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Preface

This volume contains papers written on the occasion of the 25th anniversary
of the Singularity Theory Seminar acting in Warsaw University of Technol-
ogy. Around eight hundred talks by leading experts in singularities, mathe-
matical physics, symplectic geometry, differential geometry, algebraic geom-
etry, local algebra and related topics were delivered in form of minicourses,
research lectures and reports. The Seminar’s activity culminated in the con-
densed school-conferences organized every year. Since 1998 these conferences
were dominated by very productive collaboration teams: the ” Geometry and
Topology of Caustics” team and the ”Polish-Japanese Singularity Theory
Working Days” team, both oriented towards modern implementations of sin-
gularity theory.

In this volume we collect papers on the part of singularity theory related
to its geometrical representations: A-equivalence of maps according to the
volume preserving or symplectic diffeomorphisms. Integrability of implicit
Hamiltonian systems around singularities. Reachable sets for the Heisenberg
sub-Lorentzian structure. The complex symplectic moduli spaces of uni-
modal parametric plane curve singularities. Admissible weights for weighted
Bergman spaces. Exotic moduli of Goursat distributions. The Euler charac-
teristic of a link of a set defined by a Noetherian family of analytic functions.
Drapeau Theorem for differential systems. Formal orbital normal forms for
the nilpotent singularity. Surfaces which contain many circles. The Euler
number of the normalization of a certain singular hypersurface. Projective
invariants associated to the special parabolic points of surfaces and to swal-
lowtails. Centre symmetry sets and other invariants of algebraic sets.

The geometric ideas initiated by considerations of singularity theory have
been tremendously successful, and we believe that their interaction with the
central mathematical disciplines and other branches of science will bring a
substantial feedback and new interesting mathematical methods for applica-
tions.

Stanistaw Janeczko
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Volume-preserving diffeomorphisms on varieties and
Ag-equivalence of maps
Wojciech Domitrz ! and Joachim Rieger >

Abstract

We describe a cohomological criterion for a pair of diffeomorphic
variety-germs (or, more generally, set-germs) to be volume-preserving
diffeomorphic. We also show that for the class of varieties that are
quasi-homogeneous with respect to a smooth submanifold this coho-
mology vanishes, so that volume-preserving diffeomorphic is equiva-
lent to diffeomorphic (over C) or orientation-preserving diffeomorphic
(over R). Likewise, we give a criterion for a pair of left-right equivalent
map-germs to be Ag-equivalent (i.e. left-right equivalent by volume-
preserving diffeomorphisms on the left) and we show that for the class
of weakly quasi-homogeneous map-germs each left-right orbit corre-
sponds to one Agq-orbit (over C) or to one or two Ag-orbits (over
R).

1 Introduction

We study the local classification of singular varieties and maps under the
action of the group of volume-preserving diffeomorphisms, which is not a
geometric subgroup in the sense of Damon [11] (the tangent space fails to have
the structure of a finitely generated module). The definition of a geometric
subgroup G of the Mather groups A and K collects the properties that are
required in the proofs of the finite determinacy and versal unfolding theorems
for any such G, the central theorems for any classification. For non-geometric
subgroups of A and K moduli (and even functional moduli) often appear
rather quickly already in low codimension (even in codimension 0), see e.g.
[14]. On the other hand, Martinet wrote 30 years ago in his book (see p. 50
of the English translation [29]) on the classification problem in unimodular
geometry — i.e. the classification of map-germs under the subgroup Aq of A
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P1. Politechniki 1, 00-661 Warszawa, Poland, e-mail: domitrz@mini.pw.edu.pl
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in which the target diffeomorphisms are volume preserving — that the groups
involved “are big enough that there is still some hope of finding a reasonable
classification theorem”. It turns out that Martinet was right — the results of
the present paper imply, for example, that the classifications of stable maps
for Ag and A agree (at least over C).

Apart from the Ag-equivalence of map-germs, we will study volume-
preserving diffeomorphisms on set-germs V' C (K", 0). Despite the title of
our paper we will only require that I(V) # {0} (with I(V') the vanishing
ideal) and use the terms set-germ and germ of a variety to mean the same
thing (in many applications of our results V' will indeed be a variety, defined
by a collection of analytic or C*° function-germs, with possibly non-isolated
singularities, e.g. when V' is the discriminant or the image of a mapping).

The following earlier work is related to our results on volume-preserving
diffeomorphisms on set-germs. In [39], [10] the local classification problem
for functions under the action of volume-preserving diffeomorphisms was first
considered (leading to the so-called isochore Morse Lemma), and more re-
cently isochore versal deformations were studied in [9] and [21]. The results
of [39], [10] were generalized in another direction in [16], [17] and [18]. The
starting point of the present paper are the articles [2], [4], [38] and [23]. In [2]
powers of C-analytic volume forms were studied. In particular V. I. Arnol’d
proved that two germs of quasi-homogeneous C-analytic hypersurfaces with
isolated singularity are volume-preserving diffeomorphic if and only if they
are diffeomorphic. The generalization of this result was obtained in [38]
(see also [25],[26],[27],[28]). In that paper A. N. Varchenko proved that the
dimension of the moduli space of germs of C-analytic volume forms under
the action of diffeomorphism-germs preserving a fixed hypersurface with an
isolated singularity is equal to the difference of the Milnor number and the
Tjurina number of this hypersurface. (By a result of K. Saito [37] this dif-
ference is zero if and only if the hypersurface is quasi-homogeneous.)

The results on Ag-equivalence of map-germs f : (K™, 0) — (K?,0) in the
present paper are related to the following earlier work. In [4] V. I. Arnol’d
introduced the local symplectic algebra and classified singular parameter-
ized curves of the type Ag, on a symplectic manifold. G. Ishikawa and S.
Janeczko studied the local classification problem of parameterized curves on
2-dimensional symplectic manifold. (In dimension 2 a symplectic form is a
volume form.) All simple germs in this classification are quasi-homogeneous
and the orbit of an A-simple C-analytic quasi-homogeneous germ under the
action of C-analytic symplectomorphisms is the same as the A-orbit of this
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germ. As a consequence of our results on Agq-equivalence of map-germs we
obtain the following generalization of this result on parameterized curve-
germs in symplectic 2-manifolds: an A-simple map-germ from an n-manifold
into a symplectic 2-manifold is quasi-homogeneous if and only if its A-orbit
and its Agq-orbit coincide (in target dimension 2 the volume preserving dif-
feomorphisms are symplectomorphisms).

Here is an outline of the content of the present paper. In Section 2 we
describe the main equivalence relations for germs of volume forms and map-
germs and we summarize our main results.

In Section 3 we define the notion of a weak algebraic restriction of the
germ of a k-form to a germ of a singular variety V', which is a modification
of the notion of algebraic restriction defined by M. Zhitomirskii ([41], see
also [12]). The k-forms with zero weak algebraic restriction to V form a
subcomplex Wi (V') of the de Rham complex on K", and we will see that
H™(W;(V)) vanishes for germs V' that are quasi-homogeneous with respect to
a smooth submanifold (as defined in [13]: the quasi-homogeneity with respect
to a smooth submanifold may be understood as the quasi-homogeneity with
positive and zero weights).

In Section 4 we use the cohomology of the complex W (V') introduced in
the previous section to present necessary and sufficient conditions for a pair
of diffeomorphic variety-germs — or, more generally, set-germs — to be volume-
preserving diffeomorphic (Rg-equivalent for some given volume form §2) and
for a pair of volume forms to be Ry-equivalent (i.e. to be related by pull-
back by a diffeomorphism preserving a given variety-germ V). Furthermore,
we show that dimx H"(W;(V)) is the dimension of the Ry-moduli space
and that H"(W((V')) vanishes for those V' that are quasi-homogeneous with
respect to a smooth submanifold.

In Sections 5 and 6 we study Aq- and As-equivalence of map-germs and
volume forms (in the same way as before Rg- and Ry -equivalence of varieties
and volume forms): for Ag-equivalence we fix a volume form €2 on the target
and require that the target (left) diffeomorphisms in a left-right equivalence
of a pair of map-germs preserve (), whereas for Ay equivalence the map-
germ f is given and a pair of volume forms on the target of f is related
by pull-back by some ®, where (®, V) lies in the isotropy subgroup of f in
the group A of left-right equivalences. We present necessary and sufficient
conditions for Agq-equivalence of map-germs and A;-equivalence of volume
forms and we give formulas for the dimensions of the A;- and Ag-moduli
spaces. Furthermore, we show that for the class of weakly quasi-homogeneous
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map-germs each left-right orbit corresponds to one Ag-orbit (over C) or to
one or two Ag-orbits (over R). The study of Ag- and As-equivalence in
Section 5 is in the style of that of Rg- and Ry-equivalence in Section 4.
In Section 6 we study the Ag classification of map-germs using infinitesimal
methods (in the style of Mather, looking at the “tangent spaces” of Aq-
orbits). Our results give the classification of Ag-orbits of maps C* — CP
from the corresponding lists of A-simple germs f as follows: f is Agq-simple
if and only if it is weakly quasi-homogeneous and not A-adjacent to any
non-weakly quasi-homogeneous germ. In dimensions (n,p) with p < 2n it is
sufficient to work with the smaller class of quasi-homogeneous map-germs,
but for p > 2n the wider class of weakly quasi-homogeneous germs is required
for obtaining the Agq-simple orbits — all our examples of A-simple weakly
quasi-homogeneous map-germs, which are not quasi-homogeneous, occur for
p = 2n.

Acknowledgements. The authors wish to express their thanks to Goo
Ishikawa, Stanistaw Janeczko, Andrew du Plessis, Maria Ruas and Michail
Zhitomirskii for many helpful conversations and remarks during the writing
of this paper. These results were obtained while the authors were guests
at the Institute of Mathematics, Polish Academy of Sciences (IMPAN) and
the Banach Centre at IMPAN, respectively, where WD was supported by
IMPAN and JHR by the EU programme Centre of Excellence — IMPAN-
Banach Centre, ICA1-CT-2000-70024.

2 Summary of the main equivalence relations
and results

Our results on the equivalence of varieties Vj and V; under volume preser-
ving diffeomorphisms (i.e. under Rg-equivalence, where 2 is a fixed volume
form on the ambient space) will be deduced from corresponding statements
about the equivalence of pairs of volume forms €2y and €2; under pull-back
by diffeomorphisms Ry -preserving a fixed variety V. Likewise, our results
about Aq equivalence of map-germs f,g : (K", 0) — (K?,0) (where Q is a
fixed volume form on KP) will follow from corresponding statements about
what we call Ay equivalence (with f : (K",0) — (K?,0) fixed) of volume
forms g and €2; on K? below.



Convention: throughout this paper we will be considering germs of
maps, coordinate changes, differential forms, vector fields etc. at the origin
in K™ or K?, and all objects are real-analytic or smooth (C*°) when K = R
and complex-analytic when K = C. Also recall that we do not distinguish
germs of a variety V' and set-germs: we only assume that the ideal of (smooth
or analytic) function-germs vanishing on V' is different from {0}. With this
understood we consider the following equivalences.

(i) Ry and TRy equivalence. Given a set-germ V' C (K", 0) and a pair
of volume forms €2;, ¢ = 0,1 we have:

Qp ~r, O <= 3P € Diff(K",0) such that ®(V) =V, ®*Q; = Q.

And if, in the above situation, 2y and €2; can be joined by a smooth path
contained in a single Ry-orbit then we write {2y ~7x,

(ii) Rq equivalence. Given a volume form 2 on K" and a pair of set
germs V; C K", ¢ = 0,1 we have:

Vo ~ro Vi <= 3@ € Diff (K", 0) such that ®(Vp) = Vi, ®*Q = Q.

Notice that we obtain an equivalence V ~x,, Vi by first applying an arbitrary
diffeomorphism & with ®(V4) = V; that changes the volume form to Q; =
®*(), and then mapping €2y back to 2 by pulling back by some ¥ € Ry,.

For map-germs f : (K",0) — (K?,0) we consider the following equiva-
lences.

(ii) Af and ZA; equivalence. For the isotropy subgroup Iso(f) :=
{(®,9) e A: Do fol! = f} of a map-germ f and a pair of volume forms
Q;,1=0,1, in KP we have:

Qo ~a; 1 == 3(P,¥) € Iso(f) such that *Q; = €.

And again if, in the above situation, 2y and €2; can be joined by a smooth
path contained in a single Ay-orbit then we write Qg ~7.4, 1.

(iv) Aq equivalence. Given a volume form 2 on the target K? and a
pair of map-germs f, g then we have:

fra,9 < 3P, V)€ Asuch that P*Q=Q, f=PogoV "

We can obtain an Ag-equivalence of f and g by first applying an arbitrary
A-equivalence mapping ¢ to f and € to some ©Q; = (®71)*Q and then pulling
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back € to €; using As-equivalence, as in the diagram below:

(K,0) - (Kr,Q,0)

| [

(K",0) -1 (K?,0,,0)

s s
(K"0) -5 (K7,Q,0)

In fact, given f, g and Q as above, the following statements are equivalent: (i)
f and g are Ag-equivalent and (ii) there exist (®, V) € A and (®, ¥) € Iso(f)
such that the above diagram commutes.

The following theorem summarizes the main results on Ry and Rq equi-
valence (it combines the statements of Theorems 4.3 and 4.9 and Proposition
4.5 below). Given a germ of a variety V' C (K", 0), we say that a k-form has
zero weak algebraic restriction to V' if it is equal to da + 3, where « is a
(k—1)-form and [ a k-form such that df A a|y = 0 and df A ]y = 0 for any
f € I(V). And we denote by [Q2]y the class of Q in the cohomology group
H"W§(V)), where Wi(V)) is the subcomplex of the de Rham complex of
differential forms with zero weak algebraic restriction to V' (see Section 3
below for precise definitions). Furthermore, we say that two cohomology
classes [Q]y, and [Q41]y, are diffecomorphic if there is a diffeomorphism @ of
(K™, 0) that maps V; to V; and [®*Q ]y, = [Qo]v, (see 4.8 below). Finally let
div(Derlog(V)) C C,, be the K-subspace of C,, (C,,~the local ring of smooth
or analytic function-germs on (K", 0)) consisting of the divergences of the
logarithmic vector fields on V. Then we have the following

Theorem 2.1. For germs of varieties V,Vy, Vi C (K™, 0) and of volume
forms Q, Qq, Q1 we have the following.

(1) Given V: Qg ~zr, 1 <= [Qoly = [U]v.

(i1) Fizing Q: Vo ~g, Vi <= [Qy, and [Qy, are diffeomorphic.

(11i) Fizing V', the number of Ry -moduli of germs of volume forms on
(K™, 0) is equal to

dimg H"W;(V)) = dimg C,,/div(Derlog(V)).

The next result summarizes the statements in Theorems 4.4 and 4.10 (va-
rieties V' that are quasi-homogeneous with respect to a smooth submanifold
were introduced in [13], in Section 3 we will see that for such V' we have

H*(W5(V)) = 0).



Theorem 2.2. Consider germs of varieties V, Vi C (K", 0) and of volume
forms Q,Q0, Q. If V is quasi-homogeneous with respect to a smooth sub-
manifold then the following statements hold.

(1) Qo ~r, S, for any pair Qo, Q1 (over K = C) or for any pair Q, 4
such that Qolo, Q1| define the same orientation (over K =TR).

(ii) Fizing Q: Vi ~g, V. <= &) = Vi for some germ ®, of a
diffeomorphism (over K = C) or an orientation-preserving diffeomorphism
(over K=TR).

For map-germs f the following theorem summarizes the main results on
Ay and Aq equivalence (it combines the results of Theorems 5.7 and 5.19,
Corollary 5.8 and Proposition 6.7 below). Here Lift(f) denotes the C,-
module (C, — local ring of functions on the target of f) of vector fields
Y liftable over f, Lifto(f) the submodule of Lift(f) consisting of those
Y that lift to source vector fields vanishing at 0 and let div(Lifto(f)) :=
{div(Y) : Y € Lifto(f)} € C,. The symbol [Q]; denotes the class of the
volume form €2 under the following equivalence (divLifty( f)-equivalence see
Def. 5.5 below): Qg and §2; are equivalent if ; — Qy = div(Y)2 for some
Y € Lifty(f) and some (or, in fact, any) volume form 2. For A-equivalent
map-germs f and g, i.e. g = ® o fo Wl the classes [Q]; and [Q], are
diffeomorphic if [@*Q], = [2];. Then we have the following

Theorem 2.3. For map-germs f, g : (K", 0) — (KP,0) and germs of volume
forms Q, 0,y in (KP,0) we have the following.

(Z) Given f QO ~NTA; 0 — [Qo]f = [Ql]f.

(it) Fizing Q: f ~a, g <= [Q]f and [, are diffeomorphic.

(111) Fizing f, the number of As-moduli of germs of volume forms on
(KP,0) is equal to

dimg C, /div(Lifto(f)) = dimg TA- f/TAq - f,

where in the second term ) is some fized volume form and T Aq - f denotes
the tangent space to the Agq-orbit through f at f.

A map-germ f is weakly quasi-homogeneous if it is quasi-homogeneous
for integer weights, non-negative weighted degrees and positive total degree
(for some choice of coordinates in source and target). The following is a
summary of Theorems 5.14 and 5.20.



Theorem 2.4. Consider map-germs f,g : (K", 0) — (K?,0) and germs of
volume forms Q,Qo, Qy in (KP,0). If f is weakly quasi-homogeneous then the
following statements hold.

(i) Qo ~a, S for any pair Qo, 2y (over K = C) or for any pair Q,
such that Qolo, Q1|0 define the same orientation (over K =TR).

(ii) Fizing Q: g ~a, [ <= g ~a f, where the target diffeomor-
phisms (in the elements of A) are arbitrary (over K = C) or are orientation-
preserving (over K =R).

Remark 2.5. (1) One could deduce Theorems 2.3 and 2.4 on map-germs
f from Theorems 2.1 and 2.2 by considering the set-germ A(f) C (KP,0),
which denotes the discriminant of f (forn > p) or the image (forn < p), and
using the results in [32], [33], [8] on critical normalizations. However, we
shall give direct, self-contained proofs of these theorems that apply to a larger
class of map-germs f than the ones considered in [32], [33], [8]. Also notice
that one could try to obtain Theorem 2.4 from its “infinitesimal version”
in Proposition 6.1, which says that for weakly quasi-homogeneous maps f we
have the equality TA- f = T Aq- f of tangent spaces, using arguments similar
to the ones in [19].

(2) Our results on mono-germs f can be generalized to multi-germs, this
just complicates the notation without really changing the proofs.

3 Cohomology of forms with zero weak
algebraic restriction to a singular set

Let V' be a germ of a subset of K" at 0. Let I(V) be the ideal of smooth
(K-analytic) function-germs vanishing on V. We assume that (V) # {0}.

Definition 3.1. We say that germs of k-forms wy and wi have the same
weak algebraic restriction to V' if there exists a germ of a (k — 1)-form «
and a germ of a k-form 3 such that wy —wy = da+ 5 and df A oy = 0,
df ABly =0 for any f € I(V).

We say that the germ of a k-form w has zero weak algebraic restriction to
Vifw and a germ of the zero k-form have the same weak algebraic restriction
to V.

This definition is a modification of the definition of an algebraic restriction
to a singular set V' introduced by M. Zhitomirskii for 1-forms in [41] and
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generalized to arbitrary k-forms in [12]. Germs of k-forms wy and w; have
the same algebraic restriction to V' if there exists a germ of a (k — 1)-form «
and a germ of a k-form [ such that w; —wy = da+ 5 and oy =0, 8|y = 0.

It is obvious that if wy and w; have the same algebraic restriction to V'
then they have the same weak algebraic restriction to V. But it is easy to see
that the weak algebraic restriction of any n-form on K" to a subset V' C K"
such that I(V') # {0} is zero (see Proposition 3.5) and that this is not true
for algebraic restrictions of volume forms to singular hypersurfaces.

If V is a germ of a smooth submanifold then wy and w; have the same
algebraic restriction to V' if and only if wy and w; have the same pullback to
V', i.e. they have the same geometric restriction to V' (see [12]). The same is
true for the weak algebraic restriction to a smooth submanifold. On smooth
submanifolds the notions of algebraic restriction, weak algebraic restriction
and geometric restriction coincide. This is not true on singular sets (see
Example 3.4)

Proposition 3.2. If V is a smooth submanifold then wy and wy have the

same weak algebraic restriction to V' if and only if wy and wi have the same
pullback to V.

Proof: It is enough to show that a germ of a k-form w has zero weak algebraic
restriction if and only if the pullback of w to V' vanishes. We may assume
that £ < n. Let V be a a germ of a p-dimensional submanifold. Then
there exists a local coordinate system (z1,...,z,) on K" such that V =
{z1 = ... = 24—, = 0}. The pullback of w to V vanishes if and only if
w =Y i za;+dx; A\ [, where ; is a germ of a k-form and f; is a germ of
a (k—1)-form for i = 1,...,n — p. But then

w= Z z;(c; — df;) + d(z i 3;).
i—1 i—1

Thus w has zero weak algebraic restriction to V.
Now assume that w has zero weak algebraic restriction to V. Thus

w=a+dg,

where « is a germ of a k-form and [ is a germ of a (k — 1)-form such that

df Naly =0, df ABly =0 for any f € I(V).
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We may write « in the following way

n—p
o= in% + dx; Ao + my0,

=1

where ~; is a germ of a k-form on K", §; is a germ of a (k — 1)-form on K"
(t=1,...,n—p), ois agerm of a k-form on V and my : K" 3 (zy,...,z,) —
(Tn—pt1,-..,2,) € V is the germ of the standard projection on V. But
dr; A aly = 0. Thus we obtain that ¢ = 0 (for k& < n). Therefore the
pullback of o to V' vanishes. In the same way we can show that the pullback
of # to V vanishes. O

If V is a hypersurface then we have the following proposition.

Proposition 3.3. If I(V) =< f >, where f is a smooth (K-analytic)
function-germ, then a k-form w has zero weak algebraic restriction to V' if
and only if the pullback of w to the regular part of V' vanishes.

Proof: The pullback of w to the regular part of V vanishes if and only if
df A w|y = 0. But this means that w has zero weak algebraic restriction to
V. O

Let V be a germ of subset of K". If w has weak zero algebraic restriction
to V then the pullback of w to the regular part of V vanishes. If V is the
germ of a singular curve in K3 then the pullback of the germ of any 2-form
to the regular part of V' vanishes. But it is easy to see that there are 2-forms
which do not have zero weak algebraic restriction to V.

Example 3.4. Let V = {z3—x%—12% = x913 = 0} be a germ of a subset of K3
at 0. Then pullback of any 2-form to the reqular part of V vanishes, because
the reqular part of V' is 1-dimensional, but the germ of a 2-form dxy A dxo
does not have zero weak algebraic restriction to V.

The germ of the form w = xidxy N dvg + xodrs A dry + x3dT A dg
has zero weak algebraic restriction to V, because d(x? — x3 — 23) Aw =
2(2? — 2% — 23)dxy Ndwy Adrs and d(xex3) Aw = 2x9x3dxy A dre A drs. But
w does not have zero algebraic restriction to V (see [12]).

We denote by WE(V') the set of k-forms with zero weak algebraic restric-
tion to V. One can show that
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Proposition 3.5. Let w be a germ of an n-form on K™. If I(V') # {0} then
weWHV).

Proof: If f # 0 then df A w is the germ of an (n + 1)-form on K". Thus
df N\w =0 for any f € I(V). O

It is easy to see that Wi(V) is a differential subcomplex of the complex
of differential forms on K"”. Thus we can define the cohomology groups of
this subcomplex

HweW(V) 1 dw =0}
- Ada: ae WV}

By Proposition 3.3, if H is a hypersurface then H*(W;(H)) is the cohomology
of the subcomplex of forms with vanishing pullback to the regular part of H,
which we denote by Hf,,(H). These were considered in [F] and [22] in the
C-analytic category (see also [13]). In [22] (see also [F]) it was proved that if
V is the germ of a quasi-homogeneous C-analytic variety then HE, (V) = {0}
for £ > 0. This result was generalized in [13].

We are interested in H"(W((V')). We define a class of subsets of K"
for which this cohomology group vanishes. These are the subsets which are
quasi-homogeneous with respect of a smooth submanifold, as defined in ([13])

HY W5 (V))

Definition 3.6. A germ of a subset V C K" is called quasi-homogeneous with
respect to a smooth submanifold S if there exists a local coordinate system

(T1, ey Ty YLy e YUnk)

and positive numbers
Wiy ..., Wg

(called weights) such that S is given by equations x1 = 0,...,xr = 0 and, for
all t, the map

Foio (1, Tk, Y1y ey Ynek) — (2, o 8% 2 Yy e Ynk)

sends any point p € V to a point F,(p) € V, provided that p and F,(p) are
sufficiently close to 0.

This is a generalization of the classical quasi-homogeneity. The classical
quasi-homogeneity is quasi-homogeneity with respect to S = {0}. The quasi-
homogeneity with respect to a smooth submanifold is the classical quasi-
homogeneity with some of the weights allowed to be 0.

12



Example 3.7. Let
N = {(z1,29,y) € R®: (27 — 22)* + yaizi = 0}.

The set N is quasi-homogeneous with respect to the curve S : {x; = o = 0}
with weights (1,1): if (x1,x2,y) € N then (txy,txe,y) € N. In ([13]) it was
shown that N is not quasi-homogeneous (in any coordinate system) in the
classical sense.

Example 3.8. Let V be a germ of a subset of a smooth hypersurface H. Then
V' is quasi-homogeneous with respect to H. Indeed, there exists a coordinate
system (1, Ta,...,x,) on K" such that H = {z; = 0}.

Thus Fy(z1,xa,...,2,) = (tx1,29,...,2,) maps V to V.

The vector field

: 9

is called the Euler vector field for a coordinate system (x1, ..., Tk, Y1, - -, Yn—k)
with weights w = (wy, ..., wg). If V is quasi-homogeneous with respect to a
submanifold {z; = ... =z, = 0} with positive weights (w1, ..., wy) then E,

is tangent to V. In fact it was proved in [13] that

Theorem 3.9. Let S be a smooth submanifold of R". Let N ={H, =...=
H, = 0}, where Hy,..., H, generate the ideal of smooth (or K-analytic)
function-germs vanishing on N, and suppose that the set of non-singular
points of N (the points near which N has the structure of a smooth submani-
fold of R™) is dense in N.

Then N is quasi-homogeneous with respect to S if and only if there exists
a vector field which is tangent to N, vanishes at any point x € S, and whose
eigenvalues at x € S corresponding to directions transversal to S do not
depend on x and are real positive numbers.

Proposition 3.10. Let V' be the germ of a subset of K*. If V is quasi-
homogeneous with respect to a smooth k-dimensional submanifold (k < n)

then H*(W((V)) = 0.
The proof the above proposition is based on the following lemma.

Lemma 3.11. Let E,, be a germ of the Euler vector field for a coordinate
system (T1,. .., Tk, Y1,- -+ Yn—k) With positive weights w = (wy, ..., wy) and
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let Qo be the germ of the volume-form dxy A ... Ndxy Ndy; N ... A dy,_.
If w is the germ of a smooth (K-analytic) n-form on K" then there ezists a
smooth (K-analytic) function-germ g on K" such that w = d(g(Fy |Q)).

Proof: Let Gy(x1, ..., Tk, Y1y -y Yni) = (€ ay, ... e lap vy, ... yn_y) for
t<O0and z = (z1,..., Tk, Y1,---,Yn—k) € K" It is easy to see that

y_d .
(Gt) = %Gt = Ew @) Gt, GO = [dKn, tl}r—nooGt(x’y) = (O,y)

for any (z,y) = (1, ..., Tk, Y1, .-, Yn—r) € K". Thus

——00

0
w= Gjw — Jim Gjw = / (Gyw)'dt. (3.1)

[e.9]

But w = fQ, where f is a smooth (K-analytic) function-germ and
(Giw) = GiLiw = Gid(Ey |w) = d(G; (By]w)).

Thus
(Giw)" = d(Gi(Ew]fS0)) = d((f 0 Gi)G} (Ey] Q).

P
It is easy to check by direct caleylation that Gy (Ey,]€) = €' =i (B, [Q).
Therefore (Giw) = d((f o Gy)e! =1"i(E,|)). Combining this with (3.1)
we obtain

P

w = d(/ ((foGue' =1)dt(Ey]9)) = d(g(Eu] D)),

—00

where the function-germ g on K" is defined in the following way:

g(%@/)Z/_ etPLlwi(f(Gt(x,y)))dt.

It is easy to see that g is smooth (K-analytic), because

/ e (G, ) dt = / S P (Fy(,y))ds

where o = (32 w;) — 1 and
Fs(zla'-'>$k>y17"'ayn—k‘) = (swlxlv'"aswk$k7y17"'ayn—k’)

14



for any (z,vy) = (x1,..., Tk, Y1, .- ., Yn—k) and s € [0, 1]. Multiplying weights
by a sufficiently large constant we may assume that a > 1. O

Proof: [Proof of Proposition 3.10] Let w be a germ of an n-form on K". It
is obvious that df Aw = 0 for any f € I(V). By Lemma 3.1 there exists an
n-form [ such that w = d(E,|3) where E,, is the Euler vector field for V.
But for any f € I(V) df A (Ey|B) = (Ey]df)8 and E,|df € I(V). Thus
df N (Ew]B)lv =0. O

Proposition 3.12. Let V be a germ of a subset of K". If there exists a germ
of a vector field Y tangent to V', such that Y|y # 0, then H"(W;(V)) = 0.

Proof: There exists a coordinate system (x1,2s,...,x,) on K" such that
Y = 8%,1. If w is a germ of an n-form then

1
w = gdziNdxaA. . . Ndx, = d(/ g(t,xa, ... ,xn)dtaijdxl/\dxg/\. . Adxy,),
0 T

where ¢ is a function-germ. It is easy to see that

T a
df A (/ g(t,xo, ..., xp)dt—|dxy Ndzog A ... Ndxy,)|ly =0

for any f € I(V). Thus H"(W;(V)) = 0. O

Remark 3.13. We can also prove Proposition 3.12 in a different way. If 6%1

is tangent to V' then a:la%l is tangent to' V' too. By Lemma 3.1, using the same
argument as in the proof of Proposition 3.10, we obtain H"(W}(V')) = 0. If
V' satisfies the assumptions of Theorem 3.9 then V' is quasi-homogeneous with
respect to {x1 = 0}.

Let C, be the ring of smooth (K-analytic) function-germs at 0 on K.
Let I(V) be the ideal in C,, of function-germs vanishing on V.
Let Derlog(V') denote the module of germs at 0 of vector fields tangent
to V,ie. Y € Derlog(V)if Y(I(V)) C I(V).
Let div(Y") denote the divergence of a vector field Y = "7 | gia%,- with
respect to the volume form €y = dz; A ... Adx,, i.e.
= Ly - 9y

: AV )
div(Y) = % Bz,

i=1
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Then div(Derlog(V)) := {div(Y) € C,, : Y € Derlog(V)} is a K-vector
subspace of C,,.

Proposition 3.14. H"(W}(V)) = m.

Proof: Let wy and w; be germs of n-forms on K". Let {2 be the germ of
a volume form on K". Then wy = ¢o€2p and w; = ¢1€)y, where gy and ¢,
are function-germs on K", and [woly = [wi]y in H*(W;(V)) if and only if
wop — wy = da, where « is the germ of an (n — 1)-form on K" such that
df Naly =0 for any f € I(V). Let X be a germ of a vector field such that
a = X|Q then

Af A= df A (X)) = (X Jdf)%.

Thus df A aly =0 if and only if X |df € I(V).
We obtain that [wol]y = [wi]y in H*W;(V)) if and only if go — g1 =
div(X), where X € Derlog(V). O

Remark 3.15. Proposition 3.10 can be proved using Proposition 3.14. It
s easy to show that if V is quasi-homogeneous with respect to the smooth

submanifold then div(Derlog(V)) is C,,.

Definition 3.16. We say that a cohomology class a € H*(W;(V)) is reali-
zable by a volume form if there exists a germ 2 of a volume form such that
[Q)y = a. We denote by [Vol]y the set of all cohomology classes realizable
by volume forms.

Proposition 3.17. If there exists a germ of a volume form with zero coho-

mology class in H*(W;(V)) then [Volly = H"(W§(V)).

Proof: Let Q2 be a germ of a volume form such that [Q]y = [0]y € H"(W;(V)).
Let a be a germ of an n-form on K". If a|p = 0 then f = a + 2 is a germ of
a volume form and [5]y = [a]y € H*(W;(V)). O

Proposition 3.18. If H*"(W;(V)) \ [Vol]y # 0 then H*(W;(V)) \ [Vol]v
is a K-linear subspace of H"(W;(V)).

If L is a finite dimensional linear subspace of H*(Wg(V')) such that
LN [Volly # 0 then there exists a base ay, . .., aqme 1, of L such that
ay, ..., Gdim, 1 are realizable by volume forms.
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Proof: By Proposition 3.17, [0]y is not realizable by a volume form. If a €
H"(W{(V)) is not realizable by a volume form then neither is Aa for any
A € K, because if A # 0 and there exists a germ {2 of a volume form such
that Aa = [Q]y then a = [5Q]y. In the same way we show that if a,b €
H™(W;(V)) are not realizable by a volume form then neither is a + b.

Let us assume that H*(Wg(V)) \ [Vol]y # 0. Then by Proposition 3.17
any germ of a volume form has non-zero cohomology class in H"(W((V)).
Let Q be a germ of a volume form such that [Q]y, € L. Then [Q]y # [0]y and
let [Q]v, [G2]v, -, [Baime ]v be a base of L. Let a; = [Q]y and a; = [G]v if
Bilo # 0 and a; = [B; + Qv if Bilo =0 for i = 2,... dimk L. Tt is easy to see
that ai, ..., adimg 1 is a base of L and a4, ..., aqim, . are realizable by volume
forms. O

By Propositions 3.17 and 3.18 we obtain the following corollary.
Corollary 3.19. dimk[Vol]y = dimx H"(W;(V)).

Proof: If there exists a germ of a volume form with zero cohomology class
in H*(W;(V)) then [Volly, = H™(W{(V)) by Proposition 3.17. But if
H*Wi (V) \ [Volly # 0 then [Volly = H*(W§(V)) \ T, where T is a
subspace of codimension at least 1 by Proposition 3.18. O

4 Volume preserving diffeomorphisms on
varieties

Let g, 21 be germs at 0 of smooth (K-analytic) volume-forms on K". Let V
be the germ at 0 of a subvariety of K". We define two equivalence relations
on the space of volume forms on K".

Definition 4.1. We say that Qo and €2y are Ry -equivalent if there exists a
germ of a diffeomorphism ® : (K", V,0) — (K", V,0) (preserving V') such
that (I)*Ql = Qo.

Definition 4.2. We say that €2y and €2y are TRy -equivalent if there exists
a smooth family of germs of diffeomorphisms &, : (K", V,0) — (K", V,0)
(preserving V') fort € [0, 1] such that ®g = Id and ®iQy = Q.
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It is obvious that Z Ry -equivalence implies Ry -equivalence. We now prove
one of the main results of the paper.

Theorem 4.3. Let V' be a germ of a subset of K™. Let €}y and §2y be germs
of smooth (or K-analytic) volume forms on K". If K = R we assume that
Qo and 1 define the same orientation of K.

Then [Qoly =[]y in H*OWVG(V)) if and only if Qo and Qy are TRy -

equivalent.

Proof: First we assume that any germ of a vector field tangent to V' vanishes
at 0. If [Qo]y =[]y in H"(W;(V)) then there exists a germ of an (n — 1)-
form o on K" such that

QO—Ql :da, df/\Oé’VZO\V/fGI(V> (41)

We use Moser’s homotopy method ([31]). Let Q, = Q¢ + (21 — Qo) for
t € [0,1]. It is easy to see that if Qy and §2; define the same orientation of

R™ then €, is a germ of a volume-form at 0 for any ¢ € [0, 1]. We are looking
for diffeomorphisms &, : (K", 0) — (K", 0) for ¢ € [0, 1] such that

Pr0 = Q (4.2)
and ®¢ = Idk», (V) C V. Differentiating (4.2) we obtain
CI):(LUtQt + Ql - Qo) — 0,

where U; o &, = %@t. o, (V) C V if and only if U; is tangent to V. Thus by
(4.1) we have
d(UtJ Qt) = Q() — Ql = da. (43)

Thus we want to find U; tangent to V' such that
UtJ Q= a. (4.4)

Let X be a germ of a vector field such that X |Qy = «. Then df A o =
df AN(X Qo) = (X |df)Qo. We have that df Aa|y = 0 for any f € I(V'). Thus
X |df € I(V) for any f € I(V), which means that X is tangent to V. By the
above assumption X|o = 0. But

Q= g8
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where ¢g; is a non-vanishing function-germ at 0. Hence U; = g—ltX is a solution
of (4.4), which is tangent to V' and vanishes at 0. By integration of U; we
obtain a smooth family of germs of diffeomorphism &, : (K”,0) — (K", 0)
for ¢t € [0, 1] such that ®,(V) C V, &y = Id and ®10 = Q.

To conclude the proof of the forward direction, assume that there exists
a germ of vector field Y tangent to V such that Y|y # 0. Then there exists
a coordinate system (xy,...,2,) on K" such that ¥ = 8%1. If w is a germ of
an n-form then

Qo —Qy =gdry Ndxag A ... Ndx, =

d(/ g(t, o, ... ,xn)dtaijdajl Ndxs A ... Ndxy,),
0

X1

where ¢ is some function-germ and X = foxl g(t,xa,. .. ,xn)dta%l vanishes at
0.

But Yy # 0 also implies that H"(W;) = 0, by Proposition 3.12. Now we
can continue in the same way as in the first part of the proof.

For the converse, assume that 2, and 2; are ZRy-equivalent. Then
there exists a smooth family of germs of diffeomorphisms @, : (K™, V,0) —
(K™, V,0) (preserving V') for all t € [0, 1] such that &y = Id and ®1Q = ;.
Let (9;) = 4£&, = X; o ®;. Then

1 1 1
0 —Qp = BT —Q = / (®;Q)'dt = / (®; L, Q)dt = / Drd(X,|Q)dt.
0 0 0

Thus 1
0
X, is tangent to V. Thus for any f € I(V)
df VAN (XtJQ())‘V - (Xtde) N Qo‘v - O

But
df A @7 (X:] Q) = @7 (d((D1)"f) A (X:] )

and ®,(V) C V. Hence df A ®;(X:|Q)|y = 0, which implies that
1
de/ O1d(X,] Q) dt]y = 0.
0
Thus [Qo]y = [Q]y in H*WS(V)). O
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In [2] (see also [38], [28]) it was shown that if V' is the germ of a C-
analytic quasi-homogeneous hypersurface with an isolated singularity then
any two holomorphic volume forms on C" are Ry -equivalent. More generally
we have (for set-germs V' of any codimension and with possibly non-isolated
singularities) the following

Theorem 4.4. Let V be a germ of a subset of K".

1. Let K =R and let Qo and )y be germs of smooth or R-analytic volume-
forms at 0. If V is quasi-homogeneous with respect to a smooth sub-
manifold of R™ and Qlo, Q1o define the same orientation of ToR™ then
Qo and 1 are Ry -equivalent.

2. Let K = C and let Qo and 1 be germs of C-analytic volume-forms at
0. If V is quasi-homogeneous with respect to a C-analytic submanifold
of C" then Qqy and €y are Ry -equivalent.

In [38] it was shown that if H = {f = 0} is a germ at 0 of a C-analytic
hypersurface in C" with isolated singularity at 0 then the number of ZR y-

moduli of volume forms on C" is equal to p — 7, where p = dimc <3fo—”3f>
oy Do

is the Milnor number of H and 7 = dimc¢ ?Oﬂg is the Tjurina number

7
<f7 811 7777 dxn
of H.

Let V' be the germ of a subset of K" and let €2 be the germ of a volume
form on K". The ZRy-orbit of €2 is the identity component of the Ry -orbit
of 2. Thus the number of Ry-moduli of germs of volume forms is equal to
the number of ZRy-moduli of germs of volume forms. By Theorem 4.3 and
Proposition 3.14 we obtain the following result.

Proposition 4.5. Let V' be a germ of a subset of K*. Then the number of
Ry -moduli of germs of volume forms is equal to

Ch

dlIIlK H (WO (V)) = dlIIlK le(DeTlog(V)) .

Proof: Let Qy and Q; be germs of volume forms on K". If [Q]y = [Q]y in
H"(W;(V)) then Qg and € are Ry-equivalent by Theorem 4.3. By Coro-
llary 3.19 and Proposition 3.14 we have dimg[Vol]y = dimx H*"(W(V)) =
dimg m. Now assume that ¢ and € are Ry -equivalent. We also
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may assume that they are in the same component of an Ry-orbit. But then
they are ZRy-equivalent. Hence [4]y = [Qo]v in H*(W((V')) by Theorem
4.3. O

Let €2 be the germ of a fixed smooth (K-analytic) volume-form on K" at
0, and let Vi, V5 be germs of subsets of K" at 0 € K".

Definition 4.6. Vi and V5 are Rq-equivalent if there exists a volume-preser-
ving diffeomorphism-germ & : (K", ,0) — (K", ©,0) (i.e. ®*Q = Q) such
that ®(Vy) = Vs.

It is easy to prove that

Proposition 4.7. Let ® : (K™, 0) — (K™, 0) be a germ of a diffeomorphism
such that ®(Vy) = V.

If w is the germ of a k-form which has zero weak algebraic restriction to
Vy then ®*w has zero weak algebraic restriction to V.

If w is the germ of a k-form which has zero weak algebraic restriction to

Vo and [w]y, = 0 in H*W;(Va)) then [®*w]y, = 0 in HE(W;(V))).

Proof: If w has zero weak algebraic restriction to V5 then w = o + df3, where
« is the germ of a k-form and g is the germ of a (k — 1)-form such that
df A aly, = 0 and df A G|y, = 0 for any f € I(V5). Then ®*w = ¢*a + dd* .
Let g be a function-germ vanishing on Vi. Then (®~1)*g € I(V3), because
O(V1) = V. Thus d(®1)*g A aly, = 0. Hence

dg A ®*aly, = ®*(d((®1)*g) A a)|y, = 0.
In the same way we show that dg A ®*5|y; = 0. The proof of the second
statement is similar. O

Thus we can define diffeomorphic cohomology classes.

Definition 4.8. We say that cohomology classes [wi]v, € H*(W; (V1)) and
[walv, € HX(W;(Va)) are diffeomorphic if there exists a germ of a diffeomor-
phism ® : (K" 0) — (K™, 0) such that ®(V1) = V4 and [®*ws]y, = [wi]y, in
HE (W5 (V1))

Now, as a corollary of Theorem 4.3, we obtain the following theorem.

Theorem 4.9. Vi and V5 are Rq-equivalent if and only if the classes
Qly, € H"(Wi (V1)) and [Qv, € H*(W(§(Va)) are diffeomorphic.
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Proof: 1t is obvious that if V; and V5 are Rg-equivalent then the classes
Qly, € H*(W§(W1)) and [Q]y, € H*(W;(V3)) are diffeomorphic.

If [y, € H*(W;(V1)) and [Qy, € H"(W;(Va)) are diffeomorphic then
there exists a germ of a diffeomorphism ® : (K”,0) — (K", 0) such that
O(Vy) = Vy and [@*Q)y; = [Q)y, in H*W;(V1)). Theorem 4.3 implies that
there exists a germ of a diffeomorphism ¥ : (K", 0) — (K", 0) such that
U(Vy) = V; and U*®*Q) = Q. Thus the germ of the diffeomorphism & o ¥
preserves the volume form €2 and maps V; to V5. O

Theorem 4.4 can be formulated in the following way.
Theorem 4.10. Let V, Vi be germs of subsets of K™ at p.

1. Let K = R and fix a germ Q of a smooth (or R-analytic) volume-
form at p. If V s quasi-homogeneous with respect to a smooth sub-
manifold then V' and Vy are Rq-equivalent if and only if there exists
a germ of smooth (R-analytic) orientation-preserving diffeomorphism

®: (R",0) — (R™,0) such that &(V) = V1.

2. Let K = C and fix a germ Q of a C-analytic volume-form at p. If V
1S quasi-homogeneous with respect to a C-analytic submanifold then V'
and Vi are Rq-equivalent if and only if V' and Vi are C-analytically
diffeomorphic.

Here is an example of a germ of a singular curve on R? which determines
an orientation on R2.

Example 4.11. Let Vi = {(x1, 1) € R* : 23 — 27 = 0} and Vo = {(z1,72) €
R?: 25 + 29 = 0}. Vi and Vy are quasi-homogeneous with weights (3,5) and
they are diffeomorphic. For example take ®(x1,x9) = (—x1,22). But they
are not Rq-equivalent, because any diffeomorphism mapping Vi to Vy changes
the orientation of R2.

5 Ag-equivalence of maps

We now study Ag-equivalence of map-germs f, where €2 is a fixed volume
form on the target of f. The results about Ag-equivalence will follow from
those about As-equivalence of volume forms, where the map-germ f is fixed,
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in the same way as the results about R, were obtained in the previous section
from those about Ry .

Furthermore, as mentioned already in Remark 2.5, a slightly weaker ver-
sions of the results about maps f can be deduced from those about set-germs
V', by considering vector fields tangent to the discriminant (or the image)
A(f) of f. More precisely, using the results in [32], [33], [8] — and in partic-
ular the necessary and sufficient conditions in Theorem 2 of [8] for a vector
field tangent to A(f) to lift over f — we could deduce our results about Agq
and Ay from those about Rq and Ry (taking V' = A(f)) for the class of
maps f satisfying the conditions in Theorem 2 of [8]. This class would, for
example over C, include all A-finite map-germs f : (C*,0) — (CP,0) for
all pairs (n,p) different from (n,2), n > 2. Nevertheless, working directly
with liftable vector fields, we can avoid these restrictions — see Example 5.13
below for a weakly quasi-homogeneous map-germ f (to which our Theorem
2.4 applies) which does not satisfy the conditions in [8].

First, we recall the definition of a liftable vector field ([1], [8]).

Definition 5.1. The germ of a vector field Y on KP s liftable or lifts over
a map-germ f : (K" 0) — (K?,0) to a germ of a vector field X at 0 on K" if

df(X) =Y o f.

(Considering homomorphisms ¢f from the C,-module of source vector
fields to the C,-module 0; of smooth sections of f*I'KP and wf from the
Cp-module of target vector fields to 6y, given by X +— df(X) and Y — Yo f
respectively, the above equation becomes ¢ f(X) = wf(Y) — this notation will
be used in the next section when we study the Ag-tangent space of f.) We
denote the C,-module of germs of vector fields liftable over f by Lift(f) and
the Cp-submodule of Lift(f) of germs of vector fields liftable over f to germs
of vector fields vanishing at 0 by Lifty(f).

Let Q, € be germs at 0 of smooth (K-analytic) volume-forms on K? and
let f: (K" 0) — (KP,0) be a smooth (or K-analytic) map-germ.

Definition 5.2. We say that Qy and €y are Ajg-equivalent if there exist
germs of diffeomorphisms ® : (KP,0) — (KP,0) and ¥ : (K",0) — (K", 0)
such that ®*Q; = Qg and Po f = fo V.

Remark 5.3. The condition ® o f = f oV is equivalent to ®o fo U~ ! = f.
It means that f is preserved by A-action of (U1 ®).
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Definition 5.4. We say that Qo, 0y are ZA-equivalent if there exist smooth
families of germs of diffeomorphisms @, : (KP,0) — (K?,0) and ¥, : (K", 0) —
(K™, 0) for t € [0,1] such that g = Idkr, Yo = Idgn, PiQ = O and
O,0f=foW forte|0,1].

Obviously Z.A-equivalence implies Af-equivalence.
Let div(Y") denote the divergence of a germ of a vector field Y with respect
to the germ of the volume form Q, i.e. div(Y)Q =d(Y |Q) = Ly .

Definition 5.5. We say that germs of volume forms Qg and €y are divLifto(f)
-equivalent if there exists a germ of a vector field Y € Lifty(f) such that
Ql - QO = le(Y)Q

Remark 5.6. divLifto(f) is an equivalence relation.

We denote the divLifto(f)-equivalence class of a germ of a volume form
Qo by [Qo]s. The definition of divLifty(f) does not depend of the choice of
germ of a volume form Q. If Q is the germ of another volume form then
Q=90 IfQ — Qo =d(Y|Q) for Y € Lifto(f) then Q — Qo = d(gY|Q)
and gY € Lifto(f).

Now we state one of the main results of this section.

Theorem 5.7. Let f : (K",0) — (KP,0) be a smooth (K-analytic) map-
germ. Let Qg and 4y be germs of smooth (K-analytic) volume forms on CP.
If K =R we assume that )y and €2y define the same orientation of RP.

Then Qo and Q0 are TAg-equivalent if and only if Qy and §2; are
divLifto(f)-equivalent.

Proof: First we assume that ; — Qg = div(Y)Q and df (X) = Y o f, where
X is the germ of a vector field at 0 on K™ such that X |o = 0. We use Moser’s
homotopy method ([31]). Let Q; = Qo + (21 — Qo) for ¢ € [0, 1]. It is easy
to see that €, is the germ of a volume-form at 0 for any ¢ € [0,1]. We are
looking for diffeomorphisms @, : (K?,0) — (K?,0), ¥, : (K", 0) — (K", 0) for
t € [0,1] such that

Pr0 = Q (5.1)

and @ = Idkr, Vo = Idkn, ®; 0 f = f o ¥;. Differentiating (5.1) we obtain
@;(Ly;Qt —|— Ql - QQ) - O,
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where Y; 0 &, = (IDt We have &, 0 f = fo W, if and only if Y; o f = df(X,),
where X; o ¥, = \Ift By the assumptions

But
Qt - th()v
where h; is a non-vanishing function-germ at 0. Hence Y; = Y is a solution

of (5.2). Multiplying df(X) = Y o f by 1/hy € C, (usmg ‘the Cp-module
structure of Lift(f)) we have

Viof =(;¥)of = df((hit o )X) = df(X,).

where X; := (hit o f)X vanishes at 0, because X vanishes at 0. And Y,
vanishes at 0 too, because Yi|o = Yi| r0) = df|o(X¢|o) = df[o(0) =0

Integrating Y; and X; we obtain diffeomorphism-germs ®, : (K? 0) —
(KP,0) and ¥, : (K",0) — (K", 0) such that ®;; = Qy and &;0 f = fo U,.

Now assume that 2y and €2y are ZAj-equivalent. Then there exist smooth
families of germs of diffeomorphisms ®, : (K?,0) — (K?,0) and ¥, : (K",0) —
(K™, 0) such that &g = Idks, Vo = Idkn, P7Q = 2y and $, 0 f = fo ¥, for
all t € [0,1]. Thus

1 d 1 1
o == [ Zwisit = [ aiaioge—a [ oo

where Y; is a germ of a vector field on K? such that Y; o &, = %(Pt.
But

/ (vt = / (O (Vi 0 0,)) |07 Qudt = /  Jac(®)Vidt |00,

where Y; = d(®;1)(Y; o ®,) is a germ of a vector field on K? and Jac(®,) =
det dP;.

Differentiating ®; o f = f o ¥; we obtain Y; o f = df(X;), where X, is a
germ of a vector field at 0 such that X; o ¥, = %\I/t.

Then Y; o f d(@; ) (Yio®,0 f) = d(®; ) (Yio fol,) =d(P; ) (df (X, 0
Uy)) = d(P; " o f)(Xt oW,) = d(f o W) (X, 0 W) = df(d(P;)(X; 0 Wy)).
Thus

o f = df(Xy), te0,1]
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where X, = d(¥;1)(X; o U,) is a germ of a vector field on K.
Hence

/0 1 Jac(®,)Y,dt o f = df < /0 1(Jac(<I>t) o f)f(tdt) .

Thus a germ of a vector field Y = fol Jac(@t)fftdt lifts over f to a germ of a
vector field X = fol(Jac(CDt) o f)X,dt and Q; — Qy = d(Y|Qp) = div(Y)Q.
It is easy to see that X vanishes at 0, because X;|o = 0. O

From Theorem 5.7 we get the following corollary, using the fact the
T Ajg-orbit of Q is the identity component of the Az-orbit of €.

Corollary 5.8. The number of As-moduli of germs of volume forms on K"
1s equal to dime.

We now define a class of map-germs f for which div(Lifty(f)) is C,.

Definition 5.9. We say that a smooth (K-analytic) map-germ f : (K", 0) —
(KP,0) is weakly quasi-homogeneous if it is quasi-homogeneous with non-

negative degrees 01, ...,9, and a positive total degree 6, +...4 0, for inte-
ger weights wy, . .., w, (fixing coordinates (z1,...,x,) € K" and (X1,...,X,)
e kr).

For convenience, we assume that the degree of the zero function-germ is
1 (see Example 5.12 below).

Define Euler-like vector fields on K™ (with w; € Z)

& 0

and on K? (with ¢; > 0, > . 6; > 0)

- 0
=1

The following easy proposition gives one more equivalent definition of
weak quasi-homogeneity of a map.

Proposition 5.10. The following conditions on a smooth (K-analytic) map-
germ f are equivalent:
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(1) f is weakly quasi-homogeneous with degrees 6 = (61, ...,0,) for weights
w = (wy,...,wy,) in coordinate systems x = (1,...,x,) on K" and
X =(Xy,...,X,) on KP;

(i) Eso f=df(Ew).

All quasi-homogeneous map-germs are weakly quasi-homogeneous. But
there are weakly quasi-homogeneous map-germs which are not quasi-homoge-
neous.

Example 5.11. Let f: (K", 0) — (K?,0) be a map-germ A-equivalent to

flu,zq, .. xn1) = (u,g(x1, .., Tp1))

for some map-germ g = (K"',0) — (KP~,0). Then f is weakly quasi-
homogeneous. For f we take weights (1,0,...,0).

Example 5.12. Let f: (K", 0) — (K?,0) be a map-germ A-equivalent to

flx1,...,x,) = (g(z1,...,2,),0)

for some map-germ g : (K", 0) — (KP=1,0). Then f is weakly quasi-homogene-
ous. For f we take weights (0,...,0). The total degree of f is 1, because the
degree of the zero component function-germ is 1.

Example 5.13. In [8]
f1(C%0) = (C%0), flu,z,y) = (u,2" +y* +uz’y?)

is presented as an example of a map-germ which is not generically a trivial
unfolding of a quasi-homogeneous germ. This f is also an example of a
weakly quasi-homogeneous map-germ. (for the weights (0,1,1)).

Notice that the map-germ f in the third example fails to be .A-finite
and that in the first example f is either stable (if g is stable) or it fails
to be A-finite. In the next section we describe a more subtle example of a
weakly quasi-homogeneous (but not quasi-homogeneous) A-simple map-germ
without zero component functions (see Example 6.4).

Using Lemma 3.1 we prove the following theorem.
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Theorem 5.14. 1. Let f : (R",0) — (RP,0) be a smooth (R-analytic)
weakly quasi-homogeneous map-germ and let g and €2, be germs of smooth
(R-analytic) volume-forms at 0. If Qolo and Q4 |y define the same orientation
of ToRP then €y and Qy are Ay-equivalent.

2. Let f:(C",0) — (CP,0) be a C-analytic weakly quasi-homogeneous map-
germ and let g and €y be germs C-analytic volume-forms at 0. Then )
and 0y are Ag-equivalent.

Proof: Let E, be the Euler-like vector field on K" for a coordinate sys-
tem (z1,...,x,) with weights w = (wy,...,w,) of weak quasi-homogeneity
for f and let E5 be the Euler vector field on K? for a coordinate system
(X1,...,X,) with non-negative weights 6 = (d1,...,0,), which are degrees
of weak quasi-homogeneity of f. We may assume that d,...,d; are posi-
tive integers and d0p4y1 = ... = 9, = 0. Therefore Es satisfies the con-
ditions of Lemma 3.1. Let €; be a germ of volume form on KP and let
Qo = +dXy A ... NdX, (we choose the sign of )y in such way that |y and
Q4]0 define the same orientation of TyR? for K = R, and Qy = dX; A...AdX,
for K = C).

We show that €, and {2y are As-equivalent.

By Lemma 3.1 we have

QO - Ql - d(h(E(;J Qo))7 (53)
where h is a function-germ. From Proposition 5.10 we have Ejso f = df(E,)
and multiplying by ho f we get

(hEs) o f =df((ho [)Ew),

and (ho f)E,|o = 0, because E,|o = 0.
Hence, by Theorem 5.7, € and y are Z.4-equivalent. O

Remark 5.15. Theorem 5.14 can also be proved using Proposition 5.8. It is
easy to show that if f is weakly quasi-homogeneous then div(Lifto(f)) is C,.

Let 2 be a germ of a volume form on K? and let f,g: (K", 0) — (K?, 0)
be map-germs.

Definition 5.16. f and g are Agq-equivalent if there exists a germ of a
volume-preserving diffeomorphism ® : (KP 2, 0) — (K?,Q,0) (i.e. d*Q=Q)
and a germ of a diffeomorphism ¥ : (K", 0) — (K",0), such that

foU =0og.
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Proposition 5.17. Let @ : (K?,0) — (K?,0) and ¥ : (K",0) — (K", 0) be
germs of diffeomorphisms such that

foU=dog.

If the germs of volume forms Qg and Qy are divLi fto(f)-equivalent then *q
and ®*Qy are divLifto(g)-equivalent.

Proof: There exist germs of vector fields X on K" and Y on KP such that
Q — Qo =d(Y|Q), df(X) = Y o fand X|p = 0, because Qy and ; are
divLi fto( f)-equivalent.

P*Qy — &*Qp = d(®*(Y|Q)) = d(Y |*Q), where Y = d(®)(Y 0 ®) is a
germ of a vector field on KP.

But Yog =d(® ) (Yodog) =d(® ") (Yofol) =d(d ) (df(X o)) =
AP o )X oW)=d(go¥ )X oW) =dg(d(T1)(X oW)).

Thus Y o g = dg(X), where X = d(¥")(X o W) is a germ of a vector
field on K™ vanishing at 0, because X|y = 0.

Hence ®*Qy and ®*(2 are divLifty(g)-equivalent. O

Next we can define diffeomorphic divLifty-equivalence classes.

Definition 5.18. [Q]; and [Q, are diffeomorphic if there exist germs of
diffeomorphisms ® : (KP,0) — (K?,0) and ¥ : (K™, 0) — (K", 0) such that

foV¥=2>qog, [®*Q],=[Q],.
As a corollary of Theorem 5.7 we obtain the following theorem.

Theorem 5.19. f and g are Aq-equivalent if and only if [Q]; and [Q], are
diffeomorphic.

Proof: If f and g are Ag-equivalent then it is obvious that [Q]; and [Q2], are
diffeomorphic.

Now assume that [Q2]; and [2], are diffeomorphic. Then there exist germs
of diffeomorphisms ® : (K?,0) — (K?,0) and ¥ : (K", 0) — (K", 0) such that
foW¥ = ®ogand [9*Q], = [Q],. By Theorem 5.7 there exist germs of
diffeomorphisms @, : (K?,0) — (K?,0) and ¥, : (K", 0) — (K", 0) such that
goW; =®;0g and &5(P*Q) =Q. Then foVoWV; =PogoV; =Pod,og
and (® o ®,)*Q2 = Q. Hence f and g are Ag-equivalent. O

From Theorem 5.14 we obtain the following corollary.

29



Theorem 5.20. 1. Let f : (R",0) — (RP,0) be a smooth (R-analytic)
weakly quasi-homogeneous map-germ and let 2 be the germ of a smooth (R-
analytic) volume-form at 0. Let g : (R",0) — (RP,0) be another smooth
(R-analytic) map-germ, then f and g are Aq-equivalent if and only if there
exist a germ of a smooth (R-analytic) orientation-preserving diffeomorphism
o : (RP,0) — (RP,0) and a germ of a smooth (R-analytic) diffeomorphism
U (R",0) — (R",0) such that Pogo ¥ = f.

2. Let f : (C",0) — (CP,0) be a C-analytic weakly quasi-homogeneous
map-germ and let 0 be the germ of a C-analytic volume-form at 0. Let
g : (C*,0) — (CP,0) be another C-analytic map-germ, then f and g are
Aq-equivalent if and only if f and g are A-equivalent.

The following example explains the role of the orientation in the real case.

Example 5.21. Let fi : Rt (3,°) € R? and fo : R >t (£3,—1%) €
R? (see [23]). It is easy to see that fi and fy are quasi-homogeneous and
A-equivalent. But they are not Ag-equivalent, because their images fi1(R) =
{(x1,22) € R? : 23 — 23 = 0} and fo(R) = {(z1,79) € R? : 25 + 27 = 0} fail
to be Ra-equivalent as set-germs at 0 € R? (see Example 4.11).

6 Ag-classification of maps

From the work of Mather it is clear that the A-stable map-germs f : (K", 0) —
(K?,0) are all quasi-homogeneous. The classification of the Ag-stable germs
therefore coincides with the corresponding A-classification for K = C, for
K = R a given A-orbit corresponds to one or two Agq-orbits. Also, Mather’s
nice pairs of dimensions (n, p) are the same for A and Ag. In the present sec-
tion we describe the classification of the Agq-simple orbits in those dimensions
(n,p) for which the A-simple orbits are known and we study the foliation of
A-orbits of modality one and two by Ag-orbits for (n,2), n > 2. We also
relate the number of Ag-moduli to the dimension of TA - f/T Agq - f, which
requires some notation for the tangent spaces to orbits.

Given a map-germ f : (K", 0) — (K?,0) we use coordinates = = (xy,. ..,
z,) in the source and (Xi,...,X,) in the target, and we also denote the
vector fields 0/0z; and 0/0X; by e;. Recall the usual definition of the A-
tangent space TA - f = tf(M,0,) + wf(M,b,), where M,, and M,, denote
the maximal ideals in the local rings C, and C, of function-germs in the
source and target of f, respectively, and where tf : 6, — 0, a — df(a)
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and wf : 0, — 0f, b — bo f are homomorphisms from the C,-module of
source vector fields ¢,, and the C,-module of target vector fields 6, into the
C,-module 0 of smooth sections of f*T'KP. For the subgroup Ag =R x Lg
of A we have to restrict 8, to divergence-free vector fields, the left tangent
space T'Lq - f is no longer a Cp,-module. Let A; denote the K-vector space
of homogeneous divergence-free vector fields in K? of degree d. Notice that
A4 is the kernel of the epimorphism

) M2 M-l
div : (Op)(d) = ,/\/Ni—l-z — Hg_y) = ﬁ,
P P P

which maps a vector field on K? of degree d to its divergence. Hence
dim Ay = dim(6y) @) — dim Hg—1) = (p — 1) <p+3_1> + <p+cclz_2> .

The dim A, vector fields

HXlalei, Zal:d, 1=1,...,p

1#i 1

and (setting hy, := 0h/0X;)

_hXjel+thej7 h:HXlal7 Oél,Oéjzl,ZOél:d‘i‘l, 3227717
l l

are clearly linearly independent and hence form a basis for A;. The tangent
space to the Lqg-orbit at f is then given by TLq - f = f* @a>1 Ag. As
usual, for any group of equivalences G we denote the extended pseudogroup
of non-origin preserving diffeomorphisms by G..

The following result is the infinitesimal version (and, of course, a direct
consequence) of Theorem 5.20, but we give a short direct proof.

Proposition 6.1. Let f : (K", 0) — (KP,0) be a weakly quasi-homogeneous
map-germ. Then we have an inclusion

TCL - f CTAq - f,
and hence TAq - f=TA- f. One also has TAq. - f=TA. - f.
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Proof: Fixing coordinates, we suppose that f = (fi,..., f,) is weighted ho-
mogeneous with non-negative degrees and positive total degree d; + ... + 9,
for integer weights wy, ..., w,. Let X* =[], X" and |a| > 0. The following
elements of TAgq - f yield wf(X*X;-0/0X;) e TL- f,i=1,...,p:

Wf(—<1 + Oéj)XIXa : 8/(’3X1 + (1 + Oél)Xan . 8/8)(]), j = 2, ..., p

together with

n P 1 )
LX) wiap0/0x:) = 65w f(— : i Zﬂ XX,-0/0X,+XX;-0/0X;)
i1 =2 !
p
= (1+0o)™" > (1+05)8; wf(X*X, - 0/0X))
j=1

(notice that > (1 + a;)d; # 0, for any exponent vector «, is equivalent to
the weak quasi-homogeneity of f). And the remaining elements of TL - f are
of the form

wi([ X0 0/0X:) € TLa - f.

1£i
The desired inclusion now follows, and the last statement is trivial, because
the constant target vector fields are divergence-free. O

Remark 6.2. Notice that the above proof for Aqg = R X Lg cannot be
adapted to A := Rq x L, but we can obtain a corresponding result for
the subgroup K¢, of the contact group IC for which the diffeomorphisms on
the right are volume-preserving (simply exchange the roles of source and tar-
get vector fields in the above proof, and use multiplication by x* € C,,). For
f quasi-homogeneous for non-negative weights w; and positive total weight
wy + ... +w, we obtain that KCg,- f = TK - f, and for general f one obtains a
formula for dimg TK - f/TKg, - f. Notice that considering volume-preserving
diffeomorphisms on the right is more closely related to earlier work on the
isochore Morse lemma [39, 10] (and can be considered as an extension of this
work on functions to the case of mappings). But, in fact, the K¢,-classification
of map-germs f corresponds to the classification of varieties V = f~1(0) up
to volume-preserving diffeomorphisms in Sections 3 and 4 in the same way
as ordinary K-equivalence corresponds to the equivalence of varieties up to
ambient diffeomorphisms (at least when C,,/f*M,, is reduced).
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The criterion in the next easy lemma is sufficient for detecting in the
existing classifications of A-simple orbits those which are foliated by an -
parameter family, r > 1, of Aq-orbits.

Lemma 6.3. Consider a germ f, : (K*,0) — (K? 0) of the form f, =
f+u-M, where f is a quasi-homogeneous germ, u € K and M = X*-0/0X; ¢
TA-f =TAq-f is a monomial vector of positive weighted degree (with respect
to the weights of f). Then we have the following:

(i) The coefficient u is not a modulus for A-equivalence.

(i1) For a set of weights for which f is weighted homogeneous, let (6,)o,
(6,)0 and (0f)o denote the filtration-0 parts of the modules of source and
target vector fields and vector fields along f, respectively. If the kernel of the
linear map

’7(.]0) : (Qn)O & (917)0 - (ef)Oa (CL, b) = tf(a) - Wf<b),
of K-vector spaces is 1-dimensional then u is an Aqg-modulus of f,.

Proof: Let f be weighted homogeneous for the weights wy, ..., w,, and asso-
ciate to the target variables the weights i, ...,d,. Then the weighted degree
of 0/0X; is —d;, so that f has filtration 0 and M has filtration r > 0.

For A-equivalence we consider the following element of T A - f,:

i=1 j=1

From Mather’s lemma (Lemma 3.1 in [30]) we conclude that the connected
components of K\ {0} of the parameter axis lie in a single A-orbit, hence u
is not a modulus for A.

For the second statement we observe that dimkery(f) = 1 implies that
this kernel is spanned by the pair of Euler fields (E,, E5) (which is unique
up to a multiplication by an element of K*). For M ¢ T A - f implies that
the only generator of M in T'A - f, must be of the form ¢ f,(a) — wf,(b) with
(a,b) a non-zero multiple of (E,, Es), but Ejs has non-zero divergence, hence
this generator does not belong to T Aq - f,. Now Mather’s lemma implies
that « is a modulus for Aq. O

We can distinguish three types of weakly quasi-homogeneous map-germs
f (K" 0) — (KP,0): (a) quasi-homogeneous, (b) not quasi-homogeneous
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and having an A-representative with a zero component function (their image
lies in a smooth hypersurface in K?) and (c) the remaining ones. Looking
at the existing classifications of A-simple germs we see that all non-weakly
quasi-homogeneous map-germs satisfy condition (ii) of the lemma above and
hence have an Ag-modulus along the positive filtration term. Then for di-
mensions (n,p) with p < 2n the weakly quasi-homogeneous A-simple germs
are all in fact quasi-homogeneous (i.e. of type (a)). For p = 2n and n > 2 the
weakly quasi-homogeneous germs are of type (c) or are quasi-homogeneous,
see the classification in [24]. For p > 2n and n > 2 we have all three types
of weakly quasi-homogeneous germs. Finally, for curves in K? the weakly
quasi-homogeneous germs for p = 2 are all quasi-homogeneous, for p > 3
they are quasi-homogeneous or of type (b) (see [6],[3]).

Example 6.4. Consider the series 22;, of map germs (C",0) — (C*,0),
n > 3, from the classification of A-simple germs f : (K", 0) — (K*",0),
n > 2, in [24] given by:

gk = (Ih s 7xn—17xly+y3)x2y7 s 7xn—1y7'r1y2 +y2k+17x2y2 +y4)7k 2 2.

The germs 22;, are not semi-quasi-homogeneous: if we write g, = f + y*k*1.
€an—1 then the weighted homogeneous initial part f is not A-finite. Forn =3
all the germs 22y are A-simple, for n > 4 only 225 is A-simple (the germs
2253 do not have an A-modulus, but they lie in the closure of non-simple
A-orbits).

Now consider Aq-equivalence. Writing f, = f +u - y* ! - eq,_1 we see
that dimker v(f) =mn —2. Forn =3 part (ii) of Lemma 6.3 implies that the
coefficient u is an Aq-modulus. For n > 4 the germs f, are weakly quasi-
homogeneous of type (c) (take w(xy) = w(z2) = w(y) = 0 and w(z;) = 1,
i > 3) and Agq-equivalent to g (for u #0).

Next, one obtains the classification of Ag-simple orbits from the existing
A-classification using the following

Remark 6.5. An A-simple germ in the existing classifications is Aq-simple
iof and only iof it does not lie in the closure of the orbit of any non-weakly
quasi-homogeneous germ.

As an example, let us consider map-germs with target dimension p = 2.
The classification of Ag-simple map-germs f : (K", 0) — (K2, 0) in the curve
case n = 1 has been described in [23] (for target dimension 2 the symplectic
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forms are volume forms). For any n > 2 we have the following classification
over K = C.

Proposition 6.6. (i) The following map-germs f : (C",0) — (C?,0) rep-
resent the Agq-orbits within the A-simple orbits (here “type r” refers to the
notation in [34, 30] for the A-orbits).

Aq-modality 0: (x,y) (type 1); (x,y> + Y127 22) (type 2); (z,2y +y° +
Z?;]z 22) (type 3); (w,y* + aby + 3000 28), k> 1 (type 4y ); (w,zy +y' +
S22 (type 5).

Ag-modality > 1: (z,zy +y° + ay” + 3127 22) (types 6,7); (%) (x, 29> +
vt Y ary? T+ YT 22) (types Ulopar); (moay? + y0 + ag® + by +
SS2E2) (types 12,18,14); (x, 2%y + y* + ay® + 317 22) (types 16,17); (%)
(22 + ay® 2 + 22N 1> m > 1 (type Hé’g .

(11) The A-unimodal orbits of map-germs f : (C*,0) — (C%0) of lowest
codimension in their KC-orbit, containing the remaining A-unimodal orbits in
their closures, have the following representatives (see [35]):

n—2
(z,y* + 2y + ax®y® + 2°y* + Z 27), a# —3/2 (type 19)
i=1

n—2

(@, 2y +9° +9° +ay’ + > 27) (type 8)
=1

(z, 2y + 1y +ay’z + 22 + 2°) (type I).

For Aq-equivalence the corresponding normal forms are:
n—2

(z,y* + 2y + az®y® + baPy’ + ) 27)
i=1

n—2
(z, 2y +¢° + ay® + by + ey + ) 27)
=1

(z, 2y +9° + ay®z + 2° + b2°).

All A-unimodal germs therefore have Aq-modality at least two.

Proof: The classification of the orbits of Ag-modality 0 follows from the
remark preceding the statement of the proposition.
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For the semi-quasi-homogeneous map-germs f = fy+ f, the A-determinacy
degree, say r, of the initial part f, is an upper bound for the Aqg-determinacy
degree of f. The normal forms of such f can then be obtained with the usual
techniques (Mather’s lemma) applied to the Lie group A{, of r-jets of ele-
ments of Aq (we omit the details of these calculations).

Finally, the map-germs f = fy+ f. marked by an (x) are not semi-quasi-
homogeneous. As a consequence we cannot use the A-determinacy degree
of the weighted homogeneous initial parts fy as an upper bound for the Aq-
determinacy degree of f. For the germs IIIQ’ZL we can show that these are
formally (2] + 1)-Ag-determined (for a # 0). For the germs 119,41 we only
know that ay is an Ag-modulus (and we can set az and a4 to zero, provided
as is non-zero).

See also Remark 6.8 (below) on the problem of Ag-determinacy. O

Denote the number of G-moduli (G = A or Ag) of a map-germ f by
mg(f), and let m a4, (f) = dimg(TA - f/T Aq - f) be the dimension of the
Ag-moduli space. Then ma,(f) = ma(f) + maja,(f), where ma a,(f) is
equal to the number of As-moduli by Corollary 5.8 and the following result.

Proposition 6.7. There is an isomorphism

TA-f Cp

TAq- | div(Lifto(f))
Proof: We use the notation T,y A = T;;R + T;4L for the tangent space to the
A-group at the identity, rather than the usual notation T;;R = M,, - 6,, and
Tial = M, - 0,.

The map 3 : TjyA — Cp, (a,b) — divb is surjective with kernel T;4.Aq,

hence there is an isomorphism 3 : T;4A/T;4Aq — C, and the map

C TuA M, -0
v - )
TigAq TAq-f

is independent of the choice of (a,b) € [(a,b)] and hence well-defined. Its
image is T A- f/TAq - f and

kery = {[(a,0)] - tf(a) —wf(b) € TAq- f}.

Hence C,/f3(ker7) is isomorphic to TA - f/TAg - f. And it is easy to see
that B(ker ) = div(Lifto(f)). O

[(a,0)] = [tf(a) —wf(b)]
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Remark 6.8. For A-finite map-germs f, that are not semi-quasi-homogeneous,
two questions arise: (i) is such an f always Aq-finite? (ii) Is there an esti-
mate for the Aq-determinacy degree?

(i) Composing the above isomorphism

o:Cy/div(Lifto(f)) = TA- f/TAq - f
with an epimorphism
g: My -0;/TAq-f— M, -0;/TA-f

with kernel TA - f/TAq - f (coming from the second isomorphism theorem
for the vector spaces TAq - f CTA- f C M, -0;) we get an exact sequence

C’p o Mnef g Mnef

O WTiftf)  TAq-f  TAf

0.

Hence we have:

cod(Aq, f) = cod(A, f) + majaq(f),

and for A-finite f the germ f of f at any point of a punctured neighbor-
hood of the origin in the source is A-stable, hence weighted homogeneous, so
that mA/AQ(f) = 0. Unfortunately, div(Lifto(f)) is not an ideal in C,, so
we cannot conclude (from the Nullstellensatz) that maya,(f) is finite. For
plane curves, Ishikawa and Janeczko [23] have shown that cod(Aq., [) is
equal to the delta invariant 6(f), and it is known that §(f) < oo is equivalent
to the A-finiteness of f. The analogue of the delta invariant for map-germs
f: (K™ 0) — (K*™,0), n > 2, is the double-point number d(f), whose finite-
ness is again equivalent to the A-finiteness of f (see [24]), but the equation
cod(Aq, f) = d(f) does not hold for n > 2.

(i1) Suppose that for an r-A-determined map-germ f the following holds:
MOy CTK.- f (K is the extended contact group) and M} C div(Lifto(f))
(so that f is Aq-finite). Then f is (r+1(k+2) —1)-Aq-determined. To see
this, let G, denote the subgroup of G consisting of elements of G with identity
s-jet and apply the inverse 371 of the isomorphism B3 : TigA/TiaAq — C,
in the proof of the above proposition to M’;. It follows that TAq jy1 - f =
TAi1-f, and 2.7.3 of [7] then implies that f is (r+1(k+2)—1)-determined
for Axy1 and hence for Agq.
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Implicit Hamiltonian systems with fold singularities on
the plane

Takuo Fukuda ' and Stanistaw Janeczko 2

1 Introduction

Let R? be the symplectic plane endowed with the symplectic structure w =
dy A dz, where (x,y) are the standard coordinates on R? (cf. [6]). Then the
tangent bundle TR? of R? is also a symplectic manifold with the natural
symplectic structure

w=dyNdxr —dz A dy,

where (p,q) = ((z,y), (i,7)) are coordinates on TR? = R? x R?%. Let
m:TR* - R*  7(p,q)=p

denote the projection of the tangent bundle onto the plane.
A Lagrangean submanifold of the symplectic manifold (TR? ©) is called
an implicit Hamiltonian system on the symplectic plane (R? w) (see [1], [3],
[2])-
Let M C TR? be an implicit Hamiltonian system. Singular points of the
restricted map
™ ‘MI M — R2

are called singular points of the implicit Hamiltonian system M (see [4], [5]).
A symplectomorphism ¢ : P — P’ between open subsets of R? induces a
symplectomorphism between their tangent bundles

¢: TP — TP  defined by  ¢(p,q) = (¢(p),dd,(q)).

In this note, we will classify integrable fold singularities of implicit Hamil-
tonian systems on R? up to germs of symplectomorphisms of the tangent
bundle TR? induced by germs of symplectomorphisms of R2.
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Definition 1.1. Let M, N C TR?2 be implicit Hamiltonian systems and
let (p,q) € M and (p',q') € N be their singular points. We say that the
germs (M, (p,q)) and (N, (p/,q")) are symplectomorphic if there ezists a germ
of symplectomorphism ¢ : (R%,p) — (R2p') such that ¢((M,(p,q))) =
(N, (P, d))-

2 Main Theorem

Now we formulate our main theorem, which will be proved in the last section.

Theorem 2.1. 1) If((0,0),q) € M C TR? is a fold singular point of
an implicit Hamiltonian system, then the germ (M, (p,q)) of the implicit
Hamiltonian system is symplectomorphic to the germ (Mg, ((0,0),q)) of the
implicit Hamiltonian system Mg generated by

F(z,y,\) = N + yA + c(z,y),

OF OF
where q = (%(07070)7_%(07070))

2)  The implicit Hamiltonian system generated by
F(z,y,A) = A* + y\ + c(x, y)
is smoothly integrable if and only if
F(z,y,\) = N> +y\+ya(x,y) for some function-germ a(z,y).

3) Let (Mp,((0,0),q)) and (Mg, ((0,0),q")) be two germs of integrable
implicit Hamaltonian systems generated by

F(z,y,A) = X +yX+ya(z,y) and G(z,y,\) =\ 4y + yb(z,y),

OF OF e oG
where q = (%(07070)7_%(07070))7 q = (%(07070)7_%(07070))

Then (Mp, ((0,0),q)) and (Mg, ((0,0),q")) are symplectomorphic if and only
if a(z,y) and b(x,y) are symplectomorphic under a symplectomorphism of

the form ¢(z,y) = (x + a(y),y):

b(z,y) = a(z + a(y),y).
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3 A classification of fold singularities:
polynomial case

In this section, as corollaries of Theorem 2.1, we give a complete classification
of fold singularities of implicit Hamiltonian systems generated by functions
of the form

F(z,y,\) = N° + y\ + ya(z, y)

where functions a(z,y) are polynomials in variable x with coefficients in &,:
G(IL', y) - an<y)$n + an—l(?/)‘rn_l +-+ aO(y)7 a; € gy-

Corollary 3.1.  Let a(z,y) be a polynomial in variable x with coefficients
in &y:
a(z,y) = an(y)z" + an_1(y)2" " + -+ ao(y).

Then coefficient a,(y) of the highest degree term x™ is a symplectic in-
variant of the implicit Hamiltonian system germ (Mg, ((0,0),q)) generated
by the function

F(z,y,A) = X + yA + ya(z,y).

In other words, if (Mp,((0,0),q)) is symplectomorphic to another implicit
Hamiltonian system germ (Mg, ((0,0),q)) generated by the function

G(z,y,\) = X’ + y\ + yb(z,y),

with
b(x,y) = b (y)2™ + b1 (y) 2™+ -+ bo(y),

then m =n and b,(y) = a,(y).

Proof For a symplectomorphism ¢ of the form ¢(x,y) = (z + a(y),y),
we have

aod(z,y) = an(y)(@+a®)" +an1(y)(@+a@)" "+ +a(y)
= an(y)z" + (nan(y)a(y) + an-1(y))z" ' 4 -

Thus symplectomorphisms ¢ of the form ¢(z,y) = (r+a(y), y) do not change
the coefficient a,(y) of the highest degree term z". O
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Theorem 3.2.  Let a(x,y) be a polynomial in variable x with coefficients

in &y:
a(z, ) = an(y) 2" + an_1(y)z" " + - + ao(y),
and let
F(z,y,A) = X +yX + ya(z, y).
1) If

the degree of a,(y) < the degree of an—1(y),

then the implicit Hamiltonian system germ (Mg, ((0,0),q)) is symplectomor-
phic to the germ of the implicit Hamiltonian system generated by

G(z,y,A) = A+ yA + yb(z,y)
for some polynomial b(x,y) in variable x
b(w,y) = an(y)x" + byo(y)z" 7 + - + bo(y).

of the same degree n as a(x,y) with the same coefficient a,(y) of the highest
degree term and null coefficient of the term x™ 1.

2)  Suppose that polynomials a(x,y) and b(x,y) in x have the same co-
efficients of the highest degree term x™ and null coefficients of x™1:

a(7,y) = a,(Y)2" + an_o(y)z" 2 + - + ag(y),

b(x,y) = an(y)a"™ + bu_a(y)x" > 4 -+ + bo(y).

Then the implicit Hamiltonian system germs (Mg, ((0,0),q)) and
(Mg, ((0,0),4¢")) generated respectively by

F(z,y,\) =X +yAt+ya(z,y)  and Ga,y,\) =\’ +yA+yb(z,y)
are symplectomorphic to each other if and only if a(z,y) = b(z,y).

Proof 1) Set

_anfl(w an
— (r — an—l(y)
¢(x7y) - ( nan(y) ) )



Then we have

aog(z,y) = an(y)(@+ ()" + ana(y)(@+a(y)" "+ + ao(y)
an(y)a"™ + (nan(y)a(y) + an—1(y))z" " +- -
_anfl(y) a :En—l .
an(y)z" + (nan(y)( nan(y) )+ an-1(y)) +
an(y)a™ +0 x 2"t ..

2)  Of course, if a(z,y) = b(x,y), then we have (Mg, ((0,0),q)) =
(MG7 ((07 O)v q/))'

Conversely, suppose that (Mg, ((0,0),q)) and (Mg, ((0,0),q')) are sym-
plectomorphic to each other. Then from Theorem 2.1, 3),

b(z,y) = alz+ a(y),y) for some a(y) € m,
= an(¥)(@+a)" + ana )@ +aly)" + -
= an(y)z" +nan(y)a(y)z" '+

If a(y) # 0, then the coefficient na, (y)a(y) of z"! is not 0, which contradicts
the assumption that the coefficient of "' in b(z,y) is 0. Thus a(y) must
be 0 and we have b(z,y) = a(x,y). O

Theorem 3.3.  Let a(x,y) be a polynomial in variable x with coefficients

in &y:
a(r,y) = an(y)2" + an_1(y)z" "+ -+ aoy),
and let
F(z,y,\) = X* + y\ +ya(z,y).
1) If

the degree of a,(y) >  the degree of an_1(y),

then the implicit Hamiltonian system germ (Mg, ((0,0),q)) is symplectomor-
phic to the germ of the implicit Hamiltonian system generated by

G(z,y,\) = N + yA + yb(z, y)

for some polynomial b(z,y) in x with the same coefficient a,(y) of the highest
degree term x™ as a(x,y) and of the form

b(z,y) = an(y)z" + boor(y)2" '+ + bo(y)
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such that b,_1(y) is a polynomial in y with
the degree of b,_1(y) <  the degree of a,(y).
2)  Suppose that
a(z,y) = an(y)2" + an-1(y)2" "+ + ao(y)

and

b(2,y) = an(y)z" + bp1(y)z" " + - + bo(y)
have the same coefficient a,(y) of the highest degree term x™ and that a, 1 (y)
and b,_1(y) are polynomials in y such that

the degree of an,—1(y) < the degree of a,(y),

the degree of b,_1(y) < the degree of an(y).

Then the implicit Hamiltonian system germs (Mg, ((0,0),q)) and
(Mg, ((0,0),q")) generated respectively by

F(z,y,\) = X* + y\ +ya(z,y) and  G(x,y,\) = N> +y\ +yb(z,y).
are symplectomorphic to each other if and only if a(x,y) = b(z,y).

Proof 1) Letr bethedegree of a,(y). Represent the coefficient a,,_1(y)
in a sum of Taylor polynomial of a,_1(y) of degree r and the higher term:

T

1 d'a,_ ;
an—1(Y) = bn-1(y) + cn-1(y), bn-1(y) = Z il dyi : (0)y".
i=0

Then we have degree of ¢, 1(y) > degree of a,(y). Set

Cn—l(y) , )

¢($7y> = (.’ﬂ - nan(y)

Then we have

ao Qb(l’, y) = an(!/)'rn + bnfl(y)rnil T

and
the degree of b,_1(y) < the degree of a,(y).
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2) Suppose that
bz,y) = (o +aly)y)  forsome afy) € m,

Then

b(z,y) = an(y)(e+ay)" +an(y)(e +aly)" "+
= ap(y)z" + (nan(y)a(y) + apa(y)z" -0,
and  b,-1(y) = nan(y)a(y) + an-1(y)-

On one hand b,_1(y) is a polynomial of degree less than the order of a,(y).
On the other hand, if a(y) # 0, then na,(y)a(y)+a,_1(y) is not a polynomial
of degree less than the degree of a,(y). Thus a(y) must be 0 and b(z,y) =
a(z,y). O

The above two theorems give a complete classification of fold singularities
of integrable implicit Hamiltonian systems generated by functions of the form

F(z,y,\) = N + y\ + ya(z,y),

a(z,y) being a polynomial in x with coefficients in  &,.

4 Non-polynomial case:
tangent spaces of symplectic orbits

We have no such a complete classification for the case where a(x,y)’s are
not polynomials in x with coefficients in  &,. However we can deduce some
symplectic invariants for such systems from the main theorem. For example
we have the following

Corollary 4.1.  Let a(z,y) be of the form
a(z,y) = ao(r) + yar(z,y).

Then the function ag(x) is a symplectic invariant of the germ (Mg, ((0,0),q))
of the implicit Hamiltonian system Mp defined by

F(z,y,A) = N + y\ + ya(z, y);
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i.e. if another germ (Mg, ((0,0),q")) of the implicit Hamiltonian system Mg
defined by

Gy, \) = N +yA+yble,y)  with blx,y) = bo(x) + ybi(z,y)
is symplectomorphic to (Mg, ((0,0),q)), then we have ag(x) = bo(x).

Proof Since (Mp,((0,0),q)) and (Mg, ((0,0),q')) are symplectomor-
phic, from 3) of the theorem, we have

b(x,y) = alz + a(y),y) for some function a(y)

and
bo(x) +ybi(z,y) = ao(z +aly)) +yar(r +aly),y)
= ao(z) + a(y)ao(z,y) + yai(z + aly),y)
for some function ag(x,y).
Thus we have  bg(x) = ag(z). O

More interesting symplectic invariants are derived from the tangent spaces
of symplectic orbits. From 1) of Theorem 2.1, every fold singularity of implicit
Hamiltonian system is generated by a generating function of the form

)‘3 +y/\+C(ZL‘,y>, C(l’,y) € M,y
From 3) of Theorem 2.1, two generating families
F(a,y,\) = N> +yA +ya(z,y) and G(z,y,A) = A\ +yA +yb(z,y),

generate symplectomorphic germs of integrable implicit Hamiltonian systems
if and only if a(x,y) and b(x,y) are symplectomorphic under a symplecto-
morphism of the form ¢(z,y) = (x + a(y), y):

b(z,y) = a(z + a(y),y).

Therefore in order to classify fold singularities of integrable implicit Hamil-
tonian systems, it is enough to classify functions a(z,y) € &, up to sym-
plectomorphism ¢(z,y) of the form

o(z,y) = (x + a(y),y).

49



Let Sy denote the set of symplectomorphisms of the form ¢(z,y) = (z +
a(y),y):

So = A{¢(x,y) [ oz, y) = (x + aly),y) for some a € my}.
The composition of ¢(z,y) = (z + a(y),y) and ¥(z,y) = (z + B(y),y) is
Yooz, y) =v(r+a(y),y) = (z+aly) + L), y)
Thus we have

Lemma 4.2. S; is an abelian group with composition of maps. Moreover
it is a real vector space isomorphic to the vector space m, with the correspon-
dence

¢(r,y) = (x+aly)y) €S = aly) cmy.
The orbit Sp(a(z,y)) of a function a(x,y) € &,, is given by
So(a(z,y)) = {alz + a(y),y) | aly) € my}.

Since &y is a real vector space isomorphic to the vector space m, with the
above correspondence, for a € &,,, a vector tangent to Sp(a) at a is given by

da(z + ta(y),y)
dt

lt=0 for some a(y) € m,,.

Therefore vectors tangent to Sp(a) at a have the form

Oda
V= —aq.
ox
Thus we call the set
{aa o e ) da
—ala€gm,t=—m
ox Y ox Y

the tangent space of the orbit Sp(a) at a.
Let b(z,y) be symplectomorphic to a(x,y): b(z,y) = a(z + a(y),y).

Then % 5
a
%(x, y) = %(x +a(y),y).

Now consider the isomorphism

O L Mgy — My defined by ¢*(c) = co ¢.
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Then we have

0 d(ao 0 da o ob
00y~ 2000 ana 5 (2my) = (P2 m, = (D,

¢ (

Since ¢* : My, — My, is an isomorphism, we have the isomorphism between
the quotient spaces

oy M
And for each positive integer k, we have also an isomorphism

* .
¢ da k+1 — 0b k+1°
oz My + Mgy oz My + Mgy

Mgy Myy

~

Thus we have

Theorem 4.3. The numbers
m
cp(a) =dimg -—b——, k=1,2,...,
k() R %my + m’;;jl

are symplectic invariants.

5 Preliminaries to the proof of the
main theorem

Here we check elementary properties of generating functions.

5.1 Generating functions of implicit Hamiltonian
systems

Let M C TR? be an implicit Hamiltonian system and let (p,q) € M be a
fold or cusp singularity of M, i.e. a fold or cusp singular point of 7 |p;: M —
R?. Then the corank d(m [a)(pq = 1. Therefore, by Hormander -Arnold-
Weinstein generating family representation of M, there exists a smooth func-
tion germ F : (R* x R, (p,0)) — (R, 0) such that

(M, (p,q)) = the germ at (p, q) of the set

oF oF oF

v _vr bl _ 2
ey, 5. X), =G ) | G(9.0) =0, (r..3) € B x R},
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and such that OF OF
(p7 Q) = (p7 a_y(pa O>7 _%(pa O)>7

PF  O*F O*F

EFEIR m)(p, 0) =1, and Evl

In what follows, we assume that M is generated by some generating
family-germ F' as above and denote it by Mp. Without loss of generality,
we may assume that germs of implicit Hamiltonian systems we consider are
those at ((0,0),q) € TR? ie.  (Mp,((0,0),q)).

Our purpose in this note is to classify integrable fold and cusp singularities
of implicit Hamiltonian systems on R? up to germs of symplectomorphisms
of the tangent bundle TR? induced by germs of symplectomorphisms of R2.
In order to do so, as we will see below, it is enough to classify their generating
families up to germs of diffeomorphisms of (R?* x R, (0,0,0)) of the form

rank(

(p,0) = 0.

o(z,y,A) = (0(x,y), Mz, y, A)),
¢ : (R?,(0,0)) — (R?(0,0)), being a symplectomorphism-germ.
Definition 5.1. A diffeomorphism germ

é: (R*x R, (0,0,0)) — (R2 xR, (0,0,0))

of the form  ¢(x,y,\) = (¢(x,y), Az, y,\)),

¢ : (R%(0,0)) — (R?,(0,0)) being a symplectomorphism, is called a ge-
neralized symplectomorphsm.

Definition 5.2.  Two generating family germs F and G : (R* x R,
(0,0,0)) — (R,0) are said to be symplectomorphic if there ezists a gener-
alized symplectomorphism germ

¢: (R*xR,(0,0,0) — (R*xR,(0,0,0)), ¢(z,5,A) = (¢(,y), A, y, \))

such that
G(z,y,\) = F(o(z,y), Az, y, N)).

Lemma 5.3. Let F' and G : (R? x R,(0,0,0)) — (R,0) be symplec-
tomorphic generating family germs. Then the implicit Hamiltonian system
germs (Mg, ((0,0),q)) and (Mg, ((0,0),q")) are symplectomorphic.
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We prove the lemma by proving the following two lemmas.

Lemma 5.4. Let F: (R*xR,(0,0,0)) — (R,0) bea symplectomwph@c

generating family germ. Let ¢ = (gbl,qbg) (R%,(0,0)) — (R?(0,0)) e
a symplectomorphism germ and let G : (R* x R, (0,0,0)) — (R 0) be the

generating family germ defined by
G(z,y,A) = F(o(x,y), A).
Then we have

#(Me, ((0,0),q) = (Mr, ((0,0),9));

the germs (Mg, ((0,0),q)) and (Mg, ((0,0),q")) of the implicit Hamiltonian
systems generated by F and G, respectively are symplectomorphic, where ¢ =

(0F/0y(0,0), —0F/0x(0,0)) and ¢ = (0G/dy(0,0), —0G /0x(0,0)).

Proof Since
oG OF 06, OF R
%(ZB7 Y, >‘) - %(qb(ai, y)? )\)%(l’, y) + 8_y(¢($a y)? )‘)%(:L y),
oG oF 0 oF 0
o) = G (@) N G ) + 0l ) NG 2 ),
we have

() -(50)
-(58) (2 B
(5 (B g

Thus we have 8G( )
T, Y, A
Jo(x, 9 ) =
# ”(—ﬁmyx>

oo (2 Joer (531 ) (B0 )
(50 () () - (e )
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Therefore we have

- oG oG

¢(I,y, a_y<xay7 )‘)7 _a_x(x7y7 A)) =

(6la.9). G (6(05). 2. = 5 (0(2.9). 1)

and

¢(Mg, ((0,0),¢)) = (Mg, ((0,0),q)).
O

Lemma 5.5. Let (Mp, ((0,0),q)) € (TR?((0,0),q)) be an implicit Hamil-
tonian system generated by F(x,y,\). Let ¢ : (R* x R, (0,0,0)) — (R? x
R, (0,0,0)) be a generalized symplectomorphism of the form

oz, y,A) = (7,9, A2, y,A)).

Set
G(z,y,\) = F(x,y, A(x,y, \)).

Then we have
(Mg, ((0,0),q)) = (Mp, ((0,0), q)).

Proof Set
— oF
MF - {(Iaya )‘) | a(a"?iya )‘) - 0}7
— oG
MG - {($7y7 )‘) | a(l”yu A) - O}u
Ur:R*x R — TR? = R* x R?,
oOF oF

\I/F@U/y; )‘) = (x)ya a_y(xay7 A)v _%(xayv)‘)%

Us:R?x R — TR? =R? x R?,

oG oG
qu(%% >‘) - (‘T?ya a_y@”ﬁ% A)a _8_x(xay7 A))

Since
oG oOF oA OA
a(xug%/\) _a(:paya/\(w7y7}‘>>a(xay7/\) and a_)\(xvy7/\) %07

o4



we have qg(j/[\g) = m

Moreover, since

oG oF —
%(‘Ta?ﬁ/\) - a_x(xvyaA(x7ya A)) on Mg,
3y (00 = gy wnAwN) on M
we have )
Vo lg= (Vrod) g
and

My = Wp(Mp) = Vp(d(Mg)) = (W5 0 0)(Mg) = (Va)(Me) = Mg,

5.2 Generating functions of fold and cusp singularities

Let (Mg, ((0,0),q)) € (TR? ((0,0),q)) be a fold or cusp singularity of an
implicit Hamiltonian system generated by F'(x,y,\). Let

7:R?x R — R? be the projection, T(x,y,\) = (z,y),

and set OF
Mr = {(e,5 ) | 5,50 = 0},

From the definition of generating functions,

OF OF
= - - d
((0,0),q) = ((0,0), ay (0,0,0), o (0,0,0)), an
OPF  O*F
— = 1.
mnk(awa)\,aya)\)(0,0,0)
Therefore, without loss of generality, we may assume that

O°F (0,0,0) # 0

Oyox* '
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Then, by the implicit function theorem, there exists a function n(x, A) such
that Mp has the form

VF = {(95777(%)\)’)\) | (l‘7 /\) € R2}7

and that the restriction of the projection 7 to m can be expressed in terms
of the coordinates (x, \) of Mp:

T |mp (2, A) = (z,n(z, A)).
Now, suppose that ((0,0),q) € M is a fold singular point. Then we have

on 0%n

~1(0,0) =0, W(o 0) #0,

and, by the relation of derivatives of n(x, \) and ?)—f(x, Y, A), we have

OF O2F F
3y (0:0.0) = (W(o 0,0)=0 and —:5(0,0,0)#0.

In the case where ((0,0),q) € M is a cusp singular point, we have

an 827] o’
and . g
3)\k(000) 0, (k=1,2,3), a/\4(000)7é0
Thus we have
Lemma 5.6. 1) If ((0,0),q) € Mp is a fold singular point, then we
have oF O*F OPF
57(0.0,0) = 25(0,0,0) =0 and  5(0,0,0) #0.

2) 1If ((0,0),q) € Mg is a cusp singular point, then we have

OFF O'F

a/\k(OOO) 0, (k=1,2,3), a)\4(000)7é0

Now, from Lemma 5.6, after a coordinate change of the variable A in the
form of A(x,y, \), we have
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Lemma 5.7. We may suppose that

1) If ((0,0),q) € Mg is a fold singular point, then F(x,y,\) is an un-
folding of X3, and

2) if ((0,0),q) € Mp is a cusp singular point, then F(x,y,\) is an
unfolding of \*.

Now a versal unfolding of \? is given by
G(u, \) = X* +ul.

From the versality of G(u, \), for unfolding F'(x,y, \) of A3, there is a coordi-
nate change of A of the form A(z,y, A) and functions a(x,y) and b(x,y) such
that

F(x,y,\) = Az, y,\)? + a(z,y)A(z,y, \) + c(z,y).

Again, from Lemma 5.6, we may assume that F(z,y, \) has the form
F(z,y,A) = X + a(z,y)A + c(z,y).
At the beginning of this subsection we assumed that

PF
m(0, 0,0) # 0.

Therefore we have 9
a
—(0,0 0.
8y( ,0) #

Lemma 5.8. For a(z,y) with

da
5y 00 #0.

there is always a function b(x,y) such that the mapping ¢ defined by
o(z,y) = (alz,y), b(z,y))
15 a symplectomprphism.

Proof A diffeomorphism ¢ : R? — R? is a symplectomorphism if and
only if det Jo(z,y) = 1. Since

Oa
a_y(oa O) 7& Oa
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the Hamiltonian vector filed
Ja 0 Oa 0
Xa ) = 7 {4y a3 " a9 a.
(.9) = 5, =¥ 5; ~ 52 @5,
is regular at (0,0) and so is —X,(z,y). Then, from the linearization theorem,
there exists a diffeomorphism-germ h = (hy, hy) : (R?0) — (R?,0) such that

9
ox’

e (B0 B (B0)-(3)

Thus we have

Jh(z,y)(—Xa(z,y)) =

Jda da

) e(w,y) Sy \
det J(a, ho)(z,y) = det ( %(x,y) %}(f’*y) ) !

and we may choose hi(z,y) as a desired function. O

Since our purpose is to classify singularities of implicit Hamiltonian sys-
tems up to symplectomorphisms, by Lemma 5.8 we may assume that a(x,y) =
y. Thus we have

Lemma 5.9. 1) If ((0,0),q) € M C TR? is a fold singular point of an
implicit Hamiltonian system, then the germ (M, (p,q)) of the implicit Hamil-
tonian system is symplectomorphic to the germ (Mg, ((0,0),q)) of the implicit
Hamiltonian system Mg generated by a function F(x,y,\) of the form

F(z,y,\) = N + yA + c(z,y),

OF OF
where q= (a_y(oa 070)7_%(07070))

2) In the same way, if ((0,0),q) € M C TR? is a cusp singular point of
an implicit Hamiltonian system, then the germ (M, ((0,0),q)) of the implicit
Hamiltonian system is symplectomorphic to the germ (M, ((0,0),q)) of the
implicit Hamiltonian system Mg generated by the function

F(x,y,\) = X' + b(z, )\ + yA + c(z,y),

OF OF
where q = (8_3/(0’ 070)7_%(07070))
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6 Proof of the main theorem

In this section we prove our main theorem. Let us recall it first.

Theorem 2.1 1) If ((0,0),q) € M C TR? is a fold singular point
of an implicit Hamiltonian system, then the germ (M, (p,q)) of the implicit
Hamiltonian system is symplectomorphic to the germ (Mg, ((0,0),q)) of the
implicit Hamiltonian system Mg generated by a function F(z,y,\) of the
form

F(x,y,\) = X* + y\ + c(z,y),
oF oF
where q= (ay (0,0,0), e
2)  The implicit Hamiltonian system generated by

F(z,y,A) = N + yA+ c(z,y)

(0,0,0)).

is smoothly integrable if and only if
F(z,y,\) = X* +yA+ya(z,y) for some function a(x,y).

3) Let (Mp,((0,0),q)) and (Mg, ((0,0),q')) be the germs of integrable
implicit Hamaltonian systems generated by

F(z,y,A) = X +yX+ya(z,y) and G(z,y,\) =X+ y\+yb(z,y),

OF OF . 0G oG

where q= (a (0,0,0), — 5 —(0,0,0)), ¢ = (a—y(0,0,0),—%(0,0,0)).

Then (Mp, ((0,0),q)) and (Mg, ((0,0),q")) are symplectomorphic if and only
if a(x,y) and b(x y) are symplectomorphic under a symplectomorphism of
= (

the form ¢(x,y) = (x + a(y),y):
b(z,y) = a(z +aly), y)-

6.1 Proof of the main theorem

Proof of 1) 1) is the first part of Lemma 5.9.

Proof of 2)  The implicit Hamiltonian system generated by
F(z,y,A) = N’ + yA + c(z,y)
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is smoothly integrable if and only if the linear equation

O*F oF oF
=1 F d -
has a smooth solution u(x,y,A). Since
oF O*F oF oc
— =3\ —— =6\ d {—,F}=—
o Yy, o =63 and {Z+ F}=-(z,9),
the linear equation is of the form
oc 9
BAu(z,y,A) = o-(z,y)  (mod  (3A"+y)e,,)-
Therefore the linear equation has a smooth solution if and only if
oc

%(x’ y) € <3)\2 _I_ y’ 6)\>€:cy>\ = <y7 )\>5xy/\

Since ¢(z,y) is a function of x and y, the equation has a smooth solution if
and only if

Oc )
a—x(x,y) € (We,,, t.e clx,y)=ya(r,y) forsome a(z,y) € &,y.

Thus the implicit Hamiltonian system generated by
F(z,y,A) = X* + y\ + c(, y)
is smoothly integrable if and only if F'(z,y, A) is of the form
F(x,y,\) = X* + yX +ya(z,y) for some function a(z,y).

Proof of 3) Suppose that the germs of implicit Hamiltonian systems
(Mg, ((0,0),q)) and (Mg, ((0,0),4¢")) generated respectively by

F(x,y,\) = X +yA +ya(z,y) and G(z,y,\) =\ +y\ +yb(x,y),
are symplectomorphic.
Lemma 6.1. If (Mpg,((0,0),q)) and (Mg, ((0,0),q")) are symplectomor-
phic, then there exists a symplectomorphism
¢(2,y) = (91(2,y), da(2, y))

such that
A+ YA+ yb(z,y) = G(z,y,\) =

F(gb(l‘, y)? )‘) - /\3 + ¢2(x7 y))‘ + ¢2(Z‘, y)a(qﬁl(x, y)v ¢2($,y))
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We postpone the proof of the lemma and continue the proof of the main
theorem. By Lemma 6.1,

)‘3 + y/\ + yb(ZE, y) = )‘3 + gbg(l’, y))‘ + ¢2(ZL‘, y)a(gbl(xv y)? ¢2<m7 y))v

for some symplectomorphism

¢<£L‘,y) = (¢1(x,y), ¢2($,y)).

Comparing the coefficients of A, we have
G2, ) = -
Since ¢(x,y) = (¢1(x,y),y) is a symplectomorphism,

201 201
det Jo(z,y) = det( Z f’y) o (f’y) ) —1.

Thus we have

%(:ﬁ,y) =1 and  ¢i(z,y) =z +a(y) for some a€m,

ox

and  b(z,y) = a(z + aly),y).

Conversely, since F(x,y,\) = A + y\ + ya(z,y) and G(x,y,\) = \* +
yA+ya(x+a(y),y) are symplectomorphic, by Lemma 5.9, they generate the
symplectomorphic implicit Hamiltonian systems. O

6.2 Proof of Lemma 6.1

Suppose that the germs of implicit Hamiltonian systems (Mg, ((0,0), ¢)) and
(Mg, ((0,0),¢")) generated respectively by

F(z,y,A) = X’ +yr+ya(z,y) and G(z,y,\) =X 4+ yX+ yb(z,y),

are symplectomorphic. Then we will prove that there exists a symplectomor-
phism

¢(x7 y) = <¢1($, y)? ng(LU, y))
such that G(x,y,\) = F(o(z,y), A).
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Lemma 6.2.
If (Mp,((0,0),q)) = (Mg, ((0,0),¢"), then F(x,y,\)=G(z,y,\).

Proof of Lemma 6.2.
Since (Mp, ((0,0),q)) = (Mg, ((0,0),q')), we have

OF oG 5
%(xayﬁ)\)_a_x(x?y’)\) for  —3A =Y.
Therefore we have
da ob
5, &Y = 5-(z,y) and hence b(z,y) = alz,y) + c(y).
Moreover, since (Mp, ((0,0),q)) = (Mg, ((0,0),q')), we have
OF oG
- = — fi -3\ =y.
9 (z,y,A) 3y (z,y,A)  for =3\ =y

Therefore we have
Oa 0b
e -} it
a(z,y) +yay(l’7y) (z,y) +yay(l‘,y),

and, since b(x,y) = a(x,y) + c(y), we have

da da Oc
a(z,y) + ya—y(w, y) = a(z,y) +c(y) + y(a—y(ﬂs, y) + a—y(y))-
Thus
c(y) + @()—0 and cly) =0
Yy yay Yy) = Yy) =
Hence

Now let us prove Lemma 6.1. Suppose that the germs of implicit Hamil-
tonian systems (Mp, ((0,0),q)) and (Mg, ((0,0),4¢")) generated respectively
by

F(z,y,\) = N+ y\+ a(x,y) and G(x,y,\) = N+ y\+ b(x,y),
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are symplectomorphic; ¢.e. there exists a symplectomorphism

o(z,y) = (d1(z,y), d2(z, y))
such that

¢((Mg, ((0,0),4))) = (M, ((0,0), 9)),

where  o(z,y,2,9) = (0(z,y), ddy) (&,7)).
Setting H(x,y,\) = F(é(z,y),\), from Lemma 5.8, we have

¢((Mn,((0,0),4))) = (M, ((0,0),q)),

which was proved to be equal to  ¢((Mg, ((0,0),¢))).

Thus we have (Mg, ((0,0),4¢")) = (Mg, ((0,0), q)), which implies, from Lemma
6.2, that

G(z,y,\) = H(z,y,\) = F(o(x,y), \).

O
of Lemma 6.1
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Reachable sets from a point for the Heisenberg
sub-Lorentzian structure on R?. An estimate for the
distance function
Marek Grochowski !

Abstract

In this paper we compute reachable sets from a point for the
Heisenberg sub-Lorentzian metric on R?, and give one estimate (from
below) for the distance function. We also give examples of maximizing
non-Hamiltonian and non-smooth geodesics which are regular curves.

1 Introduction

1.1 Statement of the results

Suppose that (M, H, g) is a sub-Riemannian manifold. For a fixed point p,
let f(p) stand for the sub-Riemannian distance from py. It can be proved
(cf. [2]; see also [6]) that one can choose local coordinates z, ..., x,, around
po (the so-called privileged coordinates centered at py) such that x;(py) = 0
and the following estimate holds true

C (|I1|1/w1 + ...+ |xn|1/wn) < f(xh ey Tp) <C (|l.1|1/w1 o+ |In’1/wn) ’

or equivalently

é\/’.l’l’?/wl + ...+ |xn|2/wn < f(iL‘l, ) < 5\/|x1’2/un + ...+ ‘l’nP/w”,

where ¢, C' (resp. ¢, 5) are positive constants and wq, ..., w, are positive
integers determined by the sub-Riemannian structure under consideration (w;
is called a weight of ;). In particular, if f is the Heisenberg sub-Riemannian
distance from the origin in R3, and x,y, z are standard coordinates, then

Va2 + 2+ |z < f(z,y,2) < CvVa?+y? + |z, (1.1)

'Faculty of Mathematics and Science, Cardinal Wryszynski University, 01-815
Warszawa, ul. Dewajtis 5, Poland, e-mail: mgrochow@impan.gov.pl
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C,c > 0 (compare it with the Riemannian case where the distance from a
point, in suitable exponential coordinates, is given by v/z12 + ... + x,,2).

The aim of this paper is to prove an estimate similar to this in (1.1)
for the distance function f[U] determined by the Heisenberg sub-Lorentzian
structure on R3; unfortunately, only estimate from below is true. Since the
Heisenberg sub-Lorentzian structure, up to a change of coordinates, is a
nilpotent approximation of any contact sub-Lorentzian structure on R? (cf.
normal forms in [4]), this paper is a first step toward computations in a
general contact case.

For all the details concerning the sub-Lorentzian geometry the reader is
referred to [3]. A review of basic notions and facts is presented in Section
1.2 (note that Proposition 1.2 and Examples 1.3, 1.4 are new in comparison
with the previous papers by the author).

In Section 2 we compute reachable sets I1(pg,U) and J*(pg,U) for the
Heisenberg metric, where U is a normal neighbourhood of py or U = R3
(Theorem 2.1).

In Section 3 we prove that the image of the set of "timelike” covectors
under exponential mapping is equal to I*(0) (Proposition 3.1).

In Section 4 we prove Theorem 4.3 which states that for every (z,y, z) €

JH0,0)
Va? =y — 42| < flU)(z,y, 2),

where U is a normal neighbourhood of the origin or U = R3®. (Note here
that the distance from the origin in the Minkowski R? space with standard
coordinates z,y, z is given on the set {—x? + y? + 22 < 0, z > 0} by formula
f(a:,y,z) =V z? _y2 - 22)'

In Section 5 we construct null non-Hamiltonian and non-smooth maxi-
mizing geodesics which are regular curves. By the way, we study the problem
of uniqueness of null maximizers (Proposition 5.2).

1.2 Basic definitions and facts on sub-Lorentzian
geometry

A sub-Lorentzian manifold is a triple (M, H, h), where M is a smooth (n+1)-
dimensional manifold, H is a smooth bracket generating distribution on M
of constant rank k£ + 1, and h is a smooth Lorentzian metric on H.

Fix a sub-Lorentzian manifold (M, H, h). For each point p € M a vector
v € H, is called horizontal. An absolutely continuous curve which is tangent
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to H a.e. and has square integrable derivative is called a horizontal (or
admissible) curve.

Unless otherwise specified, all vectors and curves are supposed to be hori-
zontal.

Fix a point p € M, and denote by €2, the set of all (horizontal) curves
v :[0,1] — M starting from v(0) = p. The endpoint map end, : Q, — M
is a mapping that assigns to each curve v € Q,, its end v(1). end, is of class
C* with respect to the structure of Hilbert manifold on €2,. Now, a curve
v € Q, is said to be regular (resp. singular) if it is a regular (resp. critical)
point of end,. It can be proved that in a contact case only constant curves
are singular.

A vector v € H, is called timelike if h (v,v) < 0, spacelike if h (v,v) > 0
or v =0, null if h(v,v) = 0 and v # 0, nonspacelike if h(v,v) < 0. A curve is
called timelike if its tangent is timelike a.e.; similarly for spacelike, null and
nonspacelike curves.

By a time orientation of (M, H, h) we mean a continuous timelike vector
field on M. From now on we suppose our (M, H, h) to be time-oriented.

If X is a time orientation, then a nonspacelike v € H), is called future
directed if h(v, X (p)) < 0, and is called past directed if h(v, X(p)) > 0.

Throughout this paper f.d. stands for ”future directed”, t. for ”timelike”,
and nspc. for "nonspacelike”. So, for instance, a t.f.d. curve is a curve which
is horizontal and timelike future directed.

By ‘H we will denote the Hamiltonian associated with our sub-Lorentzian
metric. Locally it can be defined as follows: let Xy, X, ..., X} be an orthonor-
mal frame for H defined on an open U with X, timelike; then

1 1
H(I‘,/\) = —5 <)\,X0> 5

> (0, X)°

J

on T*M|U. By ﬁ we denote the corresponding Hamiltonian vector field on
T*M, and @4 stands for its flow. Notice that m o ®4(A) = 7o ®1(sA) for any
covector A\, where 7 : T*M — M is the canonical projection.

A curve vy : [a, 8] — U is called a Hamiltonian geodesic if it is of the form
v(s) = mo ®4(N); in such a case [a, f] 3 s — P4(N) is called a Hamiltonian
lift of v. Note that a Hamiltonian geodesic which is a regular curve has a
unique Hamiltonian lift.

Each Hamiltonian geodesic is either timelike, spacelike or null (i.e. it does
not change its causal character).
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For a point p € M denote by exp, the exponential mapping with the pole
at p, which is defined as follows. Let D, stand for the set of all covectors
A € Ty M such that the curve s — 7o ®,()) is defined on the interval [0, 1].
The set D, is open and exp, : D, — M acts by formula exp,(\) = To®;()).

For a nspc. curve v : [, 5] — M we define its length to be

B
L) = [ I35 e

Fix an open set U; a nspc.f.d. curve v : [a, ] — U is called a U-
mazximizer, if it is the longest curve from ~y(a) to v(3) among all nspc.f.d.
curves contained in U and joining v(a) to v(3). We also use a name U-
geodesic for a curve in U whose each suitably short sub-arc is a U-maximizer
(note that in [3] only timelike curves were used).

By a unique U-maximizer (or a unique maximizing U-geodesic) we mean
a (nspc.f.d.) curve v : [a, f] — U such that for each ti,ty € [, 5] with
t1 < tg, the restriction 7|[t1,t2] is the only U-maximizer between v(t,) and
v(t2). Tt can be proved that if v : [a, 3] — M is a t.f.d. Hamiltonian
geodesic then for each ¢t € («, ) there is a neighbourhood U of ~(t) such
that vy N U is a unique U-maximizer.

If o : U — R is a smooth function on an open U, then its horizontal
gradient Ve is, by definition, a vector field on U such that (9,¢)(p) =
h(v,Vup(p)) for any v € H, and p € U. If Vg is unit timelike past
directed on U then the trajectories of —V g are unique U-maximizers.

d[U](-,-) will denote the sub-Lorentzian distance function relative to a set
U C M, which is defined as follows. For p,q € U let Q. (U) be the set of all
nspc.f.d. curves contained in U and joining p to ¢; then

d[U](p,q) = { Zu?jfégg Q;Z(E(]?aqg)} in case Q (U) # @

For a general U very little can be said about d[U]. However for a fixed
point py one can construct a family of certain special neighbourhoods of pg.
Their construction goes as follows. We take any neighbourhood U of py.
Shrinking it we assume U compact, and that there is a basis X, ..., X,, of
TM over U such that Xy, ..., X is an orthonormal basis of H with X being
a time orientation. Now we define a Lorentzian metric i on U by declaring
the basis X, ..., X,, to be orthonormal with respect to h, with the same time
orientation Xy. Finally, again shrinking U we can assume that U is a convex
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neighbourhood of py with respect to &, and that U is contained in some other
convex neighbourhood of pg. A set U obtained in this way is called a normal
neighbourhood of po. Remark that the Lorentzian manifold (U, 71) is strongly
causal [10].

For a fixed py and U 3 py, let f[U](p) = d[U](po, p)-

Proposition 1.1 ([3]). If U is a normal neighbourhood of py then f[U] is
finite and upper semicontinuous on U. Moreover, if v is a U-maximizer
joining po to a point p € U, such that v is a t.f.d. Hamiltonian geodesic
which is a reqular curve, then f[U] is continuous at each point of 7.

We need some notion of convergence of sequences of curves. Suppose that
YoyY i la,b) — M, v =1,2, ..., are curves in M; we say that {v,} converges
to v in the C° topology on curves if v,(a) — ~(a), 7, (b) — ~(b), and
for each open V' containing 7 there is an integer A such that v, C V for all
v > A. Now, let U be a normal neighbourhood of py and take a sequence
v+ 10,1] — U of nspe.f.d. curves such that 7,(0) = pg and their endpoints
7, (1) tend to a point p € U. Then it can be proved that there exists a
subsequence {7,.} convergent in the C” topology to a nspc.f.d. curve joining
po to p and contained in U.

For an open set U and fixed py € U, we define two reachable sets:
I (po,U) (resp. J™(po,U)) is the set of all points p € U that can be reached
from poy along a t.f.d. (resp. nspc.f.d.) curve contained in U. In terms of
control theory (cf. [7]) IT(po,U) is just the set reachable from pqy for the
family of all smooth t.f.d. vector fields on U; in the Lorentzian geometry it is
called the chronological future of py (with respect to U). Similarly, J*(po, U)
is the set reachable from py for the family of all smooth nspc.f.d. vector fields
on U, and in the Lorentzian geometry it is called the causal future of py (with
respect to U).

Proposition 1.2. For any normal neighbourhood U of a point py (i) J (po, U)
is a closed subset in U; (ii) cl(I*(po,U)) = J*(po,U), where cl stands for
the closure with respect to U.

Proof: Take any sequence {p,}, p, € J"(po,U), and p, — p with p € U.
Let ~, be a nscp.f.d. curve in U which connects py to p,. Passing to a
subsequence we can assume that v, — 7 in the C° topology on curves. As
we already know + is nspe.f.d., joins pg to p, and v C U which proves (i).
Using the same argument as in (i) one shows the inclusion cl(I7(pg, U)) C
JT(po,U). To prove the reverse inclusion take a point p € J(py, U) and
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an open set V, p € V.C U. Let v : [0,7] — U be a nspc.f.d. curve
such that v(0) = po, Y(T') = p. Let n: [0,7] — U be a smooth nspc.f.d.
approximation of v such that n(0) = pp and n(T") € V. Extending the domain
of n we can assume that 7 : (—¢,T +¢) — U is nspc.f.d. and smooth. Next
let Z be a smooth nspc.f.d. vector field defined on a neighbourhood, say G,
of the set n((—e, T +¢)) such that n(t) = Z(n(t)), t € (—e, T +¢). Denote by
Xo, X1, ..., X§ an orthonormal basis of H over U (which exists by definition
of normal neighbourhoods); then

k
Z =poXo+ Y ¢;X;
j=1

where ¢y > 0 and —p3 + Z?Zl go? < 0. Finally choose a sequence of real
numbers {a,} such that 0 < a, /" 1, and define

k
Z, = poXo+a, ) ©;X;-
j=1

Of course, for every v, Z, is a smooth t.f.d. vector field on G. Moreover,
Z, = Z on any compact K, where n([0,7]) C K C G. Now for each v
consider a curve 7, which is (the unique) solution to the following problem:
n(t) = Z,(n,(t)), m.(0) = po. For every sufficiently large v the curve 7, is
defined on [0, 7] and 7, =% 7. It follows that there is a v such that 7,(T") € V,
from which I*(py,U) NV # & and the proof is over. O

In the Lorentzian geometry the above proposition is also true; one can
prove even more, namely It (pg, U) is always open. The two examples below
show that It (pg,U) need not be open in the sub-Lorentzian case, and that
the sub-Lorentzian distance function from py need not be continuous.

Example 1.3. (Cf. [8]) Let w = z*dy — (1 — z)dz be a 1-form on R and
set H = kerw. Let X = (1 — x)0/0y + 2°0/0z, Y = 9/dzx. Define a

sub-Lorentzian metric h with formulae
h(X,X)=—1, h(Y,Y)=1 h(X,Y)=0, (1.2)
and take X as a time orientation of (R®, H, h). Consider a curve  : [0,b] —

R3, ~(t) = (0,t,0), b > 0. Of course v is t.f.d.; it can also be proved,
in the same way as in the sub-Riemannian geometry, that v is a singular
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(0,0,0),(0,b,0)
9&7070)7(0717,0)(]1%3) consists, up to a change of parameterization, of a single
curve, namely ~v. This will imply, in particular, that v is a U-maximizer for
any normal neighbourhood U of the origin. Suppose that n € )

(0,0,0),(0,b,0)”
n(t) = (z(t),y(t),2(t)), 0 <t <T. Then

(t) = at)X(n(t) + B8(H)Y (n(t))

curve which is not a Hamiltonian geodesic. We will show that €2

which gives
N(t) = (B(t), a(t)(1 — (1)), a(t)2*(t)) -

Since n is nsep.f.d., a(t) >0 a.e. Now

AT) = /0 a(t)z?(t)dt = 0 (1.3)

from which z(t) vanishes a.e. It means that z(t) = 0 everywhere and 1 coin-
cides with v up to a change of parameterization. Using the same argument
one shows that a point of the form (0,b,¢) with ¢ < 0 does not belong to
I7(0,U), U being any normal neighbourhood of the zero containing (0,b, c).
Therefore I17(0,U) is not open and f[U], the sub-Lorentzian distance from
the origin, is not continuous at points (0,b,0), b > 0.

Example 1.4. (Cf. [9]) Let w = dz — x*dy be (the Martinet) 1-form on R3.
Again set H = kerw. Let X = 0/0y + 2°0/0z, and Y = 0/0x. Define a
sub-Lorentzian metric h using (1.2) and take X as a time orientation. Again
consider a curve v : [0,b] — R3, v(t) = (0,¢,0), b > 0. One sees that v
1s t.f.d., it is a singular curve, but this time v is a Hamiltonian geodesic.
Now, if n € Q40 00 1) = (@), y(t), 2(t), 0 <t < T, then again
(1.3) holds with a(t) > 0 a.e. This shows that ;o) 40y cOntains, up to
a change of parameterization, only one curve v, IT(0,U) is not open, and
the corresponding sub-Lorentzian distance f|U] is not continuous at points of

7\{0}-

These two examples show that the statement of Proposition 1.1 cannot be
strengthened. Let us also note here that a t.f.d. geodesic which is a regular
curve cannot be contained in the boundary 917 (0,U).

At the end let us extract one more property of normal neighbourhoods.
Once more we fix a point py and its normal neighbourhood U. Let h be a
Lorentzian metric on U arising from the definition of normal neighbourhoods.
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Next, let fIU] be the Lorentzian distance from p relative to U determined
by h and let I*(po, U) be the set of all points from U that can be reached
from pg by a (not necessarily horizontal) curve in U which is t.f.d. with
respect to h. It is well known ([1]) that f[U] is smooth on I*(po,U) and
the gradient Vf[U] with respect to h is timelike past directed. This last
statement implies that f [U] is non-decreasing along nspc.f.d. curves in U.
Obviously 81 (py, U) NOU C &It (py, U) N AU and the latter set is a smooth
hypersurface. Therefore:

Proposition 1.5. There exists a (non-horizontal) vector field W = V f[U]
which 1s transverse to 8_f+(p0,U) N oU, and which “pushes” all nspc.f.d.
curves which are in It (py, MI\IT (po,U) away from dI*(po,U) NOU. In
particular, no nspc.f.d. curve can enter the set 17 (po,U) through the set

oI (po, U) N OU.

2 Reachable sets for the Heisenberg metric

Consider R? equipped with the Heisenberg sub-Lorentzian structure (H, h),
ie. H=kerw, w=dz — 3(ydz — xdy), and h is defined by h(X,X) = —1,
h(Y,Y)=1, h(X,Y) =0, where

g 1 0 o 1 0

Y =———z—; (2.1)

X =5 2%y gy 292

we take X to be a time orientation. The aim of this section is to compute the
sets I (po, U) and JT(po,U), where py € R and U is its arbitrary normal
neighbourhood.

We start from the case po = 0 and I7(0) = I7(0,R3). To this end let us
consider a family of functions 7, = —2 + y* + alz|, |a| < 4. Then

Vil = (22 — Say) X + (2y — taz)Y, 2>0
and
Van. = 2z + 3ay)X + 2y + tax)Y, 2 <0.

Let
Fo={n.<0,2>0}.

In both cases above the field Vg7, is t.f.d. for || < 4 and is null f.d. for
|a| = 4 on the set I'y N {z # 0}.
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Consider at first ny. Looking at the behaviour of the fields X and Y on
oI'y we have
J*(0) € To={m <0,z >0},

where we set J*(0) = J*(0,R?) (cf. [4]). Now, since Vg is nspc.f.d. on
I'o\{0}, and since each nspc.f.d. curve which projects on the set

{y==%z,2>0,2=0}

must be a null curve, we see that for any t.f.d. curve v : [0,7] — R3,
~v(0) = 0, the function t — ng(y(t)) is decreasing a.e. It follows that
I7(0) C To.
We will show that
I7(0) =Ty (2.2)

First of all let us notice that
Fon{z=0} C ]+(0);

this is because each line x = tcoshp, y = tsinhy, z =0, ¢t > 0, is a t.f.d.
curve.

Take any p € I(0), i.e. p = (T), where v : [0,7] — R? is t.f.d. and
~v(0) = 0. Since, as we already know, v((0,7]) C 'y and Vgn, is null f.d.
on I'y, the function t — n4(y(t)) is decreasing a.e. It means, however, that
na(p) < 0and ” C 7 is true in (2.2).

To prove the reverse inclusion take a p € 'y, p = (20, Yo, 20). Fixane > 0
this small that

—xp+ Yo + 25 ]20| <0, 4—e>0. (2.3)

Put @ = 4 — ¢ and write equations for Vgn,. We distinguish two cases:
Z0 > 0

T =2r — %ay

y=—1ar+2y (2.4)

Z=ta(a® —y?)

and zg < 0
T =2x+ %ay
y=iar+2y (2.5)
¢ = g0y’ — 2%

(if zp = 0 then there is nothing to do, see remark above).
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Consider the case zp > 0. Solving (2.4) with inital condition
(£(0), 4(0), 2(0)) = (20, 40, 20) We gt

2(t) = 20 + f (25 — ) (e — 1).
Because of (2.3) the equation z(t) = 0 has a negative solution with respect

to t: ) )
L sd— g — (16/a)lz]
4 T3 — Yo

It shows that there is a trajectory of —Vpgn, joining p with a point p €
I'onN{z=0} C IT(0). After time reversal we obtain a trajectory, say, o of
the field Vg, that joins p to p. Since such a o is t.f.d., p € I7(0). Similar
argument works for zy < 0, thus ”2>” in (2.2) is proved.

Next, let U be a normal neighbourhood of the origin; we will show that

IT(0,U)=I7(0)NU. (2.6)

Evidently I1(0,U) C I7(0) NU. Take a point p € IT(0) N U and let  :
[0,7] — R? be a t.f.d. curve joining 0 to p. Suppose 7 leaves U. Since it
cannot leave the set 17(0) it falls into the set 17 (0)\U. Now 9(I*T(0)\U) =
By U By, where By = {ny =0, 2 >0}\U and By = {ns <0, 2 >0} NoU.
Consider the vector field Vgn, in a neighbourhood of B; and the field W
from Proposition 1.5 in a neighbourhood of B,. Both fields taken together
prevent all nspe.f.d. curves which are in I7(0)\U from leaving I*(0)\U.
Thus we get a contradiction since v cannot reenter U and reach p. This ends
the proof of (2.6).
Finally, take any po = (2o, Yo, 20). It is easy to see that the mapping

O(z,y,2) = (I—xo,y—yo,%(yxo —xyo) + 2 — 20), (2.7)

which carries py to 0, preserves the Heisenberg sub-Lorentzian structure:
. X =X, ¢, Y =Y in particular, if v is a maximizer joining py to p; then
® o v is a maximizer joining 0 to ®(py).

In this way, and with the aid of Proposition 1.2, we have proved the
following

Theorem 2.1. Consider the Heisenberg sub-Lorentzian metric on R3. Then
IT(0,R?) = {—2® +y* +4|2| <0, 2 > 0}
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and
JHO0,R*) = {—2® +¢y* +4]2| <0, z > 0} .

Also, for any normal neighbourhood U of zero,
I'(0,U)=TI7(0,R*)NU

and

JH0,U) = JH0,R*) NU.

Next, if po = (%0, Y0, 20) € R? is arbitrary and U is its normal neighbourhood
or U = R3, then
I*(po, U) = @7(I7(0, 1))

and
T (po, U) = @71(JF(0, 1)),

where ® is defined by (2.7).

Remark 2.2. The equality J*(0,R*) = {ny <0, > 0} requires some ex-
planations. Observe that a function p(z,y,z) = x satisfies Vg = —X on
the whole R3. Such a ¢ is called a "time function”, and its existence insures
that Lemma 3.1 of [3], and hence Proposition 1.2 above, applies to U = R?
in case of the Heisenberg sub-Lorentzian metric.

From now on by f[U] we will denote the sub-Lorentzian distance from
the origin induced by the Heisenberg structure; we also set f = f[R?]. As a
consequence of above considerations we obtain two corollaries.

Corollary 2.3. For any normal neighbourhood U of zero f[U] = f+(0.u)-

Proof: We use two fields: Vgn, and the one from Proposition 1.5 O

Corollary 2.4. For any normal neighbourhood U of the origin f[U] vanishes
on {ns =0} NU and is continuous at points of the set {ny, =0} NU.

Proof: The first part follows from the fact that Vgn, keeps all nspe.f.d.
curves which are in /7(0,U) from reaching the set {ny = 0}. Then any
nspe.f.d. curve 4 which joins zero to a point of {n, = 0} must be entirely
contained in {ny = 0}. Obviously, for such a v, n4(y(t)) = 0 for all ¢, from
which h(%,Vgns) = 0. However Vyny is a null field, so v must be a null
curve.
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To prove the second part let us fix a p € {ny = 0}NU and take a sequence
It(0,U) 3 p, — p. Let v, be a U-maximizer connecting zero to p,. Passing
to a subsequence, v, — v in the C° topology, where ~ is nspc.f.d. and joins
the zero to p. Thus v is a null curve and limsup f[U](p,) < f[U](p) = 0, i.e.
lim f[U](p,) = f[U](p), which ends the proof. O

3 Image under exponential mapping

For any p € R® and A € TR let

Hip,\) = —% O X) + % LY

be the Hamiltonian associated with the Heisenberg sub-Lorentzian structure.
Next, let

E,, = {)\ e TrR®: H(po, A) <0, <A,(%> < 0}.
In this section we prove the following
Proposition 3.1. exp, (E,,) = I (po, R?).
Take a point pg = (o, Yo, 20), and let ® be the mapping as in (2.7).
Lemma 3.2. If v is a t.f.d. Hamiltonian geodesic then so is ® o ~y.

Proof: Let ~y : [a,b] — R? be a t.f.d. Hamiltonian geodesic. Extend it at
both ends to a t.f.d. Hamiltonian geodesics 7, now defined on [a — €,b + €],
e > 0. Suppose that [a,b] C J, A;, where Ay, ..., A, are intervals such
that A; N A1 # &, and v; = 74, is a unique Uj-maximizer for a suitable
open U;, i = 1,...,m — 1 ([3], prop. 4.1). Now, oy = P o, is a
unique ®(U;)-maximizer for each i. Using Proposition 5.1 below, ® o, is a
Hamiltonian geodesic, i.e. it possesses a Hamiltonian lift to the cotangent
bundle. Uniqueness of Hamiltonian lifts for Hamiltonian geodesics which are
regular curves insures existence of the Hamiltonian lift of ® o . O
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Since it is clear that exp, (Ep,) = ® '(expy(Ey)), it suffices to prove
expo(Eg) = I7(0). To this end let us recall (see [4]) equations of t.f.d.
Hamiltonian geodesics (parametrized by arc length) starting from the origin:

x(t, @, ro) = % sinh ¢ — - sinh(yp — rot)
y{t, %,0) = - coshp — L cosh(p — rot) (3.1)
z(t,p,ro) —#(rot — sinh(rot))

0

for rq # 0, and
x(t,p,0) = tcoshp
y(t,p,0) = tsinh e (3.2)
z(t,,0) =0

for ro = 0.

Fix a point p = (20,90, 20) € I7(0), i.e. |z0] < 3(25 — ¥3), [yo| < o,
xg > 0, and assume zy # 0. In order to prove Proposition 3.1 we must
show that p can be reached from 0 by one of the geodesics (3.1). We see
that projections on the (z,y)-plane of these geodesics are suitable branches

of hyperbolas
he)? inho\? _ 1
(r-=m)' - -2 = 5
and (3.3) describes the projection of a geodesic joining 0 to p, if
ro = o L0 sinh ¢ — yg cosh 4 (3.4)

2 2
Lo — Yo

At first consider the case zy > 0. If a curve in (3.1) is supposed to connect
0 to p we must have 1y > 0, and its projection on the (z,y)-plane can be
described as the graph of the function

. 2
y(w; p) = 2L — \/(ﬂf - —S”;}?) + (3.5)

with 7o as in (3.4) and ¢y < ¢ < 00, where ¢ = 3 In 7222 Now we lift (3.5)
to a geodesic (3.1) using the formula 2dz = ydx — xdy. This geodesic will
be defined by equations y = y(x; @), z = z(x; ¢) (it is indeed a Hamiltonian
geodesic because for any given p = (xo, o, 20) each curve in the (z,y)-plane

passing through (zg, o) has a unique lift to a horizontal curve in R? passing
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through p), where

s
. . 2
) o 512§f+ o sn;l;lg +7%
. __ coshyp . 1 0
2(55790) — 2rg X 272 In 1 <
0 o (cosh ¢p—sinh ¢)

2
sinh ¢ __ sinhe 1 _ sinhpcoshyp
+ 2ro \/ (I 70 ) + re 2r2 :

Finally, we obtain

lim  z(x; ) =0,

) m 2(e0i ) = Hak — 1),
Y%

li
(p—00
so there is a ¢ for which z(x¢; ¢) = 2o and the corresponding geodesic (3.1)
reaches p.

The case zp < 0 is treated in the similar manner. If a curve in (3.1) is
supposed to connect 0 to p, then we must have ry < 0, and its projection on
the (z,y)-plane can be described as the graph of the function

T0 T0

. 2
yla; p) = e 4 \/(x — o)y L

again rg is as in (3.4), —oo < ¢ < g, o as above. We lift it to a geodesic

s 00000
. sinh ¢ - sinh ¢ 2+ 1
- - - 2
. _ coshyp 1 ro ro 70
z(zip) = Ffr—55hn T : +
0 %(COSh p—sinh )

2
__sinhgp T — sinh ¢ + 1 _ sinhpcoshyp
2ro 0 rg 27’8 ’

and finish the proof of this case by checking

lim  z(zg;0) = —}L(xg — yg), lim  z(zo;¢) = 0.
P> P—pq

The remaining case zg = 0 is trivial using (3.2).

4 The Distance Function

4.1 Dilations ¢, and their properties

Let 6, : R® — R3, 0,,(z,y, 2) = (ux, py, p*z), p > 0. It is a simple matter to
verify that the two fields X, Y in (2.1) defining the Heisenberg sub-Lorentzian
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structure satisfy
(8,)-X = pX, (3,).Y = p. (4.1

Thanks to (4.1) the d,’s play a key role in the sequel (see [2] for the sub-
Riemannian case).

We start with the observation that each d, preserves causal character of
curves. Let 7 : [a,b] — R? be, for instance, a t.f.d. curve. Then

F(t) = ug() X (y(1)) +Fur ()Y (v(),  —uo(t)* +ur(t)> <0, wup(t) >0 ae.

Now (4.1) gives

(0 0 7)(t) = pruo(t) X ((0, 0 ¥)(£)) + pua ()Y (6 0 7)(1)),
0 0, 07 : [a,b] — R? is t.f.d. Tt follows that for each > 0
5,(17(0)) € I7(0),  6,(7*(0)) < J*(0).

Next we see that for each nspc.f.d. curve v and any p > 0, L(d, 07v) =
puL(7y). Applying this to the distance function we have

Proposition 4.1. For each p > 0 sufficiently small

flUN(6up) = pnflU(p)-

Proof: By the definition of f[U], for each positive integer v there is a nspc.f.d.
curve 7, joining 0 to p in U, such that

fU) — L < L(). (4.2)

v

At the same time for each v the curve t — §,,(7,(¢)) joins 0 to d,p, so

uL(v,) = L0y 0v) < fIUN(O,p)- (4.3)

(4.2) and (4.3) together with letting v — oo give
nflUN(p) < FIU](6,p)-

Using the same argument we get

w U1Gp) < FIU)6u18,m) = FIU](p).

Recall that by f we mean f[R?].
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Corollary 4.2. f is finite. It follows that for each p > 0 and every p €
I7(0), f(6up) = puf(p), and consequently f is upper semi-continuous.

Proof: Suppose that f(p) = oo for a p € I7(0). Thus, for every positive
integer v, there exists a nspc.f.d. curve 7, joining 0 to p and such that
L(v,) > v. Take a u > 0 with 0,p € U, where U is a normal neighbourhood
of the origin. Now ¢, 0+, is a nspc.f.d. curve in U that joins 0 to J,p, and
L(6,,0v,) > pv for every v. This is, however, a contradiction with finiteness
of f[U].

Next, using the same argument as in the proof of Proposition 4.1 we show
that f(3,p) = uf(p), p € I*(0).

To prove the last part take a p € I*(0) and such a p > 0 that §,p € U,
U being a normal neighbourhood of zero. Now it suffices to observe (cf.
Corollary 2.3) that f = p ' f[U] 0§, in a neighbourhood of p. O

4.2 Estimate for the Distance Function

Let U be a normal neighbourhood of the origin or U = R?®. All we can
say about f[U] is that it is upper semi-continuous, it is differentiable on a
neighbourhood of the set I7(0,U)N{z = 0} (cf. [4], [5]), and it is continuous
at all points of the set 0I7(0,U)\0U (see Corollary 2.4). The main reason
for our little knowledge about f[U] is that we do not know if all non-null
U-maximizers are t.f.d. Hamiltonian geodesics (if we knew this the situation
would get much simpler). In this section we prove one more thing yet about
fIU] —a certain estimate from below.
Let

g(ZE, Y, Z) = \/774($7 Y, Z) = \/xQ - y2 - 4|Z|
be defined on J*(0). Evidently, ¢g(d,p) = pg(p); moreover f and g coincide
on JT(0)N{z=0}.
Take an € > 0 and define M. = {g = ¢}. Now, consider all t.f.d. Hamil-
tonian geodesics with ry # 0, joining the origin to M., i.e. the ones which
are solutions of (3.1) and additionally satisfy

2 —y? — 4]z = &% (4.4)
Suppose at first that 79 > 0. The condition (4.4) means
’f’ot Tot ’I"ot ’I“ot

sinh2(7) + — —sinh(—) cosh(—) =

1
9 9 B 17”(2)52. (45)
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Setting o = 1ot and

F(a) :2<Sinh2%+%—sinh%cosh%> —a—14e°,

(3.1) can be rewritten as

1
F(a) = 57%]52, (4.6)
a > 0. Clearly, F increases; moreover F(«) = 102 + o(a?), so F admits the

inverse G of the form G(3) = V262 + o(5'/?), 5 > 0. Applying G to both
sides of (4.6) we get

1 1
t(roje) = T—OG(§T§52)7

where t(ro; €) is the length of a segment (between 0 and M, ) of a geodesic (3.1)
with the initial covector (—cosh,sinhp,79) € T¢R3. Since the function

08— %, (£ > 0, increases, one easily verifies the following equalities:
inf —G(ﬁ) = lim —G(ﬁ) = \/57 sup —G(ﬁ) lim G(p)

520 B ot VB b0 VB e VB

Recall that by Proposition 3.1 each point of M, can be reached by a Hamil-
tonian geodesic starting from zero. Now, for any p = (z,y,2) € M. with
z > 0 we have

) _ S0 ool
) e 2t =1 (@)
e M) _ W)L
p) p 1 o
D ) o e 2SO = oo (48)

Fix a normal neighbourhood U of the origin. Take an arbitrary ¢ €
I*(0,U); then ¢ = 0,p, where p = 0./4)q € M-, 11 = g(q)/e. Now it is clear

from (4.7) that
f0Na) _ fCup) _ ) -

gla) — g(up)  g(p)
from which f[U] > g on J*(0,U).
At the same time take an N > 0; by (4.8) there exists a p € M. such that
f(p)/g(p) > N. Now, for a suitable u >0, ¢ =4d,p € I7(0,U) and

flUlle) _ fOwp) _ fo) _

9(q) 9(0up)  9(p)
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Similar arguments work for rqg < 0, and therefore z < 0, so in this way
we have completed the proof of the following

Theorem 4.3. For every (x,y,z) € JT(0,U), where U is a normal neigh-
bourhood of the origin or U = R3, the following estimate is true:

0Ny, 2) > /2 — 52— dl.

On the other hand, the reverse inequality, i.e. f[U] < Cg, does not hold for
any constant C'.

5 Non-Hamiltonian geodesics which are
regular curves

Fix a time-oriented sub-Lorentzian manifold (M, H, h), dim M = n+ 1, rank
H =k + 1. Let an open set U C M be a domain of local coordinates, and
suppose that p,q € U are such that ¢ € I (p,U). We want to apply the
Maximum Principle of Pontryagin (PMP) to the following problem: (TFD)
among all t.f.d. curves joining p to q and contained in U find the longest
one. To this end let Xy, ..., X; be an orthonormal frame for H on U with a
time orientation Xj. It is natural to take

k
i = ) € B i Y <0000

Jj=0

as the set of control parameters. Consider the system of equations

a=0
where u = (u, ..., ux) € L*([0,T], K}). Further, for any u = (ug, ..., uz) € K
let fJul| = |—u2 + u? + ... + u2|'"/* and define the cost function to be

J(ou) = — / (b)) dt.

Finally, introduce the usual Hamiltonian for PMP: 'H,, : T*U x K; — R,

k
Hoo (@A) = Y ua (A, Xa) + Ao Jul]

a=0
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where \p € R, u € Ky, A € T;U. By ﬁ,\o denote the Hamiltonian vector
field on T*U corresponding to the function H,, of variables z and A, where
u is a parameter. Now the PMP applied to our problem says: if (x(t), u(t)),
0 <t <T,is an optimal trajectory for (TFD), then there exists a Ay < 0
and an absolutely continuous lift (x, \,u) : [0,7] — T*U x K; of x such

that A(t) # 0, (z,\) = ﬁ,\o, and
Ho (x(t), A(t), u(t)) = sup {Hx, (z(t), A(t),v) : ve K} =0. (5.1)

It turns out that, similarly to in the sub-Riemannian case, there are only
two types of solutions to (TFD), as is described in the proposition below.

Proposition 5.1. Each extremal of the PMP with the set K1 of control
parameters is either a Hamiltonian geodesic (then it can be a regular or a
singular curve) or a strictly abnormal extremal (which is a singular curve).
Moreover, each abnormal extremal is a singular curve.

Proof: Since K is open, we can replace the condition (5.1) with

T (a(t).A(D), ) =0,

a=0,1,...,k and proceed analogously as in the sub-Riemannian case. O

Unfortunately, the set K; of control parameters is not appropriate for
studying U-maximizers. Instead we must consider the problem: (NSPCFD)
among all nspe.f.d. curves joining p to q and contained in U find the longest
one. This time the suitable set of control parameters is

k
K, = {(uo, o) € REFL . 2 4 Zuﬁ <0, uy > 0} )

J=0

Now, if we apply PMP to the problem (NSPCFD), Proposition 5.1 is no
longer true — all we can say is that a t.f.d. U-maximizer being a smooth
curve is a Hamiltonian geodesic. In particular, one can find non-Hamiltonian
U-maximizers which are regular curves (a phenomenon which does not occur
in the sub-Riemannian situation); every such maximizer is either null, non-
smooth or it changes its causal character (i.e. it has null and timelike pieces).

In our case of the Heisenberg sub-Lorentzian metric, it is very easy to
construct an example of a null non-Hamiltonian and non-smooth maximizer.
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First of all observe that the results of Section 2 imply that each nspc.f.d.
curve starting from 0 and contained in 9J%(0) is a null maximizer, and
these are the only null maximizers. Moreover, since there are only two null
f.d. Hamiltonian geodesics (namely half-lines {y = £z, x > 0, 2 = 0} — see
[5]), any maximizer that connects 0 to a p = (xg,yo, 20) € 0J7(0), 2o # 0,
cannot be Hamiltonian. Suppose that v is such a non-Hamiltonian and null
maximizer. Assume v smooth. Every smooth and null curve satisfies y = &
(resp. y = —), i.e. y = const + x (resp. y = const — x). In our case
7(0) =0, so y = x (resp. y = —x) along ~y; in other words «y coincides with
one of the two null f.d. Hamiltonian geodesics, which is not true. Thus null
non-Hamiltonian maximizers are not smooth.

Next, for a fixed p = (xg, yo, 20) € 0J1(0) = {ny = 0} with zo # 0 we will
construct the unique null maximizer joining 0 to p (see [5] for the proof of
existence of such curves). At first let us make two observations. Lift a curve
£t) = (a+1t,b—1,0), a > 0, |b| < a, to a (horizontal) curve lying on the
surface {ny = 0, > 0}. It can be done in a unique way:

z(t)=a+t
§(t) =4 yt)=b—t
2(t) = 3(a® — b%) + 3 (a + b)t;
the resulting curve is contained in {ny =0, x > 0, z > 0} and is always null.
Analogously, a curve ((t) = (a +t,b+1,0), a > 0, |b] < a, has a unique
(horizontal) lift to the surface {ny = 0, x > 0}, and this lift happens to be a
null curve

2(t) = 1(b* — a®) + 3 (b — a)t
contained in {ny = 0, x > 0, z < 0}. In particular, every null maximizer that
leaves the set {y = z,2 > 0,2 =0} (resp. {y = —z,z >0,z =0}) stays in
{m=0,2>0,2z>0} (resp. {m =0,z >0,z <0}).
Now, take a p = (o, o, 20) € 9J1(0) with, say, zo > 0. Using the above

procedure we lift the curve

=] BLo:0sts L (20 + o)

i (t, 20 + Yo — ,0) ¢ (o + o) < t < g

to the surface {ny = 0} and obtain a null maximizer

() = { (t,t,0): 0 <t < %(xo—i—yo)
(t,zo + Yo — t, 2 (w0 + vo)t — 3(z0 + v0)?) : 2 (w0 + vo) <t < o
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joining 0 to p. Remarks above show that any such maximizer, after leaving
the set {y =z, > 0, z = 0}, must satisfy y = &; this proves uniqueness of
.

Similar construction yields a null and unique maximizer that joins 0 to a
p = (20, Y0, 20) € 0JT(0) with 2o < 0.

Proposition 5.2. For each p = (xq,yo, 2z0) € 0J1(0) there exists the unique
null mazimizer v, joining the origin to p. Every such -y, is contained in
0J%(0). In case zg # 0, 7, is not smooth and is not a Hamiltonian geodesic.

At the end let us remark that away from the set {z = 0} all null maxi-
mizers are trajectories of the horizontal gradient V gn;,.
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The complex symplectic moduli spaces of uni-modal
parametric plane curve singularities
Go-o Ishikawa * and Stanistaw Janeczko *

Abstract

Classification of zero-modal singularities of parametric plane curves
under diffeomorphism equivalence is extended to uni-modal singulari-
ties. Both the simple and uni-modal singularities of parametric plane
curves are classified further under symplectomorphic equivalence. In
particular the corresponding cyclic symplectic moduli spaces are re-
constructed as canonical ambient spaces for the diffeomorphism mod-
uli spaces which are no longer Hausdorff spaces.

1 Introduction

In [3], Bruce and Gaflney classified the simple (0-modal) singularities of para-
metric plane curves f : (C,0) — (C?,0) under diffeomorphism equivalence
(right-left equivalence) in the complex analytic category into the classes Ay,
Esv, Egria, Wia, Wig and Wf%_l (¢ =1,2,3,...); see also [2] and Table 1. In
the present paper the classification is extended to the uni-modal singularities
as follows:

Theorem 1.1. Under diffeomorphism equivalence the uni-modal singulari-
ties of parametric plane curves f : (C,0) — (C?,0) are classified into the
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follownng list:
Ny : (5,10 + 88+ M%) (=X ~ ), (85,80 +19), (85,65 + ), (£°,¢9),

Ny (67 + 5+ M), (67 + 1+ M) (=X~ N,
(8,47 + %), (85,47 +11%), (,17),

Nos : (87,8° + 17 + M), (82,65 + 12 + M) (=X~ N),
(B2, 85+t X)) (=X~ ), (0,83 +#1T), (80,85 + %), (1°,1°),

Wy (40 + 10+ M) (N # 13), (487 + 810+ Dt 4+ A,
(47 + 1), (¢4 + 1), (¢ + 1), (t4¢7),

W30: (t47t11 +t13+)\t14> (_/\ ~ )\)7 <t4,t11 +t14+)\t17> ()\ # %)7
(t 8 1 ST+ M) (W~ A WP = 1),
(t4,t11+t17), <t4,t11+t21), (t4,t11+t25), (1(/.4’2(/.11)7

Wj;g,l : (t4,t10 42049 /\t2£+11) (w)\ ~ )\,w%” _ 1) (f —1,2,3,... )

In the list, for instance —\ ~ X means that (¢5,t5 + 3 + \'t%) is diffeo-
morphic to (¢°,¢% 4 % + A\t?) if and only if X' = +\.

In [7], motivated by the symplectic bifurcation problem, we gave the
symplectic classification of simple singularities of parametric plane curves
in the real case. (For the higher dimensional case, see [8]). In this paper
we classify symplectically both the simple and uni-modal singularities of
parametric plane curves in the complex case.

We call holomorphic parametric curve-germs f, g : (C,0) — (C2,0)
diffeomorphic (resp. symplectomorphic) if there exist a bi-holomorphic dif-
feomorphism o of (C,0) and a bi-holomorphic diffeomorphism 7 (resp. a
bi-holomorphic symplectomorphism 7) of (C?,0) (for the holomorphic sym-
plectic form dx A dy on C?) satisfying 7(g(t)) = f(o(t)).

Let r be a non-negative integer. A curve-germ f is called r-modal if a
finite number of s-parameter families (0 < s < r) of diffeomorphism classes
form a neighborhood of f in the space of curve-germs. Then we have:

Theorem 1.2. A simple or uni-modal singularity f : (C,0) — (C?,0) is
symplectomorphic to a germ which belongs to one of the following families
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(called “symplectic normal forms”):

Aoy ( t2£+1)

Ee (t37t3€+1 + Eé 1)\ 43(0+5)— 1)

Egoya : (t3, 362 4 Ee 1)\ 43 £+J)+1)

Wig (t4t° + )\t7)

Wis (417 + M2 + pt'?),

Wiyt (8480 + M0 4 249 XN £0,(0=1,2,...)
Ny 15,45 + \t® + Mot + Ast!?),

Noy 1547 4+ A t® + Mottt Ngt13 + \g218),

Nog 1518 4 At% + Mot12 4 Mgttt + \gt1T + \5t22),

W30 . t4, tll + )\1t13 + )\2t14 + )\3t17 + )\4t21 + >\5t25>,
sze—l . t4,t10 + )\1752“9 + )\2t2£+11 + >\3t2e+13 + >\4t2£+17 + )\5t2z+21),
MA0, (0=1,2,...)

(
(
(
Woy : (417 + At + Aottt + Mgt 4 A\t
(
(

Moreover we determine their symplectic moduli spaces as listed in Tables
1 and 2:

Theorem 1.3. Let fy(t) = (#™, " + Mt™ + Xot™ + -+ + A\st"™) be one of
the symplectic normal forms of simple or uni-modal singularities. Then two
curve-germs fy and fy belonging to the same family are symplectomorphic if
and only if there exists an (m + n)-th root ¢ € C of unity satisfying

M= (P Ny = (g L, A=A

In particular each symplectic moduli space of a family is a Hausdorff space
in the natural topology and it is extended to a cyclic quotient singularity.

In his lecture notes [18], O. Zariski studied the moduli space of parametric
plane curve-germs, under diffeomorphism equivalence, for a given topologi-
cal type, or the equi-singularity class (m, f1,...,05,). (See §2). In particu-
lar, Zariski determined the moduli spaces for the classes (2,2¢ + 1), (3,3¢ +
1),(4,5),(4,6,2¢ + 5),(5,6) and (6,7). He did not mention symplectomor-
phic equivalence at all, but surprisingly, he used, as pre-normal forms, several
symplectic normal forms given in Theorem 1.2. For instance, in [18] page 68,
he started with

=15,y = t° + ast® + aot® + ayat™
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in the concrete classification of the case (5,6).

In this paper, clarifying the role of symplectomorphism equivalence, we
proceed Zariski’s classification via modality: by Bruce-Gaffney’s classifica-
tion and by Theorem 1.1, we determine the moduli spaces for the classes
(4,7),(5,7),(5,8),(4,9),(4,11) and (4, 10,2¢+9) beyond Zariski’s result, ex-
cept for the class (6,7) which is actually bi-modal. Moreover we can treat
the case (6,7) by the same method developed in this paper.

The first author thanks T. Krasinski for valuable comments, in particular,
for information on the reference [18].

The classification of plane curve singularities is closely related to the
classification of Legendre curve singularities and the classification of Goursat
distributions ([12],[19],[13]). Actually P. Mormul has predicted several forms
in Theorem 1.1 from his classification results for uni-modal singularities of
Goursat distributions (private communication to the first author). Note how-
ever, that these classification problems have different features, and therefore,
to get the exact classification, we need a detailed analysis in each case.

In the next section we give an outline of the proofs of Theorem 1.2 and
Theorem 1.3. In the last section we outline the proof of Theorem 1.1.

2 Symplectic normal forms

Let f: (C,0) — (C?,0) be a germ of parametric holomorphic plane curve.
Then the following conditions on f are known to be equivalent ([16],[7]):

(i) f has an injective representative.

(i) f is a normalization onto the image.

(iii) The diffeomorphism class of f is determined by a finite jet of f.

(iv) The symplectomorphism class of f is determined by a finite jet of f.

(v) The quotient vector space O;/f*Os is finite dimensional.

We assume that f satisfies one (and therefore all) of the above conditions.
Here f*: Oy = C{x,y} — O; = C{t} is defined by composition: f*(h) = ho
f. Recall that the number of double points 6(f) = dimec O/ f*O2 ([11],[17])
also has the meaning of the symplectic codimension of f, that is the number
of parameters needed to produce its versal unfolding via symplectomorphism
equivalence ([7]).
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DIFF. NORMAL FORM SYM. NORMAL FORM SYM. MODULI SPACE
50 GaRaid) GRGiaa))
E (13, 43¢+1 4 3(L4p)+2) Cgfl(/AGv G :AZ/()?)K +4)Z
6¢ _ 3 43041 L—1y 43(0+5)—1 LyeoyAg—1)
0<p<l—2 3 4301wty g 5 s
(€=>1) ( Ggpt§z+1) ) ( J=17 ) (C/\l,u-éeCji 2N, G TON)
' (¢ = 1, primitive)
(13, 13642 4 t3(2+p)+4) Ce_l(//\G, G :AZ/()M +5)Z
Ego+2 ’ ’ 3 ;3042 =1y 43(0+5)+1 TyeoesAp_1) —
0<p<t—2 13, 43042 4 01y 43(0+s o _
(EZ 1) ( GSptglJrZ) ) ( j=1" ) (C2>\1»---=<3J 1>\j7---7<3£ 4)\£_1)
’ (¢36+5 = 1, primitive)
e +17) 4 45 7 C/G, G=17/9Z
e (it ) A QA (0 =1)
(5t +17) 2
C?/G, G=17Z/11Z
e 447 4 413 47 4+ A0 + pt?3 » G
° G ( we™) (Av) — (A ), (€1 =1)
: C* x 0)/G, G =Z/10Z,
W, 4 46 4 42045 (4,86 4 Ag20H5 4 p26+9) ()\ i 20—1) 2/+3
> (¢10 = 1, primitive)

Table 1: The complex symplectic moduli spaces of simple parametric plane
curve singularities.

SYM. NORMAL FORM SYM. MODULI SPACE

C3/G, G=Z/11Z
(A1, A2, 23) — ((%A1,¢3A2,C3X3),
(€ =1)

Cl/G, G=1Z/12Z
(A1, A2, A3, Aq) —
(CA1,¢* A2, ¢0A3, ¢ Ag),
(¢'2 = 1, primitive)
C%/G, G =1Z/13Z
(A1, A2, A3, A1, A5) =
(CA1,¢* A2, 03, CONg, ¢MNs),
(¢13 = 1, primitive)
C*/G, G=1Z/13Z

Nag (2,15 4+ X118 + Xat® + Agt1?)

Noy (ts,t7 —+ )\1t8 —+ )\22511 —+ /\3t13 + )\4t18)

. (2,48 4+ A1t2 + Aot + A3t
2 +Aat!T + A5t22)

4 49 10 11 15 19 (A1, A2, A3, M) —
et L84 20804 Agt ™ 4+ At 4 MET) (A1, ¢2ha, CPAa, (10N,
(€¥=1
C?/G, G =7Z/15Z
Wao (4, 610 4 A1t13 4+ hot!t 4 Agt!7 (A1,22,2A3, A4, A5) —

+A4t?! 4+ A5t25) (€%A1,¢%A2,¢5X3,¢10Ng, ¢4 s),
(¢1% = 1, primitive)

(C* x CH/G, G = Z/14Z
(A1, 22,23, A4, A5) —
(<2571>\1’ C2E+1)\2’ C2Z+3)\31
§2Z+7)\4’ <2Z+11/\5),

(¢4 = 1, primitive)

(t4,t10 +/\1t2f+9 +)\2t2€+11 +>\3t2£+13
+>\4t25+17 + )\5152Z+21)7 ()\1 # 0)_

Table 2: The complex symplectic moduli spaces of uni-modal parametric
plane curve singularities.
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We briefly recall the theory developed in [7] §7: The symplectic codimen-
sion of f is defined by

Vi

sp-cod(f) = dimg tf(Vi) +wf(V Hsy)

as an infinitesimal symplectic invariant of Mather’s type. Here V} is the space
of germs of holomorphic vector fields v : (C,0) — T'C? along f, which is the
space of infinitesimal deformations of f; Vj is the space of germs of holomor-
phic vector fields over (C,0) and V H, is the space of germs of holomorphic
Hamiltonian vector fields over (C?,0). The homomorphisms tf : Vi — V;
and wf : VHy — Vy are defined by tf(§) := f.(§), £ € Viand wf(n) :==no f
respectively. An unfolding F' : (C x C7,(0,0)) — (C? x C",(0,0)) of f,

F(t,u) = (fu(t),u), is symplectically versal if Ofu (t,0),..., %(t,O) gener-
8U1 au

ate Vi, over R, up to the space tf (V1) +wf(V Hy) of deformations which are
covered by symplectomorphisms ([7], Proposition 7.1).

Set f(t) = (z(t),y(t)). For an infinitesimal deformation v(t) = a(t)a2 +
x

0
b(t)a—y € V¢, we define a generating function e(t) € O; of v by d(e(t)) =
b(t)d(z(t)) — a(t)d(y(t)), or €'(t) = b(t)x'(t) — a(t)y'(t) up to the constant
term. The generating function of tf(§) + wf(Hy) is equal to f*k, where k
is the Hamiltonian function of the Hamiltonian vector field H;. Then there
exists an exact sequence of vector spaces:

Vi Vi Ry

T T ) rwf (V) 0,

0,

where Ry = {e(t) € Oy | ord(€'(t)) > ord(f) — 1} and
Vi={v(t) = a(t)0/0x + b(t)d /0y € V; | b(t)x'(t) — a(t)y'(t) = 0}.

Then we see that dimg V;/tf(V1) = ord(f) — 1 = dimg O1/R;. Therefore
we have

sp-cod(f) = dimg V;/tf(V1) + dime Ry / f*Oq = dime O1/ f* Oy = 6(f).

Some of parameters of the symplectically versal unfolding correspond to
deformations into less singular germs, and the remaining parameters provide
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the symplectic normal form within a given equi-singular class up to discrete
symplectomorphism equivalence classes. We recall a basic fact from the text-
book [17] in our context. Set m = ord(f). Then f is symplectomorphic to a
germ of the form (1™, Y77 at*). Suppose m > 2, that is, f is not an im-
mersion. Set f; = min{k | ax # 0, m 1 k} and let e; be the greatest common
divisor of m and (;, and inductively set 5, = min{k | ay # 0,e,-1 1 k}, and
let e, be the greatest common divisor of 3, and e,_1, ¢ > 2. Then e, = 1 for
sufficiently large g, and we call (m = (o, 81, B2, ..., By) the Puiseux charac-
teristic of f, which is a basic diffeomorphism invariant. Setting ey = m, we
have 0(f) = 5 >0_1 (8= 1)(eg-1—¢q) ([11],[17]). Moreover the Puiseux char-
acteristic determines the homeomorphism equivalence class of f ([10],[18]).
We call a deformation of plane curve singularities equi-singular if the Puiseux
characteristic is preserved. Under an equi-singular deformation of f, we can
take a common monomial basis of Oy/f*Os.
First we have:

Lemma 2.1. f is symplectomorphic to a germ of the form
(7 P+ 30, 1 bet).

Proof: Set ¥(x) = Zi;} arz® ™ and 7 (z,y) = (z,y—(z)). Then 7y (f(t)) =
(t™, Y one s, axt®) with ag, # 0. Define a € C* = C\ {0} by a™as =1,
and set o(t) = at and (x,y) = (a~"x,a™y). Then 1, 75 are both symplec-
tomorphisms and we see that 75(71(f(c(¢)))) has the required form. 0

To get symplectic normal forms, we first remark the following:

Lemma 2.2. Suppose O1/f*Oy has a monomial basis

t, 2. T et
where vy +m,...,rs +m are all exponents greater than (1 +m. Then the
family
Jelt) = (7 7+ D7 b+ Yoot
k=p1+1 Jj=1
c=(c1,...,c5) € C*, gives a transversal to the symplectomorphism orbit.

Proof: Let v = 1(t) (8% o f), Y(t) = D ils 1 ugt®, be an infinitesimal de-
formation of f among the forms given in Lemma 2.1. Take the generating
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function e of v satisfying de(t) = ¥(t)d(t™), e(0) = 0. Then there exist
bi,b2, ... b1, bms1y oy bry by - oy brom € C such that, setting

O(t) = bit+bot®+. . A 8™ by T A Dp pntT Aby T,

we have e — ¢ € f*O,. Set e — ¢ = ho f. Since ord(e) > B +m, we see
ord(h) > 2. On the other hand, ¢(t) = by, 4mt™ ™™ + ... + by 1ut™ ™. Then
we have

d@(t) = {(7"1 + m)bn_kmthrmfl +...+ (T’S + m)brs+mt7"s+mfl}dt

= (bt T ) ),

Set w = <”+m by amt™ + ...+ T5+mst+mtré‘) <a% o f) Consider the Hamil-

tonian vector field X},. Then, the field (v—w)—w f(X}) has a zero as a gener-
ating function, that is, (v—w)—wf(Xj) € V}. Then there exists { € V; with
£(0) = 0 satisfying t f(§) = (v—w) —wf(Xy), that is v = w+tf(§) +wf(Xp)
(cf. Lemma 8.2 and Theorem 8.7 of [7]). This means that the above family
is transversal to the symplectomorphism orbit through f. O

A monomial basis of O/ f*Os can be calculated by considering the semi-
group S(f) = {ord(h) | h € f*O3} C N. In fact {t" | r € N\ S(f), r > 0}
forms a monomial basis of O;/f*O,. Note that a system of generators for
the semigroup S(f) is calculated explicitly from the Puiseux characteristic.
Moreover there exists a number N depending only on the Puiseux characte-
ristic of f such that if ¢ € O; has order > N, then ¢ € f*O, ([17]).

Example 2.3. (1) (W3) Let m =4, $; = 11. Then the semigroup S(f) is
generated by 4 and 11. A monomial basis of O/ f*O, is given by ¢, t%, 3,17, 5,
£7 49, 410 413 414 417 418 421 425 429

(2) (Wf%_l) Let m =4, f; = 6 and (2 = 20+ 5. Then S(f) is generated
by 4,6 and 2¢+11. The complement N\ S(f) consists of 1,2,3,5,7,9,11, ...,
20 49,20 +13.

(3) (W;,ééfl) Let m = 4, f, = 10 and By = 20 + 9. Then S(f) is
generated by 4,10 and 2¢ + 19. The complement N \ S(f) consists of
1,2,3.5,7,9,11,13,15,17,19,21,23, ... . 20+ 13,20+ 15, 20 + 17,20 + 21,20 +
25.

Proof of Theorem 1.2 : Under the notations of Lemma 2.2, consider the in-
finitesimal deformation v = k(t) (8% o f), k(t) = — > bit*, where the sum-

mation runs over k different from ry,...,r,. Then the Puiseux characteristics
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are preserved under the deformation

fu=(t" " + i bt" — uk(t))

k=(1+1

(u € [0,1]) corresponding to v. This is clear when the greatest common
divisor e; of m and f3; is equal to 1. From Example 2.3 (2)(3), it also holds
for Wﬁ;e*l and szzq- Then there exist w, = Y >, ¢jut", ¢ju € C, &, €
Vi, &(0) = 0, and 7, € VHy, n,(0) = 0, smoothly depending on u and
satisfying v = wy, + tfu (&) + wfu(n,). By integrating from u = 0 to u = 1
we see that f is symplectomorphic to

Fa(t) = (8™ 19 A+ Mot™ 4 AT,

for some A = (A\,..., ;) € C°. In all cases except I/Vl#%_1 and WQ#%_p
there are no restrictions on A and we get the symplectic normal forms given
in Theorem 1.2. In the case of Wf%fl, f is symplectomorphic to

fe= (t4> et + . et CZ+1'[;2£+7).

Since the Puiseux characteristic of f is (4;6,2¢ 4+ 5), we necessarily have
c1 = 0,...,¢c0-1 = 0and ¢, # 0. Setting A\ = ¢y, p = cp1, we get the
symplectic normal form. In the case of Wf%_l, f is symplectomorphic to

204+17 20+21
+Coysl + Coyqt ).

Since the Puiseux characteristic of f is (4;10,2¢+9), we have ¢; = 0,..., ¢
=0 and ¢y # 0, which gives the symplectic normal form. O

In the process of symplectic classification, we observe a kind of rigidity.
Let fy and fy, with A # X, be germs belonging to one of the symplectic
normal forms of simple or uni-modal parametric plane curve singularities.
Then f), and f, are not isotopic by symplectomorphisms. Moreover we
have the following strong rigidity which implies Theorem 1.3 in each case:

Proposition 2.4. Let fy\ and fy be germs belonging to one of the symplectic
normal forms of simple or uni-modal parametric plane curve singularities. If
fr and fy are symplectomorphic, then they are linearly symplectomorphic:
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If there exists a symplectomorphism equivalence (o,T) satisfying T o fy =
fr oo, then there exists a symplectomorphism equivalence (X,T) such that
Tofy=froX ¥:(C,0)— (C,0) is a complex linear transformation, and
T :(C?0) — (C?0) is a complex linear symplectic transformation.

Proof: We give the calculation in the case Wj5y. Other cases can be treated

similarly. Set fy = (¢4, " + A t13 + Mot + Agt17 + M\ t2 + \5t%°), and suppose

fr and fy are symplectomorphic for A = (Ay,...,A5) and X = (A],..., AL).
Set o(t) = ait + ast? + ... and, as components of 7(z,y),

rot(x,y) = ax+by+ hx?+ hovy + hay? + (123 + o2’y
Hlszy? + 3+ ..,

yor(x,y) = cr+ey+ kix? + koxy + k3y? + mia® + moz?y
+mazy® + may® + ..

Consider the equation fi(o(t)) = 7(fv(t)):

o(t)™ = wor(th t" 4 Nt'® 4 NotM + NGt!T + Npt? + AGEP) (%),
()™ + Mo () + Ao (6)™ + A0 ()7 + Mo (8)?t + Xso(£)?°
= yor(th M 4+ Ntt 4+ NGt 4+ NG+ NP ALY (%),

Now we are going to determine the coefficients of ¢ and 7 of lower degree
terms, using the equations (*) and (**) in a zigzag manner. We denote for
comparison of terms in (*) (resp. (**)) of degree i by (*i) (resp. (**1)). First
by (*4), we have af = a. By (*5)(*6)(*7), we have ay = 0, a3 =0, a4 = 0.
By (**4), ¢ = 0. By (**8), k; = 0. By (**11), we have al’ = e. Since 7 is
a symplectomorphism, we see that ae = 1, so we have a}° = 1. By (**¥12),
my = 0. By (*¥*13), we get A\ja'® = e)\] and therefore A\ja® = \|. By (**14),
Ara't = e), and therefore \ja® = \|. By (¥**15), 11ai%as5 = ky. From (*8), we
have 4asas = hy. Since 7 is a symplectomorphism, we have 2h e + aky = 0.
Thus we see that a5 = 0. Then ks = 0, hy = 0. By (*9), 4azas = 0 so
ag = 0. By (*10), a; = 0. By (*11), we have 4a3ag = b. Then by (**17),
we have A\za'” = e}, thus \3a® = \;. By (¥*18), we have ag = 0. Therefore
we have b = 0. By (*12), 4a3as = ¢;. By (**19), 11ai%a9 = my. Since 7
is a symplectomorphism we have 6/,e + 2ams = 0. Thus we have ag = 0.
Then we have ¢; = 0, ms = 0. By (*13)(*14), we have a1 = 0, a;; = 0.
By (**21), we have \ja®' = e)] so \al® = X). By (**22), 11ala15 = ks.
By (*15), we have 4a3a;p = ho. Since 7 is a symplectomorphism we have
hee 4+ 2aks = 0. Therefore a;o = 0, and k3 = 0, hy = 0. Then, by (**23),
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we have a;3 = 0, and by (*17)(*18), a;4 = 0, ay5 = 0. Finally, by (**25),we
have A\sa®® = e)l, and A\sa'® = L. Therefore, setting 7' and ¥ as the linear
parts of 7 and o respectively, we have T o fy = f) o 2. O

Remark 2.5. If two curve-germs f, g : (C,0) — (C?0) are symplec-
tomorphic, then they are symplectically isotopic, that is there exist C*
families of bi-holomorphic diffeomorphisms o, and bi-holomorphic symplec-
tomorphisms 7, (s € [0,1]) on (C,0) and (C? 0) respectively such that
oo(t) =t, 1o(z,y) = (x,y) and 71(g(t)) = f(o1(t)). This fact is a feature of
the complex case and it is proved by using the fact that SL(2, C) is arcwise
connected and the group of symplectomorphisms with identity linear part is
arcwise connected (cf. [6]). Thus our symplectic moduli space in Tables 1
and 2 are also moduli spaces for the symplectic isotopy equivalence.

3 Differential normal forms

The proof of Theorem 1.1 is similar to the one in [3]. We note that the sym-
plectic normal forms (Proposition 2.2) can play the role of an intermediate
classification, which also makes the diffeomorphic classification easier and
clearer.

First we have

Lemma 3.1. Let [ : (C,0) — (C?,0) have the Puiseuz characteristic
(m,B1,...). If m >4 and B, > 13, orm > 5 and B; > 9, or m > 6 then the
modality of f is at least 2.

Proof: For instance, assume m = 4, 3; = 13. Then, in any neighborhood of
f, there exists a two-parameter family of germs at 0 which are diffeomorphic
to gy = (14,13 + 1 4+ A1 + \ot'9). We find this family by an infinitesimal
calculation. First, for each o € N, we try to find £ € O; and 11,172 € O,
with £(0) = 0,7:(0,0) = 0,72(0,0) = 0, satisfying the equation

0\ _ 43¢ m(th 3+ 0
(ta):<<13t”+--->£)+(nl<t4,tl3+..->) m‘)d(taﬂol)‘

Then we see that the equation is not solvable for a = 15 and a = 19.
Second, by a formal calculation, we verify that g, and gy are diffeomorphic
if and only if N’ = A. From this observation we see that, if m > 4, 6, > 13,
then the modality of f is > 2.
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Other cases can be treated in a similar way. O

Thus Theorem 1.1 will be proved if we check all remaining cases. Here
we will treat only the class W3y with the Puiseux characteristic (4, 11).

Consider the symplectic normal form fy(t) = (4, ¢ + \t!3 + Mot +
At 4+ M\ t2t + \5t%5). Suppose \; # 0. Consider, for given p(t), the equation

(0= i Yo (2200

p(t) 1110 + 130812 + . .. na(fa(t)) )’

and try to find &(t), m(z,y), n2(z,y) with £(0) = 0, 1,(0,0) = 0, 72(0,0) = 0.
The equation is solvable for p(t) = ¢'3, up to higher order terms, and solvable
for any p(t) with ordp(t) > 15. Then, by the homotopy method, we see
that: if A\; # 0 then f is diffeomorphic to (4, ¢ + #13 + \t!*) for some
A€ C;if Ay =0, # 0, then f is diffeomorphic to (#*, ¢!t + 14 + \17) for
some A € C,\ # 22 or to (¢4,¢" + t1 + 247 + A\?!) for some A € C; if
A =0,2 =0,A3 #0 (resp. Ay =0, =0,A3=0,\s Z0; \; =0, \ =
0,A3 = 0,\y = 0,A; # 0), then f is diffeomorphic to (t*,t'* + t'7) (resp.
(4 "+ 21); (¢4, 11 + %5)). The exact determination of the moduli space is
completed by direct formal calculations. The other cases are classified in a

similar way.

Remark 3.2. In general, for each equi-singularity class, the symplectic mod-
uli space is mapped canonically onto the differential moduli space, i.e. the
ordinary moduli space. The dimension of the fiber over a diffeomorphism
class [f] is called the symplectic defect and denoted by sd(f) in [7]. It is
known that sd(f) = u(f) — 7(f), where u(f) = 26(f) is the Milnor number
of f and 7(f) is the Tyurina number of f ([15],(9],[4]). Let s(f) (resp. c(f))
be the symplectic modality, that is the number of parameters in the symplec-
tic normal form of f (resp. the codimension of the locus in the parameter
space corresponding to germs diffeomorphic to f). Then s(f)—c(f) = sd(f).
Thus we have the formula for the Tyurina number (by means of Varchenko-
Lando’s formula) as

7(f) = 20(f) + e(f) = s(f).

For example, for f = (4t + ¢?1) in the case of Wsy, we have §(f) =
15, ¢(f) =3, s(f) =5 and in fact 7(f) = 28.

Note that the differential moduli space is not a Hausdorff space, while
the symplectic moduli space is, at least for 0-modal and 1-modal cases, as
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we clearly observe in Theorems 1.1 and 1.3. Therefore the symplectic moduli
space can be called a Hausdorffization of the differential moduli space.

Remark 3.3. The adjacency of simple and uni-modal singularities of para-
metric plane curves is generated (as an ordering) by Ay «— Agpio, Fgr —
Eeryo — Eoere (0 =1,2,...), Ass—2 < Eras—6, Ass — Fras, Ass—2 — Eos—4,
Apsra — Frasya (s = 1,2,...), By «— Wig « Wig, Wiy « Wfﬁ,Elz —
Wi = Wis, Wiy | — Wiy, (6 = 1,2,..), W, — Ny — Nopy
Nog, Wig < Nog, Way « Nog, Wig <= Way — Wi, Eg «— Wy Wgﬁ, FEa
Wio, Wagg_1 — Wanpay (€ =1,2,...).
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On the space of admissible weights for weighted
Bergman spaces
Rafat Maj ' and Zbigniew Pasternak- Winiarski 2

Abstract

The space AW () of admissible weights on an open set in C"
and the functional transformation defined on this space by weighted
Bergman functions are considered. The new natural topology on
AW (€2) is defined and properties of this topology are examined. Suit-
able examples illustrating the general considerations are given.

Key words and phrases: Bergman space, Bergman kernel, weighted
Bergman function, functional transform.
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1 Introduction

In this paper we are concerned with the space of weights of integration, the
so called admissible weights, or a-weights for short, for which the weighted
Bergman function (the Bergman reproducing kernel) can be defined. The
concept of the a-weight was introduced and initially investigated in [12]. Tt
was also considered in [13]. The weighted Bergman functions have been
investigated by many authors in different contexts (see [1], (2], [3], [4], [6],
[7], [8], [9], and [15]). In particular they have appeared in theoretical physics
in the model of quantum theory described in [10] and [11]. The weights of
integration considered in this models are assumed to satisfy the following
equation of Monge-Ampere type
2
TLoME _ C (1) () K, 2. 2),
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where C'is a constant, p is an a-weight on an open set 2 C C" and K, is the
weighted Bergman function defined by pu. It is clear that for the investigation
of this equation one should know the properties of the transformation p +—
Klu) := K, and the properties (topological and differential) of the space of all
a-weights. Some of them have been described in [13], [14] and [16]. The main
purpose of the presented study is to give a description of a new topological
structure on the space of all a-weights which seems to be the most natural
one.

The paper is divided into three sections and this Introduction is the first
one. Preliminary notions and results have been collected in Section 2. In
Section 3 we describe a new topology on the space of admissible weights and
prove that the definition of this topology is correct (Def. 3.1, Th 3.1, Th.
3.2 and Th. 3.3). We find connected component of the space of admissible
weights. In the last part of this section we give sufficient conditions for the
space of admissible weights to be a Hausdorff space

Without any other explanations we use the following symbols: N-the set
of natural numbers; R—the set of reals; C—the complex plane.

2 Preliminaries

Any positive, Lebesgue measurable real function on an open set {2 C C" is
called a weight (of integration) on §). The set of all weights on Q will be
denoted by W (Q) (we consider two weights as equivalent if they are equal
almost everywhere with respect to the Lebesgue measure on Q). If u € W(Q)
then L?(€2, 1) denotes the space of all Lebesgue measurable complex valued
functions f on Q such that (||f||,.)?* :== [, [f(2)|?u(2)d**z < co. The space
L2(2, i) (the space of all u-square 1ntegrable functlons on 2) equipped with

the scalar product
(19 / FEg(u(z)d,

where f,g € L*(Q, i), is a separable Hilbert space (see [17]). The space of
all holomorphic u-square integrable functions on {2 is called the u-Bergman
space and is denoted by L2H (S, ). For any z € Q we define the evaluation
functional &£, on L*H(Q, ) as follows:

E.f = f(z)a IS LQH(Qnu)
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Definition 2.1. A weight € W(Q) is said to be admissible if:
(i) L2H(Q, p) is a closed subspace of L*(€, p);
(ii) for any 2 € Q the evaluation functional &, is continuous on L*H (€2, ).

The set of all admissible weights on 2 will be denoted by AW (2).
Let p € AW(Q) and let for any z €  the function e, , represent the
evaluation functional &, (in the sense of the Riesz representation theorem).

Definition 2.2. The function K, : 2 x 2 — C given by the formula

K, (z,w) = e, (w), z,w € Q,

is called the u-Bergman function of the set Q (see [1], [12] or [13]).

The above definition can be interpreted as a definition of the transforma-
tion I with the domain AW (), i.e.

Ky =K,  peAW(Q).

To characterize the range of this transformation we need the following result.

Theorem 2.1. If u € AW (Q) then:
(i) for any z,w €
K, (w,2) = K,(z,w);
(ii) the function K, (z,w) is analytic in the real sense, holomorphic in z and
antiholomorphic in w;

(iii) K, is the integral kernel of the operator P, of (:|-),.-orthogonal projection
of L*(2, 1) onto L*H (Y, ), i.e. for any z € Q and any f € L*(Q, i)

[P.fl(z) = /Ku(z,w)f(w)u(w)dznw; (2.1)

(iv) the family {K,(-,w) : w € Q} is linearly dense in L*H (Q, 1) and for any
z,w €
(Ku(, 2)| (e w))y = Kz, w). (2.2)

Proof. For the proof of (i), (ii) and (iii) see [12], Th. 2.1 or [13], Th. 2.1.
Point (iv) follows immediately from (iii). O

Let HA(Q2) be the real vector space of all complex-valued functions F
on 2 x € which are analytic in the real sense, holomorphic with respect to
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the first n variables, antiholomorphic with respect to the last n variables and
satisfy the equality

F(w,z) = F(z,w), w, z € S

We endow HA(Q)) with a Fréchet space topology given by the family of
seminorms {|| - [|x : X C Q, X — compact}, where

IFlx = swp [F(zw), FeHAQ).

(z,w)eX xX

3 Topological and analytic structures on AW (QQ)

In [12] the set W (€2) was endowed with the following topological and differ-
ential structure. Let us consider the set

UQ):={g e Lg(Q) : ess ;ggfzg(z) > 0}.

It is an open subset of the Banach space Ly (§2). Let for any p € W(Q) the
map ¢, : U(Q2) — W(Q) be given by the formula

[©u(9)](2) == g(2)p(2),  geUQ), 2z

It is clear that for any p € W (2) the map @, is a bijection of U(€2) onto the
set U(Q, p) :== @,(U(Q)).

Proposition 3.1. Let € W(Q2). Then
(i) for anyv € W(Q) if U(Q,v)NU(Q, u) # O then U(Q,v) = U(Q, p);
(i) the family {(®,(X) : p € W(Q), X-an open subset of U(Q2)} forms
a basis of some topology 19 on W(Q);
(ili) the family {(®,", U(Q, 1)) : p € W(Q)} forms an analytic atlas
of a Banach manifold on the topological space (W (§2),7o);
(iv) for any vy,va € U(Q, 1) the spaces L*(, 1) and L*(,v1) coin-
cide as vector spaces and the norms || - ||,, and || - ||,, are equivalent;
(v) if p € AW(Q) then U(Q,u) C AW(R) d.e., AW(QQ) is an open
submanifold of W(Q)
Proof. For the proof see [12], Proposition 2.3. O

It is proved in [12] that the transformation K is analytic with respect to
the analytic (linear) structure on the space HA(S2) described in the previous
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section and the analytic structure on AW (2) considered in Proposition 3.1
([12], Theorem 5.2). Although this analytic structure on AW () is conve-
nient in the proof of the result, the topology 7y seems to be much too strong.
The following example illustrates the situation.

Example 3.1. Let Q := {z € C: |z] < 1} be the unit disc in C and let
ta = |2|%, for z € Q, where a € R. It is shown in [12], Example 3.2 that for
a > —2 the p,-Bergman function KC[u,] is given by the formula

1 n a
(1—zw)?  27(1—zw)

Kl (2, w) = - (3)
Note that the map (—2;+00) 3 a — K[u,| € HA(Q) is analytic on (—2; 400).
On the other hand, if a; # ay then U(Q, pie,) NU(, pta,) = 0 and therefore
(—=2;+00) 3 a+— p, € AW(Q) is not a continuous map. Hence the analyti-
city of the map a — Klu,] does not follow from the results of [12].

The main purpose of this paper is to introduce the topology and the
analytic structure on AW () which is weaker and more natural then the
previous one but seems to be strong enough to obtain the analyticity of the
map a — K[u,]. At first we will prove the following theorem.

Theorem 3.1. Let X be a vector space endowed with two norms || - |1
and || - ||2 such that:
(1) (X, || - |l1) and (X, || - ||l2) are Banach spaces;
(i) for any sequence (x,) in X and any a,b € X, the condition

lim ||z, —al; =0 and lim ||z, —b|2 =0
n—oo n—oo

implies a = b.
Then norms || - |1 and || - || are equivalent.

Proof. Let || - || be the norm in X given by
2]l = [lzll + [[zfl2, =€ X.

For any z € X we have ||z|; < ||z| and ||z|]2 < ||z||. Then if (z,) is a
Cauchy sequence with respect to || - ||, then it is a Cauchy sequence with
respect to norms | - ||; and || - ||2. By (i) (z,,) converges to an element y; in
(X, ]| - ]|1) and yo in (X,]| - |l2). Then by (ii) y; = yo and (x,) converges to
y =1y = y2 in (X, -||). This means that (X, || - ||) is a Banach space. Let
A (X)) — (XS |l6), @ = 1,2, be the identity operator. Then A; is
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continuous and invertible. By the Banach inverse mapping theorem A;* is
continuous for i = 1,2. Therefore || - || and || - [|;, ¢ = 1, 2, are equivalent, i.e.
there exist constants C;, i = 1,2, such that

[zl < lzl] < Cillzls,
[zfly < flzfl < Colflllo.

Consequently || - ||; and || - ||2 are equivalent. O
As a simple corollary we obtain
Theorem 3.2. Let py, o € AW(Q) be such that the Bergman spaces

L*H(Q, py) and L*H(Q, pu2) coincide as vector spaces. Then the norms |- ||,
and || - ||4, are equivalent.

Proof. Let (f,) be a sequence in X := L?H(Q, ) = L*H (S, ju3) such
that

nll_)nolo ||fn - f”,ul =0 and nh_{go ”fn - g||#2 =0

for some f,g € X. Then by the continuity of evaluation functionals (Defini-
tion 2.1) for any z € Q

and
lim f,(2) = lim &, f, = E.9 = g(2)
Hence f = ¢g and by Theorem 3.1 the norms || - ||, and || - ||, are equivalent.

O

For any p € AW (Q2) we denote by V (€, u) the set of all v € AW (Q)
for which L?H(Q, ) and L?H (2, v) coincide as vector spaces. We want to
endow V' (€, 1) with the topological and analytic structure. We are going to
do it using the map

V(Q, 1) 3 v () € Heq(L2H(, 1), (3.2)

where Heq(L?>H (€2, 11)) denotes the set of all hermitian products on L2H (2, 1)
defining norms equivalent to || - ||,. This set is an open cone in the real Ba-
nach space H(L?H (2, 1)) of all bounded hermitian forms on L2H (2, ut). Let
us recall that for any h € H(L*H(, 1)) the norm ||h||z is defined as the
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infimum of all such constants C' > 0 that |h(f,g)| < C| fll.llg]l, for any
f.g € L*H(Q, u). Since || - ||, and || - ||, are equivalent it is known that for
any v € V(Q, u) there exists the unique linear hermitian operator A, on the
space L*H (2, u) such that (f|g), = (f|A,g), for all f,g € L*H(Q, p). It is
positive definite and if || A, ||, denotes the operator norm of A, in L*H (2, u)
then we have the equality ||(:[-). ||z = [|Av]|,-

Now we are ready to introduce a new topology on AW ().

Definition 3.1. Let p € AW (Q). By 7, we denote the weakest topology
on V(€, i) for which the map (3.2) is continuous.

Theorem 3.3. Let p € AW (Q). Then
(i) for any v € AW(Q), if V(Q,v) NV (Q,u) # O then V(Q,v) =
V(Q, w);
(ii) the family
B = U Ty
HEAW ()
form a basis of some topology T on AW (Q);
(iii) any set V(2 1) is open and it is a connected component in the
topological space (AW (§2), 7).
Proof. If k € V(Q,v) N V(Q,u) then the following equality of vector
spaces holds
L*H(Q,u) = L*H(Q, k) = L*H(,v).
This implies that for any py € V(Q, 1) and 1y € V(Q,v)
L*H(Q, 1) = L*H(Q,1y).

Hence vy € V(Q, 1) and py € V(Q,v). Consequently V(Q,v) =V (Q, u).
For the proof of (ii) note that B is a covering of AW (Q2). Moreover, if
X,Y € Band X NY # () then by (i) there exists u € AW(Q) such that
X,Y € 7,. Hence X NY € 7, C B. It means that B is a basis of some
topology on AW ().
For the proof of (iii) it is obvious that V' (€2, ) is open with respect to 7.
On the other hand it is closed because of the equality

AW (Q)\ V(Q,p) = U V(Qv)er
VEAW (Q\V (1)

which is a consequence of (i). Now it is enough to show that V(Q,p) is
connected. Let po, 1 € V(Q,u) and let u(t) := tpug + (1 — t)po for any
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t €< 0;1 >. We have p(0) = po and p(l) = py. Since the hermitian
operator

Ay =tA, +(1—1)A

the map < 0;1 >3 ¢ — A, € L(L*H(Q, i) is continuous (i.e. the map

< 0;1 >3t (| € Heq(L*H (2, 1)) is continuous). Then, by the defi-

nition of 7, the map 4u(-) is continuous. It means that V' (€2, 1) is connected.

([

Ho

In general it may happen that (AW (Q2), 7) is not a Hausdorff space.

Proposition 3.1. The topological space (AW (Q),7) is Hausdorff iff the
map (3.2) is injective.

Proof. (=) Suppose that the map (3.2) is not injective, i.e. there exist two
different weights py, s € AW(Q) such that L2H(Q, u1) = L*H(Q, po) and
(:|)us = (-|")po- Then the set {y1} is not closed in (AW (), 7) (the smallest
closed set containing p; contains also po. This implies that (AW (), 1) is
not a Hausdorff space — a contradiction.

(<) Assume that the map (3.2) is injective. If py, e € AW(Q) and
g1 # po then: (a) L2H (2, 1) # L*H(Q, po) or (b) L2H(Q, py) = L*H (S, ug)
and (-], # (:[')u.- In case (a) we have 3 € V(Q, 1), pe € V(Q, pa),
V(Q, 1) NV(Q, o) =0 and V(Q, 1), V(Q, p2) € 7. In case (b) Ay, # A,
Since L(L*H (2, 1)) is a Hausdorff space, there exist two open sets O and
O, in this space such that A4, € O, A,, € Oy and O; N Oy = 0. Let

Alv):=A,, veV(Q u).

Since the map A : V(Q,u1) — L(L*H (S, 1)) is continuous, we obtain
that A~1(O;) and A71(O,) are open sets in V(Q, 1), 1 € A7HOy), po €
A1(O,) and

AHO) N AHOy) = A7HO N O,) = .

Then (AW (2), 1) is Hausdorff. O
Now we are ready to give a sufficient condition for the space (AW (Q2), 1)
to be a Hausdorff space

Definition 3.2. An open set 2 C C" is said to be of bounded type if it
is biholomorphic to some bounded set €2; C C".

Theorem 3.4. Let Q2 C C" be an open set of bounded type. Then the
map (3.2) is injective and in a consequence the topological space (AW (Q),T)
1s a Hausdorff space.
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Proof. It was proved in [16] (Theorem 3.1) that if O C C" is of bounded
type, pi, e € AW(Q) and py # po then the Bergman functions Kluy] #
Klps]. It was also proved in [16] (Theorem 2.1) that the function K[u| com-
pletely determines the space L2H (), u) and the scalar product (-|-),. In
particular if Klu] # Kluo] then (-|-),, # (-|-) - It means that the map (3.2)
is injective. 0O

Example 3.2. Let 2 and let p, be such as in Example 3.1. Then (2 is
of bounded type and the holomorphic function

f(z) = Z cm2™, z €€,
m=0

is an element of L?>H (2, u,) iff

which does not depend on a. Hence for any ay, as € (—2;+00) we have
LQH(Q’ :uaz) = LQH(Q7 ﬂ’al) = LQH(Qv ﬂ1)7

where p; = 1 is a weight of Lebesgue measure on ). It means that for any
a € (—2;+00) we have g, € V(€ u1).
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Exotic moduli of Goursat distributions exist already in
codimension three
Piotr Mormul *

Abstract

A distribution D of rank > 2 and corank r > 2, on a manifold
M, is Goursat when its Lie square [D, D] is a distribution of constant
corank r — 1, the Lie square of [D, D] is of constant corank r — 2 and
so on step by step, until reaching in r steps the whole tangent bundle
TM.

It has not been known whether moduli of the local classification of Goursat
distributions of the type 2c¢ from the reference work [MonZ], called ‘exotic’
in [M3], might show up already in codimension 3. (First examples of such
moduli, produced in [M3], were in codimension 4.) In the note we show a
concrete geometric class of codimension 3, for Goursat distributions of corank
r = 10, in which there does sit an exotic module, and give a shortcutted proof
of this fact.

1 Introduction

The note deals with Goursat flags — nested sequences of r > 2 (one says then
about flags of length r) distributions in the tangent bundle T'M to a (C*, or
real analytic) manifold M of dimension n > r+ 2, every bigger one being the
Lie square of the preceding and having by one bigger rank. Locally, without
loss of generality, one can assume that rank of D is simply 2; cf. p.462 in
[MonZ)].

Flags of a fixed length r, or distributions of corank r, are stratified into
geometric classes that can be labelled, or encoded, by words of length r
over the alphabet {G,S, T} such that a) they start with GG, and b) a letter
T never goes directly after a letter G. These classes are but the geometric
essence of regions of Jean, [J], constructed in the configuration space for the
renowned kinematical system ‘car + trailers’.

Institute of Mathematics, Warsaw University, Banach st. 2, 02-097 Warsaw, Poland,
e-mail: mormul@mimuw.edu.pl
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The only generic — and only one dense and open — stratum is GGG. .. GG,
dealt with a hundred years ago (with no knowledge whatsoever of the ad-
jacent thinner singular strata) by Engel, von Weber and E.Cartan. The
codimension of a stratum is easily seen in its code — it is the number of let-
ters not G in it; this property of geometric classes will often be used in the
present note.

Since 1997 it has been known that Goursat distributions have numeric
moduli of the local classification. More light on them was shed when Mont-
gomery and Zhitomirskii predicted in [MonZ| that there should altogether
exist five patterns of local prolongations of Goursat germs, denoted by them
1, 2a, 2b, 2¢, and 3. Out of these five, only 2c¢ and 3 are responsible for the
appearing of moduli, whereas the patterns 1, 2a, 2b create, from germs sit-
ting in one orbit of the local classification, only finite families of finer orbits
of Goursat germs of length bigger by one.

First found moduli were of type 3; that type is simpler than 2c. They
resided in the geometric classes GGGSTTGGG and GGSGSGSG. Only later,
in [M3], were there produced examples of type 2¢, in the classes GGSGSSGSG
and GGSTTTGGGG.?

The object of the note is the geometric class C = GGGSSTGGGG of
Goursat distributions of corank 10. This class has been prompted by the
analysis of an important family of (unimodal) Legendre? curves: z(t) = t4,
p(t) = 1 13 + MM y(t) = f(f p(7)dx(7), X € R — a parameter, which
was recently put forward by G. Ishikawa. The computations included in the
present note show that a so-called Goursat—Legendre duality, worked upon
by Montgomery & Zhitomirskii, see also Thm.2 in [Is2], holds within this
precise geometric class C (within its generic part, in fact).

As mentioned already, with no loss of generality one can just think about
rank 2 distributions living on a 12-dimensional manifold, say M, and, as
germs, sitting in C. A module of type 2¢ will be produced, we underline, not
in the entire class C, but in a generic part of it, defined precisely in the next
section.

2 Such examples were not yet known in the time of writing of [MonZ] and pattern 2c
had been foreseen only theoretically.

3 ‘Legendre’ means tangent to the contact structure dy — pdxr = 0 in R3(z, y, p). In
[Z] and [Is1] the reader may find a lot on contact classification of curves.
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2 Kumpera-Ruiz pseudo-normal forms for the
germs in C

A Goursat distribution D around p € M, sitting in C as the germ at p, can

be viewed in Kumpera-Ruiz coordinates ([KR]), say z!, 2%, ..., x'* which
are centered at p. In fact, in the language of Pfaffian equations, D! =
(W, w2, ..., w'0), where

wh =da? —23dat, Ww? =dad—a2tdat, WP =dxt—2Pdxt, wt = daxt —25d2®,
WS = da® — 27dab, Wb = da" — 28dab, W = da® — (1 + 2%)dab, W =
da® — (B4 2'9)d2®, W =da' — (a+2')da®, W' =da™ — (b4 2'?)da®.
In this description a, b and E are certain real parameters. Note (an elemen-
tary fact) that the additive constant in w”, automatically nonzero in C, is
here normalized to 1 already. The first observation is that F can be reduced
to 0. Indeed, the infinitesimal symmetries of D are parametrized — see,
for inst., [M2] — by functions k¥ = k(a', 2% z3) called contact hamiltonians
(Arnold) or contactians (Lychagin). When E = 0, after due computations
based on Prop. 5.2 in [M2], the symmetry parametrized by k appears to have
at 0 the components

- k’gal‘f' k’ag ‘I’ k?lag + k’1184 ‘I— k?11185 + (4]{32 + 15]{313)89
+ 13k1111010 + a(6ky + 23k13) 011 + b(The + 27k13) 011 [0 (2.1)

Note the absence in this expansion of the Jg, 07, Js components, explained
by the relevant letters SST in the code of C. Note also that the coefficient
at Ji2 is a combination of those at dy and 0;;:

b(Thks + 27k13) |0 = —g(zuf2 + 15ki3) + g’—z a(6ks +23ki3) [0, (2.2)

When the two latter vanish, so does the former. This is a key to the module
hidden in D': if the additive constants at 2% (1) and z!! (a) are frozen, then
the constant b at x'2 cannot be moved by symmetries embeddable in flows.
Yet there are also symmetries of Goursat objects not embeddable in flows. . .
The presence of the term ky111010 in (2.1) is, by standard techniques for
Goursat objects, sufficient to conjugate the zero and any non-zero value of
the constant £. That is, to conjugate a D' with £ = 0 and certain values
a and b to a different DY with a prescribed non-zero E and certain other
values a, b.
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Consequently, until the end of the present note we assume E = 0.

The role of the parameter a is, in distinction to E, important. Using
the notion of the symmetry dimension of a distribution D at a point p,
written SD,(D) (cf. Obs.1 in [M1]; it is the dimension of the linear hull of
all infinitesimal symmetries of D at p), one is able to tell the value a = 0
from the remaining a # 0. Indeed, the matrix built of coefficients: 4, 15, and
6, 23 in (2.1) is invertible (compare the equality (2.2) ), and k is any smooth,
or real analytic, function in the vicinity of 0 € R3. Hence it follows directly
from (2.1) that

7, whena=0,
SDO(DlO) B {8 when a # 0. (2:3)

Thus a = 0 and any value a # 0 are non-equivalent. Also, any two values a
and a of different signs, aa < 0, give non-equivalent flag members D?, and
all the more so D'°. This statement is not immediate; its proof is similar to
the proof of Thm.4.2 in [M2], with (2.3) replacing the symmetry dimension
data (31) and (33) in [M2]. On the other hand, any a # 0 can be quickly
normalized to sgn(a) (in the style of [M1], p.225). Accordingly, the class C
splits up into the invariant parts GGGSSTGGG’G, GGGSSTGGG ™G and
GGGSSTGGG™G. (This is, besides, an example of the prolongation pattern
2b of [MonZ]| for the germs in the class GGGSSTGG.) In the sequel we will
restrict ourselves uniquely to the + and — parts. In fact, these are open parts
of C, while GGGSSTGGG'G is of codimension 1 in C.

3 The module of type 2c in GGGSSTGGGTG

Our object of consideration DY is now given by the Pfaffian equations

dz? — 23dzt = 0, da® — 2idxt =0, do* — 2°dat =0, da' — 2%da® = 0,
dad—27da® =0, do"—28da% =0, da®—(14+2°)d2® =0, daz®—2'%25 =0,
dol® — (a+ 21)da® =0, da'* — (b+ 22)d2® =0,

with @ = +1 and b € R. The parameter a will be fixed in our arguments;
they look identical in either of the two generic parts of C'.

Theorem 3.1. In the above family of germs at 0 € R2 of Goursat distribu-
tions with fized value of a € {—1, 1}, the value |b| is a module of the local
smooth, or real analytic, classification, whereas every two values b and —b
are equivalent.
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Proof of Theorem 3.1, introductory part. Suppose that a local diffeo g =
(¢4, 6% ..., 9"+ (R' 0) < conjugates two distributions D' as above,
with parameters a, b and a, b (a = £1). By general considerations re-
lated to conjugating arbitrary Goursat distributions given in KR pseudo-
normal forms, we know that ¢’ depends only on: z', 2%, 2% when [ < 3,

and on z!, 22,..., 2! when 4 < [ < 12. Moreover, because of the 4th and
5th letters in the code of C being S, ¢"(x!,...,27) = 2"F(2!,...,2") and
(2t . .., 2% = 28G(z?, ..., 2°) for certain invertible at 0 functions F and
G.

In the sequel we shall write simply ¢/, for g—g,i. For instance, the inequality

g—gi |0 # 0 will henceforth be noted ¢! |0 # 0.

Moreover still, we write DV = (012, Yb), where the second, more involved
generator is so constructed as to have no 05 component and satisfy all ten
Pfaffian equations in question,

= cxaba? 2 abat, 2%, 27, 1,

YE)T—[ZL‘7ZL'6 7,.6,.3 7,.6,.4 7,.6

B 1422 20 g+ b+ 22 0} ‘

In terms of these key vector field generators Y, and Yg, the conjugacy by g
(which is subject to the mentioned restrictions!) means two things. Firstly,

Dy(x)Yy(x) = f(x) Yg(g(x)) + h(z) Oz (3.1)

with certain function coefficients f and h such that f |0 # 0. And secondly,
that ¢'3]0 # 0. That last information will not be used; in the occurrence,
it follows easily from the previous data. When comparing coefficients at 9
on the both sides in (3.1), we will say: taking scalar equation ”1” of (3.1).
The scalar equation ”8” of (3.1) implies ¢g§+g% |0 = |0 implies ¢§ |0 =
110, because ¢® sits in the ideal generated by z” and z®. Now, by differen-
tiating ”8” of (3.1) wrt 2 at 0, one gets fg% |0 = g% |0, because f is given
by 76" of (3.1) and depends only on x!,..., 27. Hence g% |0 =1 and also

fonlo=1, (3.2)

because fg'9]0 = g% |0 by differentiating 79" of (3.1) wrt z'° at 0. We keep
drawing conclusions from (3.1). Its scalar equation 710" evaluated at 0 says

g6 + 95 +agiy|0 = aflo.

115



The sum of first two summands on the LHS of this equation vanishes in view
of (2.3) and arguments similar to those in [M2], p. 29:

96 +95 10 =0. (3.3)
This implies ¢13 |0 = f]0 which can be coupled with (3.2). In this way
F10=gi%10 = 1. (3.4)

Now we can differentiate "117 of (3.1) wrt z!' at 0, obtaining fgt! |0 =
g'% 10, hence also, in view of (3.4),

gl ]0=1. (3.5)
Passing to the main quantities, we evaluate at 0 scalar equation 711”7 of (3.1),
gs +95 Tagip+bgii [0 = bfl0. (3.6)
On the LHS of this equation there happens something important.
Proposition 3.2. gl + gl +ag'} |0 = 0.

A skeleton of proof (which altogether needs 10 pages) of this proposition
is given in the next section.

With Prop. 3.2 taken for granted and upon using equalities (3.4) and
(3.5), relation (3.6) boils down to precisely b = +b.

What remains to be proved in Thm. 3.1 is to construct a conjugacy of two
germs D' with the same value a and with the opposite values of the last pa-
rameter, i.e. with b and —b. It is an exercise (which is to be done backwards
from w!'® to w') that the following reflection ® does that job, universally for
all values of b:

(l,I’ g2 b gt B S g7 g8 a0 g0 gl _$12)

Yet, needless to say, the brunt of the proof resides in justifying Proposition
3.2.
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4 Skeleton of proof of Proposition 3.2

We have not yet used the fact that g conjugates, one to the other, two
KR pseudo-normal forms with no additive constants at z'%. In fact, scalar
equation ”9” of (3.1) evaluated at 0 reads

g%+ %10 = 0. (4.1)

In equation ”8” of (3.1), the function ¢° gets expressed by f and ¢®. In turn,
in equation ”7” of (3.1), g® gets expressed by f and g”. In consequence, it is
not long to verify that equation (4.1) boils down to

Fs|0 = ffe 10 (4.2)

(remember also that (3.4) holds). At this point the proof takes an unex-
pected turn and returns to the — already used — equation (3.3). That sum
of partial derivatives of ¢'° at 0 vanishes due to the symmetry-dimension-
related arguments. One can write this vanishing in terms of f and F' as well.
After a longer computation (3 handwritten pages) using also (4.2), equation
(3.3) boils down to

(Fs)* + 2Fg [0 = 0. (4.3)

Now the time comes to likewise reduce the combination of partials of g'!
showing up in Prop.3.2, using under way the relations (4.2)—(4.3). The
outcome of 6 handwritten pages of computations reads®

g5 + gy +aghh|0=
— 5 fs + 10Fs — daF + 15(Fs)” + 10Fses + 30Fsz — 15f for — 51 foge |0

We note that, by ”5” and ”76” of (3.1), the function fF depends only on
xl, ..., 2% and is affine in 2%, while f can be expressed in terms of the function
G and is affine in 2. These facts suffice to continue the process of reduction,

and to obtain
g5 + 9% +aghy [0
— (= 60G5 — 8aGis + 120(G) (1 4 4G) — 60Gises ) |0

4 Equalities (4.2) and (4.3) are purely algebraic relations which can be used in more
than one way. So the result of simplifications might be written down in different forms,
too.
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(the £1 factor on the RHS is f |0 = G |0 = £1). Having gone so far, we note
that G = ]CJF—FG, hence G can be expressed in terms of g' (the numerator) and

g° (the denominator). Remembering also that ¢° is, by "4” of (3.1), affine in
2%, so that the derivative g%, vanishes, after standard computations we get

96 + 95 +agio|0 (4.4)
3 3
— +4(2ag9% — 30(99%)" (1 + 49%) + 909} (43)") [0
Only at this moment we start to see something. On the RHS of (4.4) there is a
common factor g} ¢3 |0, and the first subfactor in it, g} |0 = fFG |0, clearly

does not vanish (in fact it equals 1). So how about the second subfactor
g5 107 The gist of the matter is that it does vanish.

Lemma 4.1. ¢ |0 = 0.

Proof of Lemma 4.1. We look back at the relation (4.2) and try to express
it in terms of ¢°, if possible. To this end we write F' = fTF, knowing that
the numerator (denominator) is given by equation ”5” (76”) of (3.1). In the
outcome, not yet decisive, (4.2) gets reduced to

5 5
91 95

Recall at this moment that

1
g
210=Gl0 = f[0=fF|0 = g5]0,
95

implying ¢} |0 = G* |0 = 1. With this information, Gg |0 = —¢5 |0 and

the eventual simplification of (4.2), or: final simplification of (4.1), reads
9195 — 295(= 91) [0 = 293(—47) [0.

We know that g% |0 # 0, hence g3 |0 = 0. O

In view of (4.4) and Lemma 4.1, gk + g4 + ag'h |0 = 0. Prop.3.2 is now
proved.

The (skeleton of) proof of Theorem 3.1 is finished.
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The Euler characteristic of a link of a set defined by a
Noetherian family of analytic functions
Aleksandra Nowel !

1 Motivation

Sullivan (1971):
If X is a real algebraic set in R™ and x € X, then x(lk(z, X)) is even.

Parusinski—Szafraniec (1997), Coste—Kurdyka (1998):
For any reqular morphism ¢ : X — W of real algebraic sets there exist real
polynomials g1, ...,qs on W such that for every w € W

X(¢ 1 (w)) = sgn gi(w) + ...+ sgn gs(w).

Some properties used in the proof of this result come out of the Noethe-
rianity of the ring of real polynomials. Does it work in "non-polynomial”
situations?

2 Problem

() — a semianalytic compact subset of R"

A(Q2) — the algebra of real analytic functions defined in an open neighbour-
hood of Q2

F C A(2) — a family of real analytic functions

Y, = (ﬂfef f‘1(0)> — the representative of the germ at w
X, ={z | z+w € Y,}o — the representative of the germ at the origin

L, =1k(0,X,) = (S™ ' N X,) - the link of X, at the origin

RESULT: there exist vy, ...vs € A(Q) such that

éx(Lw) = Z sgn v;(w).

Institute of Mathematics, Gdansk University, ul. Wita Stwosza 57, 80-962 Gdansk,
Poland, e-mail: Aleksandra.Nowel@math.univ.gda.pl
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3 Noetherian Families

Let A be an algebra over R and I' — a subset of the maximal spectrum SM (A)
of A.

In ' we have the topology induced from SM(A), i.e. F is closed in I if
F={yel | BcC~} for some B C A.

We assume that A and T satisfy the following conditions:
(a) for all v € ' the canonical map R — A/~ is an isomorphism,

(b) T equipped with the topology of SM(A) is a Noetherian space (i.e.
every decreasing sequence of closed sets in I' is stationary — any closed
set in I" is the union of finitely many irreducible closed sets).

Assume a € A,v € I"and S C A. We denote

a(y) € R — the image of a under the map A — A/y =2 R

V(S)={yeT:a(y)=0foralla € S}

closed sets in I' = sets V(5), S C A

Let x = (z1,...,x,).

Al[z]] (resp. R][z]]) — the ring of formal power series in x with coefficients
in A (resp. in R)

R{z} — the ring of formal power series which are convergent in some
neighbourhood of the origin

A_[[x]] - the subring of A[[x]] consisting of ) a,x® such that > _ a(v)z®
€ R{z} foreach y € T
Let vy € Tand f =37 as2” € A[[z]]. We denote

fr=25a5(7)7” € R[]
If N is the ideal in A[[z]] generated by f; then
N, — the ideal in R[[z]] generated by f; .

Definition A collection N of ideals of R[[z]] (resp. of R{z}) is called
a Noetherian family (parameterized by (A,T")) if there exists a couple (A, T")
satisfying the conditions (a) and (b) given above, and an ideal N C A[[z]]
(resp. N C A.[[z]]) such that N' = (N, )er.
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Definition The Lojasiewicz exponent L(I) of an ideal I in R{x} generated
by fi,..., fp is the infimum of the set of such o > 0 for which there exists
such ¢ > 0 that

Z\fz )| = cola, V(D))

in some neighbourhood of the origin.

Theorem 3.1. (El Khadiri, Tougeron 1984) Let (I,),er be a Noetherian
family of ideals in R{z}. Then the family of Lojasiewicz exponents L(1,) of
the ideals I, is bounded.

2 is a Noetherian space with the topology induced from SM(A(RQ))
(by identifying w € Q with the ideal p, = {f € A(Q) | f(w) = 0},
{Nses f7H0)} Bcag is the family of closed sets in ).

The pair (A(Q), Q) satisfies conditions (a) and (b). Since 2 is a Noethe-
rian space, for every closed subset D of Q there exist fi,..., f, € A() such
that D = (/_, £, 1(0) N €2, so D is an intersection of {2 and an analytic set.

Properties of Noetherian families imply
Jo<hea@).[z)] Yweo Xo = Vo(hw)-

A closed (with respect to the topology induced from SM(A(f2))) subset
of Q is irreducible if it is not a union of its two proper closed subsets. Every
closed subset D of a Noetherian space 2 has a decomposition into finitely
many irreducible components, i.e. D = Uk 1 D;, where every D; is a closed
irreducible subset of D and D; ¢ |J,; D

We will say that a function g : 2 — R is a sum of signs of analytic
functions if there exist g1, g2, ..., 9s € A(Q) s. t. g(w) =D ;_;sgngi(w).

Lemma 3.2. Assume that for each closed irreducible subset D C ) there
exists a proper closed subset ¥ C D such that g restricted to D\ ¥ is a sum
of signs of a.f. Then g is a sum of signs of a.f. on Q.

Proof.
1. On D\ ¥ we have

= > s i
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2. By induction on the number of irreducible components for a closed
subset D' C () there exists a proper closed subset > C D’ such that
on D'\ ¥/

Sl

g(w) = Z sgn ¢;(w).

i=1
3. From above we have
g(w) = sengi(w)
i=1

on 2\ X.

Repeat the construction on ¥':

g9(w) = Z sgn u;(w)

on ¥\ X
We obtain:
Q>O>Y>2Y > ...

Noetherianity implies this sequence being stationary, i.e. there exists
k such that % = {.

After some gluing we obtain

p

g(w) = ngn gi(w) on Q.

4 Solving the problem

Arguments similar to those of Parusinski and Szafraniec imply some facts:

1. E,=(F.,...,F") : (R",0) — (R",0) — analytic germs at the origin
such that

Vicicn Ipea@).ll) Ywen Fu(z) = filw, @)
and 0 € R" is isolated in F;'(0) for all w € D.
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For each closed irreducible subset D C ) there exist k > 1, a € R, a
proper closed ¥ C D, and G,,(z) = F(z) +a(z¥,... 2F), w € D, such

that G, have the same property as F,,, have algebraically isolated zero

at the origin, and deg,(G,) = deg,(F.,).
degy(F,) is a sum of signs of a.f. on D\ X.
By Lemma 3.2 deg(F,) = deg,(G,,) is a sum of signs of a.f. on €.

2. If f € A(Q) then

X (SN {f(z+w) <0}) =x(Su.N{f <0})=1-deg, Vg

for some g, € R{z} having an isolated critical point at the origin.

Since Vg, satisfies the assumptions of 1., x(S,.N{f < 0}) is a sum of
signs of a.f.

Lemma 4.1. If f € A(Q) then

SO N (2 0) & X(S5 N T < 0))
is a sum of signs of a.f.

Proof.  Let g(w,t) = tf(w), w belongs to some neighbourhood of €, t €
[—1;1]. The set Qx[—1, 1] is compact and semianalytic, so g € A(Qx[—1, 1]).
One can show that for e sufficiently small

X(Sohn{f <0} =2 —x(St, _n.N{g =0}
We have

X(SE e N{g = 0}) = Z sgn gi(w, 1)
SO 2 0 S = (S <0 nst) =

= — lim » (sgn g;(w,—t) —sgn g;(w,t)).
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Fix an irreducible component D; C Q. We have
gi(w, t) = thih(w, t),
where h; € A2 x [-1;1]), hy Z0 on A; x {0}. Let

¥i={w € Aj | Viz1,.s hi(w,0) = 0}

and let hj(w) = —h;(w,0), k; odd, hi(w) =0, k; even. Then on A; \ X

1 S S
— lim Y (sgn gi(w,—t) —sgng;(w,t)) = ngn hi(w).
i=1 =1
Clearly h; € A(Q).
By Lemma 3.2 it is also a sum of signs of a.f. on €.

Theorem 4.2. %X(S?_l N X,) is a sum of signs of a.f. on Q.
———

Ly,
Proof.
1 1
SX(L) = Sx(S17 A V() =
= SIX(SI A (< 01) + x(S7 1 (B 2 0)) — (5] =
= iilsgn hz(w) _ %1)”1
on €.

5 Corollaries

Corollary 5.1. x(L,) is even for w € €.

A function f : Q — Z is semianalytically constructible if it admits a
representation as a finite sum

f = ZmilXia
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where the m,;’s are integers, the X,’s are semianalytic, and 1y, denotes the
characteristic function of the set X;.
We can define the Euler integral and the link of f:

/Q F= S malx))

M@= [
onspt
where € is sufficiently small.

If f is a sum of signs of analytic functions f;, then f is semianalytically
constructible and:

/Q f =3 ()~ x(B),

where AZ = {fz Z 0}, Bl = {fz S O},

S

Af(w) =" (x(AinSxh) = x(B:nSE)

i=1
for e sufficiently small.

Corollary 5.2. The function %Af 15 integer-valued and it is a sum of signs
of analytic functions.

If a # 0 # b, then sgna +sgnb =1+ sgnab mod 4.

Corollary 5.3. There exist a proper closed subset ¥ C ), an integer y and
an analytic function v € A(Q) such that v is # 0 on Q\ X, and for w € Q\Z

1
§X(Lw) = p+sgno(w) mod 4.
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Drapeau Theorem for differential systems
Kazuhiro Shibuya ' and Keizo Yamaguchi 2

Abstract

Generalizing the theorem for Goursat flags, we will characterize
those flags which are obtained by “Rank 1 Prolongation” from the
space of 1-jets for 1 independent and m dependent variables.

1 Introduction

This paper is concerned with the Drapeau Theorem for differential systems.
By a differential system (R, D) we mean a distribution D on a manifold R,
i.e. D is a subbundle of the tangent bundle T'(R). The derived system 0D
of D is defined, in terms of sections, by

0D =D+ [D,D].

where D = I'(D) denotes the space of sections of D. In general 9D is obtained
as a subsheaf of the tangent sheaf of R (for the precise argument see e.g. [12],
[3]). Moreover higher derived systems 9'D are defined successively by

9'D = (9" D),

where we put 9°D = D by convention. In this paper a differential system
(R, D) is called regular if 9'D are subbundles of T'(M) for every i > 1.

We say that (R, D) is an m-flag of length k if (R, D) is regular and has
a derived length k, i.e. 9D = T(R);

DcoDcC...co*?Dc o™ 'Dco*D=T(R),

such that rank D = m + 1 and rank 0'D =rankd®'D +m fori=1,...,k.
In particular dim R = (k + 1)m + 1.

!Department of Mathematics, Graduate School of Science, Hokkaido University, Sap-
poro 060-0810, Japan, e-mail: shibuya@math.sci.hokudai.ac.jp

2Department of Mathematics, Graduate School of Science, Hokkaido University, Sap-
poro 060-0810, Japan, e-mail: yamaguch@math.sci.hokudai.ac.jp
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In particular (R, D) is called a Goursat flag (un drapeau de Goursat)
of length k£ when m = 1. Historically, by Engel, Goursat and Cartan, it
is known that a Goursat flag (R, D) of length k is locally isomorphic, at a
generic point, to the canonical system (J*¥(M, 1), C*) on the k-jet spaces of
1 independent and 1 dependent variable (for the definition of the canonical
system (J¥(M,1),C*), see §2). The characterization of the canonical (con-
tact) systems on jet spaces was given by R. Bryant in [2] for the first order
systems and in [12] and [13] for higher order systems for n independent and
m dependent variables. However, it was first explicitly exhibited by A.Giaro,
A. Kumpera and C. Ruiz in [6] that a Goursat flag of length 3 has singu-
larities and the research of singularities of Goursat flags of length £ (k > 3)
began as in [9]. To this situation, R. Montgomery and M. Zhitomirskii con-
structed the “Monster Goursat manifold” by successive application of the
“Cartan prolongation of rank 2 distributions” ([4]) to a surface and showed
that every germ of a Goursat flag (R, D) of length k appears in this “Monster
Goursat manifold” in [8], by first exhibiting the following Sandwich Lemma
for (R, D):

D c 0D c...c 0 D Co*'Dco*D=T(R)
U U U
Ch (D)cCh (0D)cCh (9?°D)C...cCh (9* D)

where Ch (9'D) is the Cauchy characteristic system of 'D and Ch (9'D) is
a subbundle of @~!'D of corank 1 for i = 1,...,k — 1. Here the Cauchy
Characteristic System Ch (C') of a differential system (R, C') is defined by

Ch(O)x)={X€eCx) | X]dv;=0 (mod wy,...,ws) fori=1,..., s},

where C' = {w; = ... = wy, = 0} is defined locally by defining 1-forms
{w1,...,ws}. Moreover, after [8], P. Mormul defined the notion of a special
m- flag of length k for m > 2 to characterize those m-flags which are obtained
by successive application of the “generalized Cartan prolongation” to the
space of 1-jets of 1 independent and m dependent variables.

The main purpose of this paper is first to clarify the procedure of “Rank
1 Prolongation” of an arbitrary differential system (R, D) of rank m+ 1, and
to give good criteria for an m-flag of length k to be special, i.e. to be locally
isomorphic to the k-th Rank 1 Prolongation (P*(M),C*) of a manifold M
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of dimension m + 1. More precisely we will show for an m-flag of length k
and for m > 3:
Corollary 5.8. An m-flag (R, D) of length k for m > 3 is locally isomorphic
to (P*(M),C*) if and only if 971D is of Cartan rank 1, and moreover for
m > 4, if and only if *'D is of Engel rank 1.

Here, the Cartan rank of (R, C') is the smallest integer p such that there

exist 1-forms {7',... ,7”}, which are independent modulo {wy,...,w,} and
satisfy

dana' A AT =0 (mod wy,...,w,) for Yo € C+ = T(C™),
where C' = {w; = ... = wy = 0}. Furthermore the Engel (half) rank of

(R, () is the smallest integer p such that

(da)™ =0 (mod wi,...,w,) for Ya € C*,

Moreover we will show for an m-flag of length £ and for m > 2:

Corollary 6.3. An m-flag (R, D) of length k is locally isomorphic to
(P*(M),C*) if and only if there exists a completely integrable subbundle F
of O*~1D of corank 1.

For this purpose, we will first review the geometric construction of jet
spaces in §2 and clarify the procedure of Rank 1 Prolongation in §3. In §4,
we will analyze the notion of a special m-flag of length & and reestablish the
local characterization of (P*(M),C*) by utilizing the Realization Lemma
[12]. In §5 and §6, we will show the above criteria (the Drapeau Theorem)
for an m-flag of length k.

2 Geometric construction of jet spaces

In this section, we will briefly recall the geometric construction of jet bundles
in general, following [12] and [13], which is our basis for the later considera-
tions.

Let M be a manifold of dimension m + n. Fixing the number n, we form
the space of n-dimensional contact elementsto M, i.e. the Grassmann bundle
J(M,n) over M consisting of n-dimensional subspaces of tangent spaces to
M. Namely, J(M,n) is defined by

JMn)= ] J..  Jo=Gr(Tu(M),n),

zeM
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where Gr(7,(M),n) denotes the Grassmann manifold of n-dimensional sub-
spaces in T,(M). Let m : J(M,n) — M be the bundle projection. The
canonical system C on J(M,n) is, by definition, the differential system of
codimension m on J(M,n) defined by

Clu) = (u) = {v € Tu(J(M,n)) | m.(v) € u} C Tu(J(M,n)) = To(M),

where 7m(u) = z for u € J(M,n).

Let us describe C' in terms of a canonical coordinate system in J(M,n).
Let u, € J(M,n). Let (z1,...,2n, 2%, ...,2™) be a coordinate system on a
neighborhood U’ of z, = 7(u,) such that dzy,...,dx, are linearly indepen-
dent when restricted to u, C T, (M). We put

U={uea (U)|dzi|u,...,dz,|, are linearly independent}.

Then U is a neighborhood of u, in J(M, n). Here dz*|, is a linear combination
of dx;|,’s, i.e. dz*|, = Y . p¥(u)dz;|,. Thus, there exist unique functions
ps on U such that C' is defined on U by the following 1-forms:

:dza—pr‘d:xi (a=1,...,m),

where we identify z® and z; on U’ with their lifts on U. The system of
functions (z;, 2% p%) (a = 1,...,m,i =1,...,n) on U is called a canonical
coordinate system of J(M,n) subordinate to (x;, z).

(J(M,n),C) is the (geometric) 1-jet space and especially, in case m = 1, is
the so-called contact manifold. Let M, M be manifolds of dimension m + n
and ¢ : M — M be a dlffeomorphlsm Then ¢ induces the isomorphism
O (J(M n),C) — (J(M n), C), i.e. the differential map ¢, : J(M,n) —
J (M n) is a diffeomorphism sending C' onto C. The reason why the case

= 1 is special is explained by the following theorem of Backlund.

Theorem (Béacklund) Let M and M be manifolds of dimension m + n.
Assume m > 2. Then, for an isomorphism ® : (J(M,n),C) — (J(M,n),C),
there exists a diffeomorphism @ : M — M such that ® = p,.

The essential part of this theorem is to show that F' = Kerm, is the

covariant system of (J(M,n),C) for m > 2. Namely an isomorphism &

sends I’ onto ' = Kerm, for m > 2. For the proof, we refer the reader to
Theorem 1.4 in [13].
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In case m = 1, it is a well known fact that the group of isomorphisms
of (J(M,n),C), i.e. the group of contact transformations, is larger than the
group of diffeomorphisms of M. Therefore, when we consider the geometric
2-jet spaces, the situation differs according to whether the number m of
dependent variables is 1 or greater.

(1) Case m = 1. We should start from a contact manifold (J,C) of
dimension 2n+ 1, which is locally a space of 1-jets for one dependent variable
by Darboux’s theorem. Then we can construct the geometric second order
jet space (L(J), E) as follows: We consider the Lagrange-Grassmann bundle
L(J) over J consisting of all n-dimensional integral elements of (J, C):

L(J) = |J L. c J(J,n),

where L, is the Grassmann manifolds of all Lagrangian (or Legendrian) sub-
spaces of the symplectic vector space (C(u),dw). Here w is a local contact
form on J. Namely, v € J(J,n) is an integral element if and only if v C C'(u)
and dwl, = 0, where u = 7(v). Let m : L(J) — J be the projection. Then
the canonical system E on L(J) is defined by

E(v) =7 (v) C T,(L(J)) == Tu(J),

where 7(v) = u for v € L(J). We have 9F = 7;}(C) and Ch(C) = {0}
(cf.[12]). Hence we get Ch (OF) = Ker 7, which implies the Bécklund theo-
rem for (L(J), E) (cf. [12]).
Now we put
(J*(M,n),C?) = (L(J(M,n)), E),
where M is a manifold of dimension n + 1.

(2) Case m > 2. Since F' = Ker 7, is a covariant system of (J(M,n),C),
we define J*(M,n) C J(J(M,n),n) by

J?(M,n) = {n-dim. integral elements of (J(M,n),C) transversal to F},

C? is defined as the restriction to J*(M,n) of the canonical system on
J(J(M,n),n).

Now the higher order (geometric) jet spaces (J*+1(M,n), C**1) for k > 2
are defined (simultaneously for all m) by induction on k. Namely, for & > 2,
we define J*(M,n) C J(J*(M,n),n) and C*¥1 inductively as follows:

JEH (M, n) = {n-dim. integral el. of (J*(M,n),C*) transv. to Ker (7}_,),},
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where ¥ |+ J¥(M,n) — J*1(M,n) is the projection. Here we have
Ker (7}_,). = Ch(0C*),

and C*1 is defined as the restriction to J*™(M,n) of the canonical system
on J(J*(M,n),n). Then we have ([12],[13])

ct  c...c o"PCF coMCRc oFCh =T (JH(M,n))
U U U
{0} = Ch (C*)cCh (dC*)C...cCh (0" 1C*c F

where Ch (0*1C*) is a subbundle of 9'C* of corank n for i = 0,...,k — 2,
and when m > 2, F is a subbundle of 9*~!C* of corank n. The transversality
conditions are expressed as

C*NF = Ch(dC*) form =2, C*NCh(0*'C*) = Ch(oC*) form =1

By the above diagram and the rank condition, the jet spaces (J*(M,n), C*)
can be characterized as higher order contact manifolds as in [12] and [13].

Here we observe that, if we drop the transversality condition in our de-
finition of J*(M,n) and collect all n-dimensional integral elements, we may
have some singularities in J*(M,n) in general. However, since every 2-form
vanishes on 1-dimensional subspaces, in case n = 1 the integrability condition
for v € J(J*1(M,1),1) reduces to v C C*(u) for u = 7f_,(v). Hence
in this case we can safely drop the transversality condition in the above
construction, as in the next section, which constitutes the key construction
for the Drapeau theorem in later considerations.

3 Rank 1 Prolongation

Let (R, D) be a differential system, i.e. R is a manifold of dimension s+m+1
and D is a subbundle of T'(R) of rank m+ 1. Starting from (R, D), we define

~

(P(R), D) as follows (cf. [4]):

P(R)=|J P. C J(R,1),

TER
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where
P, = {1-dim. integral el. of (R, D)} = {u C D(x) | 1-dim. subspaces} = P™.

Let p : P(R) — R be the projection. We define the canonical system D on
P(R) by

D(u) = p; " (u) = {v € Tu(P(R)) | p.(v) € u} C T,(P(R)) 2= T(R),

where p(u) = z for u € P(R).

We call (P(R), D) the prolongation of rank 1 (or Rank 1 Prolongation for
short) of (R, D). Then P(R) is a manifold of dimension 2m + s + 1 and D
is a differential system of rank m + 1. In case (R, D) = (M, T(M)), we have
(P(M), D) = (J(M,1),C). Moreover

JA(M,1) c P(J(M,1)) C J(J(M,1),1)
As for the prolongation of rank 1, we have

Proposition 3.1. Let (R, D) be a differential system of rank m + 1 and let
(P(R), ZA)) be the prolongation of rank 1 of (R, D). Then D is of rank m+1,
0D = p7Y(D) and Ch(D) is trivial. Moreover, if Ch (D) is trivial, then
Ch (0D) is a subbundle of D of corank 1.

Proof. Let s +m + 1 be the dimension of R. For x € R, let {=®, 0°} (a =
1,...,m+1, 8=1,...,s) be a coframe on a neighborhood U of x such that

D={w'=...=o" =0}
p!(U) is covered by m + 1 open sets U = {v € p™ (U) | 6'|, # 0} in P(R) ;
p_l(U) = (71 Uu...u fjm—f—l'

For v € ﬁi, v is a 1-dimensional subspace of T,,(R),x = p(v). Hence, restrict-
ing 6 to v, we have

0%, = pS(v)6, for a=1,...,4,....,m+1

where ~ over a symbol means that the symbol is deleted. These p§ (a0 =
1,...,4,...,m+1) constitute a fiber coordinate system on U.
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Now we put
quea—pgei for a=1,...,4,....,m+1.

7

Then we have

Since dw”, df* are 2-forms on M, dw”|, = 0,df*|, = 0 for u € P(R). This
implies that

do’ =d#* =0 (mod w',...,@" 7" (a=1,...,4,...,m+1)),

where we write w?, 0% instead of p*qﬂ , prO°, respectively.
Thus the structure equation for D reads

deo® =0 (mod w!,...,@* 7% (a=1,...,4,...,m+1))
dr® =60 ANdp? (mod w!,..., @, 7* (a=1,....4,...,m+1))
Therefore R
oD ={w'=...=w* =0},
Ch(D)={w'=.. == =0 =dp® =0 (a=1,...,4i,...,m+1)}

These equations imply that 9D = p;*(D) and Ch (D) is trivial.
Moreover, if Ch(D) is trivial, it follows that

Ch (9D) = Ch (p; (D)) = p;*(Ch (D)) = Ker p,

Then, by the very definition of canonical system lA), it follows that Ch (af))
is a subbundle of D of corank 1. O

This proposition implies that, starting from any differential system (R, D),
we can repeat the procedure of Rank 1 Prolongation. Let (P'(R), D') be the
prolongation of rank 1 of (R, D). Then (P*(R), D¥) is defined inductively as
the prolongation of rank 1 of (P*~1(R), D¥~1), which is called k-th prolonga-
tion of rank 1 of (R, D). Moreover, starting from a manifold M of dimension
m 4+ 1, we put R

(PH(M), C*) = (P(P*1 (M), 1)

where (PY(M),C") = (J(M,1),C). When m = 1, (P*(M),C*) are called
“monster Goursat manifolds” in [8].
Here we observe that the above proposition also implies

136



Proposition 3.2. Let (R, D) be an m-flag of length 1, i.e. dim R = 2m+1,
rank D = m+1 and 0D = T(R). Then the k-th prolongation (P*(R), D*) of
rank 1 of (R, D) is an m-flag of length k+1. Namely, D* satisfies rank D* =
m + 1, rank O"T'D* = rank O'D* +m for i = 0,...,k and OFT'DF =
T(P*(R)).

Schematically we have the following diagram;

DF ¢ 9DF C ... c O'DF C  9*DF C  OMDE = T(PHR))

pr lpf Jp’f lp’i

DF1 c ... C 92D c QR IDRl ¢ 9FDEl = T(PRY(R))

lpffl lpffl lpf” lp’i’l

lpi in in

D! c 9D* c 9*D'=T(PY(R))

in lpi

D 8D = T(R)
where p’ : P/(R) — P""!(R) is the projection. Here we note
9"D* = (). (D),

where pf : P*(R) — R is the projection.

4 Special m-flags of length k

An m-flag (R,D) (m > 2) of length k is called a special m-flag if: there
exists a completely integrable subbundle F of 8*~!D of corank 1 that contains
Ch (9*1D), Ch (9°D) is a subbundle of *~*D of corank 1 fori = 1,...,k—1,
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and Ch (D) is trivial. In other words one should have the following diagram
for (R, D):

D c 0D c...c 0 D Co*'Dco*D=T(R)
U U U U
{0} = Ch(D)cCh (0D)cCh (9*D)C...cCh(0*'D)c F

where rank 9'D = rank 0" 'D +m fori=1,...,k and rank D = m + 1.

First, by repeated use of Rank 1 prolongations starting from a manifold
M of dimension m + 1, we obtain by Proposition 3.1,

Proposition 4.1. (P*(M),C*) is a special m-flag of length k.

Conversely, by utilizing the following Realization Lemma, we will show
that every special m-flag of length k is locally isomorphic to (P*(M), C*).

Realization Lemma ([12], p.122) Let R and M be manifolds. Assume
that the quadruple (R, D,p, M) satisfies the following conditions:

(1) p is a map of R into M of constant rank.

(73) D is a differential system on R such that F = Kerp, is a subbundle
of D of corank n.

Then there exists a unique map v of R into J(M,n) satisfying p = m -
and D = 7 1(C). Furthermore, let u be any point of R. Then 1 is in fact
defined by

Y(u) = po(D(w)) as a point of Gr(T,(M),n), = =m(u),

and satisfies Ker (¢,), = F(u) N Ch (D)(u).

Theorem 4.2. A special m-flag (R, D) of length k is locally isomorphic to
(P*(M),C*), where M is a manifold of dimension m + 1. Moreover F is
unique for (R, D).

Proof. Let (R, D) be a special m-flag of length k. Matters being of local
nature, we may assume that the leaf space M = R/F of the foliation F'
defined on R is a manifold of dimension 2m + 1 so that p : R — M is
a submersion and Kerp, = F. Putting p = ¢°, we will define maps 9" :

R — PYM) such that Kery? = Ch(9*7'D) for i = 1,...,k as follows:
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First, Realization Lemma for the quadruple (R,9* 1D, p, M) gives us the
map ! of R into P*(M) = J(M,1) such that (¢})"}(C') = 9*71D and
Ker (¢'), = Ch(9*"1D). By dimension count, we see that ¢! is locally a
submersion of R onto P'(M). If the maps ¢/ : R — P7(M) such that
Ker ) = Ch (09 D) are defined for j = 1,...,i — 1, Realization Lemma for
(R, 0" D 4"~ P=1(M)) gives us the map v* of R into P*(M) such that
(1)HC") = 9*7'D and Ker (¢*), = Ch (9*7¢D). Thus, for i = k, we obtain
the map ¥* of R into P*(M) such that (¢*)~1(C*) = D and Ker (¢¥), =
Ch (D) = {0}. Then, by dimension count, 1* is a local isomorphism of
(R, D) onto (P*(M),C*).

For the uniqueness of F', we first observe that for a special m-flag (R, D)
of length 1 ¢! is an isomorphism of (R, D) onto (J(M,1),C). In this case
the uniqueness of F' follows from Proposition 1.3 in [13], which gives the
characterization of the covariant system F. For a special m-flag (R, D) of
length & (k > 2) we consider, locally, the leaf space J = R/Ch (9*~'D) by
Ch (0% 'D). Let p : R — J be the projection. On J we have differential
systems D = 0*"1D/Ch (0*1D) and F = F/Ch (9" 'D) such that F is a
completely integrable subbundle of D of corank 1 and Ch (D) is trivial, i.e.
(J, D) is a special m-flag of length 1. Then the uniqueness of F = p;'(F)
follows from that of F. This completes the proof of Theorem. m

Remark 4.3. After [8], P. Mormul first defined the notion of special m-flags
of length k for m > 2 in a slightly different form in [10] (cf. Theorem 6.2),
generalizing the works of [7] or [11]. The above theorem was first observed
by him in Remark 3 [10].

In view of Theorem 4.2, our task is to characterize the special m-flags
among m-flags of length k, which will be accomplished in the following sec-
tions.

5 Main Theorem (m>3)

Let (R, D) be an m-flag of length 1, i.e. R is a manifold of dimension 2m + 1
such that rank D = m+1 and 0D = T'(R). By definition, (R, D) is a special
m-flag (m > 2) if there exists a completely integrable subbundle F' of D of
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corank 1 and Ch (D) is trivial. Then, by Realization Lemma, (R, D) is locally
isomorphic to (PY(M),C") = (J(M,1),C), where M = R/F is (locally) the
leaf space of the foliation F' on R. In case m = 1 it is easy to see that a
1-flag of length 1 is a contact manifold of dimension 3. 2-flags of length 1
have peculiar aspects and were extensively studied in [5] (cf. §6). Now we
start with the following characterization of special m-flags of length 1 for
m > 3.

Proposition 5.1. An m-flag (R, D) of length 1 for m > 3 is a special m-flag
if and only if D is of Cartan rank 1.

Here, the Cartan rank of (R, D) is the smallest integer p such that there
exist 1-forms {7!,... 77}, which are independent modulo {n',..., 7™} and
satisfy

da AT A AT =0 (mod n',...,0M) for Yo € D+ = T'(D?),

where D ={n'=...=n"=0 }.
Proof of Proposition 5.1. First, assume that (R, D) is special. Then we
can take local defining 1-forms {n',...,n™ w}, which are independent at

each point, such that
D={n'=...=9"=0}, F={n'=...=n"=w=0}

Since F' is completely integrable, dn® = 0 (mod 7%,...,n™ w) for B =
1,...,m. Hence there exist 1-forms {w?, ..., @™} such that

d’ =wAw’ (modn',...,.n™) for 6=1,...,m.

This implies that D is of Cartan rank 1.
Conversely, assume that the Cartan rank of (R, D) is 1. Let us take local
defining 1-forms {n',...,n™} of D as above:

D={n'=...=n9"=0}.

Since the Cartan rank of D is 1, there exists a 1-form w, which is independent
modulo {n',..., 7™} such that

wAdn® =0 (mod 7',....,0™) for g=1,...,m.
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Hence there exist 1-forms {w@?, ..., @™} such that
d’ =wAw® (mod n',....0M) for g =1,...,m.

Then, from rank 9D = rank D+m, it follows that {n',... , n™ w, @', ...,
w™} are linearly independent. Taking exterior derivative of both sides of the
above mod equality, we get

0=doAw’ (mod n', ... 0" w) for 6=1,...,m.
Hence, from m > 3, we obtain dw =0 (mod n',...,n™ w). Putting
F={n'=...=90"=w=0},
we have
d =dw=0 (mod 7',....,n" w) for g=1,...,m.
Thus F' is completely integrable. Moreover
Ch(D)={n'=..=n"=w=w'=...=" =0}

implies Ch (D) is a subbundle of F' of corank m. Hence Ch (D) is trivial.
This completes the proof of Proposition. Il

Remark 5.2. As a characterization of 1-jet spaces, Bryant’s normal form
theorem is well known ([2], [3]). This theorem in 1 independent variable case
says that an m-flag (R, D) of length 1 for m > 3 is a special m-flag if and
only if D is of Engel (half-)rank 1 and Ch (D) is trivial. Here the Engel rank
of (R, D) is the smallest integer p such that

(da)*™ =0 (mod n',...,n™) for Vo € D,

where D = {n* = ... =n™ = 0}. Here we observe that we cannot replace the
Cartan rank 1 condition in the above Proposition by the Engel rank 1 condi-
tion when m = 3, as the following example shows: Let (y*,y?, vy, 2° 2t 22, 23)
be a coordinate system of R. Let us take a coframe {n*,n* n3,0'(i =0,...,3)}
as follows:

n' = dy' + 22da?, n? = dy? + 23dat, P = dy? + 2'da?, 00 = da’.
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Then, for D = {n* =n* =n> = 0}, we have

dnt =6*A6° (mod n',n% 1),
dp? =60*A60" (mod n',n*n°),
dp® =0'A6? (mod n'.n%n

Thus (R, D) is a 3-flag of length 1 such that (R, D) is of Engel rank 1 and
has non-trivial Ch (D).

However, we can replace the Cartan rank 1 condition in the above Propo-
sition by the Engel rank 1 condition when m > 4, as the following Lemma
implies.

Lemma 5.3. Let V be a vector space over R. Let wy,...,w, € A2V be 2-
forms such that {wi,...,w,} are linearly independent and w; A\ w; = 0 for
1<i<j3<r. Then

(1) In case v = 2 there exist vectors vy, v1,ve € V, which are linearly
independent, such that

wlzvo/\vl, OJQ:’UQ/\UQ.

(2) In case r =3 one of the following holds:
(1) There exist vectors vy, ve,v3 € V, which are linearly independent, such
that
u)lzvg/\’Ug,, WQ:U3/\’01, u)3::tl)1/\’02.

(7i) There ezist vectors vy, vi,ve,v3 € V, which are linearly independent,
such that
wlz’Uo/\Ul, wgz?]o/\’l)g, a)gzvo/\Ug.

(3) In case r > 4 there exist vectors vy, ...,v, € V, which are linearly

independent, such that

Wy =V AV, wWr=YgNAVa, ..., Wp="1gANU,.
In case m = 1 every Goursat flag of length k (k > 2) is a special 1-flag, i.e.
the Sandwich Lemma holds automatically ([8]). By contrast, we need some

condition for an m-flag of length 2 (m > 2) to be special, as the following
example shows.
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Example 5.4. Let R be a manifold of dimension 3m + 1 (m > 2), and let
(x®,y?,27) (a =0,1,...,m, B=1,...,m) be a coordinate system on R. For
a fized a € {0,1,...,m—2}, let us take a coframe {n*, ..., 0™ ¢t ..., ¢™ 0,
—..,0™} as follows:

0% = dz® ,anZV—i-dexO—%(xo)deV (v=1,....m—a—1)

B =dyP +2%xP | n? =d2? + 0 da®! (0=m—a,...,m)

We consider D ={n' =...=n"=('=...=(™ =0}. Then we have
dn® =0 (mod n,....p™ Ct....¢™) forB=1,....m,
d¢? =0°N0° (mod n',....nm Y ..., ¢™) forB=1,...,m.

dnt = NG (mod n',....n™) fory=1,....,m—a—1,
dn® = TN (mod nt,...,n™) ford=m—a,...,m.

Hence we get
OD={n'=...=9"=0} , #D=T(R) , Ch(dD)=

===yt =C= =" = =g = =0 = 0)

Thus, (R, D) is an m-flag of length 2, but Ch(0D) is not a subbundle of D.
Moreover rank Ch (0D) is m — a.

In order to get good control over Ch (0D), we prepare the following propo-
sition, which gives us the Sandwich Lemma for m > 3.

Proposition 5.5. Let (R,D) be a regular differential system such that
rank 92D = rankdD + m and rank 9D = rank D + m. Assume m > 3
and the Cartan rank of 0D is 1, then Ch (0D) is a subbundle of D of corank
1. Moreover the Cartan rank of D is 1

In view of Lemma 5.3, we can replace the Cartan rank 1 condition by the
Engel rank 1 condition when m > 4 (cf. Remark 5.6).

Proof. Let x be any point of R. By the rank condition, there exist linearly
independent 1-forms {7, % (?(i = 1,...,s,8 = 1,...,m)} defined on a
neighborhood U of x, where s = corank 9?D, such that

PD ={rl=...=7=0},
oD ={rl=...=r"=npl=...=n"=0},
D ={rl=...=x=pl=...=n=_"=...=¢("=0, }.
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0, dn’ #0 (mod 7' ....7%n...,0™)
0, d¢® #0 (mod 7' ....7%nt . .. ™ L. C™)

dr’
dn”
Since the Cartan rank of 9D is 1, there exist 1-forms {w, @",..., @™} on
a neighborhood V' C U of x such that

d’ =wAw® (mod =',....7% o', ...0™)

From rank 9>D = rank 9D +m it follows that {7, 7%, w,@’(i=1,...,s, B =
1,...,m)} are linearly independent at each y € V. Then we have

Ch(dD)={r'=.. . =" =p'=.. =" =w=w'=... =™ =0},

Thus Ch (0D) is a subbundle of 9D of corank m + 1.
Now the structure equation for D implies

wAw’ = (mod =',..., 7% 0t ... o™ ¢t C™).

First of all, we claim: There exists no open neighborhood V' C 'V of x
such that w vanishes identically on V' modulo D*. Assume the contrary, i.e.
there exists V' such that wy» = 0 (mod ', ... 7% 0t ... ™ ¢t ... C™).
Then we may assume w = (!, so that

dn’ = (P AP (mod 7', ..., 7% 0", ...,0™)
Taking the exterior derivative of both sides of this mod equation, we obtain
0=d* A’ (mod 7', ..., 7% ', ..., 0™ CY).

Since {r’,7°, (', @’ = 1,...,5,8 = 1,...,m)} are linearly independent
and m > 3, we get

d'=0  (mod ... 70t . ™Y,

which contradicts the structure equation for D.

Now we divide the proof according to the dependence of w, modulo
Dt (z).

(1) w, Z0 (mod w1, ... 7%ty .. ™ ¢ C™).
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From w A @’ =0 (mod D), we have

w? =0 (mod 7',..., 750t .. ™ ¢ W),

Hence we have
m
wﬂzzaggv (mod ﬂl,...,ﬂs,nl,...,nm,w).
v=1

Since {7%,n°,w,@’(i =1,...,s,8 =1,...,m)} are linearly independent, it
follows that det(a?(z))# 0. Therefore

Ch(@D)={r'=.. . =1"=n'=.. . . ="=w=w'=...=0" =0} =

== . =r=pl=... =n"=(=...=("=w=0}CD.

Thus Ch (0D) is a completely integrable subbundle of D of corank 1, so
d¢® =0 (mod 7', ... 70t ... ,p™ L ..., (™ w). Hence we have

AP =wA0® (mod =',.. . .70t . . g™ CM),

Since rank 0D = rank D + m, {7, n% (?,w,0°(i = 1,...,5,8 =1,...,m)}
are linearly independent and the Cartan rank of D is 1.
(2) w, =0 (mod 7', ... 7w pt . ™ ¢ (™).

Since {7', 0%, w,@’(i=1,...,s, 3=1,...,m)} are linearly independent,
there exists 3y € {1,...,m} such that @® # 0 (mod D*(x)). We may
shrink our neighborhood V' of x so that @/ # 0 (mod D*(y)) for each
y € V. Then, from w A@w® =0 (mod D), we have

w=0 (mod ', ... .70t .. g™ w™).
Moreover we claim:
@ Nw® =0 (mod 7. 70t g™ ¢ MY,

holds on V' for each B € {1,...,m}.

In fact, for each y € V', we consider the following two cases.
(@) wy 20 (mod «*, ... .75t .. ™ ¢ ™).

From w A @’ = 0 (mod D*), we have w/ = Mw, (mod D*(y)).
Since A% £ 0, we get w, = )\wgo for A # 0. Hence wg A wgo =0 (mod
D*(y)), as desired.
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(b) w, =0 (mod 7, ...,7% 0t ... .op™ o ™).

Assume the contrary, i.e. that there exists v € {1,...,m} such that
@) Awl® #0 (mod D*(y)). Then we may take a neighborhood Vo C V' of
y so that

w) Aw® #£0 (mod D*(2)),

for each z € V. However w cannot vanish identically on 1}, as shown above.
Hence there exists a point 29 € Vj such that w,, Z0 (mod D*(z)). Then,
as in (a), we get @l Aw@® =0 (mod D*(z)), which is a contradiction.

Since {7’, 7, w,@’(i=1,...,s, 3=1,...,m)} are linearly independent,
we obtain

Ch(D)={r'=.. . =1"=p'=.. . ="=w=w'=... =" =0} =

== =r=pgl=. === == =0} CD.

Thus Ch (0D) is a completely integrable subbundle of D of corank 1. More-
over, as in (1), the Cartan rank of D is 1. This completes the proof of
Proposition. O

Remark 5.6. We cannot replace the Cartan rank 1 condition in the above
Proposition by the Engel rank 1 condition when m = 3, as the following
example shows: Let (2,22, 23yt y%, y3, 2%, a1, 2%, 23) be a coordinate system

of R. Let us take a coframe {n',n* n®, ¢, (?,¢3,60° 0%, 0% 03} as follows:
771 — le +y1d$o’ 772 — dZ2 +y2dy1, 773 — d23 —|—$Ody2,
Cl — dyl _ l’ldl‘o, CQ — dyQ _ :L’2dIO, C3 — dy3 _ ZL’Sd:UO,
0% = da0, 0" = da!, 0% = da?, 0% = da3.

We consider D = {nt =n* =03 = (' =(*> = =0}. Then we have

dnﬂ =0 (mOd 771777277737C17C27C3) f07n 6 = 172737
dCﬁ = 60 /\ 66 (mOd 771777277737<17<27C3) fOT 6 = 17273'
d?]l = Cl A 90 (HlOd 77177727 773>7
di? = (G +2%0°) A (¢ +2'0%) (mod n',n?,0P),
dn® =60°NC? (mod ', n? 7).

Hence we get
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oD ={n'=n=n*=0} , D=T(R),
Ch(@D)={n'=n*=n*=¢" = =0"=0}.

Thus, (R, D) is a 3-flag of length 2 such that the Engel rank of 0D is 1, but
Ch(0OD) is not a subbundle of D.

However, by Lemma 5.3, we can replace the Cartan rank 1 condition in
the above Proposition by the Engel rank 1 condition when m > 4.

By utilizing the above proposition repeatedly, we obtain

Theorem 5.7. An m-flag (R, D) of length k for m > 3 is a special m-flag if
and only if 9*~1D is of Cartan rank 1. Moreover, an m-flag (R, D) of length
k for m > 4 is a special m-flag if and only if 0**D is of Engel rank 1.

Proof. The ‘only if” part follows from the existence of the completely inte-
grable subbundle F' of 9*~'D of corank 1 for the special m-flag as in the
proof of Proposition 5.1.

For the ‘if” part, first, the proof of Proposition 5.1 shows the existence of a
completely integrable subbundle F of 8*~!1 D, which contains Ch (9*~1D). By
repeated application of the previous proposition, we obtain that Ch (9™ D)
is a subbundle of &°D of corank 1 for i = 0,...,k — 2. Thus we are left to
show that rank D = rank Ch (D) + m + 1.

Let us take defining 1-forms of D, 9D and Ch (9D) such that
OD={r'=...=1"=0}, D={r'=.. == =...=(" =0},
Ch(dD)={r'=...=7"=(=...=("=w=0}.

where s is the corank of D. Since Ch (0D) is completely integrable, we have
d¢*=0 (mod «',....7% ¢! ..., ("™ w), fora=1,...,m.
Therefore, there exist 1-forms {#',... 6™} such that

dn’ 0, (mod 7',... 7, ¢t ..., ¢™) fori=1,...,s,
¢ =wA0*, (mod w,... 75 ¢ ..., (™) fora=1,...,m.

Then, from rank 9D = rank D + m it follows that {n?, (* w,0%(i =

1,...,s,a=1,...,m)} are linearly independent. Hence
Ch(D)={r'=..=7n"=(=..=("=w=0"=...=0"=0}.

Thus rank D = rank Ch (D) + m + 1. This completes the proof of the

Theorem. ]
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Hence, by Theorem 4.2, we obtain the Drapeau Theorem for m > 3

Corollary 5.8. Let M be a manifold of dimension m+1. An m-flag (R, D)
of length k for m > 3 is locally isomorphic to (P*(M),C*) if and only if
0" 1D is of Cartan rank 1, and moreover for m > 4, if and only if 0* 1D is
of Engel rank 1.

6 Integrable subbundle of corank 1

Let (R, D) be a 2-flag of length 1. Then it can be shown ([5]) that there
exists a local coframe {n',n? 6°, 6,62} such that D = {n' = n* =0},

dnt =0°A0'  (mod n',n?),
dn* =60°AN6?  (mod n',n?).

Thus the Cartan rank of (R, D) is always 1 and we have the covariant system
F={n'=n*>=0°=0} of D of corank 1 (cf. [14]). As is well known, F is
not necessarily completely integrable.

As for a 2-flag of length 2, we observe that, in Example 5.4, putting m = 2,
we obtain the following structure equation for D = {n* = n* = (! = (? = 0},
where

ntdz' + ytda® — %(m0)2dx1, n? = dz* + ytdat
¢t =dyt + 2%d2t, %= dy? + 20da?, 00 = da®, 0! = dat, 67 = da?,

dn® =0 (mod n',n%¢'¢?) fo
=00 A6

dn' =¢ A0 (mod n',n?),
dn* =P A0Y (mod nt,n?).

Thus D = {n' = n? = 0} and the Cartan rank of 9D is 1, whereas Ch(9D)
is not a subbundle of D. This shows that the statement of Proposition 5.5
is false for m = 2.

To cover the case m = 2, we strengthen the hypothesis of Proposition 5.5
as in the following.
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Proposition 6.1. Let (R,D) be a regqular differential system such that
rank 02D = rank D + m and rank 0D = rank D + m. Assume that there
exists a completely integrable subbundle F' of 0D of corank 1, then Ch (0D)
is a subbundle of D of corank 1.

Proof. Let x be any point of R. By the rank condition, there exist linearly
independent 1-forms {7, % (?(i = 1,...,s,8 = 1,...,m)} defined on a
neighborhood U of x, where s = corank 9?D, such that

?D ={r'=...=m"=0},
oD ={r'=...=r=nl=... =9y =0},
D ={rl=...=n=pl=...=9g"=_=...=("=0}.

det =0, dn® #0 (mod =',....7% 7% ...,0™)
dn® =0, d¢® #0 (mod =',....75 0% . .., L. C™)

Moreover, since F'is a subbundle of 0D of corank 1, there exists a 1-form w
such that {#',... 7% n' ..., n™ w} are linearly independent and

F={r'l=... =r=p'=.. . =g"=w=0}

Since F is completely integrable, we have dn® = 0 (mod «*,..., 7% n', ...

n™,w). Hence there exist 1-forms {w?,..., @™} on a neighborhood V' C U
of x such that

d =wAw® (mod =*,....7% 7' .. .0™)

From rank 92D = rank D +m it follows that {7, 7% w,@?(i =1,...,s, B =
1,...,m)} are linearly independent at each y € V. Then we have

Ch(dD)={r'=.. =n"=n'=.. =" =w=w'=...=" =0} CF,

Thus Ch (0D) is a subbundle of F' of corank m.
Now the structure equation for D implies

wAw® =0 (mod 7',..., 750" o™ ¢ ™).
First of all, we claim: There exists no open neighborhood V' C 'V of x

such that w vanishes identically on V' modulo D*. Assume the contrary, i.e.
there exists V' such that wy» = 0 (mod =*,.... 7% 0t ... op™, ¢t ... C™).
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Then we may assume w = ¢! on V’. Since F is completely integrable and
F={nl=...=n"=pl=...=n"=("'=0}, we get

d¢*=0  (mod «',..., 7% 0t ... 0", (),

which contradicts the structure equation for D.

The rest of the proof is quite similar to that of Proposition 5.5, hence it
is omitted. N

The above proposition is also obtained independently by Adachi [1].
By utilizing the above proposition repeatedly, we obtain

Theorem 6.2. An m-flag (R, D) of length k is a special m-flag if and only
if there exists a completely integrable subbundle F' of 0*'D of corank 1.
Moreover, F is unique for (R, D).

Proof. The ‘only if’ part is trivial. For the ‘if’ part, by repeated application
of the above Proposition, we obtain that F' > Ch (0*~1D) and Ch (0"*1D) is
a subbundle of &°D of corank 1 for i = 0,...,k—2. Thus we are left to show
that rank D = rank Ch (D) +m + 1, but the proof is the same as in Theorem
5.7. The uniqueness of F follows from Theorem 4.2. n

Hence, by Theorem 4.2, we obtain the following Drapeau Theorem for
m > 2.

Corollary 6.3. Let M be a manifold of dimension m+1. An m-flag (R, D)
of length k is locally isomorphic to (P*(M),C*) if and only if there exists a
completely integrable subbundle F of O*'D of corank 1.
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The formal orbital normal forms for the nilpotent
singularity. The case of generalized saddle
Fwa Strézyna !

1 Introduction
Takens [Ta| began the study of germs of vector fields of the form
T=y+..., y=... (1.1)

where dots denote non-linear terms. Such singularities are called nilpotent
or Bogdanov-Takens singularities. In this paper the situation with complex
equations, i.e. (z,y) € (C?,0), and complex time is considered.

Takens had shown that there exists a formal change of coordinates x,,
which reduces (1.1) to

t=y+a(xr), y=>b(x) (1.2)

where a(z) = a,2" + a, 2™ 4+ ..., 1 > 2 and b(z) = by_y2¥ + bex® +

.., § > 3 are formal power series. The form (1.2), which is called Takens
prenormal form, is not the final normal form with respect to the orbital
equivalences.

The systematic study of complex nilpotent singularities from the orbital
classification point of view has begun with the works of Cerveau and Moussu
[CeMo], Elizarov et al. [EISV], Loray and Meziani [Lo,LoMe,Me] and Strézy-
na and Zotadek [StZol,St,StZo2]. In particular, in [Lo,StZol] a complete
formal orbital normal form was obtained for the case s < 2r (with a,bs; # 0),
called generalized cusp. In [St] a complete formal orbital normal form was
obtained for the case 2r < s, called generalized saddle-node. This short
article is devoted to present the main results of the paper [StZo2] considering
the orbital classification of nilpotent singularities in the remaining case

s =2r

called generalized saddle.

'Faculty of Mathematics and Information Science, Warsaw University of Technology,
P1. Politechniki 1, 00-661 Warszawa, Poland, e-mail: strozyna@mini.pw.edu.pl
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2 The results

Let Vi = (y + az")d, + ba*" 19, be a two-parameter family of vector fields,
le.

t=y+ar", y=>br*? (2.1)
in the complex space. We assume that (a,b) € C?\ (0,0).

Applying the orbital change + — ax, y — By, dt — ~dt, we find a new
system

By

boé27“71,y
i = er 1
[0

r—1 r .
yt+aa yr, oy =
g

and assuming v/« = 1, we get a change

(a,b) — (va,v?b), v e C*.
Therefore we shall treat the system (2.1) as parametrized by the elements
[a : b] of the one-dimensional weighted projective line CP! := (C?\ (0, 0))/C*

(with the C*-action as above). The representatives of the orbits C* - [£ : 7]
can be chosen, for example, as follows:

wo={ G R e

(this section is not continuous at the point [0 : 1]).
Putting z = " and dividing by 2", we get from (2.1) the linear system

Z=raz+ry, y=>bz (2.3)

We call (2.3) principal linear system.
Its eigenvalues are equal

Ao = g <a + a2+ 4b/r>

Their ratio

N 8~ Va+4b/r

a++/a?+4b/r

is an algebraic function on CP).
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Proposition 2.1
The critical point z =y = 0 of the system (2.3) is:
1. a (k : l)-resonant node (A =%, k,1 € N) iff

la:b] =[(k+1): —Fkir];

2. a (k: —1)-resonant saddle (A = —%) iff

la:b] =[(k—1): klr];
3. a focus (N € R) iff

CL2

T €C\ (=00, 2]\ [,00);

4. a non-resonant node iff

a2
?<—§, la:b] #[(n+1): —pr], peQqQ;

5. a non-resonant saddle iff

2
0< G [osl#[ut1): ). peQ
6. a saddle-node (A =0) iff

[a:b]=1[1:0].

Note that the case A = —1 corresponds to a = 0, i.e. the generalized cusp
case; we can treat it as a particular case of a saddle.

Definition

Two germs V,V' of analytic vector fields in (C%,0) are formally (ana-
lytically) orbitally equivalent iff there is a formal (analytic) diffeomorphism
G of (C%)0) transforming the phase curves of V to the phase curves of V'.
This means that there is a formal (analytic) function 1, ¥(0) # 0 such that
V-V =GV og.

In the following theorems there is a classification of vector fields of the
form

V=Vi+W (2.4)
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where Vp is given in (2.1) (with the parameters a,b defined by the agree-
ment (2.2) and W is of higher order with respect to the quasi-homogeneous
gradation deg defined by

degr = —degd, = 1, degy = —degd, =r

Thus degVy = r — 1.
Denote also
Ey = 20, + ry0, (2.5)

the quasi-homogeneous Euler vector field.

Theorem 2.2

Assume that V' in (2.4) is such that the principal linear system (2.3)
corresponding to Vi is either non-resonant (cases 3, 4 or 5 of Proposition
2.1.) or a (k :1)-resonant node with k,1 > 1, gcd(k,l) = 1.

Then it is formally orbitally equivalent to one of the following orbitally
non-equivalent fields:

(i) Vig or

(i) the field

Vi + 2' (1 + ¢(2))0, (2.6)

where t # 0 (mod ), t > r and

$la)= > ap’ (2.7)

j#—t (mod r)

is a formal power series, $(0) = 0.

Two wvector fields V' and V' of the form (2.6) with exponents t,t'" and
series ¢, ¢ are orbitally equivalent iff t = t' and ¢'(x) = ¢(ax) for some
constant « satisfying o'~" = 1.

Theorem 2.3
Assume that the principal linear system (2.3) is a (k : 1)-resonant node.

Then V is formally orbitally equivalent to one of the following orbitally
non-equivalent fields:
(i) Vi or
(i) the field
V= Vi + a0, (2.8)
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fork>1 or
(i11) the field
V = Vg + cx* 0, + 2'(1 + ¢(x))0, (2.9)

where t 0 (mod r), t >r, c=0 fork=1 and

o(z) = > a;r’
j#—t (modr),
j# ke
Two vector fields of the form (2.9) with parameters c,c’, exponents t,t'
and series ¢(x), ¢ (z) are orbitally equivalent iff t = t', ¢ = o* V¢ and
&' (x) = ¢(ax) for some a satisfying o'~ = 1.
The field V' with formal orbital forms: Vi fork =1, (2.8) and (2.9) with

¢ # 0 have only one analytic separatriz.

Theorem 2.4

Assume that the principal linear system (2.3) is a (ko : —lp)-resonant
saddle with ged(ko,ly) = 1.

Then V 1s formally orbitally equivalent to one of the following orbitally
non-equivalent fields:

(7,) VH or
(ii) the field (2.6) with t # 0 (mod 1), t > r and

o(x) = Z a;x’

j+t (modr)#0,
j+t (modrg)=m,
j (modrg)#0

where ro = (ko + lo)r or

(iii) the field (2.6) with t = r 4+ ngro for some integer ny and

¢(x) - anomxnom

or

(i) the field (2.6) with t = r + nore and

_ noTo jo E j
¢($) = Qnorod + ajoxj + ajxj
J > Jo
j (modr)#0
J # jo +mnoro
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where aj, # 0 for some jo > 0, jo # 0 (mod r).

Two vector fields V = Vi + 2t (1 +¢(2))0, and V' = Vi + 2t (1+¢'(2))0,
are orbitally equivalent iff t = t' and ¢'(x) = ¢(ax) for some number «
satisfying ot~ = 1.

3 The resolution of the singularity and the
method of the proof

The resolution of the singularity x = y = 0 of the (formal) vector fields
described in Theorems 2.2-2.4 uses the quasi-homogeneous blowing-up, which
means rewriting the vector field V' = Vi + W (see (2.4)) in the variables
r,u = y/x" and division by 2"~!. We get the system

i=x(u+a)+ 0@, 4=>b—aru—ru®+O() (3.1)

(—a £ \/a® +4b/r).

We have the singular points p1o2 : 2 =0, ©u = u1 = %
Since b # 0, we have u; o # 0, 00.

The case p; = py occurs when a? + 4b/r = 0, which corresponds to the
(1 : 1)-resonant node in the principal linear system (2.3). The singular point
p1 = p2 is a saddle-node for the system (3.1). Its center separatrix is x = 0
and its strong separatrix takes the form u = —§ 4 O(r) and is analytic. It
is known that a saddle-node can have at most two analytic separatrices.

In the case a? + 4b/r # 0 each point p; o has the following eigenvalues:
M(p12) = 2(at/a® + 4b/r) in the z-direction and Aa(p12) = Fry/a® + 4b/r
in the u-direction. When the principal linear system is non-resonant, the
corresponding ratios A(p12) = (A2/A1)(p1,2) are also not rational.

In the resonant cases [a : b] = [(k + 1) : —klr], k > |I| and [ positive or
negative, we have A(py) = @ and A(p2) = (]C_Tl)r

In the case of resonant saddle of the principal linear system (I < 0) the
points p; o are also saddles, each with two analytic separatrices.

In the case of resonant node of the principal linear system (0 < [ < k)
the point p; is a saddle, while py is a ((k — [)r : [)-resonant node. When
| = 1 the ratio A\(p2) = (k — 1) is natural. It turns out that the term cz*"9,
in the vector field (2.9) gives the resonant term —rcuyz* =979, in the local
expansion of the vector field (3.1) near py. Its presence causes local non-
linearizability of (3.1) near p, and absence of separatrices (different from the
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divisor = 0) of the point ps. More precisely, let us write (3.1) in the form

du  —r(u—up)(u—up) —rea™ D4 .
dr r(u+a+ cxk=Dr 4 )
and look for a separatrix in the form u = uy + dz®*~Y" + ... Substituting

it into the above equation gives the following contradiction: d(k — 1)r =
(Aed—rcuy) /A1 in the coefficients before z(*~V7=1 (this explains the statement
about the absence of two separatrices in Theorem 2.3.).

In the other cases of resonant node of the principal linear system there are
two possibilities: either A(p2) ¢ N and there exists a separatrix or A(pz) € N
(e.g. when [|r) and it is not obvious whether the point p, has non-trivial
analytic separatrix.

In the case of generalized cusp the formal normal form was proved in
[Lo,StZol] in two different ways. In [St] another, direct, method was used in
the case of generalized saddle-node (i.e. b = 0 in (2.1)). It turns out that
only the method from [StZol] is general enough to give a unified proof of all
Theorems 2.2-2.4.

The orbital changes rely on an application of conjugations

V — Pv(Z) = (Adexpz)*v

and multiplications
V- (1+x)V

Here Z = Z,0,+ Z50, is a vector field (formal or analytic), exp Z is the phase
flow diffeomorphism (after time 1) and y is a function (formal or analytic).
Note that if Z is parallel to V, Z = k(x,y)V, then the map exp Z pre-
serves the phase portrait of V' and the field Py (k1) is also parallel to V. In
order to avoid this ambiguity, one uses the notion of a bivector field intro-
duced by Bogdanov [Bo].
If V.=V10, + V»20,, then define the bivector filed

ZAV =Q0, A,

where 2 = V5,71 — Vi1 Z5. One can say that 2 measures the component of Z
transversal to V. If 2 = 0 and V has isolated singularity, then Z = kV for
some function k.

This suggests that one should consider the map

_ PrZ) AV

A
9y A0,

(3.2)
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from the space (C[[z,y]])? of formal vector fields to the space C[[z,y]] of
formal functions. Since the map Z — Py (Z) is non-linear, the map (3.2)
cannot be factorized to a map from C[[z,y]] to Cl[[x,y]]. But the linear part
of Py (-) is equal to —ady () and we a have well defined linear map

adVZ ANV

Q=—
Lv 8, NO,

QO=ZANV

In [StZol] it is shown that
LyQ=Q—divV -Q

where Q = V(Q) = 0Q/0V.

Theorems 2.2-2.4 can be proved using only the linear operator Ly. Of
course, one shall use also the quasi-homogeneous gradation deg and eliminate
recursively the terms of growing quasi-homogeneous degree.

If U = U,0, + Uy0, is the part of V' ("transversal” to V'), which should
be reduced, then we have bivector homological equation

UAV
)

Having solved the bivector homological equation, one gets some function
). Having the function €2, one finds the vector field from the equation Z; V5 —
ZoVi = Q; assuming Vi =y +ax” + ..., Vo = ba? ! + ... it can be noticed
that the solution exists (provided that the expansion of Q begins with the

LyQ+0 =0, where O =

(3.3)

terms of degree gég > r + 2). The application of (Adexpz)«V eliminates
U, leaving only the terms of the form o(z,y)V. The latter can be reduced
using the multiplication (1 — ¢)V. The terms non-linear in Z are of higher
quasi-homogeneous degree and are eliminated in the further steps of recursive
process.

The above short explanation shows that the key of the orbital normal
form reduction is the solution of bivector homological equation (3.3). The
whole algorithm of reduction is divided into three general steps. The first
is to approximate the homological operator Ly by Ly, , determine its kernel
in C|[z,y]] and a subspace complementary to its image. Next, using the
operator Ly, 1,ts, to 2's from ker Ly, one reduces some additional terms
(here 20, is the first term not reduced in the previous step). In the third
and last step one uses the operator Ly, 45, +const-zua, i a similar way. This
finishes the short sketch of the proof; the complete proof can be found in
[StZo2].
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Surfaces which contain many circles
Nobuko Takeuchi !

1 Introduction

”A sphere” is a familiar shape. Most people would describe a sphere as a
round object. A sphere always looks round, as we know. But there is a
question whether a shape which appears round from any angle is always a
sphere?

2 Two analyses of shapes which always look
round

Part I: If one standing in any position is able to see the object in question
as a circular form, then one may decide that the object is a sphere.

B

A

Circular cones may be used to distinguish whether the object in question
is in fact a circular form. Then the vertex of the cone may be applied at
every point. One may also use circular cylinders, if the object in question is
examined from a distance.

We already know that an object which only looks round from limited
positions may not be called a sphere, such as an ellipsoid of revolution.

Department of Mathematics, Tokyo Gakugei University, Koganei-shi, Tokyo, 184-
8501, Japan, e-mail: nobuko@Qu-gakugei.ac.jp
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Professor Shigetake Matsuura dealt with this problem in his 1980-1981
articles published in Japanese in the Tokyo-based Japanese mathematical
journal called Suugaku seminar. He concluded that only shapes which appear
circular from every angle are spheres.

Part II: If a circle in E? of any given radius can be pasted perfectly in any
position on the object in question, then one may decide that the object is a
sphere.

During the war, the Japanese military used cannon balls. The balls needed
to be perfect spheres, that is objects which may be viewed as circular from
any angle in order to function properly. If they were not perfect spheres,
they would fail to hit their target. Only perfect spheres proved to be useful
weapons. Subsequently, the military developed a methodology for examining
the shapes of the newly made balls. They would paste multiple circles onto
the surface of the ball in question. If a circle could be placed on any part of
the ball’s surface and fit properly, they would conclude that the ball was a
perfect sphere and thus include it in their weaponry supplies.

A\

We know that a sphere in E? is characterized as a closed surface which
contains an infinite number of circles in £ through each point. But we do
not know a surface other than a sphere or a plane which contains many circles
through each point of it.

In the following figures, (n) is the number of circles through a point P on
the surface.
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3 Conjectures and theorems

In 1980, Richard Blum found a closed C'*° surface of genus one which contains
six circles through each point, and he gave a conjecture:

Conjecture 1 (R. Blum) A closed C* surface in E* which contains seven
circles through each point is a sphere.

However he did not produce original affirmative theorems for this conjec-

ture.
In 1984, Koichi Ogiue and Ryoichi Takagi showed that
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Theorem 3.1 (K. Ogiue and R. Takagi). A C™ surface in E> is (a part
of ) a plane or a sphere if it contains two circles through each point which are
tangent to each other.

Additionally, drawing from the fact that an ellipsoid contains two circles
through each point except only at four points, they postulated that

Conjecture 2 (K. Ogiue and R. Takagi) A simply connected complete
O surface in E3 is a plane or a sphere if it contains two circles through
each point.

We have the following partial affirmative results toward conjectures 1 and
2:

Theorem 3.2. A simply connected complete C* surface in E is a plane or
a sphere, if it contains three circles through each point.

Theorem 3.3. A C™ surface in E® is (a part of) a plane or a sphere if
it contains three circles through each point, any two of which are tangent to
each other or have two points in common.

p

Theorem 3.4. A closed C* surface of genus one in E3 cannot contain seven
circles through each point.

Our next theorem usefully demonstrates the theories of our forefathers in
their testing of the functionality of cannon balls used during the war.

Theorem 3.5 (K. Ogiue and N. Takeuchi). A smooth ovaloid in E® is a
sphere if the surface contains a circle of an arbitrary but fixed radius through
each point.

4 Examples of surfaces which contain many
circles

Example 1 (Hulahoop surfaces) A hulahoop surface is a smooth surface
obtained by revolving a circle around a suitable axis.

164



BN
Q

Let vy(a,b,r), r > 0 be a circle on the xy-plane defined by
(6= )t + (y— b =2

and let v(a,b,r, ) be the circle obtained by tilting v(a,b,r) around the dia-
meter parallel to the x-azxis by the angle o, —5 < a < 5. It is easily seen
that vy(a,b,r,a) is given by

xr=a-+rcosf
y=0b+rcosasinf

z =rsinasinf

Let H(a,b,r,a) be the surface obtained by rotating v(a,b,r,«) around the
z-axis. Then it is easily seen that H(a,b,r,«) is a smooth surface if and
onlyifa=>b=0and o =% ora#0 and (a® —r?)cos* a4+ b*> # 0. We
see that H(0,0,r, %) is a sphere and otherwise H(a,b,r,a) is topologically a
torus. Note that H(a,b,r,a) contains at least two circles through each point,
one is latitudinal circle and the other is a rotated v(a,b,r,«). We denote
v(a,b,r,a) ~ y(a,b, T, @) when two circles are congruent under the rotation
around the z-axis. For example, v(a,b,r,a) ~ y(—a,—b,r,—a). It is clear
that if y(a,b,r,a) ~ ~y(a,b,7, @), then H(a,b,r,a) = H(a,b,7,@). We see
that H(a,b,r,a) is obtained by revolving the curve on the xz-plane defined
by

z = +/(a+7rcosf)? + (b+rcosasinf)?
y=20

z = rsinasinf
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and hence that H(a,b,r, «) is defined by the equation

4b «
<£L‘2 + y2 + 22)2 — si(fs (1’2 + y2 + 22)2 — 2(a2 + 0%+ 7’2)(3:2 + y2)
2a? + 2b% cos? 4b
2(@2 22 a CoS a)zQ cos.Oz(a2 B2 7’2)2:

sin? o

+(@® 4+ b* + 1) — 4a®r® =0

Then, we can see a hulahoop surface which is not a sphere contains exactly
four or five circles through each point.

Theorem 4.1. A compact smooth surface of revolution which contains at
least two circles through each point is a hulahoop surface.

Corollary 4.2. There exists no compact smooth surface of revolution which
contains exactly k circles through each point for k =2,3,6,7.

Corollary 4.3. A compact smooth surface of revolution which contains ex-
actly four circles through each point is an ordinary torus.

Example 2 (Blum'’s surface) R. Blum’s surfaces are defined by a quartic
equation of the form:

(23 + 23 + 23)? — 20127 — 2a75 — 2a3735 +a =0, (a; > ag > 0,a3 < —/a)
They contain exactly four (if ay = ag, a3 = —/a), five (if a1 = as,a3 #

—Va,or if ay # as,a3 = —+/a) or siz (if ay # as, a3 # —/a) circles through
each point.

166



Furthermore, we must recognize the fact that cyclides contain many cir-
cles.

Example 3 (Cyclides) A cyclide is a surface in E® defined by a quartic
equation of the form:

3 3 3
(] + 23 + 23)* + 2(23 + 25 + 73) Z bix; + Z a;;x;T; + 2 Z a;x;+a=0
i=1 ij=1 i=1

An ordinary torus gives a typical example and quadratic surfaces are con-
sidered as singular examples. A closed C*> surface of genus one which con-
tains six circles through each point, found by R. Blum, is also one of cyclides.

Subsequently we developed the following theorems.

Theorem 4.4. A non-singular cyclide is conformally equivalent to a cyclide
of the form:

(2] + 73 + 23)* — 20127 — 2a975 — 2a375 +a =0 (a # 0)

which is topologically a torus, a sphere or two spheres. A cyclide with singu-
larities s conformally equivalent to a quadratic surface.

Theorem 4.5. A cyclide contains n circles through each non-umbilic point
and n — 1 circles through each isolated umbilic point unless it is a sphere or
a pair of two spheres, where n =1,2,3,4,5 or 6.
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The Euler number of the normalization of a certain
hypersurface with quasi-ordinary singularities
Shoji Tsuboi ! 23

Abstract

In [T2] and [T3] we have proved a numerical formula which gives
the Euler number of the (non-singular) normalization X of an alge-
braic threefold with ordinary singularities X in P4(C). In the proof
of this formula, we have used a Lefschetz pencil of hyperplane sections
on X, and calculated the Segre classes of the singular subscheme of
X in order to compute the class (number) of X, i.e. the degree of
the top Mather class of X in P*(C). In this article we will show that
this method also works for a wider class of hypersurfaces in P*(C) to
compute the Euler number of their normalizations.

1 An example of a hypersurface with quasi-ordinary

singularities in P*(C)

Let H; (1<i<3) be non-singular hypersurfaces of degrees r; (1<i<3), re-
spectively, in the complex projective 4-space P4(C) such that they are in
general position at every point where they intersect. Let f; (1<i<3) be the
homogeneous polynomial of degree r; which defines the hypersurface H;. We
may assume r; > ry > r3 because of symmetry. We choose and fix a positive
integer n with n > 2r; + 2r,. Let X be a hypersurface in P4(C) defined by
the equation

F = Afifofs + B(f1f2)? + C(fafs)* + D(f3f1)* =0, (1.1)

where A, B,C and D are homogeneous polynomials of five variables of re-
spective degrees n—ry —ro—r3, n—2r; —2ry, n—2ry—2rg and n—2r3—2r;.
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We put DY = H, NH; (1<i < j<3) and Dy = Uy<icjzs DY, Then,
by Bertini’s theorem, X is non-singular outside D if we choose sufficiently
generic A, B,C and D.

Proposition 1.1. If the homogeneous polynomials A, B,C' and D are chosen
sufficiently generic, then X is locally isomorphic to one of the following germs

of three-dimensional hypersurface singularities at the origin of C* at every
point of X :

(1) w= (simple point),
it) zw =0 (ordinary double point),
i) yzw = (ordinary triple point),

z'v) :L”y2 —22=0 (cuspidal point),
2 2 2 _ . . .
v) (zy)® + (yz)° + (zx)* + xyzw = 0 (degenerate ordinary triple point),

where (x,y,z,w) are the coordinates on C*.

For the proof we refer to [T1].

2  The singularity (zy)*+ (y2)? + (22)* + zyzw =0

We consider the following affine threefold:
C'OT: f:=(zy)*+ (y2)* + (22)* + 2yzw = 0 (2.1)

where (z,y, z,w) are the coordinates on C*. As shown in [T1], T has an
ordinary triple point at (0,0,0,w) if w # 0. Hence, we may think of the
singularity (7,0) of T at the origin of C* as a degenerate ordinary triple
point.

Normalization: Let

P}(C)DS: fi=(2y)* + (y2)* + (22)* + 2yzw = 0 (2.2)

be the hypersurface in P3(C), defined by the same polynomial f that defines
T'. This surface S is classically known as the Steiner surface. The surface S
is obtained by projecting P?(C) embedded in P°(C) by the 2-fold Veronese
map to P3(C). Indeed, if we denote by V the image of P?(C) in P5(C) by
the map v : P?(C) — P5(C) defined by

(§o:&:&) € P2(C) = (5(2) : 5% : fg 1 &oér o &16)
=(To:T1:T2:Yo:Y1:Y2) € PS(C),
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then the surface S coincides with the image of V' by the linear projection
p: P°(C) — P3(C) defined by

(o 1@y 1 @21 yo Y1 1Y) € PS(C) = (Yo Y1y —(@0 + 1+ 22))
=(z:y:z:w)€PC). (2.3)

Applying the calculation similar to that in [T1], we can see that S is an
algebraic surface with ordinary singularities, whose singular locus Dy is {x =
y=0}U{y =2 =0}U{z =2 = 0}, and that S has one ordinary triple
point at [0 : 0 : 0 : 1], six cuspidal points at [0 : 0 : £2 : 1],[0 : £2 : 0 :
1],[£2 : 0 : 0 : 1], and ordinary double points at other points of Dg. We
denote by Cg the cone over S, which is nothing but 7. We denote by C\y
the cone over V. Since V' is a non-singular, projectively normal subvariety in
P5(C), (Cy,0) is a normal singular point (cf. [H], Exercise 3.4 (e), p.394).
Hence, if we denote by p : C® — C* the linear projection induced by p :
P°(C) — P?(C) in (2.3), and by n : Cy — Cs(= T) the restriction of
p to Cy, then n : Cy — Cg gives the normalization of (7),0). (Cy,0)
becomes non- smgular after a single blowing-up. Indeed if we denote by 7
the blowmg up C6 — CS at the origin of CS, CS can be identified with
[Hps(c)) ™', where [Hps(c)] denotes the line bundle on P?(C) determined by

a hyperplane Hps(c) in P°(C). Furthermore, the proper inverse image Cy of
Cy by 7 (resp. the exceptional divisor E := 771(0)) can be identified with
[Hps(c)]ﬁ/l ~ [Hpz(c)) 72 (resp. the zero cross-section of the line bundle L :=

[Hp2(c)] 2 on P?(C)), where [HPS(C)]‘_Vl denotes the restriction of [Hps(c)] ™
to V. From this fact, it follows that E? = —2Hp2(c), where Hpz(c) denotes
a hyperplane in P?(C).

Theorem 2.1. (Cy,0) is
(i
(i

) rational, and so Cohen-Macaulay,
)
(iii) Gorenstein of index two,
)
)

“rigid” under small deformations,
(iv) terminal, and so canonical,

quasi-ordinary, that is there is a finite morphism (Cy,0) — C? whose
branching locus is contained in the hypersurface of C* defined by x12273
= 0, where (z1, 2, x3) denote the coordinates on C3

(v
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Proof: Here we give only the proof of the assertion (v). For the proofs
of the rest of the assertions, we refer to [T1] and [T4]. Let X (n, k) := C"/uy,
where py, is the cyclic group of k—th root of 1, acting by € : (21, ,x,) —
(exy,- -+ ,€exy,). Then the affine cone over the k—fold Veronese embedding of
P"~1(C) is isomorphic to X (n, k). The map

C" > (xq,--- ,xn)—>(x’f, ,xfl)GC”

factors through X (n, k) and induces a quasi-ordinary projection X (n,k) —
C". Since (Cy,0) is isomorphic to X (3,2), it is quasi-ordinary. O

Hypersurface section: Let

C4 > H: w:f(l',y,z),
cé - p*H : x0+x1+$2+f(yoayl792):07

where f is a sufficiently generic holomorphic function defined in a small open
neighborhood of the origin with f(0,0,0) = 0, and p is the linear projection
C% — C* induced by p : P5(C) — P3(C) as before. Let

TNH : (2y)*+ (y2)* + (22)* + zyzf(x,y,2) = 0,
Cy Np*H : the intersection of Cy with p*H.

Proposition 2.2. (CyNp*H,0) is normal, and 50 picyrpu : (CyNp*H,0) —
(T'N H,0) gives the normalization of (T'N H,0).

Proof: Since x¢ + 21 + x2 + f(yo,¥1,y2) is a non-zero divisor in Oc¢,, o,
Prof Ocyoprro = Prof Oc, 0 — 1 = 2. Hence (Cy Np*H,0) is normal. O

Proposition 2.3. (T'N H,0) becomes a surface with only ordinary double
points by the blowing-up at the origin, and a generic hypersurface section of
(T'N H,0) is an ordinary quadruple point of a curve.

Proof: The tangent cone Co(T' N H) to T N H at the origin 0 of C* is
given by

(w9)? + (92)? + (22)° + 2yz(az + by + 2) = 0, (2.4

where a, b, ¢ are sufficiently generic complex numbers. We denote by C the

curve in P?(C) defined by the equation (2.4). By Bertini’s theorem, the curve
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C is singular only at the three points [1:0:0], [0:1:0] and [0: 0 : 1], if
we take sufficiently generic complex numbers a, b, c. Furthermore, we may
assume that these are ordinary double points. Therefore, since Co(T'N H) is
the cone over C, the assertion follows. O

Proposition 2.4. Cy Np*Cy(H) is isomorphic to the cone over the twisted
rational curve of degree 4 in P4(C).

Proof: Since the defining equation of p*Co(H) in C® is zg + z1 + 22 +
ayo + by, + cy; = 0, the tangent cone Cy(Cy Np*H) to Cy Np*H at the origin
0 of CS is given by

CyNp*Cy(H) = CVﬂﬁ*m’ (2.5)
where Cy(H) denotes the hyperplane in P*(C) defined by Cy(H). Note that
p*Co(H) is nothing but the hyperplane in P5(C) defined by p*Co(H). The
pull-back of VNCy(H) by the 2-fold Veronese embedding v : P3(C) — P?(C)

1S

Cq : Q(&0,&1,&) = &o + &1 + & + aoéy + bEpéa + c&i1& = 0.

We may assume that the quadric Cg is non-singular, since the complex
numbers a, b, ¢ are sufficiently generic. Then there exist quadratic forms
po(s,t),p1(s,t), pa(s,t) of two variables s,t so that if we define the 2-fold
Veronese map u from P1(C) to P?(C) by

(s:t) € PYC) = (pols,t) 1 pa(s,t) : pals,t)) = (§o : &1 : &) € P(C), (2.6)

then the image of P!(C) by the map u coincides with the quadric Cg. The
quadratic forms p; (0<i<2) satisfy

p% + pf + p% + apop1 + bpop2 + cpip2 = 0, (2.7)

and the composite map v ou : P!(C) — P°(C) gives rise to an isomor-
phism between P!'(C) and V Np*Cy(H) in P?(C). The relation among p;p;’s
(0<i<j<2) in (2.7) is the only one linear relation among p;p;,’s, because the
existence of another linear relation among p;p;’s linearly independent of (2.7)
would contradict the fact that the map « in (2.6) is an embedding. Therefore

V Np*Cy(H) is isomorphic to the image of P(C) into P*(C) by the 4-fold
Veronese map. Then we are done because of (2.5). O
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3 Lefschetz pencil on X and Euler number of the nor-

malization of X

Lefschetz pencil on X: Throughout this section we denote by X an irre-

ducible hypersurface in P4(C), which is defined locally at every point of X
by one of the equations from (i) through (vi) in Proposition 1.1 with respect
to a suitable local holomorphic coordinate system (x,y, z, w). We denote by
D the double point locus (surface) of X, i.e. the singular locus of X, by T
the triple point locus (curve) of X, by C the cuspidal point locus (curve) of
X, and by £g the quadruple point locus of X. Let P be a 2-dimensional
linear subspace of P4(C) such that Cy, := P, N X is an irreducible curve
with ordinary double points in P, ~ P?(C). Let P be a 1-dimensional linear
subspace of P*(C) situated in twisted position with respect to P, i.e. the
linear subspace L(P,, P) generated by P, and P coincides with P4(C). Let
7 : X\ Cy — P be the linear projection with center Cy,, i.e., 7(x) := H,NP
for # € X \ Cs, where H, = L(x, Py,) is the hyperplane generated by x and
Po. We put Xy := HyNX for A € P and put £ : = U/\€P7,\, which is a
linear pencil on X with the base point locus Bs(£) = C. Let ng: X — X
be the normalization map, and £ := | J,.p X\ the pull-back of £ to X by ny.
By use of the argument similar to that in [T2], we obtained the following:

Proposition 3.1. If we take P, sufficiently general, then there exists a finite
set of points Q := {A1,--- , A\;} of P such that:

(i) Xy, contains only one quadruple point of X, which we denote by Qy,
and X, = n;(Y,\i) is non-singular outside n; (@y,) for any i with
1<i<q.

(ii) X contains no quadruple point of X for any point A € P\Q.
(iii) There exists a finite set of points {u1, -+ , .} of P\Q such that:

(a) X, := n%l (X)) is non-singular for A\ € P\Q with A # u; (1<i<c),
and

(b) X,, is a surface with only one isolated ordinary double point which
is contained in X \n"1(Cy) for any i with 1<i<c, where c is the
class (number) of X in P*(C), i.e. the degree of the top polar
class [Ms) of X in P*(C).
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In the sequel we assume that the linear pencil £ := | AeP X, is such as in
Proposition 3.1. Then the linear pencil £ := |J,.p X}, the pull—back of L :=
Uyep X to X by the normalization map ny : X — X, has Co :=n"1(Csy)
as its base point locus. Let o : X — X be the blowing-up along (s, and
L= User X, the proper inverse of £ := J,.p Xx. Then L glves a fibering
of X over P ~ P1(C). Therefore the Euler number X(X ) of X is given by

(&) = PUCHXE) + D Xn) = x(X) + D (x(XK,) — x(Xn)

where X » and X, denote generic members of L and £ respectively. Here
the second equality above follows from the fact that a topological 2-cycle
vanishes when A — p; for j =1,--- ,c. We put F := 07 !(C). Then, since
X\ E~X\Cs,

X(X) = x(X) = x(E) - x(Cx)
X(PY(C))x(Coo) = Xx(Cuo)
X(Cxo)

Hence,
X(X) = 2x(X)) = x(Co) —c+ > _(X(X,) — x(X1)). (3.1)
Since X, is the normalization of a surface with ordinary singularities X, in
P3(C), by the classical formula,
(X)) = n(n?* —4n +6) — (3n — 8)m + 3t — 27,

and, since Cy is the normalization of the plane curve Co, whose degree is
equal to n and has m ordinary double points,

X(Coo) =2—-29(Cs) =2—(n—1)(n—2) + 2m,
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where n:=deg X, m:=deg D, t :=degT and v := deg C.

Lefschetz pencil on S: In the sequel we denote by S one of 7,\j, (j =
1,--+,q), i.e. an irreducible hypersurface in P3(C) which is locally isomor-
phic to one of the following germs of two dimensional hypersurface singular-
ities at the origin of C? at every point of S:

(1) z = (snnple point),
(Zl) (ordinary double point),
(ZZZ) xyz = O (ordinary triple point),

(iv) 2y’ — 22 =0 (cuspidal point),
(v) (x ) (yz) + (Zx)2 + xyzé(z,y,2) =0 (confluence of three ordinary
double pomts),

where (z,y,2) are the coordinates on C3, and ¢ is a sufficiently generic
holomorphic function defined in a small open neighborhood of the origin
with ¢(0,0,0) = 0. Furthermore, S has the singularity (v) at just one point.
We denote by ng : S — S the normalization of S. Similarly as in the case of
X, we have the following:

Proposition 3.2. There exists a linear pencil of hyperplane sections Ls =
User Sx (P~ PY(C)) on S, satisfying the following conditions:

(i) The base point locus Bs(Ls) is n distinct points (n := deg X).
(ii) There exists just one point \g € P such that:

(a) Sy, is a plane curve of degree n, having only one ordinary quadru-
ple point, which we denote by q,,, and m—4 ordinary double points
(m := deg D) as singularities, and

(b) Sy :=ng 1(Sy,) is mon-singular outside ng Y(@y,)-
iii) There exists a finite set of points {1, -+ , pee} of P —{ o} such that:
S
(c) Sy := ngl(gA) is non-singular for any A € P — {\o} with X\ # 1,
(1<i<cg), and

(d) Sy (1<i<cg) is a curve with only one ordinary double point which
is not contained in S\ngl(Bs(L’g)), where cg is the class (number)
of S in P3(C), i.e. the degree of the top polar class [My] of S in
P3(C).
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By the same argument as in the case of X, we have

X(5) = 2x(5x) + eg = n 4 (x(Sx,) — x(5))), (3.2)

where Sy denotes a generic member of Lg := (J,.p Sx, the pull-back of
Lg:= User S\ to S by the normalization map ng: S — S.

Lemma 3.3.
X(Sxe) — x(Sx) = 1.

Proof: We denote by ng : S5, — S), the normalization of S),, and by
Gy, the quadruple point of S),- Since Sy, is a plane curve of degree n with

one ordinary quadruple point and m — 4 ordinary double points, the genus
g(S3,) of the normalization S5 of S}, is given by

q(Sy,) = %(n —1(n—-2)—m-—2. (3.3)
Hence,
X(S3,) =2—29(Sy,) =2—(n—1)(n—2) +2(m +2). (3.4)

Since Sy, is obtained by pushing forward the four distinct points n, 1@)\0) on

S5, to the one point ns|1&o (@)

X(53,) = x(Sx) = 3. (3.5)
Hence, by (3.3), (3.4) and (3.5),
X(Sx)=2—(n—1)(n—2)+2m+ 1. (3.6)

On the other hand, since Sy is a plane curve of degree n with m ordinary
double points,

X(Sy)=2—(n—1)(n—2)+2m. (3.7)

Therefore, by (3.6) and (3.7), we have x(S,,) — x(Sx) = 1. O
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4 Calculation of Segre classes of singular subschemes

Throughout this section X and S are the same as in the previous section. In
the sequel we will calculate the Segre classes of the singular subscheme of X
in P4(C) (resp. S in P?(C)) to know the class (number) ¢ of X in P*(C)
(resp. the class (number) cg of S in P3(C)). By Piene’s formula ([P]), the
polar classes of X (resp. S) are described by use of its Segre classes. For the
definition of Segre classes and their basic properties we refer to [T2].

Segre classes of the singular subscheme of X in P*(C): Throughout this
section we fix the notation as follows:

Y := P*(C) : the complex projective 4-space,

J : the singular subscheme of X defined by the Jacobian ideal of X,

D : the double point locus (surface) of X, i.e. the singular locus of X,

T : the triple point locus (curve) of X, which is equal to the singular locus
of D,

C' : the cuspidal point locus (curve) of X,

¥q : the quadruple point locus of X,

ny: X — X : the normalization of X,

f X — Y : the composition of the normalization map n+ and the inclusion
7: X =Y,

J : the scheme-theoretic inverse of J by f,

D, T and C: the inverse images of D, T and C by f, respectively,

Yq : the inverse image of ¥g by f.

We consider the following diagram:

x Ly
Tl J (4.1)
X T) Y,

where:

o:Y" =Y : the blowing-up of Y along the quadruple point locus ¥ of X,
7: X' — X : the blowing-up of X along Ygq,
f': X" — Y’ : the map which makes the diagram above commute.

We put
X' : the proper inverse image of X by o, which is nothing but f’ (X7,
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7 the singular subscheme of X' defined by the Jacobian ideal of Yl,

E/, T and C': the proper inverse images of D, T and c by o, respectively,
E = 071(Xq) = S3F;: the exceptional divisor of the blowing-up o, where
Eq denotes the exceptional divisor corresponding to a quadruple point g,
D', T" and C": the inverse images of D, T' and C by 7, respectively, which
are nothing but the inverse images of E/, T and C' by f’, respectively.

Note that X' is a threefold with ordinary Slngular}tles We denote by 7" the
scheme-theoretic inverse of J by the map S X — X, the restriction of o

to X . Calculating directly by use of local coordinates, we have

J' =T +3X - E.
We denote by J” the scheme-theoretic inverse of 7Hby the map f’. Then we
have

J'"=D+3FE+ (',
which also comes from a direct calculation, using the concrete description of
the map [ in terms of local coordinates. If we put D” := D’ + 3FE, then by

the formula (3.1) in [T2] (p. 284), we have the following equalities concerning
the Segre classes of J” in X

S(J”,XI>2 — [D/I}
s(J", X1, = —[D']? + [C] (4.2)
s(J". X" = [D"] — e1(Nevyxr) N [CY] = 3D - C

Since
[D")? = [D'? + 6D’ - E + 9[E]?,
(D" = D' + 9D - E + 27D’ - [E? + 27[E]?,
D,/.C/:D/'Cl+3E'C/7

and since

DE=X.D +37 -C,

[

[DP =[X]2 [D]-2[D) +5X T X.C.
file(Neyx) N[C)) = —Ky - C =X - T +k:5/,
/(DI : C,) = 07

which are the results in [T2], pushing forward the Segre classes s(J”, X');
(0<i<?2) in (4.2), we have the following:
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Proposition 4.1. The Segre classes of the subscheme T in X are gen as
follows:

(i)  s(J',X)y,=2D+3X -E,

i) s(J'\ X)) =-X-D —3T +20 —12D - E - 9X - [E]?,

(i)  s(J,X)o=[X]-D -2[DP+5X -T + Ky -C — [kz]
+9X D -E+27T -E—18C -E+54D - [E]*+27X - [E]?,
where Ky is the canonical divisor of Y', and kg is that of .

Lemma 4.2.

_—) —

(i) X E=4j(SqHy)), (i) D'+ E = 35.(Sq[Hg]?),

(iii) T'-F = j.(Sq[Hg?), (iv) C -E = 6j.(S4(Hg?),
where Hy denotes a hyperplane in Eg, the exceptional divisor corresponding
to a quadruple point ¢ of X, and j : E — Y the inclusion map.

Proof: X is locally isomorphic to the cone over the Steiner surface S at
a quadruple point g, and so the assertions follows. O

Since the multiplicity of X at each quadruple point g is four, we have
o*[X] =X +4E,

and since the multiplicity of D at each quadruple point g is 3, by the blow-up
formula ([F], Theorem 6.7, p.116 and Corollary 6.7, p.117), we have

o*[D] = D' + 3j.[SqHy).

Calculating push-forward of the Segre classes s(jﬂ,yl)i (0<i<2) in Propo-
sition 4.1 by o, using the facts above and Lemma 4.2, we have the following:

Proposition 4.3. The Segre classes of the singular subscheme J of X are
given as follows:

i s
(ii) s(

<
|

)2 = 2E7

I
|
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(iii) s(J,X)o=[X]*D—2[DP?+5X -T+ Ky - C — 0.[kz] — 59[Xq],

where Ky is the canonical divisor of Y, and o,[kz] is the direct image of the

canonical dwisor kg of c by the map o ¢ —C.

Corollary 4.4. Let X, be a hypersurface in£4(C) whose degrees of the
various singular loci are the same as those of X we are considering in this
article, but without quadruple points. Then:

¢ —co = deg [kz| — deg [kg,] + 59#[Xq],

where c (resp. co) denotes the class (number) of X (resp. Xo) in P4(C),_60
the cuspidal point locus (curve) of Xo, and kg, the canonical divisor of Cl.

Proof: By Piene’s formula,
c=(n—1)%deg X —3(n —1)*deg sy — 3(n — 1)deg s, — deg ¢

Hence, by Proposition 4.3 above and Proposition 3.6 in [T2], the assertion
follows. O

Segre classes of the singular subscheme of S in P3(C): To calculate the

Segre classes of the singular subscheme of S, we consider the following dia-
gram instead of the diagram (4.1):

g L.z

l l (4.3)

S —— Z
g

Y

where:

7 = P3(C), B

g : S — Z : the composite of the normalization map ng : S — S and the
inclusion 7 : S — Z, B

os: Z' — Z : the blowing-up of Z at the quadruple point g of .S,

75 : 5" — S : the blowing-up of S at q := g7 (q),

g :S"— Z' . the map which makes the diagram (4.3) commute.

We put

Dy : the double point locus (curve) of S, i.e. the singular locus of S, o
Yt : the triple point locus of S, which is equal to the singular locus of Dg,
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¥¢ : the cuspidal point locus of S,

S’ ¢ the proper inverse image of S by og, which is nothing but ¢'(S’),

5’5, Y7 and X¢': the proper inverse images of Dg, X and X¢ by og, respec-
tively,

Dg, ¥t and Ye¢: the proper inverse images of Dg, ¥t and X¢ by ¢, respectively,
DY, ¥t and X¢": the proper inverse images of Dg, 3t and ¢ by 7g, respec-
tively, which is nothing but the proper inverse images of ﬁls, >¢ and O by
g, respectively.

J, 7/, J, J', E and E for S are similarly defined as in the case of X.

Note that S is an algebraic surface with ordinary singularities. In the sequel
we assume that S is defined by the equation in (2.4) at each quadruple point
of S. We are allowed to do this, because the Segre classes of a singular
subscheme depend only on its tangent cone. We denote by 7" the scheme—
theoretic inverse of J by the map Ogg .S = S, the restriction of og to g
Calculating directly by use of local coordinates, we have

J =7 +35 - E.

We denote by J” the scheme-theoretic inverse of .J by the map ¢. Then we
have

J" = Dl +3E + %¢,

which also comes from a direct calculation, using the concrete description of
the map ¢’ in terms of local coordinates. If we put D¢ := D + 3E, then by
Proposition 3.2 in [T2] (p. 284) ([F], Proposition 9.2, p.161), we have the
following equalities concerning the Segre classes of J” in S

S(J//,S/)]_ — [D/l]
Lo 2 e s Y

Proposition 4.5. The Segre classes of the subscheme J"in'S are given as
follows:

/!

(i) s(J', S =2[Dy) +35 - E,
i)  s(J',9)=—8-Dy—3[xt]+2[x¢] — 12Dy - E — 95 - [E]2.
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Proof:
S(‘] ) S )1 = gis(jﬂvgl)l
= ¢.|D!] = ¢.[D.] + 3¢.[E]
— 2[Dy]+35 - E.

This proves the assertion (i). Since S is an algebraic surface with ordinary
singularities, we have

gD\ =5 - Dy — [£¢] + 3[S1]
(cf. [F], Example 9.3.7, p.168). Hence
gD = g.[Ds +3E]

= gD +64.[Ds] + 9¢.[E)?

= §.Dy — [2t] + 3[Sty] + 12D - E + 95 - [E].
Therefore, calculating push-forward of 5(7/,,§/)0 in (4.4) by ¢, we have the
assertion (ii). O
Lemma 4.6.

(i) §-E=4k[H], (i) Dy-E = 3k[H)?,

where H denotes a hyperplane in E,_the exceptional divisor corresponding to
the quadruple point § of S, and k : E — Z' the inclusion map.

Proof: g_can be considered to be locally isomorphic to the cone over a
plane curve C' of degree four which has three ordinary double points at the
quadruple point g (cf. Proposition 2.3), and so the assertions follow. O

Since the multiplicity of S at the quadruple point g is four, we have

o*[S] =5 +4E.

Calculating push-forward of the Segre classes s(jl,gl)i (0<i<1) in Proposi-
tion 4.5 by o, using the fact above and Lemma 4.6, we have the following:

Proposition 4.7. The Segre classes of the singular subscheme J of S are
given as follows:

184



(i) s(J,8)1 = 2Dsg,
(ii) s(J,8)o = —S - Dg — 3[Xt] + 2[X¢] + 12[q].

Corollary 4.8. The effect of the existence of the quadruple point g to the
class (number) cg of S in P3(C) is —12.

Proof: By Piene’s formula,
cg = (n—1)%deg S — 2(n — 1)deg s; — deg so
Therefore, by Proposition 4.7 the assertion follows. O

Corollary 4.9. Let Xy, be a member of the linear system L : = J,op Xx for
which X, containing a quadruple point of X, and X, a generic member of
L. Then

X(Xy) = x(Xy) = —11

Proof: We set S := X, S = 7)\1., Sy = X, and Sy := X,. Then by
(3.2),
X(8) = x(S0) = cg — cg, + X(Sxo) = X(Sh),

where cg, cg, are the class numbers of S and Sj in P3(C), respectively, S o
is the member of the linear pencil Lg := (J,p Sx for which S), containing
the quadruple point of S, and Sy is a generic member of Lg. Therefore, by
Corollary 4.8 and Lemma 3.3, we obtain the assertion. O

5 A conclusion

Theorem 5.1. Let X be a hypersurface in 54(0) whose degrees of the
various singular loci are the same as those of X we are considering in this

article, but without quadruple points, and let X, be the normal model of X.
Then:

X(X) — x(Xo) = deg kg, — deg ke — T0#[Xq],

where kg, is the canonical divisor of the cuspidal point locus (curve) Cy of

Xo, and ke is that of the normal model c of the cuspidal point locus (curve)
C of X.
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Proof: By (3.1), Corollary 4.4 and Corollary 4.9,

X(X) = x(Xo) = —(e—co) + =, (x(Xa,) — x(X)
= —(deg kg — deg kg, + 59#[5q)) — 11#[2q]

where ¢ and ¢ are the class numbers of X and X, in P*(C) respectively. O
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A new projective invariant associated to the special
parabolic points of surfaces and to swallowtails
Ricardo Uribe-Vargas * 2

Abstract. We show some generic (robust) properties of smooth surfaces immersed in
the real 3-space (Euclidean, affine or projective), in the neighbourhood of a godron: an
isolated parabolic point at which the (unique) asymptotic direction is tangent to the
parabolic curve. With the help of these properties and a projective invariant that we
associate to each godron we present all possible local configurations of the flecnodal curve
at a generic swallowtail in R3. We present some global results, for instance: In a hyperbolic
disc of a generic smooth surface, the flecnodal curve has an odd number of transverse self-

intersections.

1 Introduction

A generic smooth surface in R? has three (possibly empty) parts: an open
hyperbolic domain at which the Gaussian curvature K is negative, an open
elliptic domain at which K is positive and a parabolic curve at which K
vanishes. A godron is a parabolic point at which the (unique) asymptotic
direction is tangent to the parabolic curve. We present various robust geo-
metric properties of generic surfaces, associated to the godrons. For example
(Theorem 2):

Any smooth curve of a surface of R® tangent to the parabolic curve at a
godron g has at least 4-point contact with the tangent plane of the surface at

g.

The line formed by the inflection points of the asymptotic curves in the
hyperbolic domain is called flecnodal curve. The next theorem is well known.

Theorem 1. ([14, 10, 13, 7, 9, 5]) At a godron of a generic smooth surface
the flecnodal curve is (simply) tangent to the parabolic curve.

ICollege de France, 11 Pl. Marcelin-Berthelot, 75005 Paris.
e-mail: uribe@math.jussieu.fr, web: www.math.jussieu.fr/~uribe

2Partially supported by EU Centre of Excellence, IMPAN-Banach Centre, ICA1-CT-
2000-70024.
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For a generic smooth surface we have the following global result (Propo-
sition 5 and Theorem 6):

A closed parabolic curve bounding a hyperbolic disc has a positive even number
of godrons, and the flecnodal curve lying in that disc has an odd number of
transverse self-intersections.

The conodal curve of a surface S is the closure of the locus of points of
contact of S with its bitangent planes (planes which are tangent to S at least
at two distinct points). It is well known ([14, 10]) that:

At a godron of a generic smooth surface the conodal curve is (simply) tangent
to the parabolic curve.

So the parabolic, flecnodal and conodal curves of a surface are mutually
tangent at the godrons. At each godron, these three tangent curves determine
a projective invariant p, as a cross-ratio (see the cr-invariant below). We show
all possible configurations of these curves at a godron, according to the value
of p (Theorem 4). There are six generic configurations, see Fig. 2.

The invariant p and the geometric properties of the godrons presented
here are useful for the study of the local affine (projective) differential pro-
perties of swallowtails. So, for example, we present all generic configurations
of the flecnodal curve in the neighbourhood of a swallowtail point of a surface
of R? in general position (see Theorem 8 and Fig. 7).

The paper is organised as follows. In Section 2, we recall the classification
of points of a generic smooth surface in terms of the order of contact of the
surface with its tangent lines. In Section 3, we give some definitions and
present our results. Finally, in Section 4, we give the proofs of the theorems.

Acknowledgements. 1 would like to thank S. Janeczko, W. Domitrz and the Banach
Centre for their hospitality and for the nice environment to do mathematics, to F. Aicardi
and D. Meyer for useful comments and to E. Ghys and D. Serre for the references [10, 11,
12].

2 Projective properties of smooth surfaces

The points of a generic smooth surface in the real 3-space (projective, affine or
Euclidean) are classified in terms of the contact of the surface with its tangent
lines. In this section, we recall this classification and some terminology.

A generic smooth surface S is divided in three (possibly empty) parts:
(E) An open domain of elliptic points: there is no real tangent line exceeding
2-point contact with S
(H) An open domain of hyperbolic points: there are two such lines, called
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asymptotic lines (their directions at the point of tangency are called asymp-
totic directions); and
(P) A smooth curve of parabolic points: a unique, but double, asymptotic
line.

The parabolic curve, divides S into the elliptic and hyperbolic domains.

In the closure of the hyperbolic domain there is:
(F) A smooth immersed flecnodal curve: it is formed by the points at which
an asymptotic tangent line exceeds 3-point contact with S.

One may also encounter isolated points of the following four types: (g)
A godron is a parabolic point at which the (unique) asymptotic direction is
tangent to the parabolic curve; (sh) A special hyperbolic point is a point of
the simplest self-intersection of the flecnodal curve; (b) A biinflection point
is a point of the flecnodal curve at which one asymptotic tangent exceeds 4-
point contact with S; (se) A special elliptic point is a real point in the elliptic
domain of the simplest self-intersection of the complex conjugate flecnodal
curves associated to the complex conjugate asymptotic lines. In Fig. 1 the
hyperbolic domain is represented in gray colour and the elliptic one in white.
The flecnodal curve has a left branch F; (white) and a right branch F;. (black).
These branches will be defined in the next section.

Figure 1: The 8 tangential singularities of a generic smooth surface.

The term “godron” is due to R. Thom [9]. In other papers one can find
the terms “special parabolic point” or “cusp of the Gauss map”. We keep
Thom’s terminology since it is shorter. Here we will study the local projective
differential properties of the godrons.

The above 8 classes of tangential singularities, Theorem 1 and all the
theorems presented in this paper are projectively invariant and are robust
features of a smooth surface, that is, they are stable in the sense that under
a sufficiently small perturbation (taking derivatives into account) they do
not vanish but only deform slightly. Seven of these classes were known at
the end of the 19th century in the context of the enumerative geometry of
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complex algebraic surfaces, with prominent works of Cayley, Zeuthen and
Salmon, see [14]. For these seven classes, the normal forms of surfaces at
such points up to the 5-jet, under the group of projective transformations,
were independently found by E.E. Landis (]7]) and O.A. Platonova ([13]).
The special elliptic points were found by D. Panov ([8]).

For surfaces in R?, these tangential singularities depend only on the affine
structure of R? (because they depend only on the contact with lines), that
is, they are independent of any Euclidean structure defined on R3 and of the
Gaussian curvature of the surface which could be induced by such a Euclidean
structure.

Besides the smooth surfaces, we also consider surfaces admitting wave
front singularities (Section 3.6) and we study the behaviour of the flecnodal
curve near the swallowtail points.

3 Statement of results

Consider the pair of fields of asymptotic directions in the hyperbolic domain.
An asymptotic curve is an integral curve of a field of asymptotic directions.

Left and right asymptotic and flecnodal curves. Fix an orientation
in the 3-space RP? (or in R3). The two asymptotic curves passing through
a point of the hyperbolic domain of a generic smooth surface can be distin-
guished in a natural geometric way: One twists like a left screw and the other
like a right screw. More precisely, a regularly parametrised smooth curve is
said to be a left (right) curve if its first three derivatives at each point form
a negative (resp. a positive) frame.

Proposition 1. At a hyperbolic point of a surface one asymptotic curve is
left and the other one is right.

A proof is given (for generic surfaces) in Euclidean Remark below.

The hyperbolic domain is therefore foliated by a family of left asymptotic
curves and by a family of right asymptotic curves. The corresponding asymp-
totic tangent lines are called respectively left and right asymptotic lines.

Definition 1. The left (right) flecnodal curve F; (resp. F).) of a surface
S consists of the points of the flecnodal curve of S whose asymptotic line,
having higher order of contact with .S, is a left (resp. right) asymptotic line.

The following statement (complement to Theorem 1) is used and implic-
itly proved (almost explicitly) in [16, 18]. A proof is given in Section 4, see
Fig. 1:

Proposition 2. A godron separates locally the flecnodal curve into its right
and left branches.
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Definition 2. A flattening of a generic curve is a point at which the first
three derivatives are linearly dependent. Equivalently, a flattening is a point
at which the curve has at least 4-point contact with its osculating plane.

The flattenings of a generic curve are isolated points separating the right
and left intervals of that curve.

Euclidean Remark. If we fiz an arbitrary Fuclidean structure in the affine
oriented space R3, then the lengths of the vectors and the angles between
vectors are defined. Therefore, for such FEuclidean structure, the torsion T
of a curve and the Gaussian curvature K of a surface are defined. In this
case a point of a curve is right, left or flattening if the torsion at that point
satisfies 7 > 0, 7 < 0 or 7 = 0, respectively. The Gaussian curvature K on
the hyperbolic domain of a smooth surface is negative. The Beltrami-Enepper
Theorem states that the values of the torsion of the two asymptotic curves
passing through a hyperbolic point with Gaussian curvature K are given by
7=+ —K. This proves Proposition 1.

Definition 3. An inflection of a (regularly parametrised) smooth curve is a
point at which the first two derivatives are linearly dependent. Equivalently,
an inflection is a point at which the curve has at least 3-point contact with
its tangent line.

A generic curve in the affine space R3 has no inflection. However, a
generic 1-parameter family of curves can have isolated parameter values for
which the corresponding curve has one isolated inflection.

Theorem 2. Let S be a generic smooth surface. All smooth curves of S which
are tangent to the parabolic curve at a godron g have either a flattening or
an inflection at g, and their osculating plane is the tangent plane of S at g.

The proof of Theorem 2 is given in Section 4.

Corollary 1. The godrons of a generic smooth surface are flattenings of its
parabolic and flecnodal curves.

Remark 1. The converse is not true: A flattening of the parabolic curve is
not necessarily a godron.

3.1 The cr-invariant and classification of godrons

The conodal curve. Let S be a smooth generic surface. A bitangent
plane of S is a plane which is tangent to S at least at two distinct points.
The conodal curve D of a surface S is the closure of the locus of points of
contact of .S with its bitangent planes.
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At a godron of S, the curve D is simply tangent to the curves P (parabolic)
and F' (flecnodal). This fact will be clear from our calculation of D for
Platonova’s normal forms of godrons.

The projective invariant. At any godron g, there are three tangent
smooth curves F', P and D, to which we will associate a projective invariant:

Consider the Legendrian curves Ly, Lp, Lp and L, (of the 3-manifold
of contact elements of S, PT*S) consisting of the contact elements of S
tangent to F', P, D and to the point g, respectively (the contact elements
of S tangent to a point are just the contact elements of S at that point,
that is, L, is the fibre over g of the natural projection PT*S — S). These
four Legendrian curves are tangent to the same contact plane II of PT™S.
The tangent directions of these curves determine four lines I, lp, Ip and [,
through the origin of II.

Definition 4. The cr-invariant p(g) of a godron g is defined as the cross-
ratio of the lines lr, lp, Ip and [, of II:

p(Q) = (lFa lp,lp, lg)'

Platonova’s normal form. According to Platonova’s Theorem [13], in
the neighbourhood of a godron, a surface can be sent by projective transfor-
mations to the normal form

2
z= % — 2’y + Az* + ¢(z,y) (for some A # 0, 3) (G1)
where ¢ is the sum of homogeneous polynomials in x and y of degree greater

than 4 and (possibly) of flat functions.

Theorem 3. Let g be a godron, with cr-invariant value p, of a generic smooth
surface S. Put S (after projective transformations) in Platonova’s normal
form (G1). Then the coefficient X equals p/2.

It turns out that among the 2-jets of the curves in S, tangent to P at a
godron, there is a special 2-jet at which “something happens”. We introduce
it in the following lemma.

Tangential Map and Separating 2-jet. Let g be a godron of a generic
smooth surface S. The tangential map of S, 75 : S — (RP3)V, associates to
each point of S its tangent plane at that point. The image SV of 74 is called
the dual surface of S.

Write J?(g) for the set of all 2-jets of curves of S tangent to P at g. By
the image of a 2-jet v in J*(g) under the tangential map Ts we mean the
image, under 7g, of any curve of S whose 2-jet is v. By Theorem 2, all the
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2-jets of J?(g) (and also the 3-jets of curves on S tangent to P at g) are
curves lying in the tangent plane of S at g. In suitable affine coordinates,
the elements of J?(g) can be identified with the curves t — (¢, ct?,0), c € R.

Separating 2-jet Lemma. There exists a unique 2-jet o in J*(g) (which
we call the separating 2-jet at g) satisfying the following properties:

(a) The images, under Ts, of all elements of J*(g) different from o are cusps

of S¥ sharing the same tangent line I, at 75(g).

(b) The image of o under Ts is a singular curve of SV whose tangent line at
7s(g) is different from [

(c) (separating property): The images under Ts of any two elements of J*(g),
separated by o, are cusps pointing in opposite directions.

Remark 2. Once a godron with cr-invariant p of a smooth surface is sent
(by projective transformations) to the normal form z = y?/2 — 2%y + pxt /2 +
o(x,y), the separating 2-jet is independent of p: It is given by the equation
y = 2, in the (x,y)-plane.

For generic values of p the curves F', P and D are simply tangent to each
other. However, for isolated values of p two of these curves may have higher
order of tangency and then some bifurcation occurs. We will look for the
values of p at which ‘something happens’.

Theorem 4. Let g be a godron of a generic smooth surface S. There are
siz possible generic configurations of the curves F', P and D with respect to
the separating 2-jet and to the asymptotic line at g. They are represented in
Fig. 2. The actual configuration at g depends on which of the following siz
open intervals the cr-invariant p(g) belongs to, respectively: (1,00), (3,1),

(%, %)’ (0, %)7 (—%,O) or (—oo0, —%)

3.2 The index of a godron

Definition 5. A godron is said to be positive or of index +1 (resp. negative
or of index —1) if at the neighbouring parabolic points the half-asymptotic
lines, directed to the hyperbolic domain, point towards (resp. away from) the
godron. See Fig. 3.

The asymptotic double of the hyperbolic domain. A godron g
can be positive or negative, depending on the index of the direction field,
which is naturally associated to g, on the asymptotic double A of S: The
asymptotic double of S is the surface A in the manifold of contact elements
of S, PT*S, consisting of the field of asymptotic directions. It doubly covers

193



1<p 2<p<i \ $<p<? ‘
1 N "
O<p<§ —§<p<0 <3

Figure 2: The configurations of the curves F' (half-white half-black curves), P (boundary
between white and gray domains), D (thick curves), the separating 2-jet (broken curves)
and the asymptotic line (horizontal segments) at generic godrons.

e

Figure 3: A positive godron and a negative godron.

(+

the hyperbolic domain, and its projection to S has a fold singularity over the
parabolic curve. There is an asymptotic lifted field of directions on the surface
A, constructed in the following way. At each point of the contact manifold
PT*S a contact plane is applied, in particular at each point of A. Consider
a point of the smooth surface A and assume that the tangent plane of A at
this point does not coincide with the contact plane. Then these two planes
intersect along a straight line tangent to 4. The same holds at all nearby
points in A. This defines a smooth direction field on A which vanishes only
at the points where those planes coincide: over the godrons.

If g is a positive godron, then the index of this direction field at its singular
point equals +1, the point being a node or a focus; if g is negative, the index
equals —1 and the point is a saddle. See Fig. 4.

Proposition 3. A godron g is positive (negative) if and only if the value of
its cr-invariant p satisfies: p(g) > 1 (resp. p(g) < 1).
Corollary of Proposition 3 and Theorem 4.

(a) In the neighbourhood of a positive godron the hyperbolic domain is locally
convet.

(b) There exist negative godrons for which the neighbouring hyperbolic domain
18 locally conver.
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Figure 4: The asymptotic double of the hyperbolic domain near a godron.

(c) In case of item (b), the flecnodal curve lies locally between P and D (see
Fig. 2). Moreover, we have: % <p<lLl

Items (a) and (b) of this corollary are due to F. Aicardi [1].

Corollary 2. All godrons of a cubic surface in RP? are negative.

Proof. By the definitions of asymptotic curve and of flecnodal curve, any
straight line contained in a smooth surface is both an asymptotic curve and
a connected component of the flecnodal curve of that surface.

Let S be a generic algebraic surface of degree 3. At a point of the flecnodal
curve, an asymptotic line has at least 4-point contact with S. Since S is a
cubic surface, this line must lie completely in S. So the flecnodal curve of S
consists of straight lines.

At a godron g of S, the tangent line to the parabolic curve (that is, the
flecnodal curve) lies in the hyperbolic domain. Thus the neighbouring elliptic
domain is locally convex. Therefore, by the above corollary, g is negative. [

3.3 Locating the left and right branches of F'

Remark on the co-orientation of the elliptic domain. Each connected
component of the elliptic domain is ‘naturally’ co-oriented: At each elliptic
point the surface lies locally in one of the two half-spaces determined by its
tangent plane at that point. This half-space, which we name the positive half-
space, determines a natural co-orientation on each connected component of
the elliptic domain. By continuity, the natural co-orientation extends to the
parabolic points. At the parabolic points a positive half-space is therefore also

defined.

This simple observation has strong topological consequences. For exam-
ple:
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Proposition 4. The elliptic domain of any smooth surface in the 3-space
(Euclidean, affine or projective) can not contain a Mdbius strip.

In the neighbourhood of a godron ¢ of a smooth surface S, we can distin-
guish explicitly which branch of the flecnodal curve is the right branch and
which is the left one. For this, we need only to know the index of g and the
co-orientation of S given by the positive half-space at g:

Let g be a godron of a generic smooth surface S. Take an affine coordinate
system x,y, z such that the (z,y)-plane is tangent to S at g, and the z-axis
is tangent to the parabolic curve at g (thus also tangent to F' at g). Direct
the positive z-axis to the positive half-space at g. Direct the positive y-axis
towards the neighbouring hyperbolic domain. Finally, direct the positive x-
axis in such way that any basis (e, ey, ;) of x,y, z form a positive frame for
the fixed orientation of R? (or of RP3?).

So one can locally parametrise the flecnodal curve at g by projecting it
to the x-axis.

Theorem 5. Under the above parametrisation, the left and right branches of
the flecnodal curve at g correspond locally to the negative and positive semi-
axes of the x-axis, respectively, if and only if g is a positive godron. The
opposite correspondence holds for a negative godron.

In other words, if you stand on the tangent plane of S at g in the positive
half-space and you are looking from the elliptic domain to the hyperbolic
one, then you see the right (left) branch of the flecnodal curve on your right
hand side if and only if ¢ is a positive (resp. negative) godron. So the index
of g determines and is determined by the side on which the right branch of
F is located.

Remark 3. Proposition 2 and Theorem 5 (which are local theorems) together
with the natural co-orientation of the elliptic domain, are the key elements
to prove the global theorem (Theorem 6) of Section 3.5. They imply that
some (global) configurations of the flecnodal curve are forbidden. So, for
example, there is no surface having a hyperbolic disc in which the left and
right branches of the flecnodal curve do not intersect.

3.4 Degenerated godrons: p=0and p=1

After the preceding sections, a natural question arises: What happens if the
cr-invariant equals 0 or 17

The godrons for which the cr-invariant equals 0 or 1 are degenerated
godrons. We will explain the meaning of these degeneracies and describe
the behaviour of such degenerated godrons under a small perturbation of the
surface inside a generic one-parameter family of smooth surfaces.
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The case p = 0. If p = 0 then the normal form that we have used above
defines just a cubic surface, which is absolutely not generic: the asymptotic
line at that godron has ‘infinite point-contact” with the surface and coincides
with the flecnodal curve. In order to understand the behaviour of the flec-
nodal curve at the godrons with p = 0, we need to add some terms of degree
5, which become important and break the symmetry. In fact, one can prove
that at a generic godron with p = 0 the asymptotic line has 5-point contact
with the surface. We name such a point a flec-godron.

The godron of the surface z = % — 2%y + 2% is a generic flec-godron.
To understand better the geometry of a flec-godron, we will perturb this
surface inside a generic one-parameter family of smooth surfaces in which

the parameter is the cr-invariant p:

2

z:%—x2y+g:v4+x5.
EHBH
p <0 p=20 p>0

Figure 5: The transition at a flex-godron: p = 0.

The flecnodal and parabolic curves of this surface are depicted in Figure 5
for p <0, p=0and p > 0.

Let S;, t € R, a generic one-parameter family of smooth surfaces such that
for t = 0 the surface Sy has a godron with cr-invariant p = 0 (for instance
the above family). Then, for ¢ < 0, there is a biinflection point b, which lies,
say, in the right branch of the flecnodal curve of S; and, as t goes to 0, the
point b; is ‘approaching’ the godron of S;. At t = 0 the biinflection point b
coincides with the godron of Sy. For t > 0, the biinflection point b; reappears
but in the left branch and, as ¢ is increasing, the point b; is ‘going away’ from
the godron of S;. Moreover, at ¢ = 0 the flecnodal curve has an inflection.
See Fig.5. Note that the index of the godron of Sy, for |¢| sufficiently small,
is negative.

The case p = 1. If p = 1, then we also have a degenerate godron, which
we name bigodron: it is the collapse (or the birth) of two godrons of opposite
indices. When p = 1 the normal form that we used above is not convenient
since it is degenerate: z = I(y — x%)%. For this reason the parabolic and
flecnodal curves coincide with the curve y = z? in the (z,y)-plane (this
curve is sent to a point under the tangential map of S). In order to have a
generic polynomial of degree four, one must add another term of degree four:
z = 3(y — x*)* £ 2%y. Now, the bigodron obtained is generic (among the

197



bigodrons: p = 1): the parabolic and flecnodal curves have 4-point contact
and the whole flecnodal curve is either left or right, according to the sign
+ or — of the term +x3y, respectively (see the central part of Fig. 6). To
understand better the geometry of a bigodron, we will perturb this surface
inside a generic one-parameter family of smooth surfaces:

1
z = i(y — ) £ 2%y +ea”.

=

e<0 e=0 e>0
Figure 6: The transition at bigodron: p = 1.

The flecnodal and parabolic curves of this surface are depicted in Figure 6
for e <0, =0 and € > 0. When the parameter ¢ is negative the flecnodal
curve is left and does not touch the parabolic curve, while when ¢ is positive
the flecnodal curve touches the parabolic curve at two neighbouring godrons
of opposite index, and a small segment of the right flecnodal has appeared
between these godrons.

So there are two types of bigodrons: a bigodron is said to be left (right)
if it corresponds to a bifurcation in which a small segment of the left branch
of the flecnodal curve is born or vanishes.

3.5 Elliptic discs and hyperbolic discs of surfaces

The following global theorem holds for any generic smooth surface:

Theorem 6. In any hyperbolic disc (bounded by a Jordan parabolic curve),
there is an odd number of special hyperbolic points (transverse crossings of
the left and right branches of the flecnodal curve).

The cubic surfaces in RP? provide examples of surfaces having elliptic
discs whose bounding parabolic curves have 0, 1, 2 or 3 negative godrons:
According to Segre [15], a generic cubic surface diffeomorphic to the projec-
tive plane contains four parabolic curves (each one bounding an elliptic disc)
and six godrons. According to [4], Shustin had proved that the distribution
of the godrons among the four parabolic curves is 6 = 04+ 1+ 2+ 3. By
Corollary 3.5, all these godrons are negative.

There exist smooth surfaces having an elliptic disc whose bounding pa-
rabolic curve has 4 negative godrons:

198



Example 1. The algebraic surface given by the equation

z= (2" = 1)(y* = 1)

has an elliptic disc whose bounding parabolic curve contains 4 godrons, all
negative.

For a parabolic curve bounding a hyperbolic disc the situation is quite
different:

Proposition 5. The sum of the indices of the godrons on the parabolic curve
bounding a hyperbolic disc (of a generic surface) equals two. In particular,
such parabolic curve contains a positive even number of godrons.

Proof. Write H for the closure of the hyperbolic disc. The asymptotic double
A is a sphere. Its Euler characteristic equals 2. By Poincaré Theorem, the
sum of indices of all singular points of the direction field on A equals 2. [J

In fact, Proposition 2 implies the following propositions:

Proposition 6. At each connected component of the hyperbolic domain the
flecnodal curve consists of closed curves, each of them having an even number
(possibly zero) of godrons (that is, of contact points with the boundary of
that domain). The godrons decompose these closed curves into left and right
segments.

Corollary 3. The boundary of each connected component of the hyperbolic
domain of a generic surface has an even number of godrons.

Corollary 3 is the main result of [6]. Unfortunately the proof given in
[6] is not correct since it is based in the following statement: the Fuler
characteristic of a connected component H of the hyperbolic domain equals
the number of godrons in OH at which the hyperbolic domain is locally convex
(the asymptotic line has contact with OH exterior to H) minus the number of
godrons in OH at which the elliptic domain is locally convex (the asymptotic
line has contact with OH interior to H). This statement is wrong: 1) In the
bigodron bifurcation (see Section 3.4) two godrons are born (or killed); 2)
At both godrons the contact of the asymptotic line with 0H is exterior to H
and 3) This bifurcation does not change the Euler characteristic of H.

3.6 Godrons and Swallowtails

Tangential Map and Swallowtails. It is well known (c.f. [14]) that under
the tangential map of S the parabolic curve of S corresponds to the cuspidal
edge of SV, the conodal curve of S corresponds to the self-intersection line of
SV (this follows from the definitions of dual surface and conodal curve) and
a godron corresponds to a swallowtail point.
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Legendrian Remark. The most natural approach to the singularities of the
tangential map is via Arnold’s theory of Legendrian singularities [3]. The im-
age of a Legendrian map is called the front of that map. The tangential map
of a surface is a Legendre map, and so it can be expected to have only Legen-
dre singularities. Thus for a surface in general position, the only singularities
of its dual surface (i.e. of its front) can be: self-intersection lines, cuspidal
edges and swallowtails. So the godrons are the most complicated singularities
of the tangential map of a generic surface.

Definition of Front. In this paper, a front in general position is a surface
whose singularities, and the singularities of its dual surface, are at most:
self-intersection lines, cuspidal edges and swallowtails. Moreover, we require
that the parabolic curve never passes through a swallowtail point (the same
requirement for the dual front).

The invariant of a swallowtail. We can associate a projective invariant
(a number) to a swallowtail point s of a front S: We apply the tangential
map of S (in a neghbourhood of s) to obtain a locally smooth surface S
having a godron with cr-invariant p. The number p(s) := p is associated to
the swallowtail s.

The tangential map of S sends the elliptic (hyperbolic) domain of S to the
elliptic (resp. hyperbolic) domain of S¥. Thus the hyperbolic and elliptic
domains of a front in general position are separated by the cuspidal edge (and
by the parabolic curve). This implies that there are two types of swallowtails:

Definition 6. A swallowtail point of a generic front is said to be hyperbolic
(elliptic) if, locally, the self-intersection line of that front is contained in the
hyperbolic (resp. elliptic) domain.

The proofs of the following theorems show that the configurations of
the curves F', P and D at a godron have a relevant meaning for the local
(projective, affine or Euclidean) differential properties of the swallowtails.

Theorem 7. The dual of a surface at a positive godron is an elliptic swal-
lowtail. The dual of a surface at a negative godron is a hyperbolic swallowtail.

Proof. By Proposition 3, a godron g is positive (negative) if and only if its
cr-invariant satisfies p(g) > 1 (resp. p(g) < 1).

By Theorem 4, p(g) > 1 (resp. p(g) < 1) if and only if the conodal curve
at g lies locally in the elliptic (hyperbolic) domain.

Finally, since the tangential map sends the elliptic (hyperbolic) domain
to the elliptic (resp. hyperbolic) domain of the dual surface, it is evident
that the conodal curve at g lies locally in the elliptic (hyperbolic) domain if
and only if the dual surface is an elliptic (resp. hyperbolic) swallowtail. [J
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Theorem 8. In the neighbourhood of a swallowtail point s of a front in
general position, the flecnodal curve F' has a cusp whose tangent direction
coincides with that of the cuspidal edge. The point s separates I locally into
its left and right branches. There are four possible generic configurations of
F in the neighbourhood of s (see Fig. 7):

(e) For an elliptic swallowtail the flecnodal curve is a cusp lying in the small
domain bounded by the cuspidal edge (p(s) € (0,1)).

There are 3 different generic types of hyperbolic swallowtails.

(h1) Each branch of the cuspidal edge is separated from the self-intersection
line by one branch of the flecnodal curve (p(s) € (—3,0)).

(he) The self-intersection line lies between the two branches of the flecnodal
curve and separates them from branches of the cuspidal edge. The cusp of
the flecnodal curve points in the same direction as the cusp of the cuspidal
edge (p(s) € (~1,0)).

(h3) The cusp of the flecnodal curve and the cusp of the cuspidal edge are
pointing in opposite directions (p(s) € (—oo0, —3)).

(1)
p e (07 1) p e <_%=O>

Figure 7: A godron of a smooth surface and its dual surface: a swallowtail.

4 The proofs of the theorems

Preparatory conventions and results. In the sequel, we will consider
the surface S as the graph of a smooth function z = f(z,y), where x, y, z form
an affine coordinate system. The asymptotic directions satisfy the equation:

foe(dz)? 4 2fpydady + f,,(dy)* = 0.

For dy = pdx, this equation takes the form
Af(x7y7p):fzx+2fmyp+fyyp2:0 (1)
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Equation (1) is called the asymptote-equation of f.

In what follows, we will assume without loss of generality that the point
under consideration in the (x,y, p)-space is the origin: by a translation and a
rotation in the (z, y)-plane, we can take (x,y) = (0,0) and p = 0, respectively.

Moreover, we will take an affine coordinate system z,y, z such that the
(z,y)-plane is tangent to S at the point under consideration. Thus we will
have the conditions

f(0,0) = f2(0,0) = f,(0,0) = 0. (2)

The parabolic curve of the surface z = f(z,y) is the restriction of the
graph of f to the discriminant curve (in the (z,y)-plane) of equation (1).
That is, the parabolic curve is determined by the equations

Al(z,y,p) =0 and Al(z,y,p) =0. (%)
The fact that a godron is a folded singularity of (1) implies that
A%(0,0,0) = 0. ()

The conditions (%) and (%), at the origin in the (z,y, p)-space, imply
that
at the origin in the (x,y)-plane.

The choice of a coordinate system such that the z-axis is an asymptotic
direction of S at the origin is equivalent to our assumption that the point
under consideration in the (z,y, p)-space is the origin.

So the z-axis is tangent to the parabolic curve at the godron.

4.1 Proof of Theorem 2

Let v(t) = (x(t),y(t), 2(t)) be a curve on S, where z(t) = f(x(t),y(t)), which
is tangent to the parabolic curve at the origin, that is,

4(0) = 0. (4)

Since all our calculations and considerations take place at the origin
(z,y) = (0,0) and at t = 0, we will omit to write this explicitly.
Evidently conditions (2) imply 2 = f,@ + f,y = 0. The equality

2= fodb + [y + (foa®® 4+ 2 @Y + fuut?)

together with conditions (2), (3) and (4) imply that Z = 0. This proves that
the plane z = 0 is osculating.
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Finally, the equality
Y= LT A [, 4 3(frad + fu (B4 £Y) + fuyUh)
+ fmzxxg + 3fISny2y + foyyj73)2 + fyyyyg

together with conditions (2), (3) and (4), imply that 2 = 0, proving that
the first three derivatives of v at t = 0 are linearly dependent (all of them
lie in the (x,y)-plane). So v has a flattening or an inflection at the origin,
according to the linear independence or dependence, respectively, of its first
two derivatives at t = 0. OJ

4.2 Preliminary remarks and computations

We recall that Platonova’s Theorem [13] implies that at a godron of a generic
smooth surface S, there is an affine coordinate system such that S is locally
given by
y? 2 4 1
2= - y+ Az” 4+ o(z,y) (for some X # 3,0) (G1)
where ¢ is the sum of homogeneous polynomials in x and y of degree greater
than 4 and (possibly) of flat functions.

The information we need about S (for the proofs of our theorems) is
contained in its 4-jet. The term ¢ in (G1) only breaks slightly the symmetry,
but it does not contain additional information. Thus, in the proofs of our
theorems, we will systematically use Platonova’s normal form of the the 4-jet
of S. The reader can easily verify that the term ¢ has no influence on our
arguments.

First we need to calculate the curves F', P and D. For that we need the
second partial derivatives of the functions f(z,y;\) = % — 2%y + Azt

fox = =2y +12X2°,  fo, = =21, f,, = 1. (H)

The asymptote-equations of the surfaces z = % — 2%y + \z* are therefore
given by
Al(z,y,p;A) = (1222 = 2y) — dap +p* = 0. (5)

We are interested in the configurations of the curves F', P and D at the
godron g. According to Theorem 2, these curves have at least 4-point contact
with the (z,y)-plane. We will thus consider the curves F', P and D on the
(x,y)-plane, whose images by f are F'; P and D, respectively. These plane
curves have the same 2-jets as F', P and D, respectively.
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The parabolic curve. The equations (x) of 4.1 imply that P is given
by the Hessian of f, g?y — faxfyy = 0. From (H) one obtains that P is the
parabola

y = 2(3\ — 1)z°.

The flecnodal curve. According to [16, 18], the curve F associated to
the surface z = f(z,y) is obtained from the intersection of the surfaces

A(@,y,p) =0 and IV (2,y,p) == (AL + pA)(2,y.p) = 0,

in the (x,y, p)-space, by the projection of this intersection to the (z,y)-plane,
along the p-direction. From (5) one obtains

(2, y,p) = 6(4\z — p).
Combining the equation p = 4\z with (5) one obtains that F is the parabola
y = 2\(4)\ — 1)2°.

The conodal curve. Since Platonova’s normal form is symmetric with
respect to the x-direction, the bitangent planes in the neighbourhood of ¢
are invariant under the reflection (z,y,z) — (—z,y,2). Thus the points of
the conodal curve satisfy f,(z,y;\) = 0. That is, —2z(y — 2Az?) = 0. Thus
the curve D is the parabola

y = 2\2°.

4.3 Proof of Theorem 3

We consider the parabolas F', P and D as graphs of functions y = y(z). The
Legendrian curves Ly, Lp and Lp in the (z,y, p)-space J'(R,R) (which is
the space of 1-jets of the real functions y(x) of one real variable) are tangent
to the contact plane II at the origin (parallel to the plane y = 0). The slope
of the tangent line at the origin, of each of these Legendrian curves, equals
twice the second derivative at zero of the function y = y(x) associated to the
corresponding parabola, that is, equals twice the coefficient of that parabola
(note that the term ¢ in (G1) will contribute with higher order terms which
will have no influence on these coefficients).

The Legendrian curve consisting of the contact elements tangent to the
origin is vertical. Write [, for its tangent line. The cross-ratio of the tangent

li_nes_ lE, lp,_ Ip and [, is given in terms of the coefficients c of the parabolas
F, P and D by

o(F) —e(D) _22(4A—1)—2x
c(P)—c(D)  2BA—1)—-2x 7

p(g) = (valP7lD7lg) =
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This proves Theorem 3. 0

Rewriting the equations in terms of p. After Theorem 3, we rewrite
Platonova’s normal forms of the 4-jet of S at a godron and the equations of
the curves F', P and D in terms of the cr-invariant p:

z:%—x2y+p% (p #1,0). (R)
y = (3p—2)2% (P)

y = p(2p — 1)a?; (F)

y = pa’. (D)

4.4 Proof of Separating 2-jet Lemma

An easy way to compute (and to see) the dual surface of S C RP?, viewed as a
surface lying in the same space RP3, is by the ‘polar duality map’ with respect
to a quadric. With this map, the calculations are simpler if the considered
quadric is a paraboloid of revolution (see [17]). Moreover, if the surface
S is the graph of a function z = f(z,y), then the polar duality map with
respect to the paraboloid z = %(mz +y?) coincides with the classical Legendre
transform of f. So the dual surface has the following parametrisation:

7 (2,y) = (folm,y), fulz,y), ofe(z,y) +yfy(z,y) — flz,9)).

In the case of the surfaces S, given in (R), one obtains

2 4
T, (x,y) — (—Qxy + 2p23, y — 2, % — 2%y + 3,0%) .

The images of our plane curves F, P and D, under T,, are exactly the
flecnodal curve, the cuspidal edge and the self-intersection line of the dual
surface S/Y, respectively. Since F, P and D are parabolas, we state the
proposition:

Lemma 1. The image of the parametrised parabola t — (t,ct?), under 7,, is
the parametrised space curve (lying on SV ):

2 3
ag it (2(,0 —o)t’, (c—1)t?, <% —2c+ §p> t4) .
Proof. This is a direct application of the above Legendre duality map 7,. [
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The above parametrisation implies that the curves aj have at least 4-
point contact with the (x,y)-plane at ¢ = 0. In order to study the behaviour
of the curves af for different values of ¢ (for a fixed value of the cr-invariant
p), we will consider their projection to the (z,y)-plane along the z-direction:

V5t (200 — o)t (e —1)t%). (6)
Clearly, v5(t) — a5(t) = O(t*).

Lemma 2. Fiz a value of the godron invariant p. The images of all parabolas
y = ca?, ¢ # 1, under the composition of 7, with the projection (x,y,z)
(x,y), are cusps pointing down if ¢ > 1 and pointing up if ¢ < 1. These cusps
are semi-cubic if ¢ # p and (very) degenerate if ¢ = p.

The image of the parabola y = z* (c = 1) under the above composition is
the x-azis if p # 1 and it is the origin if p = 1.

Proof. Lemma 2 and Separating Lemma follow from parametrisation (6). ]

Remark 4. [t is clear from Lemma 2 that the behaviour of the curve 7,(F),
7,(P) or 7,(D) in S}, changes drastically when the coefficient cr(p), cp(p)
or cp(p), respectively, passes through the value 1.

4.5 Proof of Theorem 4

The projection of S, to the (x,y)-plane, along the z-axis, is a local diffeo-
morphism. So the configuration of the curves F';, P and D with respect to
the asymptotic line and the separating 2-jet at g, on the surface S, is equi-
valent to the configuration of the parabolas F, P and D with respect to the
parabolas y = 0-2? = 0 and y = 1 - 2* (see Remark 2), on the (z,y)-plane.

Given a value of p, this configuration is determined by the order, on the
real line, of the coefficients of these five parabolas:

crP=p2p—1), cp=3p—2, cp=p, cq=0, ¢, =1

The graphs of these coefficients, as functions of p, are depicted in Fig. 8.
Using the formulas of the coefficients cp, cp and cp (or from Fig. 8) one
obtains by straightforward and elementary calculations that:

pe(l 00) — 0<1l<cp<ecp<cr;
€(3,1) — 0O0<cp<cr<cp<l;
€ (5,2 — cp<0<crp<cp<l;
€ (0,3) = cp<cp<0<cp<l;
(—%,0) — cp<cp<0<cp<l;
pE(oo—%) — cp<cp<0<1<ep.
This proves Theorem 4. U
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Figure 8: The coefficients cg, cp and cp as functions of the invariant p.

4.6 Proof of Proposition 3

Consider the family of surfaces S, given by (). By (P), the slope m of the
tangent lines of the curve P is given by:

m(z) =2(3p — 2)x.

The slope p of the (double) asymptotic lines on the parabolic curve, projected
to the (z,y)-plane, is given by the equation Ag(:c, y,p; 5) = 0, that is,

p(x) = 2x.

The points of the positive y-axis, near the origin, are hyperbolic points
of the surface S, of (R). So the hyperbolic domain of S, lies locally in the
upper side of the parabolic curve. Therefore g is a positive (negative) godron
if and only if the difference of slopes (p—m) is a decreasing (resp. increasing)
function of x, at x = 0.

Consequently, the equation (p — m)’(0) = —6(p — 1) implies that the
godron g is positive for p > 1 and negative for p < 1, proving Proposition 3.
O

4.7 Proof of Proposition 2 and of Theorem 5

Preliminary remarks on the asymptotic-double (see Section 3.2).
The asymptotic double A of the surface S is foliated by the integral curves
of the asymptotic lifted field of directions. By definition of the lifted field,
the asymptotic curves of S are the images of these integral curves under the
natural projection PT*S — S (sending each contact element to its point of
contact) and, under this projection, the asymptotic double A (of S) doubly
covers the hyperbolic domain with a fold singularity over the parabolic curve.
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Write P for the curve of A which pro jects over P (that is, the curve formed
by the fold points in A of the above projection). The surface A\ P, has
two (not necessarily connected) components, noted by A; and A,., separated
by P. The integral curves on the component A;, are projected over the left
asymptotic curves and the integral curves on the component A, are projected
over the right ones. We call these components the left component and the
right component, respectively, of A\ P.

Now, consider the surface S as the graph of a function f : R? — R,
z = f(z,y), and take the projection 7 : (z,y,2) — (x,y), along the z-axis.
The derivative of 7 sends the contact elements of S onto the contact elements
of 7(S) C R? and it induces a contactomorphism PT*S — PT*R? sending A
to a surface A in PT*R2, which doubly covers (under the natural projection
PT*R? — R?) the image in R? of the hyperbolic domain. We still call the
surface A C PT*R? the asymptotic-double of S. This surface consists of the
contact elements of the (z,y)-plane satisfying the following equation:

fead2® + 2f,dady + f,,dy* = 0. (%)

In order to handle the the asymptotic double A, we take an ‘affine’ chart of
PT*R?. The space of 1-jets of the real functions of one real variable J*(R, R)
(with coordinates x,y,p) has a natural contact structure (defined by the 1-
form a = dy — pdx) and it parametrises almost all contact elements of R?:
The contact element with slope py # oo at the point (xg,yo) of the plane of
the variables (z,y) is represented by the point (zg, 3o, po) in J*(R,R). The
asymptotic-double A is the surface in J'(R,R) given by the equation

AN (2,9, p) = faw + 2feyp + fop® =0, (7)

(obtained from (x) by taking p = dy/dx). Moreover, the solutions of the
implicit differential equation (7) are the images (by m) of the asymptotic
curves of S. Equation (7) is called the asymptote-equation of f.

The curve P is the criminant curve (see c.f. [2]) of the implicit differen-
tial equation A7(x,y,p) = 0 and it is determined by the pair of equations
Al (x,y,p) =0 and Ag(x,y,p) =0.

Below, the images on the plane, under the map 7 : (z,y, z) — (z,y), of the
parabolic and flecnodal curves, of the godrons and of the special hyperbolic
and special elliptic points of S, will be called the same, that is, parabolic
curves, etc. One obtains the original objects by applying the function f and
taking the graph.

Proof of Proposition 2. Write F for the intersection of A (Af(z,y,p) = 0)
with the surface given by the equation [ Af(:v, y,p) = 0. As we mentioned in
4.2 the flecnodal curve in the (x,y)-plane is the image of the curve F under
the projection (z,y,p) — (x,y). The points of (transverse) intersection of
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the curves F and P project over the godrons of S. So, over a godron the
curve P locally separates F' (see Fig. 9).

F

‘ p
JYR,R) D .A singular point of the lifted field
R? F,
I3 P
asymptotic line

godron

Figure 9: The projection 7 : A — S, the curves P, F, P and F.

That is, £ has one branch on the left component of A and other branch
on the right component. This implies that a godron separates locally the left
and right branches of the flecnodal curve, proving Proposition 2. O

Proof of Theorem 5. Consider a godron g with cr-invariant p of a smooth
surface. To prove Theorem 5 we need to know the values of p for which the
curves P and F are tangent. Of course, such non-generic values correspond
to godrons of non-generic surfaces. To found these values we only need to
know the tangent directions of these curves over g. The tangent lines of
these curves belong to the tangent plane of A at § (the point over g in the
(x,y, p)-space), which is also the contact plane at §. So it suffices to take the
4-jet of S at g.
Take the normal form considered above:

2 4
Yy 2 x
=2 _ =. R
z 5 Ty +p 5 (R)
The coordinates (z,y, z) of this normal form satisfy the conditions considered
in Theorem 5.
Since the point g is the origin, the tangent lines to the curves P and F

belong to the (x,p)-plane. The surface AIJ; (z,y,p) = 0 is the plane given by
the equation p = 2z, which is independent of p. The surface A (x,y,p) =0
is the plane given by the equation p = 2pz. So the curves P and F are
tangent only for p = 1 (in this case we have the collapse of two godrons).

By Proposition 3, this implies that the side on which the right branch of
the flecnodal curve will lie depends only on the index of the godron.
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To see explicitly on which side of the x-axis the right branch of the flecno-
dal curve lies for a negative godron, it is enough to look at an example. We
will take a godron of a cubic surface (whose index is —1, after Corollary 3.5).

The osculating plane of an asymptotic curve at a point of a surface is the
tangent plane to the surface at that point. Using this fact, one defines the
“osculating plane” of a straight line lying in a surface.

In this way, a segment of a straight line lying in a surface is said to be
a left (right) curve, if the tangent plane to the surface along that segment
twists like a left (resp. right) screw.

The z-axis is an asymptotic (and flecnodal) curve of the cubic surface z =
y?/2 — x%y. One easily verifies that the positive half-axis is a left asymptotic
curve. This proves Theorem 5. U

4.8 Proof of Theorem 6

First, we will prove Theorem 6 for the case in which the parabolic curve
bounding the hyperbolic disc has only two godrons.

Lemma 3. If the parabolic curve bounding a hyperbolic disc H (of a generic
smooth surface) has exactly two godrons, then the disc H contains an odd
number of special hyperbolic points.

Write ¢, and ¢, for the godrons lying on 0H. By Proposition 5, both ¢;
and g, are positive godrons.

Claim 1. If two vectors v and ve are tangent to F' at g, and g, respectively,
and both are pointing from F) to F,., then vy and vy orient the parabolic curve
OH in the same way.

Proof. Since all neighbouring elliptic points of the parabolic curve 0H belong
to the same connected component of the elliptic domain, they have the same
“natural” co-orientation (given by the tangent plane). Since both godrons
are positive, Claim 1 follows from Theorem 5. O]

Proof of Lemma 3. Write f, for the connected component of F,. which starts
at gi. Since there are only two godrons on 0H, f, is a segment ending in
go. This segment separates H into two parts, which we name A and B. The
connected component of F; starting in g, f;, is also a segment ending in gs.
Claim 1 implies that if in the neighbourhood of g; the segment f; lies in A,
then, in the neighbourhood of g, it lies in B. Thus f; crosses f, an odd
number of times.

If H contains other connected components of F; and F,, then there are
(possibly) additional special hyperbolic points in H. Apart from f; and
fr, the only connected components of F; and F, in H are closed curves
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(possibly empty). But the number of intersection points of a closed curve of
F, (lying H) with f;, or with a closed curve of Fj, is even. Thus the number
of intersection points of F; with F, is odd. O

Proof of Theorem 6. To prove the general case of Theorem 6, we will
consider the closure of the hyperbolic disc, the parabolic curve 0H and the
connected components of F; and F, lying in H as a diagram A. We will prove
in a purely combinatorial manner that the number of intersection points of F;
with F}. is odd. For this, we will transform the diagram A using two “moves”,
which are elementary changes (of two types) of local diagrams, that preserve
the number of intersection points of F; with F.:

RN

v - —

Figure 10: The two elementary moves of diagrams. The moves with opposite choice of
colours of the flecnodal curve are also possible.

These moves are depicted in Fig. 10, where an intermediate singular dia-
gram is marked by a dotted box.

Write G and G~ for the number of positive and negative godrons on 0H,
respectively. Since the asymptotic covering of H is a sphere, Gt — G~ = 2.

If G~ =0, the theorem is proved in Lemma 3. So suppose G~ > 0.

Consider a pair of godrons g, and g_ of opposite index, which are con-
secutive on 0H. Two vectors tangent to 0H and pointing from F; to F;., one
at g and the other at ¢g_, provide different orientations of 0H (see Claim 1).

Consider the segment of parabolic curve joining g, to ¢g_, and which does
not contain other godrons. The local diagram in the tubular neighbourhood
of this segment of the parabolic curve is depicted in the left side of Fig. 11.

Step 1. In this tubular neighbourhood we deform the black curves starting
in g, and g_, in order to approach one to the other (the central diagram of
Fig. 11). Now we apply a move of type I to this diagram in order to obtain
a new diagram in which the connected component of F,. starting in g, will
be a segment ending in g_ and lying in the tubular neighbourhood of the
considered segment of the parabolic curve.

Step 2. Applying a move of type II to the local diagram obtained in Step 1,
one obtains a new diagram without the pair of godrons g, and ¢_.

Applying G~ times the above process, one obtains a final diagram having
only two positive godrons. Theorem 6 is proved by applying Lemma 3 to
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Figure 11: A deformation of F, and a move if type 1.

this final diagram (note that also the proof of Lemma 3 depends only on the
combinatorial properties of the initial diagram). O

4.9 Proof of Theorem 8

To prove Theorem 8 we will use the fact that the tangential map of S sends
the flecnodal curve of S onto the flecnodal curve of SV.

The dual of a front S in general position at a swallowtail point s is a
godron of a generic (locally) smooth surface. So Theorem 1 and Separating
Lemma imply that the flecnodal curve of S has a cusp at s having the same
tangent line that the cuspidal edge of S. Now, by Proposition 2, the swal-
lowtail point separates the flecnodal curve into its left and right branches.

The configuration formed by the flecnodal curve, the cuspidal edge and
the self-intersection line of S at the swallowtail point s, is determined by the
configuration formed by the curves F', P, D and the separating 2-jet on the
(locally smooth) dual surface SV, at its godron g = s".

Since the asymptotic line is not considered in the concerned configura-
tions, we can eliminate the number 0 (corresponding to the asymptotic line)
from the six inequalities of the proof of Theorem 4. One obtains four distinct
inequalities, corresponding to four open intervals for the values of p :

p € (1,00) <~ 1l<c¢p<cp<cr;

1) — c¢p<cp<cp<l;
peE(-L0) <<= cp<cp<cr<l;
pE(—0,—3) < cp<cp<l<cp

Using Separating Lemma and the configurations of Theorem 4 (not consider-
ing the asymptotic line) one obtains that these four configurations correspond
to the four configurations (of Theorem 8) for the flecnodal curve, the cuspi-
dal edge and the self-intersection line in the neighbourhood of a swallowtail
point of a front in general position. U

Remark 5. When this paper was almost finished, I wvisited [ "Ecole Normale
Supérieure de Lyon to give a talk about the results of [18] and of this paper.
Few days before my talk, E. Ghys and D. Serre have found the book [12] on the
history of thermodynamics in Netherlands. It describes a part of Korteweg’s
work ([10, 11]) about the godrons (called plaits in [12]), the parabolic curve
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and the conodal curve. According to [12], Korteweg had also described the
bifurcations of the parabolic and conodal curves when two godrons are born
or disappear, for an evolving surface. His mathematical work on the theory
of surfaces was motivated by thermodynamical problems.

References

[1] Aicardi F., Geometrical Properties of Generic Real surfaces at the Special Parabolic
Points, Preprint.

[2] Arnol’d V.I., Geomeltrical Methods in the Theory of Ordinary Differential Equa-
tions, Springer-Verlag, New York Heidelberg Berlin, 1983. (Russian version: Nauka,
1978.)

[3] Arnol’d V.I., Varchenko A.N., Gussein—Zade S.M., Singularities of Differen-
tiable Maps, Vol. 1, Birkhauser (1986). (Russian version: Nauka, 1982)

[4] Arnol’d V.I., Topological problems of the theory of wave propagation, Russian Math.
Surveys 51:1 (1996) pp. 1-47.

[5] Banchoff T., Gaffney T., McCrory, Cusps and Gauss mappings, Research Notes
in Math., No. 55, Pitman, Boston (1982).

[6] Banchoff T., Thom R., Sur les points paraboliques des surfaces, C. R. Acad. Sci.
Paris, 291 Sér. A (1980) 503-505.

[7] Landis E.E., Tangential singularities, Funct. Anal. Appl. 15:2 (1981), 103-114.

[8] Panov D.A., Special Points of Surfaces in the Three-Dimensional Projective Space,
Funct. Anal. Appl. 34:4 (2000) 276-287.

[9] Kergosien Y.L., Thom R., Sur les points paraboliques des surfaces, C. R. Acad.
Sci. Paris, 290 Sér. A (1980) 705-710.

[10] Korteweg D.J., Sur les points de plissement, Arch. Néerl. 24 (1891) 57-98.

[11] Korteweg D.J., La théorie générale des plis, Arch. Néerl. 24 (1891) 295-368.

[12] Levelt Sengers J., How fluids unmiz: Discoveries by the School of Van der Waals
and Kamerlingh Onnes, KNAW, Amsterdam 2002.

[13] Platonova O.A., Singularities of the mutual position of a surface and a line, Russ.
Math. Surv. 36:1 (1981) 248-249. Zb1.458.14014.

[14] Salmon G., A Treatise in Analytic Geometry of Three Dimensions, Chelsea Publ.
(1927).

[15] Segre B., The Nonsingular Cubic Surfaces, Claredon Press, Oxford (1942).

[16] Uribe-Vargas R., Singularités symplectiques et de contact en géométrie
différentielle des courbes et des surfaces, PhD. Thesis, Université Paris 7, 2001, (In
English).

[17] Uribe-Vargas R., On Polar Duality, Lagrange and Legendre Singularities and Stere-
ographic Projection to Quadrics, Proc. London Math. Soc.(3) 87 (2003) 701-724.

ribe-Vargas R., Surface Evolution, Implicit Differential Equations an ars o

18] Uribe-V. R., Surface Evolution, Implicit Diff jal E j d Pairs of

Legendrian Fibrations, Preprint.

213



Sk ok sk ok >k >k sk ok skosk sk >k sk Sk sk sk sk sk sk sk sk ok skosk sk sk sk ok skok sk sk sk sk sk ok sk sk sk sk skokoskok ok sk kk
SINGULARITIES AND SYMPLECTIC GEOMETRY VII
SINGULARITY THEORY SEMINAR VOLUME 9/10 (2005)

FACULTY OF MATHEMATICS AND INFORMATION SCIENCE

WARSAW UNIVERSITY OF TECHNOLOGY
Sk sk sk sk sk sk sk Sk sk sk sk sk sk Sk sk sk sk sk sk sk sk sk sk sk sk sk sk Sk sk sk sk sk sk sk sk sk sk sk sk sk skoskoskokosk skokok

Centre symmetry sets and other invariants of algebraic
sets
Mariusz Zajgc *

The aim of the present note is to reformulate some classical concepts of
the theory of planar curves in the language of algebraic geometry. In Sec.
1 we shall present the definitions and several basic properties of the centre
symmetry sets of a closed planar curve. Sec. 2 recalls other classical notions,
namely that of the centre of curvature, and the evolute, i.e. the locus of the
centres of curvature, and shows how they can be expressed in purely algebro-
geometric terms. Finally, in Sec. 3 we shall indicate the way of combining the
methods, namely the algebraic definition of the centre symmetry set and the
anti-centre symmetry set. In particular we shall study the ACSS of a cubic
curve. We shall suggest some possibilities for future research and mention
some difficulties that are likely to appear.

The author wishes to thank the CIRM at Luminy for the hospitality and
Peter Giblin for discussions and clarifying some points.

1 The centre symmetry sets

Let us consider a smooth curve C' € R2 If C is an oval, i.e. a closed curve
without inflection points, we can say that a point O is the centre of symmetry
of C'if it is the midpoint of all chords passing through O. This is, obviously,
a very restrictive property and a generic oval has no centre of symmetry.
One can, however, generalize this notion and replace the classical centre of
symmetry by a certain set that can be defined for any oval C' and reduces
to a single point if C is centrally symmetric. The main idea is to draw
the segments joining those pairs of points on C' at which the tangents are
parallel. This one-parameter family of chords is depicted in Fig. 1 for the
bounded connected component of the cubic curve 2 = y* — y (this is the
first interesting case, as obviously all closed conics, i.e. ellipses, are centrally
symmetric).

'Faculty of Mathematics and Information Science, Warsaw University of Technology,
Plac Politechniki 1, 00-661 Warszawa, Poland. e-mail: zajac@Qmini.pw.edu.pl
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Figure 1: Symmetry sets of an oval

We see that the following two definitions seem natural:

e the envelope of the above-mentioned family of chords (the larger curve
with three cusps in Fig. 1) will be called the centre symmetry set (CSS);

e the set of midpoints of the chords considered (the smaller curve with
three cusps in Fig. 1) will be called the anti-centre symmetry set

(ACSS).

Of course if C' has a centre of symmetry O then both the CSS and the
ACSS reduce to the point O. These sets are also invariant under the affine
transformations of R? because we only use the notions of tangency, parallel
lines and the midpoint of a segment.
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The differential properties of these sets were studied in [4], [1] and [2],
and in the case of a generic oval they can be summarized as follows:

e apart from a finite number of cusps both sets are smooth curves with
no inflection points;

e the CSS and the ACSS have the same odd number of cusps;

e the cusps of the ACSS are the midpoints of the chords joining those
pairs of points at which the curvatures of C' are equal,

e the cusps of the CSS lie on the chords joining a point of large curvature
with a point of small curvature (more precisely the ratio of curvatures
must have a critical point).

2 Focal loci

In this section we shall recall the concept of the focal locus of a curve (tra-
ditionally referred to as the ewvolute of the curve), which is the locus of the
centres of curvature of this curve. We shall generally follow the exposition
of [5], restricting ourselves, however, to the case of algebraic curves in the
(affine or projective) plane.

There are several equivalent ways of defining the centre of curvature of a
curve in elementary differential geometry. We choose one of them because it
can easily be rewritten in purely algebraic terms.

Let v : (a,b) — R? be a smooth curve parametrized by the arclength,
and let T'(t) and N(t) be the unit vectors tangent and normal to v at (),
respectively. If we now define the following function:

e:(a,b) x R — R : (t,7) — ~(t) +rN(t),

i.e. the endpoint map associating to every normal vector of length r beginning
at y(t) its end, then using the well-known Frenet formulae:

V() =T(t),: T'(t) = k(t)N(t), : N'(t) = =k(t)T'(2),
where k(t) is the curvature, we can easily prove the following

Proposition 1. The evolute of a planar curve is equal to the set of critical
values of the endpoint mapping.

It should be mentioned here that the notions of critical and regular values
are invariant under any diffeomorphic change of coordinates in the domain.
Therefore the above proposition will remain equally valid if we take any
smooth parametrization ¢ instead of the arclength or any smooth normal
vector field N(t) instead of the vectors of length 1. However, the evolute is
invariant under isometries only, and not all affine transformations, because
we always require that N(¢) should be orthogonal to the tangent.
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Focal loci of algebraic curves

As usual, the most natural setting for dealing with algebraic curves is the
(complex) projective plane. If we consider a polynomial f(z,y) of degree d
and its homogeneous counterpart F(X,Y, Z) = Z%f(X/Z,Y/Z) then instead
of the affine normal line to C' = {F(z,y) = 0} at a regular point P =
(x0,%0) € C with the equation

Fo(w0,90) - (¥ — vo) — Fy(%?yo) (. —120) =0

we can talk of its projectivization: the line in P? joining P = (z¢ : yo : 1)
with the point at infinity P, = (Fx(P) : Fy(P) : 0).
The projectivization of the endpoint mapping e is now

E:C x P! - P?%

(X:Y:2),(A:p)— AX +uFx(X,Y,Z): XY + uFy(X,Y, Z) : \Z).

In this setting the focal locus is the critical value set of an explicitly defined
rational mapping defined on a smooth algebraic variety. Therefore the evolute
of an algebraic curve is also an algebraic set. More detailed analysis of this
set, which can be found in [5], leads for instance to the following

Theorem 1. Let X C P% be a general algebraic curve of degree d > 1 and
Z its focal locus. Then deg Z = 3d(d — 1).

Note that the degree of the real affine view of the focal locus can be equal
to 3d(d — 1) or lower, e.g. for an ellipse the algebraic degree of the evolute
equals 3d(d — 1) = 6 but for a parabola it is 3.

3 Algebraic approach to centre symmetry sets

Let C' C R? be a smooth curve. As we see from the very definition of CSS
and ACSS, the most important objects are pairs of points on C' with parallel
tangents. Let us define

S={(P,Q) € C xC: the tangents to C' at P and @ are parallel}.

If the projectivized equation of C'is F' = 0, this amounts to saying that these
tangents meet at a point with Z = 0, or equivalently

S=1{(P,Q) e C xC: Fx(P)Fy(Q) = Fx(Q)Fy(P)}.

The set S can be rather complicated in the general (nonconvex) case, but
if C'is an oval then S is the sum of the diagonal {(P, P)} and the set of
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pairs of opposite points {(P, P')}. Thus topologically S has two components
isomorphic to C' itself, but they cannot be distinguished algebraically, which
is a serious drawback (see below).

Once we have defined S we can define both CSS and ACSS in algebraic
terms.

Proposition 2. The ACSS of a convex algebraic curve is (a connected com-
ponent of ) the image of S under the 'midpoint mapping’

m((X;:Y1:1),(Xe:Yo:1)=(X7+Xo: Y1 +Y5:2),

whereas the CSS is (a connected component of) the set of critical values of
the restriction j|sxp1, where j is the ’chord mapping’

JUX Y1), (X0 Yoo 1), (A ) = (AX + pXo 0 AV 4 pYa 0 A+ p).

Prop. 2 can be proved analogously to Prop. 1.

3.1 ACSS of an algebraic curve — cubic case

In the affine setting we are tempted to say that the point (z,y) belongs to
the ACSS of the curve C' = {f(z,y) = 0} if the following equations hold for
some Ty, Y1, Lo, Ya :

f(xla yl) =0

f(%, y2) =0

fa:(%,?il)fy(xz,m) = fo(z2,92) fy(z1, 1) (3.1)
iy

y=n3e

If we eliminate x1,y1, xs2,y2 from the above system, we should in princi-
ple obtain the equation defining the ACSS. However, as mentioned before, if
(z,y) = (x1,11) = (z2,y2) € C then the parallel tangents condition is tauto-
logically fulfilled, so in fact the system (3.1) defines the union of the ACSS
and the curve C' itself. There are also other interesting phenomena, which
will be visible in the example.

Let f(x,y) = 2% — 3z — y?. The elimination of 1,1,z and yo from
(3.1), performed with the Singular package, gives the following 12-th degree
equation for x and y :

(2% — 32 — y*)(82° — 122%2 — 302" + 623y* + 32y® — ¢° +
+422° + 62y* + 62%y* — 262 — > +62) =0

The divisibility of this equation by f(z,y) agrees with our previous analysis,
and the zero set of the second factor is shown in Fig. 2 as a thin line together
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Figure 2: ACSS of 23 — 3z —y?> =0

with the original (thick) curve consisting of an oval and an unbounded branch
with two inflection points.
Let us make some observations:

e First and foremost, what we see is the real picture of the complex
ACSS, i.e. x and y are real, but x1,y1, z and y, need not be.

e Beside the ACSS of the oval we can see three unbounded branches.
Their appearance is easy to understand: for a fixed point (z,y) € C
with large coordinates x,y and almost vertical tangent line there are
three other points where the tangents are parallel, and they are approx-
imately (—+/3,0), (0,0), (v/3,0). Therefore as (z,) goes to infinity, the
three respective midpoints tend asymptotically to three 'parallel’ cubic
curves.

e From the equation of the ACSS one can directly compute its singular
points. It turns out that in the complex domain there are ten of them,
four of which have real coordinates, namely the three cusps of the
ACSS of the oval: (—1,0) and (—0.8475,40.153036) (hardly visible
in Fig. 2, but cf. Fig. 1) plus the point (1,0), whose appearance
is confusing at first sight, as it does not seem to be the midpoint of
any chord of C. However, in precisely the same way as (—1,0) is the
midpoint of the chord joining the points (—1,4v/2), the cusp (1,0)
is the midpoint of the chord between (1,+/2i) and (1, —+/2i). Indeed,
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apart from the obvious symmetry (x,y) — (z, —y) there is also another
one: (x,y) — (—x,iy).

e In fact, the segments of the rightmost branch between its cusp (1,0)
and the inflection points of C consist of real points that are midpoints
of pairs of conjugate complex points. Let us discuss it in detail.

In order to find a point on C' with tangent parallel to a given line
y = ax + b we have to solve the system of equations

33— =
{ s ! ! (3.2)
2y
Substituting y from the second equation to the first one we get an
equation of order 4, which can have 2,3 or 4 real solutions, depending
on a. Geometrically speaking, the two limiting values of a are just the
slopes of the tangents at the inflection points of C : there are four
parallel tangents going in 'more vertical’ directions but only two in
'more horizontal’ ones. Nevertheless, even if there are only two real
solutions to the system (3.2), there are also two such points (z,y) with

complex conjugate coordinates, and their midpoint is real.
For a general cubic curve, however, the degree of the ACSS can be higher.

Theorem 2. Let X C R? be a general algebraic curve of degree 3 and Z its
ACSS. Then deg Z = 12.

This means that performing the procedure of eliminating x1,y1, T2, Yo
from the system (3.1) for a general cubic polynomial f(z,y) gives G(x,y) = 0,
where G is a divisible by f polynomial of degree 15, so the degree of G/ f is
12.

Before sketching a proof of this result, let us show why the curve x® —
3x — y?> = 0 is not general for this problem. One can easily see that the
system (3.2) for a general cubic leads to an equation of degree 6, not 4, and
indeed, a cubic can have as much as six parallel tangents. This is not the
case for 2% — 3z — y? = 0 because its projectivization X? —3X72 -Y?Z =0
has at infinity an inflection point (0 : 1 : 0) with the tangent Z = 0. Then
(0:1:0) is a double solution of the projectivization of (3.2) for any a. One
could also say informally that the line at infinity Z = 0 is parallel to any line
Y = aX +bZ because two lines are called parallel whenever their intersection
lies at infinity.

In Fig. 3 and 4 we see more examples of the ACSS of cubic curves. Please
pay attention to the neighbourhoods of the inflection points. As a rule only
one branch consists of midpoints of visible (real) chords.
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Figure 3:

Figure 4: ACSS of 2 +¢y3 — 32y -3z +y+1=0

3.2 ACSS of an algebraic curve — another approach

We intend to derive an algebraic condition for an arbitrary point P = (¢, yo)
to belong to the ACSS of the curve C' = {f(z,y) = 0}. By translation
invariance this happens whenever (0,0) belongs to the ACSS of the shifted
curve fp(z,y) = f(z+x0,y+yo) = 0. The coefficients of fp are polynomials
in zg and yo, therefore it suffices to find a condition for (0,0) to belong to
the ACSS of the curve C = {f(z,y) = 0} algebraic in the coefficients of f.

However, the origin (0,0) belongs to the ACSS of C' if and only if:

for some x and y both points (z,y) and (—z, —y) belong to C' and the
respective tangents are parallel, or equivalently:

for some = and y the point (x,y) belongs both to C' and to the symmetric
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curve —C' = {f(—x,—y) = 0} and the respective tangents coincide, which
means exactly:
the curves C' and —C' have at least one nontransversal intersection point.
We can also observe that the system

f(.y) =0
{ Fet —g) = 0 (3:3)

is equivalent to

(3.4)

(]['O(x7 y> — f(‘r’y)_é(_zv_y) — 0

{ fola,y) = Fmtigest — 0

where f, and f, denote the sums of monomials of even (respectively odd)
degrees included in f.
In particular for a cubic equation f =3, i<3 a;jz'y’ we obtain

a0z’ + anzy + agey® + agp =0
aso®® + a2y + axy® + agsy® + a0z + agry =0

We solve this system in the following steps:

We complete the square in the first equation, i.e. perform a linear change
of coordinates in order to have a;; = 0. By abuse of notation the new x and
y will have unchanged names.

We solve the first equation for 42 obtaining y? = Ax? + B and substitute
Ax? + B for y* and (Az? + B)y for 43 in the second equation, obtaining

y? = Az’ + B
Cx®+ Dx*y+ FEx+ Fy =0
(here A, ..., F are some rational functions of the a;;’s).
The second equation gives now

Ca?+E
D+ F
and from the first equation we have
Cz’+F
Dx?>+ F

which, when multiplied by the denominator, becomes a cubic equation in x2.
This equation has a multiple root if and only if its discriminant is 0, and that
imposes a polynomial condition on A, ..., F, hence also on the a;;’s.

The preceding sketch omits some details, but it shows in principle that
we can derive not only the algebraic equation of the ACSS of any fixed cubic
curve, but also the general formula transforming any set of 10 coefficients a;;
into the equation of the ACSS. Computations using Maple showed that this
equation has in fact degree 12.

y:

2
) v = A2’ + B (3.5)
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3.3 Ciritical points of the ACSS

From the above considerations it is clear that the ACSS has a critical point
if and only if the system (3.3), or equivalently (3.4), has a solution of mul-
tiplicity at least 3, which gives an extra algebraic condition that the cubic
equation in x?, obtained from (3.5) should have a triple root rather than only
a double one.

It is worth pointing out that the ACSS appeared in [3] under the name
MPTL (mid-parallel-tangents locus) as an auxiliary set for studying one of
generalizations of the axis of symmetry, namely the AESS (affine envelope
symmetry set), which is the set of the centres of conics having two points of
(at least) triple contact with the given curve (so called 343 conics). Accord-
ing to Propositions 2.4.7 and 2.4.9 of [3] the critical points of the ACSS are
simultaneously critical points of the AESS and they are the centres of 3+3
conics with parallel tangents.

3.4 CSS of an algebraic curve — preliminary remarks

In this part we shall skip the details of computation and show only the
general idea that one can treat the CSS in the same way as the ACSS in
3.2 and try to derive a condition for (0,0) to belong to the CSS of the curve
C= {f($’y) = 0}

According to [4] and [1], any point on the CSS of C' divides its respective
chord in the ratio equal to the ratio of the curvatures of C' at the ends
of this chord. In other words the origin (0,0) belongs to the CSS of C
if and only if there exists such a negative real k that the curves C' and
kC = {f(kz, ky) = 0} have an intersection point with common tangents and
curvatures, i.e. a triple intersection point (side remark: in the oval case there
can be no such positive real k # 1).

This amounts to considering the system of equations:

which unfortunately cannot be transformed to such a special form as (3.4)
because of the existence of k. However if deg f = mn, then the following
equivalent system

E'f(x,y) — f(kx,ky) =0
{ f(x,y) — flka,ky) =0 (3.7)

is simpler than (3.6) because the first equation has now degree n — 1 and the
second one has no constant term.
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Generally speaking, there are several ways of checking whether two given
plane curves have a triple intersection point. One of them requires equat-
ing the derivatives y'(z) and y”(z) for both curves computed by the Im-
plicit Function Theorem; another method can be applied when one of the
curves has a rational parametrization (this is the case for (3.7) when n = 3,
since then the first equation has degree 2) — it involves substituting this
parametrization to the equation to the other curve and writing the discrim-
inant conditions in order to check if the resulting polynomial has a triple
root.

Quite obviously, although we could in principle write the corresponding
algebraic equations explicitly, they are much more complicated than in the
ACSS case. Last but not least, we still have to eliminate k& from these equa-
tions, and remember that there may exist nonreal numbers k£ for which the
system (3.6) has a triple real solution (z,y).

It should be hoped, however, that for some special classes of curves the
computations could simplify considerably — e.g. for the curves of constant
width the ACSS coincides with the focal locus. These aspects will be dealt
with in the further research.

3.5 Final remarks

e A single point on the evolute corresponds to (a neighbourhood of) a
single point on the original curve C, while one point on the CSS or
ACSS reflects properties of two points on C.

e One algebraic equation usually defines a sum of several disjoint ovals,
some of which may be convex and some nonconvex. The maximal
number of ovals grows proportionally to the square of the degree of C,
and therefore the maximal number of components of CSS and ACSS is
asymptotically proportional to the fourth power of this degree.

e Finally, though the classical methods of algebraic geometry were used
successfully in [5], one must be aware that some extra structure on P?
is necessary. For instance, in order to define parallel tangents and the
midpoint of a segment we must fix a projective line Z = 0, and the
evolute requires some notion of distance or orthogonality (in fact there
exist also so called affine normals and affine evolutes, but we do not
address them here).

The above remarks suggest that, although various types of symmetry sets
arise quite naturally and find various applications e.g. in image recognition
and processing, their detailed algebraic study encounters serious obstacles.
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