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A note on equivalence relations of pair of germs

By

Joao Carlos Ferreira COSTAY Hermes Antonio PEDROSO™*
and Marcelo Jose SATA***

Abstract

In this paper we recover the definition of bi-X-equivalence and give a concise overview of
this theory. After this, we introduce the notion of topological bi-K-equivalence showing some
examples and properties. In the last part of the paper, some open questions about this topic
are proposed.

§1. Introduction

It is classical in Singularity theory that A-classification of stable map germs f :
(R™,0) — (RP,0) can be reduced to K-classification which means classification of iso-
morphic R-algebras (cf. [15], [16]). Our purpose here is to provide relationships be-
tween other versions of A and K equivalences, adapted for pairs of germs of type
(f1,f2) + (R™",0) — (RP x R?,0). A pair of such germs can be seen as a divergent
diagram (RY,0) LS (R™,0) EEN (RP,0). Divergent diagrams have many applications.
For instance, in envelope theory, web geometry, singularities of first order differential
equations and vision theory. This subject was discussed by several authors including
V. Arnold, J.P. Dufour, M. A. Teixeira and M. Ruas (see for instance, [2], [9], [10], [11],
24], [13]).

This paper is divided in two parts: in the first part (Sections 2-4), we present the
definition of bi-K-equivalence introduced by L. Favaro and his students in decade of 80
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(cf. [21], [22], [23], [20]) motivated by Dufour’s work about bi-.A-equivalence of couples
of germs (cf. [9], [11]). We give a concise overview of this theory based in [21], [19],
[20]. Our motivation is to recover this subject and to prove some results which are
incomplete or partially proved in those previous works. In the second part (Section 5),
we introduce the notion of topological bi-K-equivalence. Some properties and examples
are given. We notice that recently several papers have considered the topological case
(cf. [17], [18], [5], [1], [4], [6], among others). Since this is an article to promote this
subject, some open questions are proposed in the last part of the paper.

§2. Classical results: A and K-equivalences

Denote by €, , the set of all smooth map germs {f : (R",0) — RP | f € C*}.
When p = 1, denote €,,1 just by &, which is a local ring. The unique maximal ideal of
en is denoted by M,, which consists of all germs f such that f(0) = 0.

Denote by e, , = {f : (R",0) — (RP,0) | f € C*°} and by

Q(f) = 5n/If

the local R-algebra associated to f, where Iy is the ideal of &,, generated by components
(f1,..., fp) of f. The jacobian ideal of f is denoted by J f and the notation (-)., indicates
an ideal in g,,.

The most natural question about classification of map germs in Singularity theory
is to decide if two smooth map germs f, g : (R",0) — (RP,0) are A-equivalent. That is,
if there exist C*° diffeomorphisms A : (R™,0) — (R™,0) and k£ : (RP,0) — (RP,0) such
that

g=kofoh.

However such classification is hard. For some special classes of map germs it is
possible to obtain a reasonable answer to the A-classification problem. For instance, for
stable map germs we have an answer due to J. Mather (cf. [15], [16]). In order, Mather
reduced the A-classification problem of stable map gems to classification problem of
isomorphic R-algebras, introducing the notion of contact equivalence (or -equivalence).

Definition 2.1. Two smooth map germs f,g : (R",0) — (RP?,0) are said to be
K-equivalent if there exist two germs of C'°° diffeomorphisms

H: (R x R”,0) — (R" x R”,0) and h: (R",0) — (R",0)
such that H(R™ x {0}) = R™ x {0} and the following diagram is commutative:

®™,0) ") (R RP,0) T2 (R7, 0)
hl H hl
®",0) "9 (R x RP,0) 72 (R, 0)
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where id,, is the identity map germ of R” and 7, is the canonical projection germ.
When h = id,,, we say that f and g are C-equivalent.

To investigate recognition problem, a key notion in Singularity theory is the finite
determinacy. If f is finitely determined, then we may assume that f is polynomial.

Definition 2.2. Let GG be any equivalence relation between map germs. We say
that f : (R",0) — (RP?,0) is k-G-determined if for any map germ g with j%¢(0) = j*£(0),
g is G-equivalent to f. We say that f is finitely G-determined if it is k-G-determined
for some k. Here 5% f(0) denotes the k-jet of f at 0.

Notice that if f is finitely k-G-determined then f is G-equivalent to j* f(0), which is
polynomial. For map germs which are finitely K-determined, the notion of K-equivalence
has an algebraic characterization:

Theorem 2.3.  (Mather [16]) Let f,g : (R™,0) — (RP,0) be finitely K-determined
smooth map germs. Then f is K-equivalent to g if and only if their local R-algebras
Q(f) and Q(g) are isomorphic as R-algebras.

The next classification theorem shows that for stable map germs the notions of A
and K equivalences are equivalent:

Theorem 2.4.  (Mather [16]) Let f,g : (R",0) — (RP,0) be stable map germs.
Then f is A-equivalent to g if and only if they are K-equivalent.

There are other algebraic characterization for K-equivalence which makes it fairly
computable notion. We show this in next two propositions:

Proposition 2.5.  ([12]) Let f, g € €3, ,. The following conditions are equivalent:
i) f and g are C-equivalent;
ii) The ideals I and I, are equal;

iii) There exists an invertible matriz p X p, (u;j), with w;; € €y, such that

fi= uyg;, 1<i<p.
J

Proposition 2.6.  ([12]) Two smooth map germs f,g : (R™,0) — (R?,0) are K-
equivalent if and only if there exists a germ of C*° diffeomorphism h : (R™,0) — (R™,0)
such that g and f o h are C-equivalent.
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Obviously via Proposition 2.6 there exist similar conditions of Proposition 2.5 for
KC-equivalence of two map germs.

§3. Equivalence relations of pair of germs

In [9], J.P. Dufour introduced the notion of bi-stability for a couple of germs
(f1,f2) : (R™,0) — (RP x R%,0) and studied the classification problem of these pairs
in some particular cases. Motivated by Dufour’s work, L.A. Favaro and his students in
decade 80 introduced the notion of bi-K-equivalence to study the bi-A-equivalence of
such pairs, similar to the approach taken by Mather.

Observe that a pair of germs (fi, f2) : (R",0) — (RP x R%,0) can be seen as a
divergent diagram

(R7,0) <2 (R",0) -2 (RP,0).

Definition 3.1. Two smooth pairs of germs (f1, f2), (91,92) : (R™,0) — (RP x
R%,0) are said to be bi-A-equivalent if there exist C°° diffeomorphisms h : (R™,0) —
(R™,0), k1 : (RP,0) — (RP,0) and ks : (R?,0) — (R?,0) such that the following diagram
is commutative:

R™,0) %) (Re « RY, 0)
h | 1 k1 X ko

(R",0) %) (RP x RY,0)

Remark. 1. In a similar Way, we can obtain the definition of bi- A—equivalence
for two divergent diagrams (RY, 0) 2 (R™,0) EEN (R”,0) and (R?,0) <2 (R",0) 24
(R?,0).

The diagram in the Definition 3.1 can be rewritten as

(RY,0) < (R",0) 2% (RP, 0)
ks | T
(R,0) <2 (R",0) 25 (R”,0)

2. If (f1, f2) and (g1, g2) are bi-A-equivalent, then f = (f1, f2) and g = (g1, g2) are
A-equivalent.

3. If (f1, f2) and (g1, g2) are bi-A-equivalent, then f; and g; are A-equivalent and
also fo and g9 are A-equivalent.

Question 1. How to describe the classification of pairs of germs (or divergent
diagrams) with respect to the bi-A-equivalence?

This is an important question because divergent diagrams of map germs appear in
several geometrical contexts. In [9] a generic classification of divergent diagrams of type
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(R, O) <= (R%,0) EEN (R%,0) was obtained. We can find other classifications involving
divergent diagrams (cf. [2], [9], [10], [11], [24], [13] among others).

In this paper we investigate the Question 1 for bi-stable pairs of germs. The answer
for Question 1 is given in terms of bi-K-equivalence of such pairs. The results described
here are also contained in [21], [20] or [19]. However, some of them are not completely
proved in those previous works. Here we recover them and give a complete proof.

Definition 3.2. Two pairs of smooth map germs (f1, f2),(g91,92) : (R",0) —
(RP x R?,0) are said to be bi-K-equivalent if there exist C°° diffeomorphisms

H:(R" x R” x R%,0) = (R" x R” x R%,0) and & : (R",0) — (R™,0)

such that the following diagram is commutative:

(R",0) “m L) (g g« RY,0) T2 (R, 0)

hol o hl
(R",0) " 992D (e o Rp « RY,0) T2 (R, 0)

and for which we have H = (h o my, Hy o 7y, Hy 0 7y, 4) where id,, is the identity
map germ of R"; 7, is the usual projection in R"; m, , is the usual projection in
R™ x RP; 7, 4 is the usual projection in R™ x RY; H; : (R” x R?,0) — (R™ x R?,0) and
H; : (R™ x R?,0) — (R™ x RY,0).

When h = id,, we say that (f1, f2) and (g1, g2) are bi-C-equivalent.

Remark. 1. From commutativity of diagram in Definition 3.2 we can write
H(z,y,2) = (h(z),Hi(z,y), H2(x, 2)), Hi(x,0) = Ha(z,0) =0, Vz € (R",0).

2. If (f1, f2) and (g1, g2) are bi-K-equivalent, then f = (fi, f2) and g = (g1, g2) are
K-equivalent.

3. If (f1, f2) and (g1, g2) are bi-K-equivalent, the diagram in Definition 3.2 can be
written as the following commutative diagram

(R x R4, 0) "¢ (jn ) “dV) (R RP, 0)
H2 i h i H 1 J/
(R" x RY,0) "2 (re, ) P28 (Re « RP, 0)
In other words, if the pairs of germs (f1, f2) and (g1, g2) are bi-K-equivalent, then

the germs f; and ¢g; are K-equivalent and also f5 and gy are K-equivalent.
4. It is easy to see that bi-A-equivalence implies bi-X-equivalence.

Similar to classical Singularity theory, it is possible to adapt many classical results
involving contact equivalence to obtain new results for bi-K-equivalence. First this was
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done by E.A. Silva and by the second named author in their thesis ([21], [19]). Here we
recover some of these results:

Proposition 3.3.  (/21],/19]) The pairs of germs (f1, f2), (g91,92) : (R™,0) —
(RP x RY,0) are bi-C-equivalent if and only if Iy, = 1, and I, = I,,.

Proposition 3.4.  (/21],/19]) The pairs of germs (f1, f2), (g91,92) : (R™,0) —
(RP x R?,0) are bi-K-equivalent if and only if there exists a C° diffeomorphism map
germ h: (R™,0) — (R™,0) such that (f1, f2) and (g1, g2) o h are bi-C-equivalent.

Proposition 3.5.  (/21],[19]) The pairs of germs (f1, f2),(91,92) = (R",0) —
(RP x R?,0) are bi-C-equivalent if and only if there exist invertible matrices p X p and
q % q, (uij) and (vys), with wi;, vrs € €y, such that

flizzuijgljﬂ Z:Lapa]:l)apv and
J

fQT:ZUTSg237 r:17"'7Q78:17"'7Q7
s

where f1 = (f11, .- ~,f1p)791 = (911, ce 7glp) and fo = (f21, ce 7f2q)7.92 = (921, ce ,92q)~

Proposition 3.6.  (/21],/19]) The pairs of germs (fi1, f2), (g91,92) : (R™,0) —
(RP xR?,0) are bi-K-equivalent if and only if Iy, , I, and Iy, ,1,, are induced isomorphic
by the same germ of diffeomorphism h : (R™,0) — (R™,0) (that is, Iy, = h*(I4,) and
I, = h*(I,))-

Using the previous results is easy to check the following examples:

Example 3.7.  The pairs (f1, f2) = (2% — 2%, 2% + 2) and (g1, ¢92) = (2%, z) are
bi-C-equivalent. Hence they are bi-IC-equivalent.

Example 3.8.  The pairs (f1, f2), (91, 92) : (R,0) = (RxR, 0) given by (f1, f2)(x)
= (22,0) and (g1, 92)(7) = (22, 23) are C-equivalent (hence K-equivalent) but they are
not bi-K-equivalent, because Iy, = (z%) = I,, and Iy, = (0) and I,, = () are not
induced isomorphic by the same diffeomorphism. These pairs of germs also are not

bi-A-equivalent (since they are not A-equivalent).

§3.1. The bi-K-tangent space and finite determinacy

The bi-K-tangent space is defined in a natural way as following;:
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Definition 3.9. The bi-K-tangent space of a pair of germs (f1, f2) € ég’pﬂ is

0
n,p+q

TKK - (f1,f2) = J(f1, f2) + {[I1 - e x {0} + [{0} x I, - ep ]}

The bi-KC-codimension of (f1, f2) is defined as the codimension of TK K - (f1, f2) as

0
n,p+q-°

the g,,-submodule of ¢ given by

a real vector subspace of

Proposition 3.10.  (/21], [19]) The pair (f1, f2) : (R",0) — (RP? x R%,0) has
finite bi-K-codimension if and only if there exists £ € 7, £ > 1, such that M?, - 62’p+q C
TKK - (f17f2)‘

Proposition 3.11.  (/21], [19]) If two pairs (fi, f2), (91,92) : (R™,0) — (RP x
RY2,0) are bi-K-equivalent then they have the same bi-K-codimension.

Of course the bi-KC-tangent space of (f1, f2) is a vector subspace of the classical
K-tangent space of f = (f1, f2). Then,
bi-KC-codimension (f1, fo) > K-codimension of f, f="(f1,f2)-
Given (f1, f2) : (R™,0) — (RP x R%,0), is easy to check the following inequality:
K-cod (f1) + K-cod (f2) < 2 - bi-K-cod (f1, f2).
In fact, the previous inequality can be improved as following (see [21], [19]):

K-cod (f1) + K-cod (f2) < bi-K-cod (f1, fa)-

Example 3.12.  Consider the pairs of germs (f1, f2)(x) = (22,0) and (g1, g2)(x)
= (22, 23). In this case,
TKK - (f1, f2) = {(x,0))

then the bi-K-cod (f1, f2) = +00. By other hand,
TKK - (g1,92) = ((2z,32%), (22,0), (0, 2%)).

Hence the bi-K-cod (g1, 92) = 4.

By Proposition 3.11, the pairs (f1, f2) and (g1, g2) are not bi-K-equivalent. How-
ever, by Example 3.8 the germs f = (22,0) and g = (22, 23) are K-equivalent. Then, f
and g have the same KC-codimension (cf. [12]).

Example 3.13.  The pairs (f1, f2)(z) = (23 —2%, 22 +2) and (g1, g2)(z) = (22, x)
given in Example 3.7 have the respective bi-KC-tangent spaces:

TKEK - (fi, f2) = (82" = 22,22 +1), (¢ = 2%,0),(0,2% + 2))
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and
TKK - (g1,92) = ((22,1), ('7’270)7 (0,)).

In this case, both pairs of germs have bi-K-codimension 2.

§3.2. Bi-K-versal deformations of pairs

Definition 3.14.  An r-deformation of a pair (fo1, fo2) : (R™,0) — (RP x R?,0)
is a pair of germs (f1, f2) : (R” x R",0) — (RP x R?,0) for which (f1, f2)(0,z) =
(for, fo2) ().

Definition 3.15. Two pairs of r-deformations (f1, f2), (g1,92) : (R” x R™,0) —
(RP x R?,0) of (fo1, foz) are said to be bi-KC-equivalent as deformation if they are bi-K-
equivalent as a pair of germs.

Let (f1, f2) be an r-deformation of (fo1, fo2) and consider ~ : (R*,0) — (R",0) be
a O map germ. We define the pull back of (f1, f2) by v as the following map germ

V(1 f2) (v, x) = (fr(y(v), @), fa(y(v), 7).

The map germ ~ is called a change of parameters and v*(f1, f2) = (Vv f1,7* f2) is
called deformation induced by ~.

Definition 3.16. Two pairs of r-deformations (f1, f2), (g1,92) : (R” x R™,0) —
(RP x RY,0) of (fo1, foz) are said to be bi-K-isomorphic if there exists a diffeomorphism
germ 7 : (R",0) — (R",0) such that (g1, g2) is bi-KC-equivalent to v*(f1, f2).

If we consider two pairs of deformations of (fo1, fo2) with r and s parameters,
respectively, then we can compare them via the change of parameters v : (R%,0) —
(R™,0). In fact, if (f1, f2) : (R” x R™,0) — (RP x R9,0) and (g1,¢2) : (R®* x R",0) —
(RP xRY,0) are such deformations of (fo1, fo2), we have that v*(f1, f2) and (g1, g2) have
the same number of parameters.

Definition 3.17.  An r-deformation (fi, f2) of (fo1, fo2) is said to be bi-K-versal
if any other s-deformation (g1, g2) of (fo1, fo2) is bi-K-equivalent to v*( f1, f2), for some
change of parameters v : (R%,0) — (R",0).

If the pair (fo1, fo2) has bi-K-codimension = ¢ < oo, then (fi, f2) as c-parameter
bi-K-versal deformation of (fo1, fo2) is called bi-KC-miniversal deformation.

Given the pair (f1, f2) : (R” x R",0) — (R? x R%,0) which is an r-deformation of
(fo1, fo2), we define the initial velocities of (f1, f2) by

(f1, f2)i(2) = (g{: (0, x), %(O,x)) L oi=1,...,m
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Definition 3.18.  An r-deformation (f1, f2) of (fo1, foz) is said to be bi-IC-trans-
versal when the vector subspace R - {(f1, f2)1, -, (f1, f2),} is satisfied the condition

TKK - (for, fo2) + R-{(f1, f2)1, -, (fr. fo)r} = €0 i

Remark.  (fo1, fo2) admits a bi-K-transversal deformation if and only if it has
finite bi-C-codimension.

The next crucial proposition is cited in [21] and partially proved in [19]. Here we
will give a complete proof of it in Subsection 3.3.

Proposition 3.19. A deformation (f1, f2) of (fo1, fo2) is bi-K-versal if and only
if it is bi-KC-transversal.

As a consequence, a pair of germs (fo1, fo2) admits a bi-K-versal deformation if
and only if it has finite bi-K-codimension.

Proposition 3.20.  (/21], [19]) Let (f1, f2) and (g1,92) be two bi-K-miniversal

deformations of (fo1, fo2) and suppose bi-K-cod (fo1, fo2) = ¢. Then, (f1, f2) and (g1, g2)
are bi-KC-isomorphic.

Let (fo1, foz) be a pair of germs with bi-K-codimension ¢ and consider (f, f2) a
bi-KC-miniversal deformation of (fo1, fo2). For d > ¢, any d-parameter bi-K-versal de-
formation of (fo1, fo2) will be bi-KC-isomorphic to constant deformation of (f1, f2), with
(d — c)-parameters. Hence, any two d-parameter bi-K-versal deformations of (fo1, fo2)
will be bi-K-isomorphic.

§3.3. Proof of Proposition 3.19

To prove the Proposition 3.19 two lemmas are necessary. These lemmas are proved
in [21] and [3], respectively. One of them, is an adaptation for pairs of classical Reduction
Lemma given by J. Martinet in [14].

Let (f1, f2) : (R™"1 x R™ 0) — (RP x R%,0) be an (r + 1)-deformation of (fo1, foz2)-
Let (f1, f2)? : (R” x R™,0) — (RP x R?, 0) be the r-deformation given by the restriction
of (f1, f2) to subspace ug =0, i.e.,

(f1, f2) (s, - ue, ) = (f1, f2)(0,u1, . . - up, ).

Let v : (R"™1,0) — (R",0) be any germ and consider the (r + 1)-deformation
v (f1, f2)° given by

Y (f1, £2)° 0 (R™ x R™,0) — (R? x RY,0)
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(uo, U1, ..o Up, T) > (fl:fQ)O('Y(u):x) = (f1, f2)(0,7(u), ).
where u = (ug, ..., Uy).

Lemma 3.21.  (Reduction Lemma [21]) Let X be a germ of vector field at origin
in R™1 x R™ given by

a T
=+ &(u
” ;5 (u)
with X;(u,0) =0, and X satisfying the following conditions:
Df1 - X € If1 *Er4l4n,p and ng - X € If2 “Er4lin,g-

Then, the pair (f1,f2) @ (R™™! x R",0) — (RP x R9,0) is bi-K-equivalent (as
deformation) to the pair v*(f1, f2)°, where v : (R™1,0) — (R",0) is a submersion
germ.

Lemma 3.22.  (/3]) Let (f1, f2) : (R"xR™,0) — (RP xR%,0) be an r-deformation
of (fo1, fo2) : (R™,0) — (RP xR?,0). Let my,...,my be pairs of germs from (R” xR™,0)
to (RPxRRY,0) and let m; o be their respective restrictions to subspace {0} xR™, 1 <13 < t.
Then the following conditions are equivalent:

i) (Oguton) . OUgndady {1y e s+ {0} g g+ R0, 00

n

= Enptq-

ii) (2elad L BPL) (1 e ) (OO} Ly mal - ma, ma)e,

r+n

= Erin,ptq-

Now we are able to prove the Proposition 3.19.

Proof of Proposition 3.19.

Proof. Let (f1, f2) be a bi-K-versal deformation of (fo1, fo2). We need to show
that (f1, f2) is bi-KC-transversal.

In fact, first consider any germ (goi,g02) € €nptq and construct the following
1-parameter deformation (g1, ¢g2) of (fo1, fo2):

(91,92)(t, ) = (fo1, fo2)(x) + t(go1, goz)(T).

By hypothesis, (g1, ¢92) is bi-K-equivalent (as deformation) to induced deformation

I'= ’Y*(flaf2)7 r'= (F17F2)7 with v (]R7 O) - (RT,O)a Y= (717 v 777’)'
Then,

L(t,z) = (f1, f2)(v(1), 2) = (L (v (1), %), fa (v (D), 2))
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and

= (GOt O GO 4+ PEO ) =

= D30y (ol 4+ + LIy fo)r
Hence ' e R - {(f17f2)17 ceey (fl;fQ)r}'

Since (g1, g2) and (I'1, I'9) are bi-KC-equivalent, there exists a germ of diffeomorphism
U which is an unfolding of the identity of R™, W(t,z) = (t,v(t,z)), with ¥(0,z) = 0,
and such that
V(v (Ip)) = 1g and Wy (Ip,)) = Ig,.
Then, by Proposition 3.5 we can write
(3.1)
(v (f1, f2) o U)(t, ) = M (¢, 2) - (91, 92) (¢, 2) = M (L, z) - [(for, fo2)(2) + t(go1, go2) ()]

Since M(0,z) = idy,(x), differentiating (3.1) with respect to ¢ and evaluating in
t = 0 we have

(1, 92) — (T1,T2) € TKK - (fo1, foz)-

Hence,

(g01,902) = (01, 92) € TKK - (for, fo2) + R - {(f1, f2)1,- -, (f1, f2)r}-

Thus (f1, f2) is bi-K-transversal.
On the other hand, let (f1, f2) be a bi-K-transversal deformation. Let

(v,2) = (for, fo2) (%) + (91, 92)(v,z), with (g1,92)(0,2) =0

be any s-parameter deformation of (fo1, fo2)-
Construct some deformation, with (r + s)-parameters, given by

(hla h2)(u7v7x) = (fl,f2)(u,x) + (91792)(v7x)'

It is sufficient to show that the deformation (hq, hs) is bi-K-equivalent to pull-back
of (f1, f2) by a submersion 7 : (R” x R*,0) — (R",0). For this, it is sufficient to apply
s-times the Reduction Lemma 3.21 and the Lemma 3.22.

In fact, first notice that (hi,h2)|v=0 = (f1, f2). The bi-K-transversality condition
joint with the Lemma 3.22 provide:

d(hy, hs) 9(hi, h2)
< alaj]_ : 9ty 8:.;1’), : Er+s+n + {[Ihl . 5r+s+p,P X {O}] + [{0} X Ih’2 ’ 8T+S+q’q]}

O(hi,hs) d(hy,hs)
(3.2) + <8—ul’ SRR - = Ertstn,ptq-
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Consider the initial velocity 6(%1—1}’1’12) relative to deformation (hy, he) with respect

to parameter v;. Then 8(’51—@’1}7’2) € Ertst+n,ptq- That is,

Ohy c J Ohs c
- g an - 15 .
6’01 r+s+n,p (%1 r+s+n,q

Since €4 54n,p+q can be factored as (3.2), we can write

d(h1,hs) <~y d(hy, hs) - A(hy, hs)
a—vl—ZXJ(U,'U,QZ')a—xJ—I—(Y,Z)Oh—l—;gz(u,v)a—uz

J=1

with X; € e,4 540 and & € ;4.
By Reduction Lemma 3.21, there exists a germ of submersion 7; : (R” x R* 0) —
(R" x R*™1 0) such that (hy,hs) is bi-K-equivalent to 7*(hy, he)t, where (hy, ha)l =

(h1,h2)]v,=0-
By recurrence over vy, . .., vs we can obtain a germ of submersion 4 : (R" xR*,0) —
(R",0) satisfying the required conditions to conclude the proof of Proposition 3.19. O

§3.4. Bi-A-trivial unfoldings of pairs

Definition 3.23.  Let (fo1, fo2) : (R",0) — (R? x R%,0) be a pair of germs.
An r-parameter unfolding of type (s,r — s) of (fo1, fo2) is a pair of germs (Fy, Fy) :
(R™ x R™,0) — (R® x RP x R"% x R?,0) such that

(F17 FQ)(U, x) = (u17 sy Us, fl(u7 x)7u8+17 ceey Up, f2(u7 x))v
where (f1, f2) is an r-deformation of (fo1, fo2)-

Definition 3.24. Two r-parameter unfoldings of type (s, — s) (Fi, F») and
(G1,G2) of (fo1, fo2) are said to be bi-A-equivalent if there exist germs of diffeomor-
phisms ¢ : (R” xR",0) — (R” xR™,0), 0 : (R® x R? x R"* x RY, 0) — (R® x RP x R"~* x
R%,0) where 0 = 61 x 03; 61 : (R®* x RP,0) — (R® x RP,0) and Ay : (R"™% x R?,0) —
(R™=% x R?,0), for which the following diagram is commutative

(R” x R",0) 252 (Rs & RP x R*7 x RY, 0)
¢ i i 0 = 91 X 92
(R” x R",0) ‘9% (Rs x RP x R~ x RY, 0)

and the germ ¢ has the form ¢(u,z) = (u, Qg(u, x)), q~5(0, x) =x.

Definition 3.25.  An r-parameter unfolding of type (s,7—s) (Fi, F») of (fo1, fo2)
is said to be bi-A-trivial if it is bi-A-equivalent to the constant unfolding

(G1,G2)(u,x) = (U1, ..., us, for(z), Ust1, .., Ur, fo2(z)).
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Definition 3.26. A pair of germs (fo1, fo2) : (R”,0) — (RP x R%,0) is said to
be bi-stable if all unfolding of type (s,r —s) (Fy, F) of (fo1, fo2) is bi-A-trivial.

§4. Bi-A-classification

Let (Fy1, Fy) : (R" x R",0) — (R” x R? x R?,0) be a bi-stable pair of germs. We
are interested in to describe the bi-A-orbit of type (s,r — s) of this pair. Without loss
of generality, we will suppose that (Fy, F5) has rank r (at 0) and F; has rank s (at 0).
In this case, it is not difficult to show that (F}, F3) is bi-A-equivalent to an unfolding
of type (s,7 —s) of a pair (fo1, fo2) : (R™,0) — (RP x R?,0) of rank 0 (at 0). Therefore,
from now on we shall characterize the bi-A-orbit of such pair via the bi-K-equivalence
of (fo1, fo2), where bi-K-cod (fo1, fo2) < r+p+q.

Let (f1, f2) : (R" x R™,0) — (RP x R%,0) be a regular r-deformation of (fo1, fo2) :
(R™,0) — (RP x RY,0).

Denote Vi, = f;}(0) and Vy, = f; '(0), which are submanifolds of R” x R™ of
codimension p and ¢, respectively. For s < r, consider the germs of projections

w1 (R" xR™0) = (R*,0) and 79 : (R" x R",0) — (R"%,0)

given by m (u,z) = (uq,...,us) and mo(u,z) = (ust1,...,u,). Taking the restriction
germs of these usual projections we define

7, (Vi 0) C (B x B",0) — (R°,0)
and
7, : (Vip,0) € (R” X R",0) = (R™"%,0),
by mp = mlv,, and 7y, = mlv,, .
Then it is well defined the pair:
(s, mp) = (Vi 0V, 0) C (R X R™,0) = (R® x R™°,0)

given by (ms,, 7)) (u, ) = (U1, ..., Us, Ust1,- .., Up).
Next, we define the notion of bi-equivalence of type (s,r — s) for two restriction
germs (my,,7ys,) and (my,,m,,) associated to regular deformations (f1, f2) and (g1, g2)

of (fo1, fo2) and (go1, go2), respectively.

Definition 4.1.  The restriction germs (7, , 7s,) : (Vi NVy,,0) C (R"xR™,0) —
(R*xR"%,0) and (74, ,7g,) : (V4,NVy,,0) C (R"xR™,0) = (R*xR"*,0) are said to be
bi-equivalent of type (r,s—r) if there exists a germ of diffeomorphism ® : (R” xR™,0) —
(R* x R"™% x R™,0) given by

O(u,z) = (y1(ug, ..., us), Y2(Ust1y - -5 Up), Y(u, z))
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such that ®(Vy,) = V,, and ®(Vy,) = V,,, where 1 : (R°,0) — (R®,0) and 7 :
(R™*,0) — (R"7*,0) are germs of diffeomorphisms and the following diagrams are

commutative:
(V7,,0) =% (R, 0)
@y | Im
(Vgr,0) = (R®,0)
and

(V1,0) 3 (R7=2,0)
Py | 72
(Vis» 0) =23 (R72,0)

where ®; = (I)|Vf¢’ i=1,2.
The next proposition characterizes the bi-equivalence for pairs of restriction germs

when r = p+ ¢ via the notion of bi-K-isomorphism which involves a change of parameter
of type 7 = 71 X 2 (cartesian product).

Proposition 4.2.  (/21]) Let (f1, f2), (91, 92) : (RPxRIxR™,0) — (R?xR%,0) be
reqular (p+q)-deformations of (fo1, foz), (go1, go2) : (R™,0) — (RP xRY,0), respectively.
Then, (mg,,m¢,) and (7g,,mg,) are bi-equivalent if and only if (f1, f2) and (g1, g92) are
bi-KC-isomorphic via a change of parameters v : (RP x R?,0) — (RP x R?,0),y = 71 X V2.

Now, let (f1, f2) : (R" x R™,0) — (RP x R?,0) be any r-deformation of (fo1, fo2) :
(R™,0) — (R? x R%,0) (not necessarily regular). Consider the regular extension of
(f1, f2) given by (fi, f2) : (R® x R? x R"* x RY x R",0) — (R? x RY,0)

(U1, ceeyUsy Y, Ust1y - - ,UT,Z,QZ) = (_y + fl(u7 il'f), —z+ fQ(U,x)),

where u = (U1, ..., Us, Us 1, .-, Up).
Since (f1, f2) is regular, the respective restriction germ associated to it is given by

(m7,75) : (Vi NVE,0) = (R x RP x R™™% x RY,0)
(Uty ey Uy Yy Ugp Ly e v ey Upy 2, ) > (Uly ooy Ugy Yy Ugdy e e oy Upy Z)
which can be identified as an unfolding of type (s,r — s) of (fo1, fo2) given by
(F1, F3) : (R" x R™,0) — (R® x RP x R"™™* x RY, 0),

(Fy, Fo)(u,x) = (u1, ... us, f1(u, @), usy1, - ., Uy, fo(u, x)),
where 7y = milv; , 7, = m2lv;, and mp : (R x RP X R"™* X R? xR, 0) — (R* x R?,0)
and mg @ (R®* X RP x R"7% x R? x R",0) — (R"% x R%,0) are the canonical projections.

Also, notice that (7f,,7f,) is an unfolding of type (p, q) of (7, ,7y,).
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Proposition 4.3.  Let (Fy,Fy), (G1,G2) : (R” x R",0) — (R®* x R? x R"™° x
R2,0) be unfoldings of type (s,r — s) of (fo1, fo2), (go1,902) : (R™,0) — (R? x RY,0),
respectively. If (Fy, F3) and (G1,G2) are bi-A-equivalent then (fo1, fo2) and (go1, go2)
are bi-K-equivalent.

Proof. Let

(F17F2)(u7x) - (u17 s 7u87f1(u7x)7us+17 oo 7u7"7f2(u7x))
and
(G1,G2)(u, ) = (uy, ..., us, g1 (U, ), Ust1y - -y Upy G2 (U, T)).

Using the previous identification
(ﬂ-fl’ﬂ-fz) = (FlﬂFQ) and (7T§177T§2) = (G17G2)7

it follows from hypothesis that (77, ,7f,) and (75, , 75,) are bi-equivalent of type (s,r—s).
Then there exists a germ of diffeomorphism @ : (RP x R? x R" x R™,0) — (R? x R? x
R”™ x R™,0) such that the following diagrams are commutative:

(V7,,0) =25 (R* x RP, 0)

¢, | Im
(Var,0) =2 (R® x RP,0)

and .
(Vf,,0) =3 (R"* x R%,0)
Py | 172
(Vy,,0) =2 (R™=% x R, 0)
where
(I)(y7 Z, U, .TI?) = (’Yl(ula e 7u87y)7’72(u8+17 ceey Up, Z)7¢(y7 Z,U,QZ‘)),
U= (U, .., Us,Ugi1,---,U-) With

v (R x RP,0) — (R* x RP,0), 72: (R"™° xR%0) — (R"° x R%,0)

germs of diffeomorphisms, ®; = <I>|Vf1 and &y = <I>|Vf2.

Since f1,91 and fa, g2 are regular deformations and ®(Vy,) = Vg, i = 1,2, we have
that (g1, g2) o ® is bi-C-equivalent to (f1, f2) (see [14, p. 27]). Thus, by Proposition 3.5,
(g1,g2) o ® can be write as

(.617.62) od = (Ml ' f_17M2 'f2)7

where M7, M5 are invertible matrices.
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Taking the restriction to subspace {y = 0,z = 0,u = 0} we obtain a germ of
diffeomorphism £ : (R™,0) — (R™,0) such that

(901 (k(2)), go2(k(2))) = (Mo () - for(x), Moz(x) - foz()).
In other words, (go1, goz) is bi-K-equivalent to (fo1, foz2)- O

Proposition 4.4.  ([21]) Let (f1, f2) : (R? x R? x R” x R" 0) — (R? x R?,0)
as previously defined. Then (7, ,7f,) is an trivial unfolding of (7s,,ms,) if and only if
(f1, f2) is bi-K-equivalent to v*(f1, f2), where v : (RP x R? x R",0) — (RP x R?,0) is a
submersion germ given by y(y, z,u) = (v1(y,u),v2(z,u)).

Proposition 4.5.  Let (f1, f2) : (R? x R x R” x R",0) — (RP x R?,0) as pre-
viously defined. Then, (mf,,7f,) is bi-stable if and only if (f1, f2) is a bi-K-versal
deformation.

Proof. This proof is an adaptation of a similar result given in [21, Proposition
3.3] (p. 68) to our case. Notice that here (fi, f2) is a regular (p + ¢)-deformation of
(f1,f2) : (R" x R™,0) — (RP x RY,0).

We just will show the necessary condition. The complete proof does not use tech-
niques lying outside the scope of this paper. However a careful version would occupy
more space than is available.

Let (g1,02) : (R x R” x R",0) — (R? x R%,0) any t-parameter deformation of
(f1, f2). Without loss of generality, we can write it as following:

(gl,g2)(w,u,x) = (flan)(ua T) + (91792)(71)7“7'7;)

where (g1, 92)(0,u,x) = (0,0).
Then, the (¢t + p + ¢)-deformation of (f1, f2), given by

(f1, f2) : (R* x R? x RY x R” x R™,0) — (R? x R?,0)

(w,y,Z,U, J?) — (fl)fQ)(yazaluﬂaj) + (91792)(“)7’“’733)

is a regular extension of ( fi, fg)
Hence the pair

(m5.7m5,) (Vi NVE,0) C (R" X RP x RY x R” x R",0) — (R x R? x R? x R", 0)
(w,y, z,u,7) = (0,y, z,u)
is a t-unfolding of

(Wfl,ﬂfz) : (Vf1 ﬂVﬁ,O) C (RP x R? x R" x R",0) — (R? x R? x R",0).
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From hypothesis of bi-stability of (77, ,7,), we have that (7 o fz) is trivial. Then,
by Proposition 4.4, (f1, f2) is bi-K-equivalent to v*(f1, f2) where 7 : (R? x R? x RY, 0) —
(RP x R?,0) is a germ of submersion, with y(w,y, z) = (v1(w,y), y2(w, 2)). By Propo-
sition 3.5 we can write

fi=M - (v fio9)
and
fo=My-(v*f20¢),
where M; and M, are invertible matrices and ¢ : (R* x R? x RY x R" x R",0) —
(Rt xRP x RI x R" xR™, 0) is a diffeomorphism, ¢(w, y, z,u,z) = (w,y, 2, p(w,y, 2, u, ).
Taking the restriction to subspace {y = 0,z = 0}, we obtain

(flan)(w70707u7x) = (f_17f_2)(0707u7x) + (91792)(“)7”733)

= (f1. f2)(w, ) + (91, 92) (w, w, @) = (41, G2)(w, u, ).

This analysis permit us to conclude that (§i,go) is bi-K-equivalent to ~v*(f1, f2),
where 7, is the germ given by the restriction of v to subspace {y = 0,z = 0} (i.e.,
Yo : (R, 0) = (RP x R9,0), 7,(w) = 7(w,0,0)).

O

The next proposition gives the converse of the Proposition 4.3.

Proposition 4.6.  Let (Fy, F»), (G1,G2) : (R"xR™,0) — (R*xRPxR"* xR, 0)
be two bi-stable unfoldings of (fo1, fo2), (go1, goz) : (R™,0) — (RP x RY,0), respectively.
If (fo1, fo2) and (go1,g02) are bi-K-equivalent, then (Fy,Fy) and (G1,G2) are bi-A-
equivalent.

Proof. Consider the (p+q)-regular deformations (f1, f2) and (g1, g2) of (f1, f2) and

(g1, 92), respectively, where (f1, f2),(g1, g2) are r-deformations of (fo1, fo2), (go1, goz), as
previously defined. Then we may to obtain the following identifications:

(F1, F2) = (77, 77,) and  (G1,Ga) = (75,75, )-

From bi-stability of hypothesis and by Proposition 4.5, follows that (fi, f2) and
(g1, g2) are bi-K-versal deformations.
Let (g1, g2) be the (p 4 g)-parameter bi-K-versal deformation of (go1, go2) given by

(g1,§2)(y,27$) = (Ml(x) ' fl(y7z7¢(x))7 M2(aj) ’ f2(y7za¢(x)))a

where My, Ms and ¢ are, respectively, invertible matrices and a germ of diffeomor-
phism ¢ : (R™,0) — (R™,0) whose existence is guaranteed by bi-K-equivalence between

(for, fo2) and (go1, go02), i-e.,
(go1,902) = (M1 - for 0 ¢, My - fo2 0 @).
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Then (g1, g2) is bi-K-equivalent to v*(g1, g2), where v = 1 X y2 : (RP x R?,0) —
(R? x RY, 0).

Since (g1, g2) and (g1, g2) are bi-K-versal deformations of the same pair, v is a germ
of diffeomorphism. Hence, by Proposition 4.2, (7g,,75,) and (75, , 75,) are bi-equivalent.

On the other hand, consider the following germ of diffeomorphism

O =id, xidy x ¢ : (R xR? x R",0) — (R? x R? x R", 0).

It is easy to check that for all (y,z,z) € Vj, then ®(y, z,7) € Vy,,i=1,2.

Then we may obtain a bi-equivalence between (my,,75,) and (77, 7,).

By transitivity and using the previous identifications again, follows that (F}, F5)
and (G1,G>) are bi-A-equivalent. O

Finally, let S be the set of all classes of (s, — s) bi-A-equivalence of pairs of germs
(Fy,Fy) : (R"xR™,0) — (R* xRP x R"* x R?, 0) which are bi-stable, rankg(Fy, F») = r
and rankgF; = s.

Let K be the set of all classes of bi-K-equivalence of pairs from (R", 0) to (RP xR, 0)
of rank 0 and bi-K-codimension < p+ q + 7.

Theorem 4.7.  The map ¥ given by (Fi1, Fs) — (fip,, fop,) induces a bijection
between the sets S and K. (Here fip. : (R™,0) — (RP xRY,0) indicates the unique germ
of rank 0 which F; unfolds, 1 =1,2).

Proof.  Observe that ¥(Fy, Fy) and U (G, G2) belong to same class of bi-K-equival-
ence. Then, by Proposition 4.6, (Fy, F»), (G1,G2) belong to same class in S, i.e., they
are (s,r — s) bi-A-equivalent.

On the other hand, considering the pair (fo1, fo2) : (R™,0) — (RP x R%,0) with
rank 0 and bi-K-codimension < r 4+ p + ¢, we may construct the following regular
(p + q + r)-deformation, bi-IC-transversal (and hence bi-K-versal)

(f_laf_Q)(ya Z7u7x) = (_y+ fl(u7x)7 —z+ f2(u7x))7

where (f1, f2) is an r-deformation of (fo1, fo2). Applying the Proposition 4.5, follows
that (m7,,7f,) = (F1, F2) is bi-stable. Then we conclude that induced map by ¥ is
surjective and injective.

Notice that the map between S and K, induced by W, is well defined.

Let (Fy,F) and (G1,G2) € S, pairs bi-A-equivalent of type (s, — s). Then
U(Fy, Fy) and ¥(Gy, G) are bi-K-equivalent. In fact, it is sufficient consider the iden-
tifications

(m7,75,) = (F1, F2) and (7, 75,) = (G1, Ga).

Then (fo1, fo2) and (go1, go2) are bi-K-equivalent, as showed in Proposition 4.6. [
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Thus the problem of classifying bi-stable pairs of germs under (s,r — s) bi-A-
equivalence reduces to the problem of classifying pairs of germs under the relation of
bi-K-equivalence, up to certain bi-K-codimension.

As a consequence, we also recover the version for pairs of classical Mather’s classi-
fication theorem (Theorem 2.4):

Theorem 4.8.  ([21]) If the pairs of germs (fo1, fo2), (901, go2) : (R™,0) — (RP x
R?,0) are bi-stable then they are bi-A-equivalent if and only if they are bi-K-equivalent.

Moreover, in [21], the author introduces the notion of coherent isomorphism which
means “induced by a same isomorphism”. With the notion of coherent isomorphism the
Theorem 4.8 can be reformulated as following;:

Theorem 4.9.  ([23],[21]) If the pairs of germs (fo1, foz2), (go1,902) : (R™,0) —
(RP xR9,0) are bi-stable then they are bi-A-equivalent if and only the R-algebras Q( fo1),
Q(go1) and Q(foz2), Q(go2) are isomorphic by coherent isomorphisms.

8 5. Topological bi-K-equivalence of pairs

In this Section we introduce the notion of topological bi-K-equivalence, showing
examples, properties and also proposing some open questions about this new equivalence
relation.

To investigate weaker versions of classical equivalence relations is a subject studied
by several authors. For instance, with respect to topological K-equivalence we can cite
[17], [18], [1], [4], [5], [6]. In a same way, it seems natural to investigate the topological
version of bi-K-equivalence and its relation with topological bi-A-equivalence for pairs
of germs.

Definition 5.1.

i) Two smooth map germs f, g : (R",0) — (RP,0) are said to be topologically A-
equivalent (or C°-A-equivalent) if there exist germs of homeomorphisms A : (R™,0) —
(R™,0) and k : (RP,0) — (RP,0) such that

g=kofoh.

ii) Two smooth pairs of germs (f1, f2), (91, 92) : (R”,0) — (RP x R?,0) are said to
be topologically bi-A-equivalent (or bi-C°-A-equivalent) if there exist germs of homeo-
morphisms h : (R™,0) — (R™,0), ky : (RP — (RP,0) and k2 : (R?,0) — (R%,0) such
that the following diagram is commutative:

(R",0) Y25 (RP % RY, 0)
h i i k1 X ko
(R",0) %) (RP x RY,0)
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iii) Two smooth map germs f,g : (R™,0) — (RP,0) are said to be topologically
K-equivalent (or C°-K-equivalent) if there exist germs of homeomorphisms

H:(R" x R?,0) = (R" x R?,0) and h: (R",0) — (R",0)

such that the same properties in Definition 2.1 are satisfied. When h = id,, we say that
f and g are C°-C-equivalent.

iv) Two smooth pairs of germs (f1, f2), (91, 92) : (R™,0) — (R? x R9,0) are said to
be bi-C°-K-equivalent if there exist germs of homeomorphisms

H:(R" xR? x R?,0) — (R" x R? x R9,0) and h: (R",0) — (R",0)

such that the same properties in Definition 3.2 are satisfied.
When h = id,, we say that (f1, f2) and (g1, g2) are bi-C°-C-equivalent.

Example 5.2.  The function germs f(z) = 2% and g(x) = x are C°-C-equivalent.
It is enough considering h = id; : (R,0) — (R,0) and H : (R x R, (0,0)) — (R x
R, (0,0)) given by H(x,y) = (z,y®). Notice these germs are not C-equivalent because
Iy #1,.

Example 5.3. The germs f(x) = (22,0) and g(z) = (x,0) are C°-K-equivalent
(see [5, 6]). However, x and x? are not C%-K-equivalent as function germs in one variable
(see [17, 6]).

Example 5.4.  The pairs of germs f = (f1, f2), 9 = (91,92) : (R,0) = (RxR,0)
given by
f(z)=(0,2) and g(z) = (2,0)

are not bi-C%-K-equivalent.

In fact, suppose by contradiction that they are bi-C%-K-equivalent. Then there exist
germs of homeomorphisms A : (R,0) — (R,0) and H : (R xR xR,0) - (R xR xR, 0),
H(z,y,z) = (h(z), Hi(z,y), Ha(x, 2)), satisfying the conditions of Definition 3.2. Hence,
(h, ﬁl), (h,fIg) with H; = (h, H;), i = 1,2 give C°-K-equivalences for f1,g; and fs, go,
respectively. In other words, H;(z,0) = (h(x), Hi(x,0)) = (h(x),0) and H; o (idy, f;) =
(idy,g;) o h, i = 1,2.

Hence, Hy(x,0) = Hy o (idy, f1)(z) = (idy, g1) o h(z) = (h(x), h(z)?). Since by
definition H;(z,0) = (h(z),0) we have an absurdity. However, the germs f(z) = (0, )
and g(z) = (22%,0) are C°-K-equivalent (Example 5.3).

Example 5.5. The pairs of germs (f1, f2), (91,92) : (R?,0) — (R x R,0) given
by
fla,y) = (z,y) and  g(z,y) = (z,5%)
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are not bi-C%-K-equivalent.

In fact the germs f = (f1, f2) and g = (¢1,92) have different topological degree
which is an invariant for C°-K-equivalence ([17], [6]). Then f and g are not CY-K-
equivalent. Consequently, they are not bi-C°-K-equivalent.

Proposition 5.6.  The pairs of germs (f1, f2),(g1,92) : (R™,0) — (R? x R%,0)
are bi-CY-K-equivalent if and only if there exists a germ of homeomorphism h : (R™,0) —
(R™,0) such that (f1, f2) and (g1,g2) o h are bi-C°-C-equivalent.

Proof. If (f1,f2) is bi-CY-K-equivalent to (g1,g2) then there exist homeomor-
phisms h and H, such that H(z,y, 2) = (h(x), Hi(x,y), Ha(x, 2)), H(x,0,0) = (h(x),0,0)
and H o (id,, f1, f2) = (idn, g1,92) o h. Let H be the homeomorphism given by H =
(h=t x id, xid,) o H. Via (id,, "), follows that (fi, f2) and (g1, g2) o h are bi-C°-C-
equivalent.

Reciprocally, let (id,,H), H = (id,, Hi,Hz) be the bi-C%-C-equivalence between
(f1, f2) and (g1,92) o h. Consider the homeomorphism H = (h,H1,Hs2). Via (h, H),
follows that (f1, f2) and (g1, g2) are bi-C°-K-equivalent. O

Remark.  Are valid similar conditions that to the ones given in Remark after
Definition 3.2. Just replace the words “bi-K, K and bi-A” respectively by “bi-C9-K,
C°-K and bi-C°-A”.

The next proposition is an adapted version for pair of germs of a Nishimura’s result
(see [18, Theorem 1] (p. 83)):

Proposition 5.7.  Let fi1,91 : (RP,0) — (RP,0) and fa2,g92 : (R?,0) — (R%,0)
be finitely C°-K-determined map germs. Consider (f1, f2), (g1,92) : (R™,0) — (RP x
RY,0), = p-+q such that (1, £2)(52) = (1(9): f2(2)), (91..92)(3: 2) = (91(), 92(2)),
(y,2) € (RP x R?,0). Then, (f1, f2) and (g1,g2) are bi-CO-K-equivalent if and only if
|deg(fi)| = |deg(g:)|, i = 1,2, where deg means the mapping degree.

Proof. Notice that follows from hypothesis of finitely determinacy that

JTH0) =977 (0) ={0} and f5'(0) =g5"(0) = {0}

as germs. Therefore, the mappings degree deg(f;) and deg(g;) are well defined, i = 1, 2.
If (f1,f2) and (g1, g2) are bi-CY-K-equivalent then f; and g; are C°-K-equivalent
and also fy and go are C%-K-equivalent. Then, by Nishimura’s Theorem (cf. [18]),
deg(fi)| = |deg(g:)|, i =1,2.
On the other hand, the condition |deg(f;)| = |deg(g:)|, i = 1,2 is equivalent to say
that fi and g; are C°-K-equivalent and also fy and gy are C°-K-equivalent (again by
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Nishimura’s Theorem). Then, there exist germs of homeomorphisms
hi: (RP,0) — (RP,0), H;:(RP xRP 0)— (RP x RP, 0),

he : (R%,0) — (R%,0), Hs: (R?x RY,0) — (RY x R?,0)
such that
Hy(z,t) = (ha(2), 01 (2, 1)), Ha(y, w) = (ha(y), 02(y, w)), 01(x,0) = 0,02(y,0) = 0,
H, o (idp, f1) = (idp,g1) o hy and Hs o (idy, f2) = (idg, g2) © ha.
Consider h : (R? x R?,0) — (RP x R%,0) given by h(x,y) = (hi(x), ha(y)) and
H: (R? x RY x RP x R?,0) — (R x R x R x R?,0)

given by H(x,y,t,w) = (hi(x), ha(y), 01(x,t),02(y,w)). Clearly h and H are homeo-
morphisms and they give the bi-C%-K-equivalence between (f1, f2) and (g1, g2). O

For instance, the Proposition 5.7 permits concluding that the pair of germs given
in Example 5.5 are not bi-CY-K-equivalent.

§5.1. Open questions

The bi-C°-K-equivalence introduced here is an interesting subject and many open
questions about it can be formulated. For instance:

1) Is it possible to obtain a topological version of Mather’s classification theorem,
similar to Theorem 4.87

2) How to obtain an invariant for bi-C%-K-equivalence, similar that given in Propo-
sition 5.7, to larger class of germs?

3) Within a K-orbit (or a bi-K-orbit) what do say about the bi-C%-K-orbits?

4) How to obtain new invariants, normal forms and classifications for bi-C°-K-
equivalence?

For instance, the Open Question 1) is being investigated in [7]. The Open Question
2) is treated in [8].
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