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SIMPLE SINGULARITIES OF
MULTIGERMS OF CURVES

P. A. KOLGUSHKIN*and R. R. SADYKOV

Abstract

We classify stably simple reducible curve singularities in com-
plex spaces of any dimension. This extends the same classification
of irreducible curve singularities obtained by V. I. Arnold. The
proof is essentially based on the method of complete transversals
by J. Bruce et al.

1 Introduction

Classification of simple curve singularities has been discussed in a num-
ber of papers. J. W. Bruce and T. J. Gaffney have classified irreducible
plane curves in [2]. In [5] C. G. Gibson and C. A. Hobbs gave the classifi-
cation of irreducible simple curve singularities in the 3-dimensional com-
plex space. M. Giusti in [6] classified simple complete intersection one-
dimensional singularities. In [4] A. Frithbis-Kriiger classified so called
simple determinantal singularities. Classification of irreducible (stably)
simple curve singularities in a linear complex space of any dimension
was made by V. I. Arnold [1]. We consider reducible curve singularities
in a linear complex space of any dimension and give the list of stably
simple ones.

An irreducible curve singularity at the origin in C™ can be described
by a germ of a complex analytic map f : (C,0) — (C",0). Let L
(respectively R) be the group of coordinate changes in (C™,0) (respec-
tively in (C,0)), i.e., the group of germs of non-degenerate analytic maps
(C™,0) — (C™,0) (respectively (C,0) — (C,0)), let A = L x R. The
group L (respectively R) is called the group of left (respectively right)
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coordinate changes. The group A acts on the space of germs of maps
f:(C,0) — (C™,0) (or of curves) by

(g,h)-f:=gofoh™ ge€L, heR.

Two germs of curves f and f’ are equivalent if they lie in one orbit
of the A-action.

A germ f is simple if there exists a neighbourhood of f in the space
of germs which intersects only finite number of A-orbits. We consider
the space of germs with standard Whitney’s topology: the basis of the
topology consists of coimages of open sets in the space of k-jets for any
k. A germ f is stably simple if it remains simple after the natural
immersion C"* «— CV.

A reducible curve singularity is determined by a collection of maps
(C,0) — (C™,0).

Definition. A multigerm in C™ is a set F = (f1,..., fx) of germs of
analytic maps f; : (C,0) — (C",0), where Im f; NIm f; = {0} fori # j
(f1,- - frx are called components of the multigerm).

Let A= L x Ry X ... x Ry, where R(; is (the i-th copy of) the
group of right equivalences. The group A (of right-left equivalences) acts
on the space of multigerms by the formula

(g,hl,...hk)-(fl,...fk):(goflohl_l,...,gofkoh;l).

Definition. A multigerm F = (f1,..., fx) is called simple if there exists
a neighbourhood of F' in the space of multigerms which intersects only
finite number of A-orbits. It is stably simple, if it remains simple after
the immersion C"* — CN.

Definition. Two multigerms F and F' in C" are equivalent if they lie
in one orbit of the A-action.

We shall classify stably simple multigerms with respect to the stable
equivalence, see [1].
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2 Statement of the classification

Denote by G, a multigerm consisting of coordinate axes in C™, more
exactly

(tl, 0, 0)
(0, t2, .. 0
(0, 0, . tn)

We denote by (t™ x k) an irreducible curve of the form (t™,...,t").
———
k

The aim of the paper is to prove the following result.

Theorem. Fvery stably simple multigerm up to permutation of curves
s stably equivalent to one and only one multigerm from the following
list (m, n, k and | are natural numbers):

1 Pairs of curves with regular first component

The first component is equal to (t,0). We write only the second one.

1.1 Multigerms with both regular components
1. (0,t) 2. (t,th)

1.2 Multigerms with the second component of multiplicity 2

1. (t2, t2m+1
2. (2,42 L 27) m < n < 2m
3. (2,2 2y m < n < 2m
4. (2,2 142 425) m<n <s<2m
5. (12,¢2 4 2mHl)y p<m
6. (2,2, 2" H) n<m
7. (12,820 4 2m AL g2t ) n<m<s<m+n
S. (t2r+17t2)
9. (0,£2,¢27 1)
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1.3 Multigerms with the 3-jet ((¢,0), (0,t%))

t3m+17 t3)

3L 3 13 42) oy < p < 2m

3L L g3nt2 43) ;< p < 2m

g3m+l g t3"+2,t3,t32+2) m<n</l<2m

3m+2 t?)

)

t3mE2 3 3ty < n < 2m+ 1

dm2 4 gdndl 43y < < 2m

t3m+2 + t3n+17t37t3€+2) m<n< g S 2m + 1

O t3 t3m+1)
(t3n+2 3 t3m+1) m<n<?2m
(t3e+2 t3 t3m+1 + t3n+2> m<n< /< 2m7 besides n=1=2m — 1
(0 t3 t3TTL+2)

13. (t 3g+1 13,432 t?m—i-l) m<n<{<2m,besides n =1=2m

14. (t3n+1 t3 3m+2) m<mn S 2m
(2
(
(2
(
(
(

~

0 O U= W
~

-
-
-
-
-
-
-
-
X

=== o
N = O

15. (0,3, a1 32 m<n < 2m

16. (0, t3 3mHl L 3ty <np < 2m -1

17. (0 t3 t3m+1 _|_t3n+2 t32+2) m<n< ! < 2m
18. (0, t3 3mA2 g3ntly p <p < 2m

19. (0, t3 3mH2 43ty ;< n < 2m

20. (0,3, 32 p 3+l B3 < p < <2m

1.4 Multigerms with the 3-jet ((¢,0), (¢3,0))

L (#3,t%) 2. (83,14, 1°)

3. (83, 14,1°,1%) 4. (3, + 1)

5. (83, t4 +1049) 6. (¢3,14,49)

7. (83,4, 19) 8. (t3,45,19)

9. (3,45, +¢7) 10, (¢3,15,5,¢7)
11. (t3 " +5.¢7T) 12, (13,40 +t6 t7,1%)
13, (83,65 +15,49) 14, (£3,1°,17)

15. (#3,45,¢7,19) 16. (t3,5,1%)

17. (£, t5+t6 t12) 18, (#3, t5+t6)
19. (t3,t5) 20. (t t5,12)

21. (3,17 +9) 22. (3 t5+t9 t12)
23. (13,15,¢7,18)
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((£,0), (*,0))

1.6 Multigerms with the 5-jet ((¢,0), (0,t%))

1. (t9,45,45 47 18)
3. (0,°,10,¢7,¢8,¢9)
5. (0,t°,t0,¢7,19)

2
4.

(0,82,10,47,4%)

(t3,45,5 17 19)

2 Pairs of curves with singular components

2.1 Infinite series

The first component is equal to (t2,2™+1). We write only the second

component (here m < n).

1. (t2n+1,t2) 2
3. (0,22, 27+ 4,
5. (0,£2" 1 ¢2) 6. (0,

2.2 Individual singularities
First component is equal to (¢2,3).

(t2,0,t3,t%)
(0,0, t3 I %)
(t°,0, e t4)
(0,4, 43, ¢5)
(0,0, 3 t5,t7) 0.
2.

2.
4.
6.
8.
1
1. (t7,0, £ 91

1.
3.
D.
7.
9.
1

(
(
(07 07 tsa t4)
(

(t2’n+1 t2 t2n+3)
* Y Y
(27+1,0, %)

07 t27 t2n+1)

t2,0,t%)
0,25, 3, 1%)

t4,0,13,1%)
(0,17, 3,1%)
(0,0,3,¢9)

3 Multigerms with regular components

315

1. G,

2. Gy, (t x k,0,...,0)

3. G, (£, x k,0,...,0)
4. G, (£,0 % (n—1),t™)
5. (tlaovo)v(t27t%70)7(t3707

1<k<n

1<k<n, m>1
m > 1
t3)
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4 Multigerms with one singular component
4.1 Series with any number of regular components
The regular part is equal to Gy, n > 2. We write only the singular

component.
0 X n t2 t2m+1)

t2><k:0><( —k),t3)

2,0 x (n —1),13,t%)

0><n,t3,t4,t5)
5 x k, 0><(

0 xn,t3,t5,t7)

= O 00 O Uk W

21 k,0 x (n —k),t%)

— k), t3,t)

(

-

o

: (t2,t4 X k,0x (n—k—1),t3)
(

-

- ( — k), %,°)
.<

0. (7 x k,0 x (n—k),t3,%)

1<k<n
1<k<n

0<k<n

0<k<n
0<k<n

1<k<n

4.2 Infinite series with two regular components
The regular part is equal to G2. We write only the singular component.

t2 t2m+1) m > 2

(2

(t t2 +t2m+l t2m+3)
(2T o m >
(t O t2m+1 th)
(t th t2m+1 +t2n)
(t t?n t2m+1)

(t O t2m+1 +t2n t2[)
(t t2€ t2m+1 _|_t2n)
(

00 N O ULk W

©

O t2m+1 +t2n)

10. t2m+1)

t t2m+1 t2n )

t2
(t%,
- (2%,
12. (
13. (2,
14. (
15. (12,
16. (12, t2"+1 tz’“”) m<n
(t%,
(
(t%,
(
(
(t?

t ,t2m+1 + t2n t2f)
t t2m+1 +t2n)
t t2m+1)

)

t t2m t2n+ 1 )

17 t t2m t2n+1 t2€+1)

18 t t2€+1 t2m+t2n+l)
19. (2,0 t2m+t2"+1)
20 t t2m t2n+1)
21. t t2m+t2n+1 t2€+1)
22.

t2m t2n+l)

316

m>1

m<n<2m
m<n<?2m
m<n<?2m
m<n</t<2m
m<n</t<2m
m<n<?2m

m<n<2m-+1
m<n</{<2m+1
m<n<2m

l<m<n

m<n<f<m-+n
m<n<ftf<m-+n
l<m<n
l<m<n
m<n<f{<m-+n
l<m<n
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4.3 Individual singularities
The regular part is equal to Gs.

1 (23,83, 1°) 2. (t3,0,t4,£5,5)
3. (t3 6,14 17) 4. (3,0, 1°)

5. (0,0, t4 t5 t0.t7) 6. (17,7, %, 45,15)
7. (7,0, t4 t5 tﬁ) 8 (0,0,t4,t5,t6)
9. (t°, t6 t4 £ 7)) 10. (¢5,0,t4,45,¢7)
11. (0,0,t* t5,t7)

4.4 Series with the regular part ((t1,0), (t2,13))

1. (0,0,t%,t2m+1)
2. (0,12m Tt 12)
3. (t2m+1’ 0, t2)

5 Multigerms with two singular components

These multigerms contain three components. The first and the third
components are (¢,0,0,0) and (0,0,t3,t3) correspondingly. In the fol-
lowing list m > 1.

2,0,0,t7™H)
t2m+1 t 0 t2m+1)

- (0,
(
( t2m+1)
(t2m+1 t2 t27n+170)
(0 t%,tszrl 0)
(3 42.0,0).

D T W N

In what follows we denote by i.j.k the k-th multigerm from part 7.5
of the list.

3 The methods of classification

Let f be a germ of a curve in (C™,0). Since f is a germ of an analytic
mapping it can be represented by power series.

Definition. The power of the first monomial with a non-zero coefficient
i the power decomposition of f is called the multiplicity of f.

Though this notion is applicable only for germs of irreducible curves
we can speak about the multiplicity of each component of multigerm.

We shall also use the concept of the invariant semigroup of f from [5,
section 4].
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By M,, denote the ring of germs of analytic maps (C",0) — (C,0).
M,, is the maximal ideal in the ring of germs of analytic maps (C",0) —

C.

Definition. Let f be a germ of a curve in (C",0). For any ¢ : (C,0) —
(C,0) there is a natural valuation ord : ¢ — ord ¢, where ord ¢ is the
order of the power decomposition of ¢ at 0. Note that ord is a semigroup
homomorphism. The subsemigroup Si(f) = ord f*(MF) C 7 is an A-
invariant of the curve f and is called the invariant semigroup of f. So(f)
is called the (classical) value semigroup.

Definition. Let p be the smallest positive integer in the value semigroup,
and q be the smallest integer in the semigroup which is greater than p
and is not a multiple of p. The integer p is the multiplicity of the germ,
and the pair (p,q) is called the invariant pair of f (see [5]).

For multigerms we can define the invariant semigroup in the similar way.
Let F = (f1,...,fr) be a multigerm with k components in
(C",0), 6 € M. Then F*(9):= (f}(6),-.., f(¢)) and ord F*(g) ==
(ord f{(¢),...,ord fi(#)). So the invariant semigroup of the multigerm
F is a subsemigroup of N¥,

Denote by A, the subgroup of A consisting of those A-changes whose
r-jet is equal the identity, A, <A. We use the following statement (see [5,
Proposition 4.2]).

Lemma 1. Let f be a germ of a curve in (C™,0) with n > 2. Then the
largest integer Ny which is not in the invariant semigroup Si(f) is at
the same time the degree of L,_1)-determinacy of f.

In the sequel we prove that our multigerms are finite determined in
the formal case, but one can prove this in the analytic case using the
Malgrange preparation theorem.

Now we shall formulate a very important theorem from [3].

Lemma 2 (Mather; see [3]). Let G be a Lie group acting smoothly
on a finite dimensional manifold V. Let X be a connected submanifold
of V. Then X is contained in a single orbit of G if and only if

1. for each x € X the tangent space T, X C T,(G - x)

2. dim Ty(G - x) is constant for all x € X.
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We shall use this statement in the following situation: V is a space
of m-jets of multigerms with k& components, G = A™ is the group of
m-jets of A-changes.

Lemma 3 (The method of complete transversals). Let F' be a
multigerm in (C",0) with k components and let 7™ F be the m-jet of
F. Let W be a vector subspace of the space H™' of homogeneous
polynomial multigerms of degree m + 1 with k components in C"™ such
that

TAY Ry W S B,

Then any (m + 1)-jet with the m-jet j™F is Agmﬂ)—equivalent to F'+w

for some w e W.

This statement can be derived from the Proposition 2.2 from [3].
The space W is called a complete transversal. Sometimes the (affine)
space '+ W is also called a complete transversal.

The general method is the following. We fix the 1-jet of a multi-
germ and move to higher jets using the method of complete transversals.
When we obtain a complete transversal we try to simplify it using the
Mather Lemma. If we obtain a finite number of jets we consider each of
them separately. If our m-jet is m-determined we add it to our list. If
we obtain a family which can be parameterised by a parameter (or by
parameters) we conclude that this jet and all jets adjacent to it are not
simple (the jet g is adjacent to the jet f if g is contained in the closure
of the orbit of f).

To prove that a given k-jet is not simple we often use the following
observation. We consider a special submanifold M C J* that contains
the jet. We prove that the tangent space to the A®)_orbit does not
contain the tangent space to M at any point of it. Then each point of
M is not simple. In particular, if the dimension of the tangent space
to an A®)_orbit is less than the dimension of the submanifold M, then
each point of M is not simple.

Sometimes (as in [1]) we denote a germ (t™ +t",t* ...) by

((m,n), k,...).
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Part I
Multigerms with two components

4 Pairs of curves with one regular component

4.1 Multigerms with both components regular

We refer to a curve as regular if it can be reduced to the form (¢,0, ...,0).
In this part we assume that the first component of a pair is regular and
has been reduced to the normal form.

Lemma 4. A pair with two regular components is equivalent to one of
the normal forms 1.1.1 and 1.1.2.

Proof. The 1-jet of the second component is (at, bt) which is equivalent
to (¢,0) or (0,t). Consider the first case. Let k be the minimal number
such that the k-jet is not (¢, 0) (if k is infinity then the pair is not simple).
Then the multigerm is k-determined and is equivalent to ((¢,0), (¢, %)).
In the second case the multigerm is 1-determined and we obtain the
normal form 1.1.1. ]

4.2 Multigerms with the second component of
multiplicity 2

Now assume that the 1-jet of the second component is trivial. The
non-trivial 2-jet is equivalent to (t2,0) or (0,#?).

Lemma 5. The second components with the 2-jet (t2,0) or (0,t%) are
equivalent to 1.2.1-1.2.9.

Proof. Suppose the 2-jet of the second component is (¢2,0). Let k be
the minimal number such that the k-jet is not (#2,0).

Suppose k is odd and is equal to 2m+1. Then the k-jet is equivalent
to (2,2 *+1). If there are no more non-trivial monomials then we obtain
the normal form 1.2.1 since it is at most 4m-determined. Note that a
complete transversal in J" is trivial for odd n. Therefore a non-trivial
complete transversal, for some n < 2m, is

(t2, t2m+1 + thn’ Cth).
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If ¢ # 0 then we obtain the normal form 1.2.3. If, for all k > 2n, the
k-jet equals the 2n-jet then we obtain the normal form 1.2.2, otherwise
for some s a complete transversal in .J?° lies in the family

(t2, 62 20 L bt ct?), n< s < 2m.

If ¢ # 0 then we obtain the normal form 1.2.4. Let ¢ = 0. The
tangent space to the A%%-orbit contains the vectors (2t2+25727 2nt25 +
(2m + 1)152(m+57n)+1)7 <t2+2372n70)’ (t28,0) and (0,t2(m+sfn)+1 + t28>.
Therefore we obtain the normal form 1.2.2.

Consider the case when k is even and is equal to 2n, i.e., when the
k-jet is equivalent to (¢2,#2"). Let 2m + 1 be the minimal order of the
jet which is different from (¢2,¢?"). In J?™*! it is equivalent to

(t2,t2n + bt2m+1,ct2m+1), m>n

If ¢ # 0 then the second component is equivalent to the normal
form 1.2.6. Suppose ¢ = 0. Then the (2m + 1)-jet is equivalent to
(t2,¢?" 4 t?m+1) If the higher jets are equal to the (2m + 1)-jet then
we obtain the normal form 1.2.5. Otherwise there exists J2*T! where a
complete transversal is

(t2’ t2n 4 t2m+1’ Ct28+1).

Note that the tangent space to the A?"+2"+1_orbit contains the vec-
tors (0,0, 47 220m+m)+1) (0, 0, ¢4 4-¢2m+27+1) and therefore the vector
(0,0, t2m+20+1) Tt gives the restriction s < m + n.

If ¢ # 0 then we obtain the normal form 1.2.7. Otherwise the sec-
ond component is equivalent to the normal form 1.2.5 since the
tangent space to the A2**l-orbit contains the vectors (+**1,0,0) and
(2t2+2s—2m, 2nt2n+23—2m 4 (2m =+ 1)t2s+1)’ (0’ 75271-"-25—2m + t28+1)‘

Suppose that the 2-jet is (0,t2). If, for all k > 2, the k-jet is equal
to the 2-jet then the multigerm is not simple. Otherwise the second
component is equivalent to the normal form 1.2.8 or 1.2.9. [

4.3 Pairs with the 3-jet ((¢,0), (0,¢%))

Lemma 6. Any simple pair of curves with the 3-jet ((t,0),(0,t3)) is
equivalent to one of the normal forms 1.3.1-1.3.20
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Proof. In J3™ a complete transversal is trivial. In J3™+1 it is equivalent
to
(at3m+1,t3,bt3m+l). (1)

We can eliminate the monomials in the other coordinates by simple
permutation of coordinates and left equivalences.

If b # 0 we obtain the (3m+1)-jet (0,3, 3mF1). This jet is (6m —1)-
determined. A complete transversal in J3"t! is trivial. If n < 2m a
complete transversal in J3" 2 is equivalent to

(Ct3n+2, t3, t3m+1 + dt3n+2’ et3n+2). (2)

If e # 0 we obtain the normal form 1.3.15. If e = 0 and ¢ # 0 we
obtain the normal form 1.3.10 if d = 0 and the normal form 1.3.11
(n =1)if d # 0. In the last case, if n = [ = 2m — 1 we obtain
(t6m=1 43 ¢3m+l 4 46m=1) " The tangent space to the AOm=1)_61hit con-
tains the vectors (0,3t3™ %1 (3m + 1)t5"1) and (0,t5™~1,0), so, using
the Mather Lemma, we obtain the normal form 1.3.10. If ¢ = 0 and
d # 0 our jet is equivalent to (0,3, #3m*! 4+ ¢37+2)  We have to move
to higher jets. A complete transversal in J3*+2 where n < ¢ < 2m, is

equivalent to

since the tangent space to the Ag?’é”)—orbit contains the vectors

(07 (3m + l)tS(m+€fn)+1 + (3n + 2)t3€+2) and (07t3(m+€fn)+1 + t3€+2). 1If
b # 0 we obtain the normal form 1.3.17. If b = 0 and a # 0 we obtain the
normal form 1.3.11. If a = b = 0 for every £ such that n < ¢ < 2m we
obtain the normal form 1.3.16. If in (2) ¢ = d = 0, for every n such that
m < n < 2m, we obtain the normal form 1.3.9. Similar reasonings with
the (3m + 2)-jet (0,3,#3™%2) produce the normal forms 1.3.12-1.3.14
and 1.3.18-1.3.20.

Let’s now suppose that b = 0 and a # 0 in (1). We obtain the
(3m + 1)-jet (£3™F1,¢3). This jet is (6m + 2)-determined. A complete
transversal in J3" ! is trivial. If m < n < 2m then a complete transver-
sal in J?"*2 is equivalent to

(t3m+1 + Ct3n+2, t3, dt3n+2). (3)

If d # 0 we obtain the normal form 1.3.2. If d = 0 and ¢ # 0 we obtain
the (3n + 2)-jet (3! 43712 13). If n = 2m we have the (6m + 2)-jet
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(3L 4 ¢6mF2 43 Since the tangent space to the A% *2_orbit contains
the vectors ((t2,0), (t52,0)) and ((2t2,0), (0,0)) (here we write both
components), we obtain (+3™*! ¢3) i.e., the normal form 1.3.1. If n <
2m we move to the higher jets. Consider a complete transversal in
J3H2 where n < ¢ < 2m. Since the tangent space to the Ai’éw—orbit
contains the vectors ((3m + 1)t3mH=m+1 (3 4 2)¢36+2 343(E-nt1))
(t30mHl=n)+l L 43642 0) and (0,43(""*1), a complete transversal is
equivalent to
(t3m+1 + 1(:371-1-27 t3, ht3€+2).

If h # 0 we obtain the normal form 1.3.4. If A = 0, for any ¢ such that
n < ¢ < 2m, we obtain 1.3.3. If in (3) ¢ = d = 0, for any n such that
m < n < 2m, we obtain the normal form 1.3.1. Similar reasonings with
the (3m + 2)-jet (3m + 2, 3) produce the normal forms 1.3.5-1.3.8. =

4.4 Multigerms with the 3-jet ((¢,0), (¢*,0))

We begin with the following lemma.

Lemma 7. A pair, the second component of which has the 8-jet (t3,15,17),
s not simple.

Proof. Let X be the 11-dimensional space
(a1t + agt + ast® + agt® + ast” + ast®, b1t® + bot” + bst®, e1t” + cot®).

Let = be a point of X with nonzero coordinates: a; # 0,b; # 0,¢; # 0.
For a group G acting on .J® denote by X¢ the intersection T, X T, (Gx),
where T, X is the tangent space to X and T,(Gz) is the tangent space
to the G-orbit of the point x. Let’s evaluate the dimension of X 4s.
The group A% is the product of L® and R®. If loz ¢ X, where [ is a
L3-change and z is a point of X then, for any R%-change 7, the point
loxor~! lies outside X. Moreover if [ o z o r~! is a point of X then
the points z o 7! and [ o z lie in X too. It means that a vector v from
X 48 is the sum of some vectors v; € Xps and v € Xys. Therefore X 45
is the sum of Xps and X s. Xgs is a 6-dimensional space and includes
the vectors (¢9,0,0), (t7,0,0), and (#3,0,0), since these vectors are the
linear combinations of (3a1t5+4ast” +5a3t®,0,0), (3a1t”+4ast®, 0, 0) and
(3a1t®,0,0). The preimage of X ;s with respect to the tangent mapping
g: T, L8 — T,J%is

< (x7 O’ 0)7 (y7 07 0)’ (Z’ O) 0)7 (07 y7 0)7 (07 07 Z)? (O’ Z? 0)’ (x2707 0) > °
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Therefore the intersection X psNXs is at least 3-dimensional (it contains
the vectors g(x2,0,0), g(y,0,0), g(2,0,0)) and the dimension of X 4s is
not more than 10. This implies that any open neighbourhood of the
point z intersects infinitely many different orbits. [

Lemma 8. Second components of simple multigerms with the 4-jet
(t3,t*) are classified by the normal forms 1.4.1-1.4.7.

Proof. First note that the second component is at most 9-determined
and a complete transversal in .JJ7 and J® is trivial. A complete transversal
in J% is (3, t*4-bt%, ct®). If ¢ # 0 then the 5-jet is equivalent to (£3, 4, 7).
Therefore we obtain the normal forms 1.4.2 and 1.4.3. Suppose ¢ = 0.
Then the 5-jet is equivalent to (¢3,#*). In J% a complete transversal is
(t3,t* +bt°, ct%). If ¢ # 0 then we obtain the normal form 1.4.6. Suppose
¢ =0 and b # 0, then the second component is equivalent to the normal
forms 1.4.4 or 1.4.5. If ¢ = 0 and b = 0 then there are two possibilities:
the normal form 1.4.1 or 1.4.7. [

Lemma 9. Second components of simple multigerms with the 5-jet
(t3,°) are classified by the normal forms 1.4.8-1.4.22.

Proof. A complete transversal in J is
(3,65 + b5 ct).

Consider ¢ # 0. Then the multigerm is 7-determined and we obtain
the normal forms 1.4.8-1.4.10 Suppose ¢ = 0 and b # 0. A com-
plete transversal in J7 is (#3,¢° + 1% + et”, ft7) which is equivalent to
(t3,° +15, ft7) since the tangent space to the A”-orbit contains the vec-
tors (t7,0,0), (3t5,5t7,0), (£ +t°,0,0) and (5,0,0). If f # 0 then the
multigerm is 9-determined and we obtain the normal forms 1.4.11 and
1.4.12. Suppose f = 0. A complete transversal is non-trivial only in J*
and J12. Since (¢3, 1% + 1%+ at?) is equivalent to (3,¢° +15) (the tangent
space to A? includes the vectors (0, 5t% + 6t”) and (0,%)) we obtain the
normal forms 1.4.13, 1.4.17 and 1.4.18.

Consider the case ¢ = 0 and b = 0. As above a complete transversal
in J7 is equivalent to (¢3,t>+ht", gt7). If g # 0 then we obtain the normal
forms 1.4.14 and 1.4.15. Suppose g = 0, then the 7-jet is equivalent to
(t3,°). Note that a complete transversal is non-trivial only in J” and
J2. In J? it is equivalent to (¢3,¢° + ht",1t°). If I # 0 we obtain the
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normal form 1.4.16. Consider [ = 0. There are two cases: h = 0 and
h # 0. In the first case a complete transversal in J'? is equivalent to
(t3,1°,1t'?) and we obtain two normal forms: 1.4.19 and 1.4.20. In the
second case we obtain the 9-jet (¢3,¢> + t?) which produces the normal
forms 1.4.21 and 1.4.22. [

Note that Lemma 7 implies that if the 6-jet of the second component
is equal to (#3,t%) then the component is equivalent to (3,5, ¢7 ¢%).
Therefore one has

Lemma 10. The only multigerm with the second component’s 6-jet
(t3,19) is equivalent to ((t,0),(t3,t5,¢7,¢%)), i.e., to the normal form
1.4.23.
4.5 Multigerms with the 4-jet ((¢,0), (¢*,0)) or ((¢,0), (0,t*))
The list is restricted by the lemma.
Lemma 11. Multigerms with the 7-jet

(art* + ... 4 agt” byt + . 4 bgtT eyt + L et?).
of the second component are not simple.
Proof. As in the Lemma 7 consider the 12-dimensional space X:

(art* + .. 4 agt” byt + . 4 batT eyt + 4 eqt?).

At a point x with nonzero coordinates a; # 0,b; # 0, ¢; # 0 the dimen-
sion of X7 is 7 and the dimension of X7 is 4. Therefore the dimension
of X 48 is not greater than 11. It implies that, for any neibourhood U (z)
of z, the number of orbits which intersects U(x) is infinite. |

Lemma 12. The second components of simple multigerms with the 4-jet
(0,t%) are classified by the normal forms 1.5.1-1.5.9.

Proof. In J® a complete transversal is
(at®, t*, bt°).

Let b # 0. A complete transversal in J is (ct5, 4, +dtS, f16). If f =0,
then from Lemma 11 it follows that there are two simple components

325 REVISTA MATEMATICA COMPLUTENSE
(2001) vol. XIV, num. 2, 311-344



P. A. KOLGUSHKIN, AND R. R. SADYKOV SIMPLE SINGULARITIES OF ...

(t5,¢4,¢°,¢7) and (0,t*,°,t7). Consider f # 0. Then the 6-jet is equiva-
lent to (0,¢*,°,1%). It produces the normal forms 1.5.4, 1.5.5 and 1.5.6.

Let a # 0 and b = 0. Then the 5-jet is equivalent to (¢°,¢*) and a
complete transversal in J lies in the family

(t° + a5, ¢4, f19).

Note that if f = 0, then the pair is adjacent to the pair of Lemma 11 and
therefore is not simple. So the 6-jet is equivalent to (¢°,%,¢%). Lemma
11 implies that a simple component with such a 6-jet is equivalent to
(5, 44,16, ¢7).

Let @ = b = 0. A complete transversal in J° lies in the family
(ctb,t*,dt%). Suppose d = 0, then the component is adjacent to the
component of the Lemma 11. So d # 0 and the 6-jet is equivalent to
(0,t*,1%)6. Lemma 11 implies that the 7-jet is equivalent to (0, *,¢%,¢7),
what produces the last three normal forms. [

Now consider multigerms with the second component (t*,0),. Lemma
11 implies that its 7-jet is equivalent to (t*,#°, 5, t7). It is 8-determined,
therefore we obtain two multigerms more:

Lemma 13. The second components of simple multigerms with the 4-jet
(t1,0) has one of two forms 1.5.10 or 1.5.11.

4.6 Curves with the 5-jet (0,¢°) or (#°,0)
First consider the multigerms with the 5-jet ((t,0), (0,%)).

Lemma 14. A pair of curves with the 9-jet ((t,0), (t%,£5,5,¢7)) is not
simple.

Proof. The dimension of the space X:

(a1t8 + agtg, blts + thG + ...+ b5t9, Cltﬁ + ...+ C4t9, d1t7 + ...+ dgtg)

is 14. At the point with nonzero coordinates the dimensions of Xpo is
not greater than 5 and that of X is 7. Therefore the dimension of X 49
is less than 14 and the pair is not simple. [

Lemma 15. The second components of a simple multigerm with the
5-jet (0,t) is equivalent to one of the normal forms 1.6.1-1.6.5.
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Proof. Lemma 11 implies that the 7-jet of the second component is
equivalent to (0,¢°,4%,¢7). A complete transversal in .J® lies in the family

(at®, 15,10 + bt®,t7 + ct®, dt®).

If d # 0 then we obtain the first three normal forms. Otherwise the
8-jet is equivalent to (at®,t°,¢5 7). Lemma 14 implies that the 9-jet is
equivalent to (at®,¢°,1%,¢7,t°) and we obtain the normal forms 1.6.4 and
1.6.5. [ ]

Multigerms with the 5-jet ((¢,0),(¢°,0)) are not simple since they
are adjacent to the multigerm of Lemma 11. By the same reason there
are no more simple pairs with regular first component.

5 Pairs of curves with singular components

Here we denote parameters on both components by .

Lemma 16. A pair of curves with the 3-jet ((t2,3), (t2,at3)), where
a # 1, is not simple.

Proof. Let ’s consider the tangent space to the A®)-orbit. It is

)
generated by the following 8 vectors: ((t2,0),(t2,0)), ((0,t?),(0,t?)),

(
((t3,0), (at®,0)), ((0,£%),(0,at%)), ((2t%,3t%), (0, 0)) ((,0),(0,0)),
((0,0), (2t2, 3at?)), ((0,0), (2t3,0)). Note, that

((0,0), (2t2, 3at3)) — 2((¢2,0), (2,0)) + ((2t2, 3t%),(0,0)) =
3((0,3), (0, at?)).

So, these vectors are linearly dependent and we can remove ((0,3),
(0, at?)) from the list above. Hence it is obvious that the tangent space to
the A®)-orbit does not contain the vector ((0,0), (0, %)) from the tangent
space to our 1-dimensional submanifold. But if the tangent space to the
AB)_orbit does not contain the tangent space to the submanifold, for
each point of it, the multigerm fails to be simple. [

Let us consider the 2-jet ((¢2,0), (0, %)) first.

Lemma 17. Any simple multigerm with the 2-jet of the second compo-
nent (0,t%), such that the first component equals (2,2m + 1) and the in-
variant pair of the second component is greater than or equals (2,2m~+1),
is equivalent to one of the normal forms 2.1.1-2.1.3.
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Proof. We shall not calculate tangent spaces in obvious cases, but in
other cases we have to do it. In J?™ a complete transversal is trivial for
any m. In J?"*1! it is equivalent to

((1;27 at2m+1’ O), (thm—l—l7 t2, Ct2m+1)).

There exists m such that a # 0 (we suppose that the multiplicity of the
first component is less than or equals that of the second one). If ¢ # 0
we obtain the normal form ((t2,#2™+1), (0,2, t?™*1)). It is clear, that
this multigerm is (2m + 1)-determined, i.e., we obtain the normal form
2.1.3, n = m. Now suppose ¢ = 0. If b # 0 then using multiplications of
coordinates in the target and of parameters in the sources by constants
we obtain the normal form

(2, ™), (™ %), (4)
If b = 0 we obtain the normal form
(2,241, (0, 8%)). (5).

We shall discuss (4) later. Now consider (5). In J?" a complete transver-
sal is trivial for any n. In J?"*! a complete transversal is given by

((tQ, t2m+1’ 0)7 (thnJrl7 t2, Ct2n+1)).

If ¢ # 0 we obtain the normal form 2.1.3. If ¢ = 0 and b # 0 we obtain
the (2n + 1)-jet
((tQ t2m+1) (t2n+1 tZ)).

Starting from this moment, it is not important for our consideration
that n > m, so we can also consider (4). A complete transversal in
J?*2 i trivial. Let ’s consider it in J?"*3. We can simply obtain the
following vectors from the tangent space to the A-orbit of our (2n + 2)-
jet: ((2t?"*3,0),(0,0)) and ((0,0), (0,2t2"+3)). Note that the tangent
space contains the vector ((0,t2"+3), ((0,t>+@n+D=m+1))) the power
of the last monomial is greater than or equals 2n 4+ 3. So, the tan-
gent space contains ((0,#2"%3),(0,0)). Now, we want to obtain the
vector ((0,0), (#2"*3,0)). It is obvious, if we note that the tangent
space contains ((£2™+3,0), (t2713,0)), ((2t>™*3,(2m + 1)t*™+2) (0,0))
and ((0,t*™+2),(0,¢t?m+DEn+1)Y) " the power of the last monomial is
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greater than 2n+3. After this we can conclude that a complete transver-
sal is equivalent to

((t2, t2m—i—1)7 (152714-17 t2, at2n+3))' (6)

Now we shall prove that this (2n + 3)-jet is L -determined for every a.
If, using left equivalence, we eliminate a monomial with even degree in
one component, then we obtain a monomial of higher degree in the other
component, so we have to eliminate monomials of odd degree.

Let ’s consider the (2n + 2k + 1)-jet (k > 2) of our multigerm. We
shall eliminate the monomial $?"*2**1 in the second component. Our
construction does not depend on a in (6). We can obtain this monomial
as z125. In the first component we obtain t2"+D*+2 Now we have two
possibilities: k = 2¢ or k = 27 + 1.

In the first case we consider our multigerm in J2"t4+1 ; > 1 and
our monomial in the first component is 227 +1)+2 It can be obtained
as x?m“)”l. So, in the second component we obtain a monomial of
degree (2n+1)((2m+1)i+1) = 2n+14+(2n+2m~+1+2nm)i > 2n+1+4i.

In the second case we consider our multigerm in J2*+4+3 j > 1. The
monomial in the first component is ¢2/2m+D+2+2m+1 44 can be obtained
as ngm—i-l) Hlxg. So, in the second component we obtain a monomial of
degree 2n+1)((2m+1)i+1)+2= 2n+2m+2mn+1)i +2n+3 >
2n + 41 + 3.

In this construction we did not use that n > m, so it works for
eliminating the monomials in the first component as well.

Therefore, in (6), if a # 0 we obtain the normal form 2.1.2, if a = 0
we obtain the normal form 2.1.1. [

Now we suppose that the first component is (¢2,t*™*1) and the in-
variant pair of second component is greater than or equals (2,2m + 1).

Lemma 18. Any pair of curves with the (2m + 1)-jet ((¢2,t>m™+1),
(0,0,t2)) is equivalent to one of the normal forms 2.1.4-2.1.6.

Proof. In J?"*! a complete transversal is equivalent to
((tQ, t2m+1’ 0’ 0)’ (at2n+1, bt2n+1, t2, Ct2n+1)).

If ¢ # 0 then we obtain the normal form 2.1.6 which is (2n + 1)-
determined. If ¢ =0 and b # 0 we have

((t2, 7f2m+17 0)’ (at2n+17 thJrl7 t2)).

329 REVISTA MATEMATICA COMPLUTENSE
(2001) vol. XIV, num. 2, 311-344



P. A. KOLGUSHKIN, AND R. R. SADYKOV SIMPLE SINGULARITIES OF ...

One can obtain the vector ((0,0,0), (#*"*1,0,0)) as a linear combination
of the wvectors ((t2™*1,0,0),(t*"t10,0)), ((2t>™+L (2m + 1)t*™,0),
(0,0,0)) and ((0,t*™,0), (0,a®™t>™(7+1D) (). Then we can use the
Mather Lemma and obtain the normal form 2.1.5, which is (2n + 1)-
determined. If b = ¢ = 0, a # 0 we obtain the normal form 2.1.4 which
is also (2n + 1)-determined. [

Now we shall consider the 2-jet ((¢2,0), (2,0)).

Lemma 19. There exist two simple multigerms with the 2-jet ((t2,0), (t2,0)).
They are classified by the normal forms 2.2.1 and 2.2.2.

Proof. Using Lemma 16, we have only one possibility for the 3-jet:
((t2,43,0), (t2,0,¢%)). The 4-jet of this multigerm is equivalent to

((£2,12,0,0), (2 + at, bt 3 + ct?, dt*).

The tangent space to the A®-orbit contains the vectors ((0,0), (2t%,0))
(so we can suppose a = 0), ((0,t%),(0,t%)), ((2t3,3t%),(0,0)),
((t3,0), (bt1,0)), ((0,0), (2t*,0)) (so we can suppose b = 0),
((0,0,0), (2t3,0,3t%)), ((0,0,0), (3 + ct*,0,0)) and ((0,0,0), (2t*,0,0))
(so we can suppose ¢ = 0). Hence, if d # 0 we obtain the first curve,
if d = 0 we obtain the second curve. Note, that both these 4-jets are
4-determined. L

Lemma 20. Multigerms with the 5-jet
((%,2%,0), (8, t* + at®, 1%))

are not simple.

Proof. Simple calculations in J° show that the tangent space to the
A®)-orbit does not contain the vector ((0,0,0), (0,£°,0)), so a is a mod-
ulus in our family. [

Now we have to consider the case when the multiplicity of the second
curve equals 3 and the first curve is (¢2,3). Curves from the other cases
are adjacent to the family from Lemma 16. More exactly, we have to
consider the 3-jet ((¢2,3,0), (0,0,t%)).

Lemma 21. Every simple multigerm with the 3-jet ((t2,t3,0),(0,0,t%))
s equivalent to one of the normal forms 2.2.3-2.2.12.
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Proof. A complete transversal in J* is equivalent to
((£%,%), (at*, bt*, 1%, ct"))

Let 's suppose that ¢ # 0. Then our 4-jet 1is equivalent to
((t2,12,0,0), (0,0,¢3,¢%)). This jet is 5-determined. The tangent
space to its A®)—orbit contains the vectors ((0,0,0,0),(0,0,t°,0)),
((0,0,0,0), (0,0, 3t* 4t%)) and ((0,0,0,0),(0,0,%*0)), so we obtain the
curves 2.2.3-2.2.6.
Now let us consider the case ¢ = 0. If b # 0 this 4-jet is equivalent
to
((t27t370)7(07t47t3))' (7)

If b= 0, a # 0 this 4-jet is equivalent to

((#2,£%,0), (¢, 0.£%)). (8)
If a = b = 0 we obtain

((£2,£°,0),(0,0,£)). (9)

Now we have to consider the 5-jet. Using Lemma 20 we see that in the
second component the fourth coordinate equals °. In (7) and (8) we
obtain the normal forms 2.2.7 and 2.2.8, which are 5-determined. In
(9) we see that a complete transversal in .J% is trivial and this curve is
7-determined. So we obtain the normal forms 2.2.9, 2.2.10, 2.2.11 and
2.2.12. [ |

Part 11

Multigerms with three and more
components

Lemma 22. Simple multigerm can not contain three nonregular com-
ponents.

Proof. A non-regular curve is adjacent to the curve (2,3). That is
why the first curve is adjacent to (2, 3), the second one to (0,0, 2,3) and
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the third one to (0,0,0,0,2,3). Note that the third curve in
the triple is adjacent to (0,0,1,0,2,3) therefore the triple is
adjacent to ((2,3,0,...), (0,0,2,3,4,0), (0,0,1,0,0,3)). By chang-
ing indexes of axis and curves we can obtain the triple
((1,0,0,0,0,3),(0,2,3,0,0,0),(2,0,0,3,4,0)). The second and the third
curves are adjacent to curves with the 2-jet (1,2). So it remains to prove
that a triple with the 2-jet ((1,0),(1,2),(1,2)) is not simple. Therefore
we have to prove the following statement. [

Lemma 23. A triple with the 2-jet ((1,0),(1,2),(1,2)) is not simple.

Proof. Consider the 4-dimensional subspace of the space of 2-jets:

((£,0), (e1t1, aoty), (asta, aut3)), a; # 0

Using R(#-changes each such triple can be reduced to the same form
with a; = ag = 1. Note, that if one can reduce the 2-jet to the form,
where a3 = 1,4 = (2, then one can do it using only the following
changes: T = ax, §y = by, t1 = ct; and ty = dto. Hence we have the
following equations for a, b, ¢, d:

ac=ad =1, azbc® =01, asbd® = fs.

Therefore we have ¢ = d = a~!. Then azba™2 = 31 and asba™? = fo. It
implies that az/B1 = a?b~! = ay/B2. So the 2-jet under consideration
has a continuous invariant (a modulus) as/ay, i.e., it is not simple. m

6 Multigerms with regular components

Lemma 24. Any simple multigerm with all components regular is
equivalent to one of the normal forms 3.1-3.5.

Proof. Consider the 1-jet of our multigerm. Suppose that first n curves
can be (and are) reduced to the form G,, and the 1-jets of all other curves
have zero coordinates with numbers greater than n (otherwise one can
reduce n + 1 curves to the form G,41). If the total number of curves is
equal to n, we obtain the normal form 3.1.

Suppose that n > 2. Then our multigerm can not contain more than
(n + 1) components. The reason is that (n + 2)-lines in C" is not a
simple multigerm. For n = 2 they have a continuous invariant — double
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ratio. For n > 2 consider the space of 1-jets of k lines in C". It is
nk-dimensional. The dimension of the tangent space to the LM-orbit
is less than or equals n?. The dimension of the tangent space to the
RMW-orbit is less than or equals k. For our multigerm to be simple it is
necessary to have nk < n?+k e, k<n+1+ ﬁ Hence £ <n +1.
So, we have G, and a non-singular curve with zero coordinates with
numbers greater than n. By R()-transformations and permutations of
curves and coordinates we can reduce the 1-jet to G,, and
(t,...,t,0,...,0), where 1 <k <n. If k£ > 2 we obtain the normal form
k
3.2 (since x12h" equals t;”jll for the last curve and zero for the first n
curves, m > 1). If k = 1 we move to higher jets. A complete transversal
in J™ is equivalent to

Gn, (t,a1t™, ... apt™).

If a,, # 0 we obtain the normal form 3.4. If a,, = 0 and there exists j such
that a; # 0 we obtain the normal form 3.3 (since it is m-determined).
Now suppose n = 1. There are at least 3 components in our multi-
germ. If the multigerm has at least 4 components, then it fails to
be simple, since its 1-jet is adjacent to 4 lines in C2. So, the multi-
germ contains 3 components. Note, that by lemma 23 the family
((t1,0), (t2,t3), (t3,t3)) is not simple. So we have only one possibility
for the 2-jet: ((t1,0,0), (t2,3,0), (t3,0,t3)).This jet is 2-determined and
we obtain the normal form 3.5. |

7 Multigerms with one non—regular component

We can suppose that the regular part of the multigerm is equivalent
to one of 5 forms from the previous section (see Lemma 24 ) or to
((t1,0), (t2,t5")). The forms 3.2-3.4 are not suitable, since if we add to
it one non-regular curve, the 1-jet of the multigerm will be adjacent to
(n+2) lines in C™, which is not simple. If we add one non-regular curve
to the normal form 3.5, the 1-jet of the multigerm would be adjacent
to 4 lines in C?. So we have 2 possibilities for the regular part: G,, or
((t1,0), (t2,t5")). First consider the case, when the multiplicity of the
singular component equals 2 and the regular part of the multigerm is
Gp.
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Lemma 25. Any simple multigerm with the 2-jet (G, (0,...,0,t%)) is
——

n
equivalent to one of the normal forms 4.1.1 and 4.1.2.

Proof. A complete transversal in J?™ is trivial for any m. A complete
transversal in J?™*1! is equivalent to

2m+1 2m+1 42 2m+1
Gn, (a1t®™ 1 ant®™ 12 an 2.

If ap+1 # 0 we obtain the normal form 4.1.1. If a,41 = 0 but there
exists j such that a; # 0 we obtain the normal form 4.1.2 (k depends
on the number of the coefficients a; different from zero). u

Now, we shall consider the other 2-jets: G, (t2,...,t%) 1<k <n.
——

k
This 2-jet is not sufficient, so we move to 3-jets. A complete transversal
in J3 is equivalent to

(Gy (2 + art?, .. 2+ apt? ap 1t ... a1 t?)). (10)

First, consider the case a,y1 # 0.

Lemma 26. Any simple multigerm with the S8-jet equals to
Gn, (t2,...,12,0,...,0,t3) is equivalent to one of the normal
——

n—k
forms 4.1.3-4.1.5.

Proof. The normal form 4.1.3 is 3-determined since z;22 = t*. Consider
the 3-jet (G, (t2,0,...,0,t3). It is 5-determined so we have to consider
——

n—1
the 4-jet. A complete transversal in J* is equivalent to

(G (82, 0ot . bt 12 4 by th, by gath)).

If byp42 # 0 we obtain the normal form 4.1.4 which is 4-determined.

If b,y2 = 0 we can eliminate t* in the first and the (n + 1)-st coor-

dinates, since the tangent space to the A-orbit contains the vectors:

(2t*,0,...,0), (2t3,0...,0,3t*) and (£3,0,...,0). Therefore we obtain
n—1

the normal form 4.1.5 (k depends on the number of the coefficients b;

different from zero). [
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Now, suppose that a,+1 = 0 in (10). We shall prove that n can not
be greater than 2.

Lemma 27. The 3-jet G, (a1t? +b1t3, ..., ant? + b,t3) is not simple if
n > 2.

Proof. The dimension of the submanifold of such jets (in J®)) equals
2n. Now we shall estimate the dimension of the stabilizer of the regular
part, i.e. of the subgroup in A®) which preserves the regular part. The
dimension of the tangent space to the L®)_orbit is less than or equals n,
since it is generated by the images of the vectors (0,...,0,z;,0,...,0)
j—1
with 1 < j < n. The dimension of the tangent space to the R®)_orbit is
less than or equals 2, since it is generated by the images of two vectors:
t and t2. Hence the dimension of the tangent space to the A®)-orbit is
less than or equals (n + 2). If the dimension of the tangent space is less
than the dimension of the submanifold then this 3-jet fails to be simple.
Thus n+2 > 2n, ie., n <2. [

So, if in (10) ap+1 = 0 then n = 2. Consider this case in detail. First
suppose that k =n =2 in (10).

Lemma 28. Any simple multigerm with the 3-jet (10), where k = n = 2,
1s equivalent to one of the normal forms 4.2.1-4.2.3.

Proof. We shall describe all simple multigerms with the 2-jet
(Ga, (t2,1%)). A complete transversal in J?™ (m > 1) is trivial for any
m. In J?™F1 it is equivalent to (Ge, (t2, % + at®™ 1 b2 1)) since the
tangent space to the Agzmﬂ)—orbit contains the vector (2¢2m+1 2¢2m+1),
If b # 0 we obtain the normal form 4.2.1 since it is (2m+ 1)-determined.
If b = 0 and a # 0 we obtain the (2m + 1)-jet (Ga, (t2,12 + t?mT1))
which is (2m + 3)-determined, since 123 — z3zy is equal to 2™ +
higher order terms for the singular component and to zero for both
regular components. Hence we have to move to the (2m + 3)-jet. A
complete transversal in J2™+3) i equivalent to

(GQ, (t2, t2 + t2m+17 Ct2m+3)).

This is so since the tangent space to the Agzm%)—orbit contains the
vectors vy = (2t2MF3 212m+3) gy = (2t4, 2t + (2m + )23, vz =

(t* + 213 0) and vg = (0,t* + £2™F3). vy + vg — 203 — 204 is equal
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to (0, (2m + 1)t?™*3) for the singular component and to zero for both
regular components. If ¢ # 0 we obtain the normal form 4.2.2, if ¢ =0
we obtain the normal form 4.2.3. ]

Remark. If m = 1 in the normal form 4.2.1 we obtain the normal form
4.1.3 with k =n = 2.
Now we shall consider the case n =2, k =1 in (10).

Lemma 29. Any simple multigerm with the 2-jet (Ga, (t2,0)) is
equivalent to one of the normal forms 4.2.4-4.2.22.

Proof. Consider a complete transversal in J2™ 1. It is equivalent to
(Ga, (£, at*™* 1, bt>m 1)), (11)

Suppose b # 0. We obtain the (2m + 1)-jet (¢2,0,t*™1). This jet is
4m-determined since x?,) is equal to t¥™*2 for the singular curve and to
zero for the regular ones. This jet is not sufficient, so we have to move
to higher jets. A complete transversal in J2"+! is trivial for any n.
Consider it in J?" (n < 2m). It is equivalent to

(G, (t2, ct®™ 2™ 4 dt?" et®™)). (12)

If e # 0 we obtain the normal form 4.2.4. If e = 0 and ¢ # 0 # d we
obtain the normal form 4.2.5 if n < 2m. If n = 2m we can eliminate
2" in the third coordinate, since the tangent space to the A7) _orbit
contains the vectors (2t2"+1,0, (2m + 1)t*™) and (t>™*1,0,0). Thus we
obtain the normal form 4.2.6 (n = 2m). If d = 0 and ¢ # 0 we also
obtain the normal form 4.2.6. If ¢ = 0 and d # 0 we obtain the (2n)-jet
(t2,0,t>m+ 1 #27) where n < 2m. We have to consider a complete
transversal in J2¢ (n < £ < 2m). It is equivalent to (2, pt2¢, t2m+1 ¢
2, qt%) since the tangent space to the A9 _orbit contains the vectors
(202041) (9 4 1)20mH=m) 1 L 90426) and (0, t2(mH+HL Lg20)  If
q # 0 we obtain the normal form 4.2.7. If ¢ = 0 and p # 0 we obtain the
normal form 4.2.8. If p = 0 and ¢ = 0, for every ¢ such that n < ¢ < 2m,
we obtain the normal form 4.2.9. If c=d = e = 0 in (12) we obtain the
normal form 4.2.10.

Now suppose b = 0 and a # 0 in (11). We have the (2m + 1)-jet
(t2, 12+, Tt is (4m+2)-determined, since z123 is equal to t¥"+4 for the
singular curve and to zero for the regular ones. A complete transversal
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in J?"*1 is trivial for any n. In J?", where m < n < 2m + 1, it is

equivalent to
Ga, (2, 2™ et ™). (13)

If d # 0 we obtain the normal form 4.2.11. If d = 0 and ¢ # 0 we move
to higher jets. We suppose n < 2m + 1, since if n = 2m + 1 the tangent
space to the A4™+2)_orbit contains the vectors: (2t2+3 (2m +1)t4m+2)
and (t>™%3,0). A complete transversal in J?*, where n < £ < 2m + 1,
is equivalent to (2,#2m+1 4 12" et?*). If e # 0 we obtain the normal
form 4.2.12. If e = 0 for every ¢ such that n < £ < 2m + 1, we obtain
the normal form 4.2.13. If in (13) ¢ = d = 0 for every n such that
m <n < 2m, we obtain the normal form 4.2.14.

Now we shall consider a complete transversal in J>™. It is equivalent
to

(Go, (2, at®™, bt>™)). (14)

Suppose a # 0 or b ## 0. This jet is not finite determined, so we need to
move to higher jets. In J?" (m < n) a complete transversal is trivial for
any n.

First, suppose b # 0. Then this (2m)-jet is equivalent to
(Ga, (t2,0,t?™)). In J?"*! (m < n) a complete transversal is equivalent

to
(t2 o2t g2m L gp2n+l 6t2n+1)‘

If e # 0 we obtain the normal form 4.2.15, which is (2n+ 1)-determined.
Now suppose e = 0. If ¢ # 0 and d # 0 we obtain the normal form
4.2.18, where | = n. If ¢ # 0 and d = 0 we obtain the normal form 4.2.16.
These both forms are (2n + 1)-determined. Now suppose ¢ = e = 0 and
d # 0. Then we have the (2n + 1)-jet (¢2,0,t>™ + ¢2"+1). This jet is
(2(m 4 n) — 1)-determined, since z2 — 27'x3 is equal to t2(m+7)+1 for
the singular component and to zero for the regular ones. A complete
transversal in J% is trivial for any I. In J**! (n < £ < m +n) it is
equivalent to
Go, (2, pt2tH1 2m 4 g2nt1 42041

since the tangent space to the AV _orbit contains the vectors
(2t2(1+ffn)’ 0, 2mt2(m+€fn) + (2n + 1)t2€+1> and (07 0, tQ(erffn) + t2€+1>.
If ¢ # 0 we obtain the normal form 4.2.17. If ¢ = 0 and p # 0 we obtain
the normal form 4.2.18. If p = ¢ = 0 for every [ such that n <[ < m+n,
we obtain the normal form 4.2.19.
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Now, suppose b = 0 and a # 0 in (14). We obtain the 2m-jet
(Ga, (2,t2™)). A complete transversal in J2" is trivial for any n. In
J2HL m < n, it is equivalent to (Ga, (12, 2™ +ct? L dt?"+1)). Suppose
d # 0. We obtain the normal form 4.2.20 which is (2n + 1)-determined.
If d = 0 and ¢ # 0 we have the (2n + 1)-jet (¢2,t*™ + ¢*"*1) which is
(2(m~+n)+1)-determined since 123 is equal to t2(™+7)+3 for the singular
component and to zero for the regular ones. A complete transversal
in J2H (n < 1 < m +n) is equivalent to (¢2,¢2™ + 20+l et2+1) If
e # 0 we obtain the normal form 4.2.21. If e = 0 for each [ such that
n <l < m+ n, we obtain the normal form 4.2.22. [

Now we shall consider multigerms with the regular part GG,, and the
multiplicity of the singular component greater than or equals 3. First
we shall consider the 3-jet (G, (0,...,0,t3)).

——

n

Lemma 30. Any multigerm with the 5-jet
(G, (a1t + bt + e1t?, . ang1t® + bppit* + cpprt?))

(n > 1) is not simple.

Proof. The dimension of the submanifold of such jets in J° is equal to
3n + 3. Let us estimate the dimension of the orbit at a point
of the submanifold under the action of the stabilizer of the regular
part. It is generated by the images of the following vectors from L(®):
0,...,0,2,0,...,0),1 <k <n+1,and (0,...,0,2,41,0,...,0),1 <
k—1 k—1

k < n. Therefore the dimension of the orbit under the action of elements
from L) is less than or equals (n 4 1) +n = 2n + 1. Only ¢, t* and >
can give rise to non-zero vectors. Hence the dimension of the tangent
space to the R®)-orbit is less than or equals 3. Now one can see that the
dimension of the tangent space to the A®)-orbit at a point of the sub-
manifold is less than or equals 2n+4. By similar reasoning as in Lemma
27 we conclude that if the multigerm is simple then 3n + 3 < 2n + 4,
i.e., n < 1. We have a contradiction with the condition of the Lemma.

Lemma 31. Any simple multigerm with the 3-jet (Gy, (0,...,0,t3)),
——

n > 1, is equivalent to one of the normal forms 4.1.6-4.1.10.
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Proof. A complete transversal in J* is  equivalent to
(arth, ... ant* t3,0t*) If b # 0 we have the 4-jet (0,...,0,#3,t). A
complete transversal in J® is equivalent to (cit°, ..., c,t, 3, t*, dt°). For

any ¢ and d this jet is 5-determined. If d # 0 we obtain the normal

form 4.1.6. If d = 0 we obtain the normal form 4.1.7. If b = 0 the 4-jet

is equivalent to (t*,...,t%0,...,0,#%). Using Lemma 30 we note that
—_——— ——~

k n—k
there is only one possibility for the 5-jet:

(th, ..., t%,0,...,0,83,dt%), d#0.
N e e
k n—=k

If k # 0 this jet is 5-determined and we obtain the normal form 4.1.8.
If K = 0 we move to higher jets. A complete transversal in J° is trivial.
A complete transversal in J7 is equivalent to (pit”, ..., pat", 13,15, qt7).
If ¢ # 0 this 7-jet is 7-determined and we obtain the normal form 4.1.9.
If ¢ = 0 and there exists ¢ such that p; # 0 we obtain the normal form
4.1.10. If ¢ = 0 and p; = 0 for each i we obtain the normal form 4.1.8
with &k = 0 which is 7-determined. [

Now we shall complete the classification of multigerms with a non-
zero 3-jet of the singular component and the regular part G,,. At first,
note that n = 2 since the 3-jet satisfies the conditions of Lemma 27. It
is obvious, that we have the following possibilities for the 3-jet of the
singular component: (0,0,#3), (t3,43,0) and (t3,0,0). (0,#3,0) we don’ t
consider because it can be obtained from the last 3-jet by permutations
of coordinates and components.

Lemma 32. Any simple multigerm with the 3-jet (t3,13,0) and (13,0,0)
1s equivalent to one of the normal forms 4.3.1-4.3.4.

Proof. Using Lemma 30 we conclude that the 5-jet is equivalent to
(a1t3,a2t3,t4,t5). If a1 # 0 and as # 0 we obtain the normal form
4.3.1 which is 5-determined. Let as = 0 and a1 # 0. We have the
5-jet (t3,0,t*,1°). This jet is 6-determined, so we have to consider a
complete transversal in .J5. It is equivalent to (¢3,bt, t*, 2, ct®) since the
tangent space to the A®)_orbit contains the vectors: (3t,0, 45, 5t°,0),
(t*,0,0,0,0), (0,0,%°,0,0) and (3t5,0,4t%,0). If ¢ # 0 we obtain the
normal form 4.3.2. If ¢ = 0 and b # 0 we obtain the normal form 4.3.3.
If b = ¢ = 0 we obtain the normal form 4.3.4. [
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Now we shall consider multigerms with the zero 3-jet of the singular
component. Using Lemma 27 we conclude that n = 2, moreover by
Lemma 30 there is only one possibility for the 5-jet: (G2, (0,0, t*,5)).

Lemma 33. Any multigerm with the 7-jet
(GQ, (a1t4 -+ b1t5 + CltG + d1t7, ... ,a4t4 + b4t5 + C4t6 + d4t7))

s not simple.

Proof. The dimension of the submanifold of such jets in J7 is equal
to 16. Let us estimate the dimension of the orbit at a point of the
submanifold under the action of the stabilizer of the regular part. The
tangent space to the orbit at this point is generated by the images of the
vectors: (0,...,0,z;) 1 < i <4, (0,0,0,23), (0,0,24,0); (2;,0,0,0),
o
(0,24,0,0), j =1,2. Hence the dimension of the orbit under the action
of elements from L(7) is less than or equals 4 + 2 + 4 = 10. Only ¢, t2,
t3 and t* can give rise to non-zero vectors. Hence the dimension of the
tangent space to the orbit under the action of elements from R(7) is less
than or equals 4. Now one can see that the dimension of the tangent
space to the orbit at a point of the submanifold is less than or equals
10 4+ 4 = 14. Since 16 > 14, the multigerm is not simple. [

Lemma 34. Any simple multigerm with the 5-jet (G2, (0,0,t*, %)) is
equivalent to one of the normal forms 4.3.5-4.3.11.

Proof. A complete transversal in J% is equivalent to
(atS, b5 4,17 + dt®, ctF). (15)

Since the tangent space to the A®)-orbit contains the vectors (0,0, 4t%, 5¢5),
(0,0, +dt5 0) and (0,0,4t%,0), we can suppose that d = 0. If ¢ # 0 we
have the 6-jet (0,0, ¢* >,¢%). This jet is 7-determined, so we move to .J”.
A complete transversal is equivalent to (pt”, qt”, t*, ¢, 15, rt7). If r # 0
we obtain the normal form 4.3.5. If r = 0 but p # 0 and ¢ # 0 we obtain
the normal form 4.3.6. If p=r=0and g# 0org=1r =0 and p # 0 we
obtain the normal form 4.3.7 (these both cases are equivalent since we
can permutate coordinates and regular components). If p=¢q¢=7r =10
we obtain the normal form 4.3.8.
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If ¢ = 0 in (15), we have (by similar reasonings) three possibilities for
the 6-jet: (¢6,¢5, ¢ ¢%), (¢5,0,¢%,°) and (0,0,t* °). Using Lemma 33
we see that there is only one multigerm for each of these three 6-jets —
the normal forms 4.3.9-4.3.11. All of them are 7-determined. ]

We have completely analysed simple multigerms with one singular
component and the regular part G,,. Now we have to consider multi-
germs with one singular component and the regular part

((t1,0), (t2,t3")). (16)

Lemma 23 states that a multigerm with the 2-jet

((t1,0), (t2,3), (t3, ot3)) (17)

is not simple. Since the third component of our multigerm is singular we
obtain m = 2 in (16) (if m > 2 the 2-jet of our multigerm is adjacent to
((t1,0), (t2,0), (0,at?)) which is adjacent to the family (17)). Moreover
there is only one possibility for the 2-jet:

((t1,0,0), (ta2, 13,0), (0,0,%)). (18)

Lemma 35. Any simple multigerm with the 2-jet (18) is equivalent to
one of the normal forms 4.4.1-4.4.3.

Proof. The 2-jet (18) 1is not finite determined. A complete
transversal in J?™ is trivial for any m. In J?™*! it is equivalent to
((t1,0), (t2,t2), (at?mFL pt?m+L 42 ct2mH+1)) If ¢ # 0 we obtain the nor-
mal form 4.4.1, which is (2m + 1)-determined. If ¢ = 0 and b # 0 then
the jet is equivalent to

(t1,0), (t2 + at3, 13), (0,21 ¢%).

Since the tangent space to the AG™+D_orbit contains the vectors (we
write only the second (non-zero) component): (t3-+2at3, 2t3), (t3+at, 0),
(0,13 + at3), (t3,0) and (0,t3), then the tangent space also contains
(t3,0). Thus by the Mather Lemma we conclude that the (2m + 1)-jet
is equivalent to the normal form 4.4.2. If b = ¢ = 0 and a # 0 we obtain
the normal form 4.4.3. ]

341 REVISTA MATEMATICA COMPLUTENSE
(2001) vol. XIV, num. 2, 311-344



P. A. KOLGUSHKIN, AND R. R. SADYKOV SIMPLE SINGULARITIES OF ...

8 Multigerms with two singular components

Lemma 23 states that each element of the family of 2-jets

((t,O),(tl,t%),(h,at%)) (19)

is not simple.

Suppose that the multigerm contains n regular components and two
singular ones. Then the 1-jet of the multigerm is adjacent to (n + 2)
lines in C". In the proof of Lemma 24 we saw that if n > 1 then this
1-jet is not simple. Hence the multigerm contains three components:
one regular and two singular.

The 2-jet of the multigerm is equivalent to

((t,0,0),(0,t,0),(0,0,t3)) (20)

since it may not be adjacent to (19).

Lemma 36. The multigerm with the 3-jet

((t,0,0), (a1t? + bit3, ast? + bot$, ast? + bst3),
((1475% + b4t%, a5t% + b5t§’, aﬁt% + bﬁt%))

s not simple.

Proof. The dimension of the submanifold of such jets in J? equals 12.
Let us estimate the dimension of the orbit at a point of the submanifold
under the action of the stabilizer of the regular part. The dimension of
the orbit under the action of elements from L®) is less than or equals
3424 2 =17. The dimension of the orbit under the action of elements
from R®) is less than or equals 2 + 2 = 4. Now one can see that the
dimension of the tangent space to the orbit at a point of the submanifold
is less than or equals 7+ 4 = 11 < 12. [

We shall not write the regular component (we suppose it to be equal
to (¢,0,0)). Using Lemma 36 we can suppose that the second singular
component equals (0,0,3,%3).

Lemma 37. Any simple multigerm with the 2-jet (20) is equivalent to
one of 5.1-5.6.
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Proof. A complete transversal in J?™ is trivial for any m. In J>™*+! a
complete transversal is equivalent to

om4+1 42 1,2m41l ,2mal 3,2mA1
(@t{™ Tt bt T ety At

(we write only the second component, the first and the third compo-
nents are not changed). If d # 0 we obtain the normal form 5.1.
If d =0 and ¢ # 0 we can suppose ¢ = 1. The tangent space to
the A@m+1_orbit contains the vectors (we write only the singu-
lar components): ((0,0,#™%10),(0,0,3,0)), ((0,0,0,0),(0,0,2t3,3t3))
and ((0,0,0,0),(0,0,0,#3)). So, using the Mather Lemma we can
suppose b = 0. If a # 0 we obtain the normal form 5.2. If a = 0 we
obtain the normal form 5.3.

Now suppose ¢ = d = 0. If a # 0 and b # 0 we obtain the normal
form 5.4. If b # 0 and a = 0 we obtain the normal form 5.5. If b = 0
and a # 0 we obtain the normal form 5.6. All these normal forms are
(2m + 1)-determined. ]
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