not sufficient, as illustrated by
the following example.

Ezample 4.13. Let fi : (R%,0) — (R,0) be defined by fi(z,y) = 2 + y*. One can resolve the
singularities of fi by a succession of four blowings-up. The resolution tree of this modification o is
drawn in Figure 1, where Z1 denotes the strict transform of fi, and E(N;v) denotes the irreducible
component of the exceptional divisor such that multg froo = N and 1+multg jaco = v. The Denef
and Loeser formulae imply that Z;, is equal to Zy_, but f, and f_ are not blow-Nash equivalent
(they are not even blow-analytically equivalent; see [KP03, Theorem 6.1], for example).

The zeta functions with sign enable one to discuss the signs for two-variable Brieskorn
polynomials except in one case. The following proposition specifies the possibilities. Note that
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(z,y) — (£x, Ty) gives an action on the blow-Nash classes; hence when the power p (or ¢) is odd,
the corresponding sign cannot be determined. By convention, in the case where p = ¢ and the signs
are opposite, we consider xP — y? rather than —xP + ¢P.

PROPOSITION 4.14. Let Z;E(T) = n>1 g=T™ be the zeta functions with sign of £,2P + g4y, with
€p,€q € {£1}. If p is even, then

- +1 if g]‘; #0,
P —1 otherwise,

and if q is even, but not a multiple of an odd p, then

+1 if 9p = 0,
E =
1 —1 otherwise.

The remaining case is when p is odd and g = kp with k even. But in example 4.6 we proved that
in that case P + y*? and 2P — y*P are blow-Nash equivalent, and therefore the following proposition
holds.

ProproSITION 4.15. For two Brieskorn polynomials in two variables, the following three statements
are equivalent:

(i) they are blow-Nash equivalent,

(ii) they are blow-analytically equivalent,

(iii) their naive zeta function and zeta functions with sign coincide.

4.3 Proof of Theorem 4.3
Kuo [Kuo85] proved the finiteness of the number of blow-analytic equivalence classes for an ana-
lytically parametrized family of real analytic germs with an isolated singularity. In that setting, he
used integration along vector fields to construct a trivialization of a modification of the zero set of
the family. Unfortunately, in the Nash situation, this efficient method is forbidden, for we go outside
of the Nash world.

Fortunately Fukui, Koike and Shiota have given an effective tool to show Nash triviality: the
Nash isotopy lemma [FKS98]. It gives a trivialization of Nash submanifolds, possibly with boundary,
with normal crossings, and also of their arbitrary intersections.

THEOREM 4.16 (Nash isotopy lemma). Let M be a Nash manifold possibly with boundary and
Ni,..., N be Nash submanifolds of M possibly with boundary which together with No = OM are
normal crossing. Assume that ON; C Ny fori € {1,...,k}. Let P be a Nash manifold diffeomorphic
to an open simplex in a euclidean space, and w : M — P be a proper onto Nash submersion such
that the restrictions of w,
w:N;N---NN;, — P,
for 0 < iy < --- <ig < k, are also proper onto submersions.
Then there exists a Nash isomorphism

¢ (M;Ny1,...,Np) — (M Nw ' (0); Ny Nw™(0),...,NyNw™'(0)) x P
such that wo ¢~1: (M Nw™1(0)) x P — P is the canonical projection.

This result does not totally replace integration along vector fields because it works just at the
level of manifolds, and not of functions. Therefore it enables us to obtain a Nash trivialization of
the zero set of our Nash parametrized family of Nash germs, but not of the non-zero levels of the
functions of the family. Now, in order to show the Nash triviality, we have recourse here to orthogonal
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projections between levels of functions (cf. Lemma 4.18) in order to force the trivialization. The point
is that, if this technique does not allow us to keep a Nash isomorphism, it gives us a blow-Nash
isomorphism, which is sufficient for the case we are considering.

Proof of Theorem 4.3. Following Kuo’s proof [Kuo85], we can subdivide P into a finite number
of Nash sets P’, diffeomorphic to open simplices in a euclidean space, such that there exists an
algebraic modification 3 : M — R? x P’ which satisfies

(a) f is an isomorphism outside 0 x P’,
(b) F o is in normal crossing,

(c) if r : R? x P' — P’ denotes the canonical projection, then r o 3 maps the canonical strata of
(F o 3)71(0) submersively onto P’.

Now the Nash isotopy lemma enables us to apply Proposition 4.17 below, and thus to prove that
two germs F'(-,p) and F(-,q) with p,q € P’ are blow-Nash equivalent. O

So, thanks to the Nash isotopy lemma, we are led to study the particular case where the family
F : (R%,0)x P — R admits, as a resolution of singularities, a product 3xidp, where 3 : (M, E) —
(R9,0) is a proper birational morphism, which is an isomorphism outside 0, and F o (8 x idp) has
only normal crossings. More precisely, we mean that, in that case, there exist local systems of
parameters (z1,...,2z4) centred at a point in E x P such that

d
Fo (ﬁ X idP)(ZL'l, s ,fL‘d,p) = up(:r) Hg;‘:'b’
i=1
where u,, is a non-vanishing Nash function.

In that setting, we have the following triviality result.

PROPOSITION 4.17. Let F : (R%,0) x P — R be a Nash mapping, where P is a connected Nash
manifold, and assume that f, = F(-,p) : (R%,0) — R has an isolated singularity at 0 for each
p € P. Assume moreover that there exists a proper birational morphism 3 : (M, E) — (R%,0),
with exceptional divisor E, such that the product # X idp is a resolution for F'. Then the family
F(-,p) consists of a unique blow-Nash equivalence class.

Proof. We prove Proposition 4.17 in several steps. By assumption we dispose of a trivialization (the
identity map of M) of the zero sets of F'(-,p) for p € P. But there is no chance that this trivialization
respects the levels of F(-,p). Actually we are going to project the trivialization of the zero level in
order to force it also to trivialize the other levels.

Note that M, as a modification of an affine space, is affine, and so one can assume M C RV,
Denote d = dim M.

We show first that we can define locally the projection directly on M, without blowing-up. For
simplicity, denote F'(-,p) by F),.

LEMMA 4.18. Take x € M and pg € P. Then there exists n, > 0 such that the orthogonal projection
¢(x,p) of x onto the level {F), = Fy,(x)} is well defined for |p — po| < 1.

Proof. If x € E, then put ¢(z,p) = z. Now, if ¢ E, then F,(x) # 0 for all p in P. But for ¢ # 0,
there exists a Nash tubular neighbourhood (cf. [BCR98, Corollary 8.9.5]) of the level {F,, = c}.
Therefore, for p sufficiently close to pg,  belongs to the Nash tubular neighbourhood of {F,, =
F,(x)}, and then ¢(x,p) is defined as the unique orthogonal projection of z onto {F,,, = Fp(z)}. O
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levels of F'

F1GURE 2. Local situation.

Remark 4.19. Such a construction does not seem to be so easy to perform in a global situation
because the width of the Nash tubular neighbourhood {F},, = ¢}, for a fixed function F},, tends to
0 as ¢ tends to 0. Therefore it does not seem to be reasonable to hope for a global strictly positive 7.

Now let us perform the computation of the projection in the local case as illustrated in Figure 2.
To simplify the notation, we assume in the following that M is a hypersurface of RY, that is
N =d+1. Take 29 € E ¢ M C RY, and pg € P. For simplicity assume also that py = 0.
There exist a system of parameters centred at xy such that:
(i) M is locally the graph z = G(x1,...,x4) of a Nash function G,

(ii) if we extend F o (3 x idp) to a function on R¥ in the trivial way, then F o (3 x idp) is of the

form
d
Fo (8 xidp)(z,z,p) = up(z) [ | fil2)",
i=1
where u,, is a Nash function in (z,p) which does not vanish and fi, ..., fq are normal crossings
functions.

For (z,p) € M x P, the orthogonal projection ¢(x,p) = X satisfies

r=X+cVxF — kVxG,
z2=7+k, (1)
F(x,2,0) = F(X, Z,p),

where VxG (respectively Vx F) denotes the gradient vector of G (respectively F') at X.

LEMMA 4.20. The orthogonal projection ¢ is a blow-Nash isomorphism from a neighbourhood of
(0,0) in R? x P to a neighbourhood of (0,0) in R¢ x P.

Proof. Let us prove the result in two steps. As a first step we prove that ¢ is blow-Nash, and
afterwards we show that ¢ is a blow-Nash isomorphism.

First step. In order to prove the lemma, it suffices to show that the map
(X,p) — (X + (X, p)Vx F — k(X,p)VxG.p),
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which is by (1) the inverse of ¢, is a blow-Nash isomorphism between two neighbourhoods of (0,0) in
R? x P. As ¢ and k are given by implicit formulae, we want to apply the implicit function theorem,
which makes sense in the Nash setting (cf. [BCR98|). However, the computation downstairs shows
us that we cannot apply this theorem directly, and we need to separate the divisors given by f; =0
by several blowings-up, for each i such that r; # 0.

To begin with, let us specify the members of the last equation of system (1) in coordinates.
The left one is

d
i=1
and the right one is
d
F(X, Z,p) = up(X) [ ] £(X)".
i=1

We remark that the Taylor formula applied to f; implies that
[i(X+H) = fi(X)+ (Vxfi,H) + hi x(H),

where h; is a Nash function such that ||h; x (H)|| < K||H|? in some neighbourhood of 0, for some
positive constant K.

Therefore f;(X + ¢VxF — kVxG) is equal to

[i(X)+c(Vxfi,VxF) — k(Vxfi,VxG) + hi x(¢VxF — kVxG).

Assume now, for simplicity, that the number of divisors f; = 0 is equal to d (that is, r; > 0 for
all 7). We separate these divisors f; = 0 by a succession of d blowings-up with respect to ideal sheaves
corresponding to blowing up the origin, then the total transform of one-dimensional intersections,
etc. By symmetry, it suffices to perform the computation in one chart, and therefore one can assume
this modification 7 to be given in the chart I/ by

(fi, far .o fa) = (1, YaYe, ... 1Yo - YY),

Let us denote by ¢ and &’ the modified forms of ¢ and k respectively. Put

d d
) ~ 154
(=S"r, E<Y,p>=( Y?) Fvop) = ~
JZZ:Z' ! Zl;Il (H;’izl Y;)C(Ya p)
and

d
VZZM( H Yj>v7r(y)fi-

i=1 j=i+1
We remark that V' cannot vanish since the f; form a system of coordinates.

Then, after the modification, the term ¢V x F' is transformed into

d d 2
up5< 11 Y> V+ ’5< 11 Y> V() p-
1=1 i=1
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As a consequence f;(X + cVxF — kVxG) becomes Yy ---Y; + E(H?Zl Y;)A;, where

d
Ai = up(Vey) i V) +5<HY2> ) Fis Varytip) — bV airy fis Vi) G)
=1

x (T YOV + (T YD) Vet — V200 G))
Il vo)

Therefore equation (2) is transformed into

i:~l Z H <]2>A31Y31+ i v(E,E,Y), (3)

=1 Jit++ja=l =1
.726{]-7 7”}

with
(@G Y) = _u(d) Y
up(m(Y) + (I [i= YO)(V = kVyiG))

So ¢ and k are given implicitly by

d .
CY IS ED S S | {9 ECTO GRS R n

=1 jitotjg=l i=1
Ji€{1,...,ri}

By kY1, p) =k — ( ( <ﬁY>c V- k:VW(y)G)> - Gow(Y)> =0, (5)

where we consider Ys, ..., Y, as parameters. Now we can apply the implicit function theorem. First,
remark that £1(0,0,0,0) = 0 and F»(0,0,0,0) = 0. Now, let us make explicit the coefficient of ¢ in

equation (4). This coefficient is just E?:l m(H? i+1Yj)\i — a, where a is the contribution coming

from —v(¢, k,Y). Thus the coefficient of ¢ equals

d
V2 + (Hy> VoV riyttp) — F (V. Vi C)
=1

L Tl il YD hax T YOOV + (T YO Vrryty =KV @)

I, o)

Note that a tends to zero as (Y7, p) tends to (0,0).

Now, it is easy to compute the jacobian matrix of (Ey, Es) with respect to the variables (¢, k)
at the point (0,0,0,0). The result is

81(0000) 81(0000) ,

o ; B (up<o>||vn 0 >
0 1+ V.G )

852 (0,0,0,0) aE}: (0,0,0,0) IVaen Gl

which is an invertible matrix because u, and V' do not vanish. Therefore ¢ and k are defined and
blow-Nash in a neighbourhood of (0,0) in M x P.

Now, let us come back to ¢. For a fixed p, write 1,(-) instead of ¢(-,p). Then 1), is defined in
a neighbourhood V(R?) of 0 in R?, and in restriction to a neighbourhood of ¥; = 0 in the chart U,
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one has
d d

Ypom(Y) = <Y1 +E<Hn>wl,ma +5<HY¢>W2,---,Y13/2"'Yd+E<H1Q>Wd>7

i=1 i=1 i=1
where W is the vector W =V — %vw(y)G.
Then ), lifts to a function zzp

v - 2 = v

A,

V(RY) —— V(RY)

P

between neighbourhoods of Y7 = 0 in U, with ip being given in coordinates by

d ~171d
B B 1+ (T, Vi) We 1+ cWy >
YV =(vi(1+¢ Y; |Wh ), Y . s Yo |
#r¥) <1< (1:12 > 1) Al YW T W

Note that the denominators cannot vanish in a neighbourhood of (Y1, p) = (0,0) because ¢ is small
for (Y1, p) sufficiently small.

Second step. It suffices to prove that the jacobian determinant of 1; is non-zero for Y7 and p small
because 9 is a bijection. Indeed, v is a bijection outside F because so is 1, and restricted to F, it
is just the identity.

Note that ¢ and dc/dY;, for i € {2,...,d}, vanish when (Y1, p) = (0,0). Therefore, evaluated at

(Y17p) - (07 0)7

oy =1, oy =0,

aY; oY
if i # j and j # 1. So the jacobian determinant of ”(Z equals 1 at (Y7,p) = (0,0) and thus is non-zero
for Y7 and p small. O

Remark 4.21. The constructed projection is locally the minimal one because it is trivial if z € E or
p=0.

Now, we have to prove that these projections glue together.

LEMMA 4.22. The projections of Lemma 4.20 glue together.

Proof. Cover E by a finite number of neighbourhoods of the kind in Lemma 4.20 using the com-
pactness of E. We can assume that the intersections two by two of these neighbourhoods are
connected. Then, we dispose of a finite number of projections ¢’ defined in neighbourhoods of the
form V* x B(po,n;), with 7; > 0. Denote by 1 the minimal of the rays n; and by U the union of
the neighbourhoods. We are going to prove that the projections ¢ glue together on U x B(pg,n).
Assume that there exists a point x in the intersection V; N V5. Then, in a neighbourhood of
(x,pg) in M x P, the three projections, ¢!, ? and that of Lemma 4.18, coincide by minimality.
Therefore the analytic functions ¢! and ¢2, which coincide on a non-isolated set of points, are equal
on the connected set Vi N V5. O

The proof of Proposition 4.17 now follows easily from these lemmas. In fact, it suffices to prove
that two germs F), and F, are blow-Nash equivalent for p and ¢ sufficiently close to each other, and
the lemmas give a relevant blow-Nash isomorphism in that case. ]
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