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Abstract

We examine some generic features of surfaces in the Euclidean 3-space R? related to
the Gauss map on the surface. We consider these features on smooth surfaces and
on singular surfaces with a cross-cap singularity.

We study some symmetries between two classical pairs of foliations defined on
smooth surfaces in R3: the asymptotic curves and the characteristic curves (called
harmonic mean curvature lines in [41]). The asymptotic curves exist in hyperbolic
regions of surfaces and have been well studied. The characteristic curves are in
certain ways the analogy of the asymptotic curves in elliptic regions. In this thesis
we extend this analogy. . We use We produce results on the characteristic curves
mirroring those of Uribe-Vargas ([71]) on the asymptotic curves. By considering
cross-ratios of Legendrian lines in the manifold of contact elements to the surface
we show that certain properties of the characteristic curves are invariant under
projective transformations, and examine their behaviour at cusps of Gauss.

We establish an analogy of the Beltrami-Enepper Theorem, which allows us to
distinguish between the two characteristic foliations in a natural geometric way. We
show that the local properties of characteristic curves may be used to prove certain
global results concerning the elliptic regions of smooth surfaces.

Motivated by the study of the asymptotic, principal and characteristic curves
on surfaces in R?, we construct a natural one-to-one correspondence between the
set of non-degenerate binary differential equations (BDEs) and linear involutions on

the real projective line. We show that one may construct pairs of BDEs that have
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various symmetric properties using a single involution on RP!. We study the folded
singularities of BDEs, and associate an affine invariant to such points. We show
that one may associate a complex parameter to folded singularities that determines
the relative positions of various curves of interest.

We show that the BDEs asymptotic, characteristic, and principal curves are
related to other quadratic forms on surfaces. These include the BDE that defines
the lines of arithmetic mean curvature which are studied in [39], and the third
fundamental form of the surface. We define a new pair of foliations of a surface
which we label the minimal orthogonal spherical image (MOSI) curves which are the
integral curves of those tangent directions to a surface that have orthogonal images
under the Gauss map, and are inclined at an extremal angle. We establish the
configurations of the MOSI curves in a neighbourhood of umbilic points, parabolic
points and cusps of Gauss.

We construct natural 1-parameter families of BDEs that interpolate between the
BDEs we have studied, and establish relationships between these families.

We exhibit the existence of a curve of points of zero torsion of the characteristic
curves, and a curve of points where the tangent plane to the surface is the osculating
plane of a characteristic curve. We determine the behaviour of these curves near
cusps of Gauss and umbilic points.

We study BDEs with coefficients that vanish simultaneously at an isolated point
and with discriminant having an As-singularity at that point. We show that such
BDEs can be grouped into three distinct types, and study the differences between
these types in terms of their codimension and the linear parts of their coefficients.
We establish the topological configurations of the solution curves in each case with
codimension < 4.

We study the asymptotic and characteristic curves in the neighbourhood of a
parabolic cross-cap, that is, on a singular surface with a cross-cap singularity with
a parabolic set having a cusp singularity at the singular point. We obtain the
topological configurations of these foliations both in the domain of a parametrisation
of such a surface, and on the surface itself. We construct a natural one-parameter

family of surfaces with cross-cap singularities in which the parabolic cross-cap is
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the transition from a hyperbolic cross-cap to an elliptic cross-cap. We study the

bifurcations of the asymptotic and characteristic curves in this family.
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Prologue

Geometry is one of the oldest branches of science: the first axiomatic study was
carried out by Euclid in the third century BC. It is remarkable, therefore, that is
still at the forefront of mathematical research today. Indeed, one could argue that
all of mathematics stems from geometry, that is, from a need to understand the
world around us.

It is even more remarkable that Euclidean geometry, that is, geometry based on
Euclid’s axioms, is still very much alive as an area of research. Two major develop-
ments in mathematics since Euclid’s time have given the subject new impetus. The
first was the invention of calculus by Newton and Leibniz in the seventeenth century.
This gave mathematicians the tool they needed to understand curved objects. The
second, over the last seventy years, was the development of singularity theory, a
descendent of Newton’s calculus.

Singularity theory is the framework within which to study generic geometric
properties, that is, those properties that a curved object might typically have. Its
study has led to a number of very classical objects in differential geometry being
revisited and studied from a new angle. It has also made geometry more applicable
to other scientific fields, for example, computer vision.

This thesis is a continuation of that process: an investigation of some generic

properties of regular and singular surfaces in Euclidean space.

The aims of the thesis

In general a smooth surface in the Euclidean space R? has open (possibly empty)
hyperbolic and elliptic regions, where the Gaussian curvature K is respectively neg-
ative and positive, and a smooth curve where K = 0, known as the parabolic set.

1
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Our interest is centred around two families of curves on smooth surfaces: the
asymptotic curves and the characteristic curves. The asymptotic curves exist in the
closure of the hyperbolic regions of surfaces, the characteristic curves exist in the
closure of the elliptic regions of surfaces.

The asymptotic curves have been well studied, the characteristic curves less so,
however a number of properties of the characteristic curves, discussed in [Chapter 2]
show them to be the analogue of the asymptotic curves in the elliptic region.

Much of the generic geometry of the non-elliptic regions of surfaces (discussed
in is related to the asymptotic curves. The similarities between the
asymptotic curves and the characteristic curves suggest that the geometry of the
elliptic region may be better understood by studying the characteristic curves.

The asymptotic and characteristic curves are given, in the domain of a parametri-
sation of a smooth surface, by certain binary differential equations (BDEs). These

are implicit differential equations that may be written in the form
a(z,y)dy? + 2b(z, y)dady + c(z, y)dx? = 0,

where a, b, ¢ are smooth functions. These equations have wide ranging applications
in areas of mathematics including differential geometry, partial differential equations
and control theory, and have been much studied. For a survey of work on BDESs see
[68].

Whitney showed in [75] that a surface can have a stable singularity under smooth
changes of coordinates in the source and target, that is, an isolated point at which
is surface is not smooth. The singularity is known as a cross-cap. A model of a
surface with a cross-cap singularity is shown in [Figure 1}

As cross-cap points are the only stable singularities of immersed surfaces in
R3, it is natural to seek to understand the differential geometry of surfaces in the
neighbourhood of such points.

The aims of this Thesis are as follows:

1. to strengthen the case for the characteristic curves being justifiable objects of
study, draw further parallels with asymptotic curve, and use them to under-

stand the geometry of the elliptic region;
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Figure 1: A wire model of a cross-cap in the Science Museum in London.

2. to understand further the geometry of the cross-cap connected to the asymp-

totic and characteristic curves;

3. to understand the types of differential equation that define the asymptotic and

characteristic curves, and the relationships between them.

Our approach to the problems

Many of the generic features of surfaces in R?® that we consider can be defined and
studied using two different approaches. The first is to use singularity theory directly
by defining functions on such surfaces and classifying their singularities (see [46] for
a survey of this use of singularity theory).

The alternative approach is to study foliations of smooth surfaces and related
features by studying the differential equations that define these foliations. Many of
the generic features of surfaces that we encounter may be alternatively characterised
in terms of BDEs. For example, consider the contact of the surface with planes.

The singularity theory approach involves considering the family of height functions
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on the surface (see [Section 1.2)). Generally the height function is a submersion,
however if the plane in question is the tangent plane to the surface the height
function is singular. The singularity is generally an A;-singularity (see ,
more specifically, and A -singularity if the point is elliptic and an A -singularity
if the point is hyperbolic. There are generally smooth curves of points on the
surface where the tangent plane to the surface has more degenerate contact with the
surface, namely the parabolic set, a height function having an A,-singularity at such
points. At isolated points on the parabolic set a height function may have an Ajs-
singularity, and the surface has even more degenerate contact with its tangent plane.
These points are called cusps of Gauss. Alternatively these features of surfaces may
also identified by studying the BDE of the asymptotic curves, which is given in
Section 2.2l Hyperbolic (respectively elliptic) points are those points at which the
asymptotic BDE has two (respectively zero) solution directions. The parabolic set
and the cusps of Gauss are the discriminant and folded singularities (see
of the asymptotic BDE respectively.

It is often the case that more geometric information can be obtained using the
differential equations approach. The cusps of Gauss are a good example. The height
function approach shows that are two types of cusp of Gauss distinguished according
to whether the singularity of the height function is of type A3 or A;. On the other
hand, there are three generically occurring topological models of folded singularities
of BDEs known as well-folded saddles, nodes and foci (see[Section 1.3)). As all three
models can occur in the case of the asymptotic BDE at a cusp of Gauss, we obtain
a finer classification of such points using the differential equations method.

The characteristic directions may be seen as an extreme example of this phe-
nomenon. They have not yet been defined in terms of contact with any model-
submanifold, and so all the information currently known about these curves stems
from the study of the defining BDE.

In this thesis, therefore, we generally favour the differential equation approach,

although we will occasionally revert to the classical methods.
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An outline of the thesis

In we review the methods and definitions required in the thesis. These
include aspects of singularity theory, a rigorous definition of genericity, and tech-
niques for the qualitative study of implicit differential equations. In with
give precise definitions of the curves of interest and the BDEs that define them, and
review relevant existing results. We include a new interpretation of the notion of
conjugacy.

In we study the characteristic curves at cusps of Gauss, that is, at the
folded singularities of the BDE . This work draws analogies with Uribe-Vargas’
work on the asymptotic curves in [71]. We show that despite the characteristic
curves themselves being invariant only under Euclidean transformations of the am-
bient space, certain associated features in the neighbourhood of a cusp of Gauss are
preserved by projective transformations. We associate a projective invariant param-
eter to cusps of Gauss. We establish the configurations of various curves of interest
at cusps of Gauss. We consider the Legendre transform of the characteristic BDE
at these points. We provide a natural, geometric way to distinguish between the
two characteristic curves through a non-umbilic elliptic point, and produce a result
on the characteristic curves analogous to the Beltrami-Enepper Theorem for the
asymptotic curves. We conclude the chapter with some results concerning elliptic
discs on surfaces, an example of how the (local) study of the characteristic curves
may be used to prove global results about elliptic regions of surface.

An alternative construction of the asymptotic and characteristic BDEs uses cer-
tain involutions on the real projective line. In we generalise this idea,
and some of our results from [Chapter 3] This work lays the foundations for
where we show, by considering BDEs as points of the projective plane, that the
asymptotic, principal and characteristic BDEs are connected to a number of other
BDEs forms on the surface, which we study. We construct new 1-parameter families
of BDEs on surfaces and show how they are related to each other.

In we treat the characteristic curves as space curves in the ambient
space R? and consider their torsion. We exhibit the existence of smooth curves on

the surface where the torsion of a characteristic curve vanishes, and further curves
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where the tangent plane to the surface is the osculating plane of a characteristic
curve.

The final three chapters concern the geometry of the cross-cap. The asymptotic
BDE on a parabolic cross-cap has coefficients that all vanish simultaneously and
a discriminant that has a cusp (As) singularity. Such BDEs have been studied
previously, however, those encountered on the cross-cap are of a more degenerate
type. We consider these BDEs in their own right in and give a complete
topological classification of cusp BDEs with codimension < 4. In we study
the asymptotic and characteristic curves on a parabolic cross-cap and in

we study their bifurcation in a 1-parameter family of cross-caps.



Chapter 1

Methods

1.1 Singularity theory

We review the definitions and results from singularity theory that will be needed in

the thesis.

1.1.1 Basic notions

Throughout the thesis smooth will always mean C'*°, that is, a map will be said
to be smooth if it has continuous partial derivatives of all orders. We denote by

C>®(R™ R™) the set of smooth maps R" — R™.

Jets, germs and the Whitney Topology

Definition 1.1.1 The k-jet space J*(n,m) is the vector space of all polynomial
maps of degree k from R" to R™.

We generally abbreviate J*(n, 1) to J*(n).

Definition 1.1.2 Let f € C°(R",R™). The k-jet, j}’;f of f at a point p € R" is

the Taylor expansion of f about the point p truncated at degree k.

Definition 1.1.3 Let U, V be open subsets of R™ with UNV # 0, let

f:U —R™
g:V —R™
7
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be smooth, and let p € UNV . We define an equivalence relation ~ on C*(UNV,R™)
by letting f ~ g if and only if there is an open subset W C U NV with p € W such
that f =g on W. The ~-equivalence class of f is called the germ at p of f, and is
denoted by

f R p—R

All properties of germs will be checked on representatives so we will generally

use the same notation for a germ and its representative.

In |Definition 1.1.4] we consider the k-jet of a smooth function to be a point in a

Euclidean space.
Definition 1.1.4 Let € > 0 and let f : R™ — R"™ be smooth. Let
BE(f) == {g: R" = R"||jy f — jpg| <€ Vp € R"}.
The Whitney C*°-topology is the topology on C*°(R"™ R™) with base
{B*(f)IVk e N,V e > 0,Vf € C*°(R™,R")}.

Remarks 1.1.5 1. For any open subset U C R™ the Whitney topology induces
a topology on C*(U,R™), the set of smooth maps U — R™. In particular at
any points p € R™ and ¢ € R™ we have a topology on the set of germs at p of
smooth maps R™, p — R™, q.

2. The Whitney topology extends to smooth maps between manifolds, as locally a

manifold is parametrised by an open subset of R™.

The implicit function Theorem

We will make use of the following (standard) technical Theorem, so we include a

statement for reference. A proof is given in, for example [6].

Theorem 1.1.6 Let U C R™ x R™ be open, and let (0,0) € U. Let f: U — R be
a smooth function such that f(0,0) =0 and Of /Ox; # 0 for each i =n+ 1..n +m.
Then there exist open sets W1 C R™ and Wy C R™ with Wy x Wy C U, and a unique
smooth map g : Wy — R™ such that f(x,g(x)) =0 for all x € Wj.
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Singular map germs

Definition 1.1.7 A map f : R™ — R" has a singularity at a point p if its differen-

tial at p has less than mazximal rank.

For a basic reference on singular points of smooth maps we use [3].
Definition 1.1.8 Two map-germs,
fag : Rm70 _>Rn>0

are said to be R-equivalent (respectively L-equivalent, A-equivalent) if there ezists

germs of diffeomorphisms

¢ :R™0—R™,0

and

Y :R"0—R™ 0

which preserve the origin and are such that f o ¢ = g (respectively f = 1 o g,
fod=1o09)

We give normal forms for the simplest singularities for reference in this thesis.

Example 1.1.1 Let f : R20 — R be a function germ. Then f has an A,f—

singularity if it 1s R-equivalent to
ixz :i: yk+1

(k > 1), and that f has a Di5-singularity if it is R-equivalent to
22y +

(k> 4).

Note that A - and A, -singularities are equivalent when £ is even, as is the case with
D - and D, -singularities. We shall refer to A;-singularities as Morse singularities,

Ag-singularities as cusp-singularities and As-singularities as swallowtail singularities.
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Definition 1.1.9 Let f : R™ 0 — R",0 be a singular map germ. An r-parameter
unfolding of f is a smooth map
F:R™"0xR',0 —R"xR",0
(z,u) — (f(z,u),u)
where x € R™ and u € R”, such that f(x,0) = f(z),Vz € R™. The family of maps

f(x,u) is then referred to as an r-parameter deformation of f.

Definition 1.1.10 If
F:R™"0xR",0—=RxR",0

1s an unfolding of a function germ f: R™ 0 — R, then the singular set of F' is
oF
Y ={(x,u) e R™ x Rr|a—(x,u) =0},
x

the image of the critical set, D = F(X), is the discriminant set of F' and the bifur-
cation set of F is

O*F

oF
—[ueR |3z e R st. T ~ 7
B={ueR'|3z e s.t (x,u) 8:c2<

e x,u) = 0}.
Transversality

Let X and Y between smooth manifolds and let g : X — Y be a smooth map. Then

at each point x € X we have the tangent map

Tg(x) :TxX — Tg(w)P
ur— Dg(u).

Definition 1.1.11 If X, P are smooth manifolds, Y is a smooth submanifold of P,

and g : X —'Y is a smooth mapping, and if
im(Tg(x)) + Ty)Y = Ty P
forallz € f7XY), orifim(g) NY =0, then g is said to be transverse to Y.

Recall that a residual subset of a topological space is one whose compliment is
nowhere dense, or equivalently one that is the countable intersection of open and

dense subsets.
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Theorem 1.1.12 Let Q be a smooth submanifold of the jet space J*(n,m). Then
the set of all smooth mappings f : R* — R™ for which j*f is transverse to Q is
residual in C*°(R", R™).

1.2 Generic geometry

For a basic reference on generic geometry see [15] 43|, 47, [73].

Genericity

Definition 1.2.1 A property is generic for C*°(R"™, R™) if it defines a residual sub-
set of C°(R™,R™).

[Theorem 1.1.12| (Thom’s transversality Theorem) shows that the property that

a map is transverse to any submanifold of a jet-space is generic. Equipped with

this fact, [Lemma 1.2.2| provides a powerful tool for studying generic properties of

submanifolds.

Lemma 1.2.2 Let R, P be smooth manifolds, and let ¢ : R — P be a smooth map.
If Q is a smooth submanifold of P with ¢(R) transverse to Q, then ¢~(Q) is a

smooth submanifold of R with the same codimension as (), or is empty.

This thesis is concerned with smooth surfaces in the Euclidean space R3, and in
particular their local geometry. As we will identify new geometric features of such
surfaces, we require a method for establishing that they are generic. We follow the
approach of Bruce in [9].

Given a smooth orientable surface S C R?, we may write S locally about some
point p in Monge form

(2, y, f(z,y)).

If we are concerned with purely local properties, we may consider f to be the germ
at p of a function and work in a single open neighbourhood U of p. Local geometric
information about the surface is then given by the Monge function f € C*(U,R)
and its derivatives at p, so we work in the jet-space J*(2) for some k. Of course,

there is the problem that the choice of coordinates is not unique.
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We give S an orientation and let n(p) be the (positive) unit normal to S at
the point p, X(p) be any smooth vector field on S, and choose a vector field Y (p)
such that {X(p),Y(p),n(p)} is a right-handed orthonormal basis for R* at each
point p € S. At any point p let the coordinate axes x,y, z lie along the tan-
gents to X(p), Y(p),n(p) respectively, and parametrise the surface in Monge form
(x,y, fp(z,y)) at p, where f, is a smooth function and fy = f. Note that f, and its
first derivatives vanish at p. We define the k-jet-extension map (or Monge-Taylor
map)

¢: S — JH2)
p— jfp
It is clear that ¢ depends on the choice of vector field X. The possible choices of
(x,y)-axes at any point, however, are related by an SO(2) change of coordinates,
that is, by a rotation of 7,,S about n(p), which leaves T,,S invariant. The group
SO(2) acts on J*(2) via the coefficients of the elements of J*(2). It follows that the
transversality of ¢ at p to an SO(2)-invariant submanifold V' C J*(2) is independent
of the choice of vector field X. For any ¢ € J*(2), the tangent space at ¢ to the
SO(2)-orbit of ¢ is R{zq, — yq. }-

The method, then, is as follows. We parametrise a surface in Monge form with
the origin at the point under consideration. We establish conditions on the k-jet of
the Monge function for that point to have a particular geometric property, and use
these conditions to define smooth submanifolds of the k-jet space. We establish the
(open) conditions for the jet-extension map to be transverse to these submanifolds,
and then apply to establish the codimension of the set of points with
such a property on the surface.

In order to carry out this process, we need to be able to calculate the image of

the tangent map of the jet-extension map. [Lemma 1.2.3|appears in [9] although the

proof is not provided there.

Lemma 1.2.3 ([9]) If ¢ : S — J*(2) is the k-jet extension map, then imT'¢(0) is

spanned by

vy = JM(=fee(0,0)2 — £ (0,0)y + fulz, y)
_f;v(xv y)f<xvy)f:m:(07 O) - fy(x,y)f(x, y)f:ry(o’ 0))7
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and
vy = J(=fey(0,0)z — £, (0,0)y + fy(z,y)
—fo (@, 9) f (2, 9) fay (0,0) — fy (2, 9) f (2,9) [, (0, 0)).
Proof: Let (z,y, z) be a coordinate system at the origin with the z-axis normal to

the surface. The surface is parametrised in Monge form at the origin by

(z,y, f(z,y))

where £(0,0) = £,(0,0) = £,(0,0) = 0.

Let p = (0, Yo, 20) be point on the surface (that is, zo = f(zo,v0)). Let (X,Y, 2)
be a right-handed co-ordinate system with origin at p. The surface is given in Monge
form at p by (X,Y, f,(X,Y)).

In what follows all partial derivatives of f are evaluated at (o, o).

The tangent space to the surface at p is spanned by (1,0, f,) and (0,1, f,), and
the normal to the surface at p is parallel to (—f,;, —f,,1). We choose the Z-axis to
be normal to the surface at p, the X-axis to be parallel to (1,0, f,), and the Y axis
to be orthogonal to the X-and Z-axes such that they form a right handed system.

The co-ordinates at p are related to those at the origin by

x 1 _fxfy _fx X + o
y |=10 1+ f2 —fy Y+ |- (1.1)
z [ Iy 1 7+ 2

From the first row of |(1.1)| we have that

v = (X +20) = fofy(Y +10) — fo(Z + 20).

Setting x = xq, differentiating this expression with respect to xy and ¥y, and evalu-

ating at (xg,yo) = (0,0) (observing that Z(0,0) = 0) we have that

X\ [oX\ 0
dro)  \Oyo)
at (zo,v0) = (0,0). Similarly, from the second row of [(1.1)| we have that

y= 14D +y0) — f,(Z + 2).
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Setting y = yo, differentiating this expression with respect to xg and yy and evalu-

ating at the origin we have that
oY\ (oY 0
0z B Yo e
at (zo,y0) = (0,0).

From the third row of |(1.1])| we have
Z=z—2— (X +z0)fe — (Y +v0)fy (1.2)
On the surface, however, we have that z = f(x,y), that is,

2= f(X +xo— (Y +y0)fofy = (Z+20)for (y +30) (L + f2) = (Z + 20) f,),
and zo = f(zo,yo). Substituting these into |(1.2)| we have that

Z = f(X+zo— Y +yo)fafy — (Z+ f(x0,%))fa
(v +y0)(A+ f2) = (Z + fxo0,%0)) fy) (1.3)
—f(wo,90) — (X +20) fo — (Y +0) fy-

Observe now that since Z = f,(X,Y), imT'¢(0) is spanned by

w02\ (07
J ) J )
Oxg Yo
evaluated at (zg,yo) = (0,0). These may be found by differentiating |(1.3))| with re-

spect to xg and yo and setting (xo, o) = (0, 0), and they are equal to the expressions

given in the statement. a

The singularity theory approach

The study the generic differential geometry of smooth submanifolds using singularity
theory involves considering the contact of these submanifolds with model submani-
folds such as lines, planes, circles and spheres. This is achieved by defining families
of functions or maps on the submanifolds of interest and classifying their critical
points.

More visually, the discriminant and bifurcation sets of these families of functions
may be viewed as geometric objects in their own right, whose singularities correspond

to points where the contact with the test submanifold is more degenerate.
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Although in this thesis we will largely use a different approach, as outlined in
below, it will be helpful to recall an example of this method that is

important in the study of smooth surfaces.

Definition 1.2.4 Let S C R? be a smooth surface and let S* be the unit sphere in
R3. The family of height functions on S is the family

h:S8%xS5% —R,
(p,u) —p-u

where - denotes the usual inner product on R3.

We write h, for the height function with u fixed. This is the projection of the
surface to the line determined by u. The function h, is used to measure the contact

of the surface S with planes whose normal is u. The family defined by

H:S%xS5 —-Rx?S5?
(p,u) = (h(p,u),u)

is an unfolding of any member of the family of height functions. It is trivial to show
that h,, is singular if and only if u is normal to the surface, that is, the singular set
of H consists of pairs (p,n,) where n, is a unit normal to the surface at p. The
discriminant of H is the dual surface of S (the set of tangent planes to 5).

Other examples of families of functions on surfaces include the distance-squared
functions which measure the contact of the surface S with spheres (see, for example,
[18,59]). The bifurcation set of the family of distance squared functions is the focal
surface. There is also the family of orthogonal projections of the surface to planes,

which measures the contact of the surface with lines (see, for example, [9] 17, [19]).

1.3 Qualitative study of implicit differential equa-
tions

A first order implicit differential equation (IDE) is an equation of the form

F(z,y,p) =0 (1.4)
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where F' is a smooth function of (z,y,p) € R® with p = dy/dz.
At points where F), # 0 the equation can be locally reduced to the form

dy

It thus defines just one direction in the plane, and can be studied using the theory
of ordinary differential equations. If F, = 0 then the equation may define locally
more than one direction in the plane.

Suppose that at a given point F' = F,, = 0 and F},, # 0. In this case the equation

may be written in some open neighbourhood of the point in the form
a(x,y)dy* + 2b(x,y)dzdy + c(x,y)dz* = 0, (1.5)

where the coefficients a, b, ¢ are smooth functions of (z,y) € R? that do not vanish
simultaneously at any point in the neighbourhood. We extend this class of equation
by including equations where the coefficients do all vanish simultaneously at a point.
Equations of the form are called binary differential equations (BDEs).

Let 6 = b?> — ac. A BDE defines two distinct directions at points in the plane

where ¢ > 0, no directions at points when § < 0. The set
A ={(z,y) € Ulo(z,y) =0}

is called the discriminant of the BDE, and is generally a smooth curve. If the
coefficients of the equation do not all vanish simultaneously at a given point we may
assume locally that a # 0 and express the equation as a quadratic in p = dy/dz. In
this case, the BDE defines a single direction at points on A (note that this is the case
regardless of whether A is smooth). If all of the coefficients vanish simultaneously
at a point then A is necessarily singular at that point and all directions in the plane
are solutions at that point.

Away from its discriminant, a BDE determines either a pair of transverse folia-
tions, F;, ¢ = 1,2, or no folitions. Hence all of the interesting features of the solution
curves occur on the discriminant. If A is a smooth curve, then the solution curves

form a family of cusps along this curve, except at points at which the unique solution

direction is tangent to A. The configuration of the solutions of lequation (1.5)| refers

to the triple {A, Fi, Fa}.
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Although the solution curves are singular at all points of the discriminant, we
define a singularity of a BDE to be a point of the discriminant at which the unique
solution is tangent to A (known as folded singularities), or a point at which the
discriminant itself is singular. We are concerned only with isolated singularities,
which we always assume, without loss of generality, to be at the origin.

We are interested in the local configurations of the integral curves, so we consider
a,b,c in as germs of smooth functions. Properties of germs are checked on
representatives, and we use the same notation for a germ and its representative. We
shall denote the germ of a BDE by w = (a, b, c).

Implicit differential equations on surfaces may be studied locally by parametris-

ing the surface by an open subset of the plane and studying the BDE in that plane.

1.3.1 Classification

In this thesis we will classify BDEs up to topological equivalence. We consider two
(germs of) BDEs, w and 7 to be topologically equivalent if there is a germ of a
homeomorphism
R? 0 — R?,0

that takes the integral curves of w to those of 7.

We shall also occasionally consider smooth models for BDEs. Two (germs of)
BDEs, w and 7 are said to be smoothly equivalent if there exist germs of a diffeo-
morphism

H:R?,0—R%0

and a function not vanishing at zero
r:R%0—R,0

such that

w=rH"T.

The cases distinguished according to whether the coefficients do or do not vanish

simultaneously (often labelled type 1 and type 2 BDEs respectively) have crucial
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differences, and must be treated separately. In particular, BDEs where the coeffi-
cients do not vanish simultaneously may have finite codimension in the set of all
IDEs, and can be deformed in that set. Those BDEs with vanishing coefficients
are of infinite codimension in the set of all IDEs, and are deformed in the set of all
BDEs.

To a germ of a BDE w(z,y) = (a, b, c), we associate the jet-extension map

d: R2L0O — J*2,3)
(2,y) = jwley:
where
7@y = (Grale,y), j*b(x, ), ez, y)).

Let Gy be the group of (k+1)-jets of diffeomorphisms in (z,y) and multiplication
by non-zero functions in (z,y). A singularity of a BDE with vanishing coefficients
(respectively an IDE) is of codimension m if the conditions that define it yield a
semi-algebraic set, V, of codimension m + 2 (respectively m + 3) in J*(2, 3) for all
k > ko for some ky. The set V' is supposed to be invariant under the natural action

of the group Gy.

1.3.2 The lifted field

An elegant, geometric approach to the study of IDEs is given in [69] (see also
).

Consider PT*R? = R? x RP, the manifold of contact elements to the plane
(the projectivised cotangent bundle to R?). We take an affine chart p = dy/dx for
RP, so the manifold of contact elements is R* endowed with the canonical contact
structure determined by the 1-form dy — pdx. The projection associated to the
contact structure is

7R3 — R2
(z,y,p) = (z,9).

If the coefficients of a BDE do not vanish simultaneously we may assume

a # 0 and write as F' = 0 where

F(z,y,p) = a(z,y)p® + 2b(z,y)p + c(z,y),
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and p = dy/dx. The set of directions defined by [(1.5)) form a surface
M = F(0) c R®.

In general M is smooth, and the image of 7|, is a two-fold covering of regions where
b> — ac > 0. The critical set of 7|y given by F = F, = 0 is called the criminant.
There is an involution o on M that interchanges points with the same image under
.

The bivalued direction field given by lifts to a single valued field & on M
obtained by intersecting the contact planes with the tangent planes to M.

Lemma 1.3.1 ([§]) A suitable lifted field is given by

0 0 0

Proof: Suppose that
0 0 0

a2 4l icY
¢ 8:c+ 8y+ op’

for some smooth functions A,B,C'. We require that (dy — pdz)(§) = 0. It follows
that B = pA.

The normal to the surface M is given by (F, Fy,, F},). Since ¢ is tangent to M
we have that

(A, pA,C) - (F,, F,, F,) =0,

that is, C'F, = —A(F, + pF,). The result follows. O

The configuration of the solution curves of at a point on the discriminant
are determined by the pair (£, o).

If the contact plane at a point is tangent to M then the lifted field vanishes,
that is, has a singularity. This happens generically at isolated points, including at
the lift of folded singularities. The projection of such points are called well-folded
singularities if £ has an elementary zero with separatrices transverse to the criminant
and tangents not projecting to zero.

If the vector field ¢ is regular then a smooth model (in the neighbourhood of a

regular point on the discriminant) is given by

dy? — xdx® =0
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(see [20]). The integral curves are a family of cusps. A smooth model of in a

neighbourhood of a well-folded singularities is given by
dy? — (y — M\z*)da* = 0

(see [27, B0]). We refer to the smooth modulus A as the index modulus of the
singularity:.

There are three stable topological models: well-folded saddles (A < 0), nodes
(0 < XA < 1/16) and foci (A > 1/16), occurring when the lifted field £ has a saddle,
node or focus respectively. These are illustrated in [Figure 1.1, The index of the

lifted field at the singular point is given by sign(\).1.

Figure 1.1: A well-folded saddle (left), well-folded node (centre) and well-folded
focus (right).

The lifted field field method is illustrated in [Figure 1.2
The lifted field method may be extended to BDEs with vanishing coefficients

(see for example [20]). In this case we consider the surface
M = {(z,y,[o: f]) € R?,0 x RP*|aa® + 2ba + cf* = 0}.

Observe that all directions are solutions where the coefficients vanish. We will
consider BDEs for which this occurs at an isolated point which we we will always
take to be the origin. The set 771(0) = {0} x RP! is called the exceptional fibre.

We use the term criminant for the closure of the set 771(A)\ ({0} x RP?).

Consider the affine chart for RP' p = 3/« (we also consider the chart ¢ = a/f3)

and set
F(z,y,p) = a(z,y)p” + 2b(z, y)p + c(z, y).

The bi-valued direction field defined by the BDE in the plane lifts to the single
field &€ on M given in [Lemma 1.3.1l The vector field ¢ extends smoothly to the

exceptional fibre, which is an integral curve of &.
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)
B

Figure 1.2: The lifted field method: the criminant (top left), a well-folded saddle
(top right), a well-folded node (bottom left) and a well-folded focus (bottom right).

From we have that zeros of ¢ are given by
F=F,=F,+pF,=0. (1.6)

When the BDE has an isolated singularity we may restrict attention to zeros of &
on the exceptional fibre. Observe that F'(0,0,p) = F,(0,0,p) = 0. It follows that

the zeros of £ on the exceptional fibre are given by the roots of the cubic

Qb(p) = (Fa: +pr)(07 Oap)'

It shown in [20] that the surface M is smooth if and only if § has a Morse

singularity. Furthermore, it is shown in [I1] that if 6 has an Ag-singularity then the
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surface M has an isolated A,_;-singularity on the exceptional fibre and is smooth
elsewhere. Thus, in the case of BDEs with discriminant having a cusp singularity,
the surface M has a Morse singularity. As the entire exceptional fibre {0} x RP!
lies on the surface M it follows that M has an A7 (cone) singularity.

The term separatriz is used ambiguously in the study of IDEs; we make the

following definition to avoid confusion.

Definition 1.3.2 The images under the projection © of the stable, unstable and

centre curves of a zero of the lifted field & are called the separatrices of the singularity.

In the case of a folded saddle or node, the stable or unstable curves are the only
integral curves passing through the singularity. They are smooth and transverse
to each other and to the criminant. It follows (see Lemma 2.6 in [23]) that the
separatrices are the only smooth curves passing through a folded singularity and
that they are tangent to the discriminant. In the case of a saddle-node there is
one stable or unstable manifold and a centre manifold tangent to the eigenvector

associated to the zero eigenvalue.

Remark 1.3.3 The ambiguity of the term separatriz arises from the fact that sep-

aratrices (in the sense of [Definition 1.3.3) do not always separate distinct sectors.

For example, in the case of a folded node, the projections of the weak separatrices of
the node do not separate distinct sectors. Conversely, in certain cases (for example,
cusp type 2 BDEs as defined in|Chapter 7) there are curves that do separate distinct

sectors that are not separatrices.

1.3.3 Duality

Consider the conditions for a zero of the lifted field £ on the surface M. The
condition F' = 0 simply states that the zero lies on the surface, and the condition
F, = 0 states that the zero is on the criminant. The condition F} + pF, = 0 states
that the zero is on the locus of inflections of the integral curves of the BDE. This

may be seen by differentiating the expression F(z,y,p) = 0 with respect to z:

dy dp
Fo+ —2F,+ —F, =
x+d$ y+da:p 0
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The condition for an inflection is
2
but since p = dy/dx this implies dp/dx = 0, that is, inflections occur when
F, +pF,=0.
The Legendre transformation in R? is given by
r=Py=XP-Y,p=2X.
The Legendre transformation of an IDE is another IDE
GX,Y,P)=F(P,XP-Y,X)=0

(although the Legendre transformation of a BDE is not in general another BDE).
The Legendre transformation of BDEs are studied in [8] 23, [65].

The integral curves of the Legendre transformation of an IDE are dual to those
of the original IDE (see, for example, [1]). That is, if the plane is thought of as being
part of the projective plane RP?, then the curve representing all the tangent lines to
a solution of an IDE F' = 0 is a solution curve of the Legendre transformation G' = 0,
and conversely. This fact is a result of the fact that the Legendre transformation of
the 1-form dy — pdz is (minus) the 1-form dY — PdX, so the Legendre transform
preserves the contact structure on R?® used in the method of study described in
Section 1

It is shown in [23] that the dual of a well-folded singularity is another well-folded
singularity, that is, such points are self-dual. Recall that the dual of an inflection is
a cusp. Since we know that folded singularities lie on the discriminant, that is, the
cusp set of the solution curves, and that this set is a smooth curve, it follows that
there is a smooth curve of inflection points tangent to the cusp set (the discriminant
curve) at a well-folded singularity.

Recall that the property that a curve has an inflection is preserved by affine
changes of coordinates. The Legendre transform of an IDE is preserved up to affine
equivalence by an affine change of coordinates. Therefore, when considering the

Legendre transform, it is normal to consider affine normal forms for IDEs.
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In [23] folded singularities are classified in terms of the relative positions of the
discriminant (cusp set), the locus of inflections and any separatrix. It is shown that
these curves are generically parabolae. It is shown that the two-jet of an IDE |(1.4))

may be transformed, by affine changes of coordinates, to the form

v
p? +uxp +y+ Zx2 + wizy + wey? = 0. (1.7)

The index modulus is given by

The following codimension 1 phenomena are taken into account in the classification:
(a) the lifted field has a non-elementary singularity;

(b) the discriminant, locus of inflections or a separatrix has an inflection at the

singularity;

(c) some pair of the discriminant, locus of inflections or separatrices have > 2-point

contact.

It is shown that there are 18 different cases: 8 saddles, 7 nodes and 3 foci, distin-

guished by the values of u, v. The exceptional sets are:
1. v = 0: separatrices inflectional or singular and also inflection curve inflectional;
2. v = u?: cusp set inflectional;
3. v = u? — 1: inflection curve inflectional;

4. u+ 1 = 0: inflection curve singular;

5. v = u(u+1): saddle / node change and also inflection curve and cusp set have

> 2-point contact;
6. v=u(u+1)+ 1: focus / saddle node change;

7. v = —2(u + 1) : the union of this set and 1 and 5 corresponds to inflection

curve / separatrices having > 2-point contact.
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In general no qualitative change occurs as we cross the line © + 1 = 0 although
this set is exceptional in the sense that the inflection set is not a smooth curve. The

exceptional sets and the configurations of the curves of interest are illustrated in

[Figire 13
@ u+1=0 v=u(u+1)
\

=u(u+1)+%
F3 AV u(u+l)g v=u?| y=u2-1

S4

v=-2(u+1)

Figure 1.3: Partition of the (u,v)-plane.

It is also shown that the configurations at a well-folded singularity of an IDE
with 2-jet affine equivalent to|(1.7])| and its dual are related by the involution

(u,v) — (—u—1,v).

Remark 1.3.4 Although the methods discussed here may be used to study BDEs
on surfaces as well as in the plane, there is no reason why the Legendre transform
or the locus of inflections should be of any significance, since the map from the

parametrising plane to the surface is a diffeomorphism (that is, it does not preserve
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inflections). Curves on surfaces, however, have geodesic inflections, which are the
natural analogue of inflections. These are points where the curve crosses the plane
spanned by its tangent line and the normal to the plane. It is shown in [23] that
there is a curve of geodesic inflections at a folded singularity of a BDE on a surface,
and that the two-jet of this curve coincides with that of the inflection curve in the

parametrising plane. In other words, the same 18 cases occur.

1.3.4 The blowing-up technique

Consider the case when the coefficients of the BDE all vanish simultaneously. The
method of lifting the bi-valued direction field in the plane determined by a BDE
to a single direction field on a surface M may be used to establish the topological
configurations of the integral curves of the BDE as long as the surface M is smooth.
The involution o on M\ ({0} x RP) which interchanges points with the same image
under 7 is shown in [20, 66] to extend smoothly to M when the coefficients a, b, ¢
are smooth functions and the surface M is smooth.

This method breaks down when M is not smooth, as one needs to show that the
involution ¢ extends smoothly to the whole of M and this is not trivial.

An alternative method involves blowing-up the singularity, that is, making a
coordinate change that replaces the singularity by a projective line (in practice, one
simplifies calculations by considering charts for the projective line, leading to so-
called directional blowing-up). The coordinate change is a diffeomorphism except
at the origin. A explanation of the use of blowing-up methods in the study of vector
fields (or BDEs) is given in [33].

Guinez ([44]) used the blowing-up technique to study positive quadratic forms,
that is, BDEs whose discriminant is an isolated point. The technique is extended
by Tari in |64, [66] to cases where the discriminant is not an isolated point.

The may be written as the product of two 1-forms. Since we do not
distinguish between non-zero multiples of BDEs, we may take these two 1-forms to
be

ady + (b + Vb2 — ac)dz.

The kernels of these 1-forms at each point of the plane determine the solution di-
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rections, which are hence tangent to the vector fields

0 , 9,
_ — —1) 2 _ — ] =
aax—i—( b+ (—1)'Vb ac)ﬁy,z 1,2.

Following Guinez’s notation we denote by F;(w), ¢ = 1,2 the two foliations by
associated to the If 9 is a diffeomorphism and A(z,y) is a non vanishing
real-valued function, then (see [44]) for k = 1,2, we have that:

1. Y(Fr(w)) = Fr(*(w)), if 9 is orientation preserving;

2. Y(Fr(w)) = Fs_p(¢*(w)), if ¢ is orientation reversing;

3. Fr(Aw) = Fi(w), if A(x,y) is positive;

4. Fi(Aw) = Fz_i(w), if A(z,y) is negative.

Example 1.3.1 The most simple blowing-up is the standard polar blowing-up. We
set
(z,y) = (rcosf,rsind).
In practice we use the x-direction blowing-up
T =uU,y = uv
and the y-direction blowing-up
T =uv,y = .
These are obtained by the changes of coordinates
(r,0) — (u,v) = (rcosf, tan0)
for 0 #7/2,31/2, and
(r,0) — (u,0) = (cot @, rsin )
for 0 # 0,7 respectively. In the case of the y-direction blowing-up we consider only
singularities at the origin, as all others will be detected by the x-direction blowing-up.
The z-direction (respectively y-direction) blowing-up 1is orientation preserving
when u > 0 (respectively © > 0), and reversing when u < 0 (respectively v < 0).
If a point (ug,vy) in the (u,v)-plane corresponds to a point with polar coordinates
(ro,00), then the point (—ug,vo) corresponds to the point (ro,00 + ). Similarly if

a point (@1, 01) corresponds to a point with polar coordinates (ry,6,) then the point

(1, —01), corresponds to a point (ry,0, + 7).
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This method, while computational and less attractive than the contact geomet-
rical approach described in [Section 1.3.2] is effective when the BDEs have a discrim-
inant having a worse-than-Morse singularity. We shall make use of it in [Chapter 7]
|Chapter & and [Chapter 9}

1.3.5 BDEs as points of the projective plane

We present now a way of considering BDEs that is used in [24]. Our aim is to under-
stand the relationships between BDEs defined on surfaces that will be introduced
in . Given a point v € R3, where v = (vy, v, v3), we denote by [v] € RP?
the projectivisation [v; : vy : v3] of v.

Consider the set of BDEs with coefficients not all vanishing simultaneously. Such
BDEs may be thought of as binary quadratic forms. As we do not distinguish be-
tween non-zero multiples of such forms, the set of BDEs with non-vanishing coeffi-

cients may be identified with the real projective plane RP?, where the BDE
w = ady® + 2bdxdy + cdz* = 0,

thought of as the form
ap’ 4 2bpq + cq’

corresponds to the point [a : b : ].
A conic I" in RP? is determined by a non-degenerate symmetric bilinear form G
on R3:

I' = {[v] € RP?|G(v,v) = 0}.

Given any point [v] € RP?, the polar of [v] with respect to T is the set
{[u] € RP*|G(u,v) = 0}.

As G is bilinear, the polar of any point [v] € RP? forms a line. Conversely, given
any line in RP?, the polars of each point of the line intersect at a single point, which
is called the polar of the line with respect to I'.

The projective plane RP? contains the conic A of singular forms given by 0% —ac.

We will consider pairs of forms and the pencils determined by them, which may be
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thought of as lines in RP?. Any line in RP? will have 0, 1 or 2 points on the conic
of singular forms.

Three points in RP? are said to form a self-polar triangle if the polar of any one
of them is the line through the other two.

The following series of results follow from directly from the elementary geometry

of the projective plane.

Proposition 1.3.1 (][24])

(a) Let w be a binary quadratic form with distinct real roots, determining a point
in the projective plane RP?. The polar line of w with respect to the conic
of singular forms A consists of the line through the two forms which are the
squares of the factors of w. In other words, the tangents to the conic at these
two points pass through w. We refer to this intersection point as the polar
form of the pencil. Conversely, given any pencil meeting the conic A, the
corresponding polar form is the binary form whose factors are the repeated

factors at the two singular members of the pencil.

(b) This polar form of the pencil is given by the classical Jacobian of any two of
the forms in the pencil, that is, the 2 X 2 determinant of the matriz of partial
derivatives of the forms with respect to p and q. The Jacobian is non-zero
provided we have a genuine pencil, and is a square if and only if the forms

have a factor in common.

(c) Fizing two forms
w = ap?® + bpq + cq?
Q = Ap* + Bpg + C¢?
we write D(c @ ) for the discriminant of aw + [§); this is another binary

quadratic form. We can write it as
D(w)a? + B(w, Q)ap + D(Q)5,

where D(w) = b* —4ac, D(Q) = B*—4AC, and E(w,Q)) = 2(bB—2aC —2Ac).



1.3. Qualitative study of implicit differential equations 30

The associated polar point of the pencil, the Jacobian, determined by w,$2 is

Ow/dp Ow/0q ) )
Jac(w, Q) = = (aB— Ab)p” +2(aC — Ac)pq + (bC' — Be)q”.

00 /op 0Q/dq
(d) Pairs of forms with the term E(w,Q) above zero are said to be apolar. This
is equivalent to the condition that the corresponding four roots harmonically
separate each other, or that the forms lie on each others polars with respect to

the conic A, that is, are conjugate. The Jacobian of any two forms is apolar

with respect to all the elements of the pencil determined by them.

(€) Three forms determine a self-polar triangle with respect to the conic A if and
only if each is the Jacobian of the other two. There are a variety of ways of
obtaining self-polar triples. Any form w determines a polar line. Choose an
arbitrary form say €2 on the line; this has a polar line which passes through w.
Consider the intersection point of these two polar lines; this gives a third form
W, with

{w, Q, u}

self-polar. Any self-polar triple arises in this way. Also if w, ) are conjugate,
then the triple
{w, Q, Jac(w,2)}

is self-polar. Finally, if the vertices of a quadrangle lie on A, then the diago-
nal triangle (the triangle whose vertices are intersections of the lines joining

distinct pairs of distinct points) is self-polar.

(f) The discriminants, the invariant E, and the Jacobian of a pair of forms w,S)

are related as follows:

Jac*(w, Q) — 4D (Q)w? — 4D(w)Q* + 4E(w, Q)ws) = 0.



Chapter 2

Geometrical background

In this chapter we define the geometric objects with which this thesis is concerned.

2.1 Elementary geometry of smooth surfaces

Given an oriented surface S C R?® with unit normal n(p) at each point p € S we
have the Gauss map
N:S— 52
p+ n(p).

The Weingarten map (also known as the shape operator)
W, = —dN(p) : T,S — Ti()S”

is a self-adjoint operator, and can be thought of as an automorphism of 7},S.

The Gaussian curvature K is given by K = det(IV,) and the arithmetic mean
curvature H is given by H = tr(W,)/2. The eigenvalues of W, are the principal
curvatures at p and are denoted x; and ko, and the corresponding eigenvectors are
the principal directions. Points where the principal curvatures are equal (and hence
every direction is a principal direction) are called umbilic points.

The first and second fundamental forms of the surface are the quadratic forms
on the tangent plane given by I(u,v) = u - v and II(u,v) = u - W,(v) respectively.

If S is parametrised by r(z,y), with (z,y) € U, where U is an open subset of
R?, then the coefficients of the first (respectively second) fundamental form E, F, G

31
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(respectively [, m,n,) are given by
E=r,-vr,, F=r,-vr,, G=r,-1)

l=Wy(ry) rs =Ty -n, m=Wy(r,) r,=ry -n n=Wy(r,) r,=r, n

In terms of the coefficients of the first and second fundamental form the Gaussian

and mean curvatures of the surface are given by

K:ln—m27 H:Gl+En—2Fm
EG — F? 2(EG — F?)

The sectional curvature &, at p € S in a direction v € 7,5 is the curvature
of the plane curve that is the intersection of S and the plane spanned by n(p)
and v. The sectional curvature in a direction v € 7,5 is given by the formula
k, = 1I(v,v)/I(v,v), that is, if (cosd,sin#) is a direction on a surface with respect

to some choice of x and y-axes, then we have

B 1 cos?6 + 2m cosfsinf + nsin? f
" Ecos20+2F cosfsinf + Gsin? 6’

(2.1)

The geodesic torsion 7, at p € S in a direction v € 7,5 is the torsion of the
geodesic passing through p in the direction v. The geodesic torsion in a direction
v € T,S is given by the formula 7, = II(v, v*)/I(v,v) where v* denotes a direction
perpendicular to v, that is, if (cosf,sin f) is a direction on a surface with respect to
some choice of x and y-axes, then we have

[ cos @ sinf — m(cos? @ — sin® §) — nsin f cos O
T, =
7 Ecos? + 2F cosfsinf + G sin® §

(2.2)

A principal coordinate system is one where the z- and y-axes are always the

principal directions. In a principal coordinate system we have
F=0 m=0, | =Fkry, n=Gks.

We may also choose E = G =1 at any given point. Then, at this point, we have

. . K1+ K2
kp, = K1 cos® 0 + ko sin’ 6, T, = (K1 — ko) sinfcosl, K = kiky, H = 5
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2.1.1 Generic properties of surfaces in R?

The flat geometry (that is, geometrical properties that may be defined in terms
of contact with lines and / or planes) of smooth surfaces in R? is considered in,
for example, [9] 16, 17, 19, 58]. Such properties are preserved by affine changes of
coordinates.

In general S has open hyperbolic and elliptic regions, where the Gaussian curva-
ture K is respectively negative and positive, separated a smooth curve where K = 0,
known as the parabolic set.

The hyperbolic (respectively elliptic) region is alternatively characterised as the
set of points at which the height function in the direction of the unit normal to
the surface has an Ay - (respectively Af-) singularity. The parabolic set is the set
of points at which the height function in the direction of the unit normal has an
As-singularity. The height function in the normal direction generally has an Ajs-
singularity at isolated points on the parabolic set. These special points are known
as cusps of Gauss, and they have many alternative characterisations; see [5]. The
parabolic set corresponds to a cuspidal edge on the dual surface, and the cusps of
Gauss correspond to swallowtail points on the dual surface.

The height function also has multi-local singularities. In particular, along smooth
curves the tangent plane to the surface is also tangent to the surface at another point
(such tangent planes are known as bitangent planes). The closure of the locus of
points of contact with bitangent planes is known as the conodal curve (see, for
example, [61]). The conodal curve is the locus of points where the height function
has an A?-singularity, and corresponds to a curve of transverse self-intersection
points on the dual surface. The conodal curve is tangent to the parabolic set at a
cusp of Gauss.

The geometry of smooth surfaces that is connected to contact with circles and
spheres has been much studied, see for example [I8] 49 59]. In particular, umbilic
points occur generically at isolated points in the elliptic region.

Throughout the thesis S will denote a smooth surface in R3. We will generally

parametrise S in Monge form

(z,y, f(z,y))
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and choose a principal coordinate system (that is, we choose the coordinate axes to
be tangent to the lines of curvature at the origin). We will write

. 1 1
j4f(.r, y) = —(lill’Q + /‘ing) + _(CL30.§L’3 + 3@31$2y + 3@32$y2 + a33y3)
2 6 (2.3)

—i—ﬁ(awx‘l + dagn 23y + 6aspry? + dagzry® + any?),
where k1, ko are the principal curvatures at the origin. Calculating the coefficients

E F,G,l,m,n of the first and second fundamental forms we have that

J2E = 1+ k22,
j2F = R1R2TY,
332G = 1+ koy?,

) 1 1
JAl = K1+ azr + any + (zag — £3)2* + agry + (§a42 — K1K3) Y,

2
J’m = azx+ azny+ 50041332 + agpry + §a43y2,
D) 1 2\,.2 1 3\, 2
1°n = Ko+ a32x + aszy + (§a42 — Kok1)T” + as32y + (56144 — K3y

Should the origin be a parabolic point, we will set k; = 0, and should it be a
cusp of Gauss we will set k1 = azg = 0.
At umbilic points following Bruce ([I8]) will write

7 (@.y) = 5@® +4?) + Re(s" + 32%2)

where z = x 4+ 1y and [ is a complex number.

2.1.2 Conjugate directions

Definition 2.1.1 Two directions v,v € T,S are conjugate if 11, (v,v) = 0, where

I, (u,v) = Wy(u) - v.

If p € §'is a non-umbilic point then any direction v € 7,5 has a unique conjugate
direction v.

Geometrically, one interprets conjugacy as follows. Given an (affine) conic sec-
tion and a direction, then the lines parallel to the direction intersect the conic in
either 0 or 2 points, or a single repeated point. When there are two distinct points
of intersection, their midpoints are colinear, and determine the conjugate direction.

For the ellipse 22/a® + y?/b?> = 1 (respectively the hyperbola z?/a? — 3?/0* = 1)
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the directions parallel to the lines y = ux, y = vz are conjugate if and only if
uv = —b*/a® (respectively uv = b?/a?).

At any point on a surface, the Dupin indicatriz is the conic approximation of
the intersection of the surface with a small translation of the tangent plane in the
normal direction. Note that at an elliptic point this translation needs to be in the
right direction, at a hyperbolic point one may choose the direction arbitrarily, and
at a parabolic point the Dupin indicatrix is the degenerate conic consisting of a pair
of parallel lines. Two directions on a surface are conjugate in the sense of
if and only if they are conjugate with respect to the Dupin indicatrix. The

following remarks appear in [24].

Remarks 2.1.2 1. The notion of conjugacy is invariant under affine and inver-

stve transformations.
2. If v and U are conjugate directions then Wy,(v) and v are orthogonal.

3. The angle between conjugate directions v, v at a point p and Wy,(v), W,(0)
is equal (respectively supplementary) if p is a hyperbolic (respectively elliptic)

point.

4. For any v € T,S (excluding asymptotic directions at a parabolic point), the
signed angle between v and v is o where

sina = Wylv) v

[Wa(v)llol

5. The sum of the radii of curvature in conjugate (non-asymptotic) directions is

constant.

Further properties of conjugate directions are given in, for example, [24].

The alternative definition of conjugacy in the plane given in [Proposition 2.1.1]

does not appear to have been identified before.

Proposition 2.1.1 Consider the plane R? with the origin fived, together with a
fizxed line at infinity. The origin is the polar of the line at infinity with respect to
any hyperbola with asymptotes intersecting at the origin, or any ellipse with the

origin as its centre.
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Given such a conic section, let | be a line through the origin. If | intersects
the line at infinity at a point p then the polar line of p is parallel to the conjugate

direction to l.

Proof: Consider a hyperbola with asymptotes intersecting at the origin. By a

rotation of the coordinate axes we may take this to be the hyperbola

N
a2 b2

We include a line at infinity by choosing homogeneous coordinates [z : y : z], the
line at infinity being z = 0. The hyperbola is then given by

b2a? — a*y? = a®b* 2.

Hence the hyperbola is the conic given by the set of points that are self-orthogonal

with respect to the symmetric bilinear form that has matrix

- 0 0
0 a*> 0
0 0 (ab)?

The origin, in the homogeneous coordinates, is [0 : 0 : 1]. The polar of the origin is

the set of points [« : 3 : y] where

—b? 0 0 0
< a B v ) 0 a2 0 0 | =0,
0 0 (ab)? 1

that is, those points of the form [1 : ¢ : 0] for all ¢ € R. This is the line at infinity,
which establishes the first assertion.

Consider a direction in the plane. Suppose that the line through the origin in this
direction is given by y = ux. In homogeneous coordinates this is the line [z : uz : 1],
that is, for x # 0, the line [1 : u : 1/x], which meets the line at infinity at the point
[1 : w:0]. The polar of this point with respect to the conic is the set of points

(& : 3 : 4] where
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that is, those points of the form [ua? : b* : sb?] where s € R. This is the line through
the origin given by y = b*z/ua®. This direction is conjugate to that parallel to the
line y = ux, which establishes the second assertion.

The case that the conic is an ellipse centred at the origin follows by similar

reasoning. O

Remark 2.1.3 This definition breaks down when the conic is a parabola, as the
polar of the line at infinity lies on the line at infinity. This is not a problem, however,
when we are concerned with conjugate directions on a smooth surface, as the Dupin

indicatrixz is never a parabola.

2.2 Foliations of smooth surfaces

There are three intimately related pairs of foliations on an embedded surface in the
Euclidean space R?: the lines of curvature, the asymptotic curves and the charac-
teristic curves (see for example [24]). It is this triple of pairs of foliations that the
thesis is primarily concerned with. We give definitions of these pairs of foliations in
this Section.

In all illustrations, following Porteous (see [59]), we shall distinguish between the
two foliations in any given pair by drawing one in red curves and the other in blue

curves.

2.2.1 The asymptotic curves, the characteristic curves and

the lines of curvature
Lines of curvature

The lines of curvature are the integral curves of the principal directions, which were
defined above as the eigenvectors of the Weingarten map. These directions may also

be defined via conjugacy.

Definition 2.2.1 The principal directions at a point are the unique pair of orthog-

onal conjugate directions.
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At any non-umbilic point there are two principal directions. At umbilic points

all directions are principal.

Remarks 2.2.2 1. The principal directions may be alternatively characterised as
those directions in which the sectional curvature is extremal or those directions

in which the geodesic torsion is zero.
2. Principal directions may also be defined via contact with circles, see [49].

Proposition 2.2.1 The lines of curvature are the integral curves of the BDE
(Gm — Fn)dy? + (Gl — En)dxdy + (FI — Em)dz* = 0. (2.4)
The discriminant of |(2.4))| is the umbilic points of the surface.

The lines of curvature are defined everywhere away from umbilics and form an
orthogonal net.

The configurations of the lines of curvature at umbilic points were first drawn
by Darboux, and rigorous studies were carried out in [12, [62]. The coefficients of

the [principal BDE ([2.4)] all vanish at umbilic points, and the discriminant of |(2.4])

has an A7 -singularity (that is, a Morse isolated point singularity). There are three

stable topological models of the integral curves of BDEs with discriminants of this

type: star, monstar and lemon (see [20]). These are illustrated in [Figure 2.1

Figure 2.1: Integral curves of a BDE with vanishing coefficients and discriminant

having an A;-singularity: lemon (left), monstar (centre) and star (right).

If a surface is parametrised at an umbilic point in the form given in

then the singularity of the |principal BDE (2.4)| is of type star if the complex

number (3 lies inside the circle |3] = 3, of type lemon if 3 is outside the hypercycloid

B = —3(2e" + %), and of type monstar if 3 lies in the remaining regions of the

complex plane. This partition of the complex plane is shown in [Figure 2.2 (right)!
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Asymptotic curves

Definition 2.2.3 An asymptotic direction is a self-conjugate direction. The asymp-

totic curves on a surface are the integral curves of the asymptotic directions.

There are two real asymptotic directions at hyperbolic points, one repeated asymp-
totic direction at parabolic points, and no real asymptotic directions at elliptic

points.

Remarks 2.2.4 There are many alternative characterisations of the asymptotic di-

rections; we adopt|Definition 2.2.5 as it is most appropriate to the subsequent work

in the thesis. The asymptotic directions may also be defined to be:

1. those directions in which the surface has zero sectional curvature.
2. those directions in which the geodesic torsion is equal to v/ —K.

3. those directions with tangent line having at least 3-point contact with the sur-

face.

4. those directions in which the orthogonal projection of the surface to a plane

has a cusp singularity (that is, it is A-equivalent to (x, 2% + zy) ([58])).
Proposition 2.2.2 The asymptotic curves are the integral curves of the BDE
ndy® + 2mdydz + ldz* = 0. (2.5)

The discriminant of [(2.5)| is the parabolic set, and|([2.5)| has folded singularities

at cusps of Gauss.

The asymptotic curves form a pair of transverse foliations in the hyperbolic
region and a family of cusps at the parabolic set, except at the cusps of Gauss,
where the unique asymptotic direction is tangent to the parabolic set.

The geometry of the surface connected to contact with lines is studied in, for
example, [9, 17, [19]. In particular, there are various other geometric features of
the surface that are related to the asymptotic curves. As we have seen, one may
characterise the hyperbolic region as the set of points at which two distinct asymp-

totic directions exist, the parabolic set as the set of points at which one repeated
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asymptotic directions exists, and the elliptic region as the set of points at which no
real asymptotic directions exist. Furthermore, the cusps of Gauss may be charac-
terised as those isolated parabolic points at which the unique asymptotic direction
is tangent to the parabolic set.

There is generically a smooth curve of points at which a line in an asymptotic
tangent direction has at least 4-point contact with the surface. This is the flecnodal
curve. This may be alternatively characterised as the locus of geodesic inflections
of the asymptotic curves. Furthermore, it is shown in [23] that the pull-back to any
parametrising plane of this curve is the inflection curve of the asymptotic BDE in
that plane.

The flecnodal curve is tangent to the parabolic set at a cusp of Gauss. There are
isolated points on the flecnodal curves called biflecnodes at which the asymptotic
tangent line has 5-point contact with the surface. There are also isolated points in
the hyperbolic region known as hyperbonodes where the flecnodal curve intersects
itself, or alternatively, the surface has 4-point contact with a line in both asymptotic

tangent directions (see, for example, [71]).

Remark 2.2.5 The asymptotic curves are defined in terms of contact between the
surface and lines, that is, flat test-submanifolds. Consequently they are a projective
property of the surface, that is, they may be defined on a surface in a projective
3-space and are invariant under projective transformations. The same is true of all
related features (the parabolic set, the flecnodal curves, the cusps of Gauss, biflecn-
odes and hyperbonodes). The conodal curve also has this property, as it is defined

in terms of contact with planes.

Characteristic curves

The asymptotic curves and the lines of curvature have been much studied. At
non-umbilic elliptic points there is a well-defined pair directions known as the char-
acteristic directions, that are in many ways analogous to the asymptotic curves, that
have been much less studied. These curves are defined in [34, 5], [60], and studied

more recently in [14), 24, [41], 42].
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Definition 2.2.6 The characteristic directions at a point are the unique pair of

conjugate directions with extremal included angle.

There are two real characteristic directions at non-umbilic elliptic points, one
repeated characteristic direction at parabolic points, and no real characteristic di-
rections at hyperbolic points. At umbilic points, all directions are characteristic.

Like the asymptotic curves, the characteristic directions may be alternatively
defined via sectional curvature: they are those directions in which the sectional
curvature is equal to H/K, the harmonic mean curvature of the surface (indeed,
they are called harmonic mean curvature lines in [41]). There is not yet, however, a
definition of the characteristic curves analogous to that of the asymptotic curves as
those directions in which the surface has > 3-point with its tangent line, that is, a

direction defined via contact with a model-submanifold.

Proposition 2.2.3 The BDE which gives the characteristic directions is

(2m(Gm — Fn) — n(Gl — En))dy*+
2(m(Gl + En) — 2FIn)dydz+ (2.6)
(I(Gl — En) — 2m(Fl — Em))dz?® = 0.

The discriminant of |(2.6))| is the parabolic set and umbilic points, and the singu-
larities of |(2.6)| are the cusps of Gauss and umbilic points.

The local behaviour of the characteristic curves at umbilic points is studied in [24],
and global properties are considered in [41]

There are a number of properties of the characteristic curves that show that they
are the analogue in the elliptic region of the asymptotic curves in the hyperbolic

region.

Remarks 2.2.7 Some elementary similarities between the asymptotic and charac-

teristic curves include the following.

1. If (away from umbilic points) we choose a principal coordinate system, then

the lasymptotic BDE (2.5)) becomes

Grody? + Erydz® =0
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and the |characteristic BDE ([2.6))| becomes

G/{gdy2 — Ekydx? = 0,

that is, any any given point the asymptotic directions (respectively character-

istic directions) are inclined at an angle of +tan~'(\/—k1/ka) (respectively
+tan~t(\/K1/K2)) to a principal direction.

2. At parabolic points the single asymptotic and characteristic directions coincide

and is a principal direction.

3. At a cusp of Gauss the value of the index moduli A (see of the
asymptotic and characteristic BDFEs (([2.5)| and |(2.6))| have opposite sign but

equal absolute value ([24]). In particular if the asymptotic curves have a well-
folded saddle then the characteristic curves have a well-folded node or focus,

and vice-versa.

The similarities between the asymptotic curves and the characteristic curves may
be understood by considering their BDEs as points in the projective plane RP?.
At any point the BDEs of the asymptotic and characteristic curves are apolar with
respect to the pencil connecting them, and the polar of this pencil is the principal
BDE, that is, these three BDEs form a self-polar triangle.

An important difference between the asymptotic curves and the characteristic

curves is that the latter are not projectively invariant.

At umbilic points the coefficients of the |characteristic BDE (2.6])| vanish. The

discriminant of |(2.6))| has an A{-singularity. The configurations of the characteristic
curves at umbilic points are established in [24].

If a surface is parametrised at an umbilic point in the form given in [Section 2.1],

then the singularity of the |characteristic BDE ([2.6])| is of type star if the complex

number (3 lies inside the circle |3] = 3, of type lemon if 3 is outside the hypercycloid

B = 3(2? + ¢729), and of type monstar if 3 lies in the remaining regions of the

complex plane. This partition of the complex plane is shown in [Figure 2.2 (left)|
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The characteristic curves.

The principal BDE.

Figure 2.2: Partition of the §-plane: the characteristic BDE (left) and the principal
BDE P (right).

2.2.2 The conjugate and reflected curve congruences

Further evidence that the characteristic curves are significant geometric objects wor-
thy of further investigation is provided by two natural 1-parameter families of BDEs
on surfaces, which are defined in [24], [36].

Observe that the notion of conjugacy gives rise to an involution C' ;| the projec-
tivised tangent plane to the surface at the point p € S, v — v. There is another
involution on P7,S, which we denote R, which is simply reflection in (either of)
the principal directions. The convolution of C' and R is another involution and
CoR = RoC ([24]). The asymptotic, principal and characteristic directions at each
point p are the fixed points of the involutions C'; R and C' o R respectively.

The conjugate curve congruence, C,, is first defined in [36]. It consists of a
natural 1-parameter family of BDEs that interpolates between asymptotic BDE
and the principal BDE.

Definition 2.2.8 ([30]) Let PT'S denote the projective tangent bundle to S, and
define © : PTS — [-7,%] by O(p,v) = o where a denotes the oriented angle
between a direction v and the corresponding conjugate direction v = C(v). Note that
© is not well defined at points corresponding to asymptotic directions at parabolic

points. The conjugate congruence, for a fized «, is defined to be ©~(a) which we

denote C,.

If we consider BDEs as points in the projective plane RP?, the conjugate curve
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congruence is a natural parametrisation of the pencil joining the asymptotic and

principal BDEs. Observe that Cy is the set of all asymptotic directions and Cyz.

Proposition 2.2.4 ([36]) The conjugate curve congruence C, of a parametrised sur-

face is given by the BDE

(sina(Gm — Fn) — ncosav EG — F?)dy*+
(sin (Gl — En) — 2mcos a/ EG — F?)dydz+ (2.7)
(sina(Fl — Em) — lcosay/ EG — F?)dz? = 0.

The discriminant of C,, which we denote Ag, is given by
H2<$,y) sin’ o — K(I7y) =0,

where H is the mean curvature and K is the Gaussian curvature.
Away from umbilics the BDE C, can be written, with respect to a coordinate

system given by the lines of curvature, by
Gy cos ady® + VEG(ky — k1) sin adydx + Erky cos adr® = 0.

In [24] the congruence replacing C' with R o C' is considered. This is a natural 1-
parameter family of BDEs that interpolates between characteristic BDE and the
principal BDE, that is, a natural parametrisation of the pencil in RP? that joins

the principal and characteristic BDEs.

Definition 2.2.9 ([24]) Let ® : PTS — [-3, 3] by ®(p,v) = a where a denotes
the oriented angle between a direction v and R(v)(= R o C(v)). Note that ® is not
well defined at umbilics. Then the reflected conjugate curve congruence, for a fixed

«, is defined to be ®~'(a) which we denote R,.

If we consider BDEs as points in the projective plane RP?, the conjugate curve
congruence is a natural parametrisation of the pencil joining the asymptotic and

principal BDEs. Observe that Ry is the set of all characteristic directions and Ryz.

Proposition 2.2.5 ([24]) The BDE of the reflected conjugate curve congruence on
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a parametrised surface is

2Fm — Gl — En

((2m(Gm — Fn) —n(Gl — En))cosa — (Gm — Fn) sin o) dy*+
EG — F?
s SO
(2(m(Gl+ En) — 2FIn) cosa — (Gl — En) sin o) dydz+

2
2Fm — Gl — En |

sin a)dx? = 0.
VEG — F?
(2.8)

((I(Gl — En) —2m(Fl — Em))cosa — (Fl — Em)

The discriminant consists umbilic points together with the set of
H?*(x,5)sin” a + K(x,y) cos’ a = 0,

which we denote by A%.
Away from umbilics the equation for R, is given, in the principal co-ordinate

system, by
Gy cosady® — VEG(ky + k1) sin adydr — Erky cos adr® = 0.

When we consider BDEs as points in the projective plane RP? these families
correspond to natural parametrisations of the pencils of forms that join the asymp-
totic and principal BDEs (in the case of C,) and characteristic and principal BDEs
(in the case of R,. There are symmetries between these families of BDEs and their
integral curves, discussed in [24], which stem from the construction in RP?2.

Properties of these two families of BDEs give further insight into the intimate

relationship between the asymptotic curves, characteristic curves and the lines of

curvature. Some of these are given in [Remarks 2.2.10, Further properties are given

n [24]. The singularities of these BDEs are studied in [14].

Remarks 2.2.10 1. The discriminant curves A (respectively A% ) occur in the
non-hyperbolic (respectively non-elliptic) region of the surface, and foliate this
region. Furthermore AY and A% are the parabolic set, Aég is the umbilic
points, and A;% 15 the curve H = 0, that is the set of points where the arith-

metic mean curvature of the surface vanishes.
2. In general C, # C_qand Ry # R_q, however AZ = ALY and A} = AR

3. On A% (respectively AS,) the single direction defined by C, (respectively R,)

is one of the characteristic (respectively asymptotic) directions. The other
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characteristic (respectively asymptotic) direction at those points is the single

direction defined by C_,, (respectively R_,).



Chapter 3

The characteristic curves on

smooth surfaces

The folded singularities of the characteristic BDE are the cusps of Gauss. These
isolated points on the parabolic set where the unique asymptotic direction is tangent
to the parabolic set are aspects of the flat differential geometry of the surface. In this
chapter we examine the behaviour of the characteristic curves in a neighbourhood
of a cusp of Gauss. We show that certain properties of the characteristic curves
in such a neighbourhood are invariant under projective transformations of R3, and

associate a projective invariant to these points following Uribe-Vargas in [71].

3.1 Projective properties of cusps of Gauss

The [asymptotic BDE (22.5)| and [characteristic BDE (2.6)] give rise to three curves

of interest on S at a cusp of Gauss: the parabolic set (which is the discriminant

of lequation (22.5)[ and part of the discriminant of jequation ((2.6))), and the mapping

to S of the loci of inflections of the solution curves to the two BDEs (the flecnodal

curve in the case of [(2.5]))).

A further curve of interest at a cusp of Gauss is the conodal curve, that is, the

closure of the locus of points of contact of S with its bitangent planes (see

7).
We parametrise S in Monge form (z,y, f(x,y)) where f is as in|(2.3)| and choose

47
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k1 =0, ko # 0 at parabolic points, and azg = 0 at a cusp of Gauss.

Proposition 3.1.1 Suppose that the origin is a cusp of Gauss. Then:

(a) the parabolic set is given by

2&2 — Q40k2
y=—"3L 24 hot.;
2a31 K2

(b) the characteristic inflection curve is given by

y = (4&%1 — CL4QI{2)(5(I§1 — 2&40/‘62)x2 4 h ot
2a3, Ko o

(c) the flecnodal curve is given by

_ a40(3a§1 — 2@40/‘62)
18a3,

2?4+ h.ot.;

(d) the conodal curve is given by

a
Yy = ——2 22+ hot.
6@31

Proof: As the origin is a cusp of Gauss, we can set k1 = 0 (the origin is a
parabolic point) and agp = 0 (the asymptotic direction at the origin is tangent to
the parabolic set). We also assume az; # 0 and ko # 0, that is, the parabolic set is

smooth and the origin is not a flat umbilic.

We set p = dy/dx and write the [characteristic BDE (2.6)| as Q(x,y,p) = 0 and
the [asymptotic BDE (12.5)| as ¥(z,y,p) = 0. We have

Q= K3P? + 2a31K92p + 2a39K2yp — Az1K2Y — 5(%0%2 — 4a?,)x?

+(3as1ass — agk2)yz + (243, — 56142/432 + a3, — azias3)y*.

Differentiating with respect to p we have
jlﬂp = 2Koa31X + 2/{3}) + 2a32YKo.
Differentiating with respect to x and with respect to y we have

71 (Q 4 py) = (—asoks + 4a3;)x + agikap + (—aaik2 + 3azias)y.
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The criminant is given by 1 = €2, = 0. Eliminating p from these equations
establishes (a).

Parts (b) and (c) follow in the same way, using the equations Q = Q, +pQ, =0
and ¥ = ¥, + pQ), = 0 respectively.

To prove (d) we choose two distinct points on S

n=(z,y, f(z,y))

0= (2,7, f(%,7)).
The tangent planes 7,5 and T3S to the surface at these points have normals
(—fa(z,y), — fy(x,y),1) and (—f(Z,9), — f,(Z,9), 1) respectively. Observe that 7,5

and T3S are parallel if and only if

fx($1ay1) = fx(f7g)
fy(xl,ZJl) = fy(i',g)

If in addition 7 € T,,S then TS is a bitangent plane. This is the case if

f(x>y> = f(i'ag) + (.2? - j)f:r:('ray) + (y - g)fy(xvy)

Eliminating Z, ¢ from these equations completes the proof. O

Recall the method of studying BDEs described in [Section 1.3.2]

Given a curve v on S, the Legendrian lift of v to the manifold of contact elements
to S (that is, the projectivised cotangent bundle PT*S which we identify with R?,
endowed with the contact structure given by the canonical form dy — pdx) consists
of the contact elements to S tangent to . This is the unique curve in P7T™*S that
projects to v under 7w and is tangent to the contact plane at every point.

In the parametrising plane the parabolic set, the locus of inflections of the char-
acteristic BDE, the flecnodal and conodal curves are mutually tangent parabolae.
Following Uribe-Vargas ([71]) we write their 2-jets as y = cpa?, y = ¢, 2%, y = cca?,
and y = cpx? respectively. We denote their Legendrian lifts by Lp, Ly, L; and Lp,
and the tangents at the origin to their Legendrian lifts by lp, [, I; and Ip. We
denote by [, the contact element to the cusp of Gauss (the Legendrian lift of the
origin, that is, the vertical line in the contact plane at that point). Observe that Lp

is simply the criminant.



3.1. Projective properties of cusps of Gauss 50

Remark 3.1.1 [t follows from |Proposition 3.1.1| that lp,l¢, 1y, lp are generally all

distinct. If koaqo = 3as; then they all coincide. This case is studied in [T1], but is

non-generic; it is the collapse of two cusps of Gauss with opposite indices.

Recall that the cross-ratio of four concurrent coplanar lines [;, ¢ = 1..4 with

respective gradients ¢;, ¢ = 1..4 is given by

Cqa — C Cqy — C
(I, Iy I3, 1) = —L . 222

C3—Cy Cy—C1

Observe, for example, that if [5 has infinite gradient, then

C3 — (1

(l1,l2; l3>l4) =

Cy — C1 ’
Theorem 3.1.2 At a generic cusp of Gauss the cross-ratio of the Legendrian lines
lp, ly, Iy and l; satisfies

(lp, lg; lX’ lg) = —9.

Proof: The Legendrian lift of a curve in R? given by y = cx? + h.o.t. is tangent
to the contact plane at the origin, and the gradient of its tangent line at the origin

is 2c.

Using |Proposition 3.1.1| we have

2a3, — agre  20a3; — 13a3,a40k2 + 2a3)K3

2@31 Ko 2@%1 Ko

(lp,lg;lx,lc) = = —0.

2 2
2a3, — agoky  a40(3a3; — 2a49Ks)

2031 K9 18a3,
O
Recall that the parabolic set, the cusps of Gauss, and the flecnodal curve, being
defined in terms of contact with flat model-submanifolds, are projectively invariant

properties of the surface, but that the characteristic curves are not.

Remark 3.1.3 Although there is no reason that inflections of the characteristic
curves in the domain of a parametrisation should correspond to points of any sig-

nificance on S, a curve with the same 2-jet as the locus of such points at a cusp

of Gauss does have some meaning: as a consequence of |Theorem 5.1.2 this 2-jet is

projectively invariant, and is determined by the 2-jets of the flecnodal and parabolic

curves.
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Definition 3.1.4 We define the characteristic cross ratio invariant (ccr-invariant)

of a cusp of Gauss by

Pec = (lx, va lD7 lg)

It follows from [['heorem 3.1.2| that the ccr-invariant is a projective invariant and

related to the cr-invariant p defined in [71] by the linear relation p. = 10 — 9p.
We have chosen this particular cross-ratio (among the six possible choices for these

lines) to make the subsequent calculations simpler.

K204
—.
asy

Proposition 3.1.2 The ccr-invariant is given by p. = 10 —

Proof: Using |Proposition 3.1.1| we have

azo  20a3, — 13a3,a40k2 + 2a3,K3

B 6@31 2&%1 Ko 3%2(140
e = (ly,lp;lp,ly) = =10 — .
p (X Pytb g) _ Q40 _ (2(1,%1 — CL40/€2) a?ﬂ
Gazy 2a31 ko

Remark 3.1.5 In the degenerate case when ksasg = 3az, the cross-ratios in | Theo-

lrem 3.1.2 and|Definition 3.1.4 are not well defined. As the limit of p. of both cusps

of Gauss at the collapse is equal to 1, we define p. = 1 in this case. At any cusp of

Gauss with ccr-invariant p. we have that

lim (lp, lg; lX7 lc) = —0.

pc—1
We now proceed to classify cusps of Gauss in terms of type of singularity of the
characteristic BDE and the relative positions of special curves of interest. These

results compliment those in [23, [71] on the asymptotic curves and the flecnodal

curve.

Lemma 3.1.6 The topological type of the singularity of the characteristic BDE is

determined by the projective invariant p..

Proof: The topological type of the singularity of the characteristic BDE is given
by the type of singularity of the lifted field £&. Using the expressions for j'Q, and

7'Q, + pQ, given in the proof of [Proposition 3.1.1] the linear part of £ is

9
op’

2(“%29 + az1kox) 7= — (ag1kep — (@aok2 — 4031)@

Oz
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By a linear change of coordinates in the (z, p)-plane and multiplication by a non-zero
scalar this may be transformed to

B 0 _ (5 — 2&40/‘%2/&%1) 0
2 - 2)g, (3 — asoka/ad) x)@_l?'

ox
It is clear that the type of singularity depends only on the value of asra/a3;, that

is, on the value of the projective invariant p.. O

Lemma 3.1.7 At a cusp of Gauss, we may make projective transformations and

parametrise the surface by (x,y, f(x,y)) where

2 4
-4 _y__ 2 (10_/00)1;
7 f(xy) = g Yt

Proof: Platanova ([58]) showed that j*f(z,y) is projectively equivalent to

2

vy _ 22y + Azt
2
It is immediate from |Proposition 3.1.2| that p. = 10 — 18\. O

Theorem 3.1.8 At a cusp of Gauss with ccr-invariant p., the characteristic curves
have a well-folded singularity if p.,# 1,11/8. The singularity is a well-folded saddle
if pe <1, a well-folded node if 1 < p. < 11/8 and a well-folded focus if p. > 11/8.

Proof: We parametrise the surface in Monge form and use the projective normal
form given in [Lemma 3.1.7, We calculate the coefficients E, F’, G, [, m,n of the first

and second fundamental forms. We have that
20 — 2p,
P2E= 1, Pl= —2y+ Tpr,
j2F = 0, ij = 2z,

J2G = 1+ j*n= 1-—y%

We calculate the coefficients of the [characteristic BDE (2.6)l We set p = dy/dz and
write |(2.6)[ as Q(z,y,p) = 0, then we have

2(2 + pe) 72

P2z, y,p) = p* —dap + 2y + 4y° + 3

The linear part of the projection to the (x, p)-plane of the lifted field ¢ associated
to the characteristic BDE is

2(2 + pc)x )

0
2(p —2x)— +2(p — 3 o

ox
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We calculate the eigenvalues of this linear vector field at the origin. They are

found to be
11 — 8p,

N

which are distinct and non-zero provided that p. # 1,11/8. The singularity of & is

-1+

a saddle (real eigenvalues of opposite sign) when p. < 1, a node (real eigenvalues
of the same sign) when 1 < p. < 11/8 and a focus (complex conjugate eigenvalues)

when p. > 11/8. O

Remark 3.1.9 Combining|Theorem 5.1.8 with Theorem 5 in [71] (see also Propo-
sition 2.5 in [24]), we have in |Figure 3.1, the four generic combinations of the

(topological) type of singularity of the asymptotic curves and characteristic curves

at a cusp of Gauss.

Asymptotic
Curves

Parabolic
Curve

Characteristic
Curves |

<5 5< <1 1< <11 >11
Pe 3 3 Pe Pe 3 Pe 3

Figure 3.1: The asymptotic and characteristic curves at a cusp of Gauss.

Theorem 3.1.10 There are seven possible configurations of the parabolic set, con-

odal curve, and the inflection curve of the characteristic BDE at a cusp of Gauss,

distinguished by the value of p.. These are illustrated in[Figure 3.3

Proof: We adopt the projective normal form given in and write
the [characteristic BDE (2.6))| as Q(z,y,p) = 0 where p = dy/dy. Using

the parabolic set is given by

(4 - pc)

2
x° 4+ h.o.t.,
3

y:

the inflection curve of the characteristic BDE is given by

2 ) (D — 2p,
y:< +P)é p)x2+h.0.t.,
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5
§<pc<4 4 < p. <10 pe > 10

Figure 3.2: The parabolic set (thick), inflection curve of the characteristic BDE

(dotted), and conodal curve (dot-dashed) at a cusp of Gauss.

and the conodal curve is given by

The inflection curve is always regular as the tangent to the curve in R3 given by
Q2 =Q, +pQ2, = 0 is transverse to the line y = x = 0 for all values of p..

These expressions show that when p. = 1, all the curves of interest have greater
than 2-point contact when considered pairwise. The conodal curve and locus of
inflections also have greater than 2-point contact when p. = 0.

The parabolic set is inflectional if p. = 4, the locus of inflections is inflectional if
pe =5/2 or p. = —2, and the conodal curve is inflectional if p. = 10.

The proof is completed by considering the 2-jets of the curves of interest when
pe takes a value of in each of the open intervals bounded by the given exceptional
values. O

Further curves of interest at a cusp of Gauss are the separatrices of the singularity.

Recall [Definition 1.3.2

Lemma 3.1.11 The relative positions of the parabolic set and the separatrices and

inflection curve of the characteristic BDE at a cusp of Gauss are invariant under
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projective transformations.

Proof: The relative positions of the curves of interest at a cusp of Gauss are given
by the ratios of their 2-jets at that point. To second order the separatrices are

parabolae tangent to the parabolic set, so they may be written in the form
y = cox’ + h.ot.

Substituting this into the equation Q(z,y,p) = 0 we find that

-3+ \/(8[@2&40 - 23&%1)
Cy = .
8/€2

We label these two values ¢, and c,_. The proof is completed by using
to show that the ratio of any two elements of the set {cp, ¢,, ¢s+, co—} depends

only on the value of kyas/a3;, that is, on the value of p.. O

Proposition 3.1.3 There are six possible configurations of the parabolic set, locus
of inflections and separatrices associated to the characteristic BDE at a cusp of

Gauss. These are are invariant under affine transformations of R* and distinguished

by the value of p. as illustrated in [Figure 3.3,

Proof: We adopt the projective normal form given in |[Lemma 3.1.7, The sepa-

ratrices are given by

3 \/33—24p, ,
y=—-—+*r———=

h.odt.
1 12 +ho

Recall that the parabolic set is given by

(4 B pc)

2
h.o.t.
3 x° + h.o.t.,

y:

and the inflection curve of the characteristic BDE is given by

2+ 0.)(5 = 2p.
yz( +p)é p)x2+h.o.t.

Using these expression we have that the following exceptional values of p. corre-

spond to the given codimension 1 phenomena:
1. The separatrices are inflectional or singular when p, = —2.

2. The parabolic set is inflectional if p. = 4.
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Saddle 6 Saddle 7 Node 7

Pe < —2 —2<p.<1 1<pe < —

Focus 3 Focus 2 Focus 1

5
° 2 < p. <4 >4
3 9 2<p< Pe >

Figure 3.3: Configurations of the parabolic curve (thick curves), locus of inflections
(broken curves) and separatrices (thin curves) at a cusp of Gauss. The label given

to each configuration refers to the labels given to the 18 configurations established

in [23], see [Section 1.3.3

3. The locus of inflections is inflectional if p. = —2,5/2.
4. The singularity of the lifted field changes from a saddle to a node at p. = 1.

5. The parabolic and locus of inflection curves have greater than two-point con-

tact if p. = 1.
6. The type of singularity changes from a node to a focus at p. = 11/8.

7. The locus of inflections and separatrices have greater than two-point contact

if p.=1or p. = —2.

The proposition is established by choosing a value of p. in each of the open intervals
bounded by these exceptional values and calculating the 2-jet of the parabolic set,

inflection curve and any separatrices. O



3.2. The Legendre transformation of the characteristic BDE 57

3.2 The Legendre transformation of the charac-

teristic BDE

We have seen that the inflections of the characteristic curves are of some geometric

interest, at least in the neighbourhood of a cusp of Gauss. It follows that the

Legendre transform of the characteristic BDE ([2.6))] is also of interest.

The property that a curve has an inflection is affine invariant, however we have
seen that the relative positions of the curves of interest (cusp set, inflection set and

separatrices) are invariant under projective changes of coordinates. We may thus

use the normal form given in |Lemma 3.1.

Proposition 3.2.1 There are siz possible configurations of the cusp set, locus of
inflections and separatrices associated to the dual curves of the integral curves of the

characteristic BDE at a cusp of Gauss. These are distinguished by the value of p.
as illustrated in[Figure 3.7

Proof: We consider the|characteristic BDE ([2.6)|at a cusp of Gauss parametrised

in the projective normal form given in [Lemma 3.1.7 We write this equation as
F(z,y,p) = 0 where p = dy/dx and apply the Legendre transformation as given in

section 1.3.3] The Proposition is then established by calculating the appropriate

2-jets in a manner similar to the proof of [Proposition 3.1.1| and arguing as in the

proof of [Proposition 3.1.3| O

It is a well known in singularity theory that projections from the plane to the
plane generally have fold singularities along smooth curves and cusp singularities,
known as Whitney-pleats, at isolated points where two fold curves meet (see for
example [47]).

When we consider the surface M associated to the asymptotic or characteris-
tic BDE the fold curves of the natural projection 7 are the Legendrian lift of the
parabolic set. For smooth surfaces the parabolic set is generally a smooth curve so
we do not expect Whitney-pleat singularities in general. The Legendre transform of
these BDEs, however, may have such points.

When we consider the Legendre transformation of the characteristic BDE at a
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Saddle 6 Saddle 4 Saddle 2

1
Pe < —8 —8 < p. < —2 —2<pc<—§

Saddle 1 Node 1 Focus 2
L < pe <1 1 <p. < 1 11 <
5 < Pe pe < g g <P

Figure 3.4: Configurations of the discriminant (thick curves), locus of inflections
(broken curves) and separatrices (thin curves) of the Legendre transform of the

characteristic BDE at a cusp of Gauss. The label given to each configuration refers

to the labels given to the 18 configurations established in [23], see [Section 1.3.3]

cusp of Gauss, the projection 7 has a Whitney-pleat (that is, a cusp) singularity
at the origin when p. = —2, that is, when the inflection set is inflectional. This
is symmetric with a result on the asymptotic curves identified by Uribe-Vargas in
[72]: the Legendre transformation of the asymptotic BDE at a cusp of Gauss has
a Whitney-pleat when the flecnodal curve is inflectional. Furthermore, hyperbolic
points where the Legendre transform of the asymptotic BDE has a Whitney-pleat
are shown to be biflecnodes, that is, points where the tangent line in the asymptotic
direction has 5-point contact with the surface. Such points are generic features
of surfaces (cusps of Gauss with an inflectional flecnodal curve are not, they have
codimension 1 so occur in 1-parameter families of surfaces).

It follows from our results that elliptic points where the Legendre transformation
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of the characteristic BDE has a Whitney-pleat may also be of interest. We label such
points characteristic bi-inflections. It follows that a codimension 1 cusp of Gauss
with p. = —2 may be thought of as the superposition of a generic cusp of Gauss and

a characteristic bi-inflection.

3.3 Left and right characteristic curves

The rate of turning, per unit length of arc as we move along any curve on S, of the
tangent plane to S is n’, where ' denotes differentiation with respect to arc length
along the curve. This is given by —k,t + 7,(t An), where &, and 7, are respectively
the sectional curvature and geodesic torsion, and t is the unit tangent to the curve
(see for example [34]).

The Beltrami-Enepper Theorem states that the respective torsions (as space
curves) of the two asymptotic curves through a hyperbolic point are ++v/—K, or
equivalently 72 = —K (see, for example, [70]). For an asymptotic curve the torsion
and geodesic torsion are equal and the sectional curvature is zero. Therefore, one

can re-write the Beltrami-Enepper formula in the form

This reformation shows that the [I'heorem 3.3.1|is the analogous result for the char-

acteristic curves.

Theorem 3.3.1 Let k,, and 7, be the sectional curvature and geodesic torsion in a
particular direction on a surface. The direction is a characteristic direction if and
only if

2 2 _
Kk, + 71, =K.

Proof: Let ko, k1 be the principal curvatures at a point on a surface. At an elliptic
point we may assume, without loss of generality, that x; > 0 and xk > 0. A curve
tangent to a direction making an angle ¢ with the principal direction with sectional

curvature k1 at a point has sectional curvature given by

Ky = K1 COS> @ + Kosin® ¢
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and geodesic torsion given by
T, = cos ¢ sin ¢(ky — K1).

The characteristic directions ¢ satisfy

cosp = =+ e ,
Ko + K1
. R1
sin ¢ = .
¢ Ko + K1
The result follows. O

Corollary 3.3.2 The magnitude of the rate of turning of the tangent plane along a
characteristic (respectively asymptotic) curve is equal to vV K (respectively /—K ).

Definition 3.3.3 A curve on a surface is said to be a left (respectively right) curve

if its geodesic torsion is negative (respectively positive).

[Definition 3.3.3|is consistent with the terminology in [71] as torsion and geodesic

torsion are equal for the asymptotic curves.

A corollary of [Theorem 3.3.1]is that at any elliptic point one characteristic curve

is a left curve and the other is a right curve (the geodesic torsion of the characteristic
curves through an elliptic point must have opposite sign as they are separated by a

principal direction). The left (respectively right) characteristic curves at the origin

have slope \/k1/ks (respectively —+/K1/Ka).

Definition 3.3.4 The left (respectively right) branch of the inflection curve is the
set of points corresponding to an inflection of a left (respectively right) characteristic

curve.

A change from the left branch to the right branch occurs as the inflection curve
passes through a generic cusp of Gauss, and as the Legendrian curve L, is transverse
to the criminant at a well-folded singularity. Similar to that in [71] for the flecnodal

curve, there is a natural way to locate the left and right branches at a cusp of Gauss.

Proposition 3.3.1 At a cusp of Gauss choose an orthonormal right-handed coordi-

nate system with the x-axis tangent to the parabolic set and the elliptic region locally
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in the region z > 0,y > 0. Then left and right branches of the inflection curve of the
characteristic BDE correspond locally to the negative and positive x-axis respectively
if and only if the singularity of the characteristic curves has positive index. The

opposite correspondence holds when the singularity has negative indez.

Proof: We choose a principal coordinate system at a non-umbilic elliptic point.

Let (x,y;(x)) be the parametrisation in the plane of a solution to the
(2.6)| with slope (—1)'\/k1/k2 at the origin (that is, jly; = (—1)'\/k1/kKa2).

Let p; = dy;/dz, i = 1,2. Observe that in a neighbourhood of the origin py > p;.

Since c¢p > ¢y, the slope of the Legendrian line [p at the origin in the (z,p)-plane

is always greater than that of [,. Hence locally the half space x > 0 (respectively

x < 0) contains the left (respectively right) branch of the inflection curve.

From [Proposition 3.1.1 the elliptic domain lies in y > 0 when p. < 1, which
from [Theorem 3.1.101is when the index of the lifted field of the characteristic BDE

is equal to —1.

When p. > 1 we make the coordinate change (z,y,2) — (—z, —y, 2) to obtain
the required coordinate system, after which the half space x < 0 (respectively x > 0)
contains the left (respectively right) branch of the inflection curve. In this case the

index of the lifted field of the characteristic BDE is equal to +1. O

Remark 3.3.5 Combining |Proposition 3.5.1 with Theorem 8 in [T1] we have in
the two possible configurations of the flecnodal curve and the inflection

curve of the characteristic BDE at a cusp of Gauss.

3.4 Elliptic discs of smooth surfaces

Definition 3.4.1 An elliptic disc is an elliptic region of a smooth surface bounded

by a smooth simple closed parabolic curve.

Hyperbolic discs (hyperbolic regions bounded by smooth simple closed parabolic
curves) are considered by Uribe-Vargas in [71], where the asymptotic curves are used
to prove global results concerning the number and type of cusps of Gauss on the

parabolic curve bounding the disc. The local properties of the characteristic curves
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Figure 3.5: The left (blue) and right (red) branches of the flecnodal curve and the
inflection curve of the characteristic BDE at a cusp of Gauss with p. < 1 (left) and

pe > 1 (right).

we have established allow us to prove similar results concerning elliptic discs on
smooth surfaces. A key fact used in [71] is that the singularities of the fasymptotic
BDE (2.5)| all lie on the parabolic set. The [characteristic BDE (2.6)), however, may

have singularities in the elliptic region, namely at umbilic points. This presents
problems when adapting the results in [71], so we restrict ourselves here to the

study of elliptic discs containing no umbilic points.

Proposition 3.4.1 The sum of the indices of the singularities of the characteristic
curves at the cusps of Gauss on a parabolic curve bounding an elliptic disc with no

umbilic points is equal to +1.

Proof: We write the |characteristic BDE (12.6))| as

Qz,y,p) =0

where p = dy/dx. As there are no umbilic points and the elliptic region is a disc,
the surface M C R3 given by = 0 is smoothly equivalent to a sphere.

Consider the vector field € on M. As M is a compact surface without boundary
of genus 0, the sum of the indices of all singular points of ¢ is 2 by the Poincaré-Hopf

Theorem, so the sum of the indices of the folded singularities is 1. O

Corollary 3.4.2 The parabolic curve bounding an elliptic disc that contains no um-

bilic points has a positive even number of cusps of Gauss.
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The following partially answers a problem set in [71].

Corollary 3.4.3 If an elliptic disc contains no umbilic points and the characteristic
curves have nodes or foci at all cusps of Gauss on the parabolic curve bounding the

disc, then there are only two cusps of Gauss.

Remarks 3.4.4 1. The case that the parabolic set is an isolated point (that is,

the discriminant of the|asymptotic BDE (2.5)| has an AT singularity) has codi-

mension 1. If a surface with such a parabolic set is perturbed within a generic
1-parameter family of surfaces, a simple, closed parabolic curve appears in the
bifurcation. Thus although closed parabolic curves are generic (that is, stable)
features of surfaces, a natural context in which to study elliptic and hyperbolic

discs is within 1-parameter families of surfaces.

2. It is clear that the number and type of cusps of Gauss on the parabolic set
bounding an elliptic disc is partly governed by the number and type of the um-
bilic points on the disc, and that information on the nature of this governance
may be obtained by studying the characteristic curves. Observe that the set
Q = 0 is then a surface in R? x RP that is smooth if all umbilic points are

generic, but is not generally orientable.



Chapter 4

Linear involutions on the real

projective line

In this Chapter we temporarily leave the geometry of surfaces in R3 and consider
binary differential equations on surfaces in their own right.
Our motivation is two-fold. We begin by considering the relationship between

linear involutions on RP! and families of BDEs on surfaces, using the method of

considering BDEs as points in RP?. The [asymptotic (2.5} |characteristic (2.6])| and
Iprincipal (2.4) BDEs and the related families |C, (2.7 and [R, (2.8)| may be con-

structed using such involutions (see [24]). We seek to generalise this method to
general linear involutions on RP!. This work lays the foundation for [Chapter 5,
where we exhibit BDEs on surfaces that do not appear to have been considered
previously

Secondly we aim to generalise the results of and show that we may
assign an affine invariant to well-folded singularities of BDEs in the plane. The
affine properties of such points are completely determined by this invariant and the
index modulus A.

We begin by recalling some simple facts concerning the geometry of the projective
plane RP?.

Let I' € RP? be a conic associated to a symmetric bilinear form G on R3. The
polar line of a point P € RP? with respect to I' is denoted by P (conversely, given
any projective line Q € RP?, we denote its polar point by Q).

64
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We denote by RPZ, (respectively RPZ_) those points [v] € RP? with G(v,v) > 0
(respectively G(v,v) < 0). Clearly {RP?,,RPZ ,I'} forms a partition of RP?.

The set of all projective lines in RP? (that is, the Grassmannian Go(R?)) may
be similarly partitioned into three disjoint sets using I': those lines that intersect I"

at two distinct points, those that are tangent to I' and those that do not intersect

I'. We define
Go(R¥)pr = {P € Go(R¥)||[PNT| =2}

G2(R¥)po = {P € Go(R})||PNT| =1}
Go(R¥)p- = {P e Go(R¥)|PNT| =0}.
follows trivially from the definition of polarity with respect to a

given conic.

Lemma 4.0.5 (a) P € RPZ, if and only if P € Go(R%)p+,
(b) P € RPZ if and only if P e Gy(R¥)p-,

(c) P e Gy(R¥)o if and only if P € PNT.

Consider a projective line P € Go(R?)p+ U Go(R?)p-. Given any point [v] € P,
there is a unique point opr([v]) € P such that [v] and opp([v]) are apolar with
respect to I', that is, the set {[v],opr([v]), P} forms a self-polar triangle. It is clear

that the map

Op . p — P
[v] = opr([v])

defines an involution on P.

Lemma 4.0.6 Let P € Go(R*)p+ and let [v] € P. If [v] € RP2, then opr([v]) €

RPZ_, if [v] € RP2. then opr([v]) € RPZ, and if [v] € T then opr([v]) = [v].

Proof: Observe that opr([v]) is the polar of the pencil joining [v] and P with
respect to the conic I'. We denote this pencil by a;([\v]).

As P € Go(R¥)p+, it follows from [Lemma 4.0.5 (a)| that P € RP2,. If [v] €
RPZ then O';([\U]) € Go(R*)r+. Then by [Lemma 4.0.5 (a)| again we have that
opr([v]) € RPZ,.

The other assertions follow by similar reasoning. O
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Recall also that polarity with respect to any conic is preserved by projective
transformations.
In what follows we shall adopt the notation P for the polar of a point P € RP2

with respect to the conic A.

4.1 Quadratic forms constructed from involutions

4.1.1 Linear involutions on RP!

A linear involution on the real projective line RP! is a projective linear map
o:RP' — RP'

such that (o o ¢)([v]) = [v] for all [v] € RP!. The set of all linear involutions on
the real projective line is a subset of the projective general linear group PGL(2,R):
it is the induced action on RP' of the subset so the general linear group GL(2,R)
whose elements are linear transformations 7 : R? — R? such that 7% = ul for
some constant g # 0. We denote by Id the identity involution given by [v] — [v]
for all [v] € RP'. This involution corresponds to linear transformations that are
themselves multiples of the identity. We denote the compliment of Id in the set of
all linear involutions on RP! by PLI(2,R).

Remark 4.1.1 The composition of two linear involutions is not necessarily another

involution, hence PLI(2,R) does not form a group under composition of involutions.

A linear transformation 7" : R? — R? that is not a multiple of the identity but
is such that T2 is a multiple of the identity if and only it is given by a matrix of the

form

c —a

where a® + bc # 0. Two matrices of this form define the same involution if and only
if one is a non-zero multiple of the other. It follows that we may identify PLI(2,R)
with the compliment of the conic a? + bc = 0 in the real projective plane RP?, by
considering the above matrix to be the point [a : b : ¢]. We denote by A the conic

in RP? given by a? + bc = 0.
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Given a linear involution

o:RP' - RP!
a: ] — [aa+bF: ca — af]

we denote by X the matrix

of the associated linear transformation.

The set PLI(2,R) has two simply connected components. We define

PLI,(2,R) := {o € PLI(2,R)|detS > 0}
PLI_(2,R) := {o € PLI(2,R)|detS < 0}.

Given a direction [v] € RP!, we denote by [v*] € RP'™ the projectivised one-
form that is associated to [v] (that is, if [v] = [v1 : vo,[v*] = vip — veq. Let
o € PLI(2,R), and let w([v]) = [v*].0([v])*. As the product of two 1-forms, w([v])
is a binary quadratic form which we may consider to be a point in RP?. We shall
consider the locus of this point as the direction [v] varies. We need the following

result from elementary geometry.
Lemma 4.1.2 Let a,b, c be real numbers with a*> + bc # 0. The set
{(cos@(acos® +bsinf), —(bsin®@ + ccos®f),sin O(ccos § — asinf)) C R*|0 € [0, 7]}

is an ellipse in a plane through the origin. The ellipse encloses the origin if and
only if a* + be < 0.
Proof: We set
cos@(acos + bsin0)
v(f) =] —(bsin?6 4+ ccos?h)
sinf(ccosf — asinf)

Observe that
a + acos 26 4 bsin 20

(b—c)cos20 —b—c
acos20 + csin20 — a
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We apply the rotation about a line through the origin that is given by the matrix

a* +b* —ca cb
1
ATV TS | Vet et SbWer st |
0 Va2 + 0+ ava? + b+ 2

followed by a dilation centred on the origin with scale factor
2va? + b2.
The image of v under these transformations is
Va2 + b+ ca ava? + b? + 2 bva? + b% + 2
0 + cos 26 0 + sin 260 0
—a? —b* —be b — be + a? ac
This is an ellipse in a plane containing the origin, which we denote by 9(6). As
the transformation we used was linear and preserved the origin, v(0) is also an ellipse
in a plane containing the origin.

The curve v encloses the origin if and only if there are no values of # such that

0 and ¢ are linearly dependent. Differentiating we have that

0
O x 0 =Va2+b+2(a®+ %) | (c+b)cos20 —2asin20 + ¢ —b
0

The equation

(c+b)cos20 —2asin20+c—b=0

is satisfied by some real 6 if and only if a? + bc > 0. O

Let 7 be the projective transformation
7 :RP? — RP?
a:b:c] —[b:2a:—c.
Theorem 4.1.3 (a) Let 0 € PLI,(2,R). Then the set {w([v])|[v] € RP'} form

a line L € G2 (R3)a- when quadratic forms are considered as points in the

projective plane.
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b) Let 0 € PLI_(2,R). Then there exists a line L € Gy(R¥)a+ such that set
(
{w([v])|[v] € RP} = LN (RPY, UA), when quadratic forms are considered

as points in the projective plane.

(c) The polar of the pencil L with respect to the conic A is 7 (o).

Proof: Let

Y —

c —a
where a* + bc # 0. Observe that ¢ € PLI_(2,R) (respectively o € PLI(2,R)) if
a®+b > 0 (respectively a® + b < 0). Let [v] = [cos 6 : sin 0] (we choose 6 € [0, 7]) so

cos

sin ¢
It follows that [v*] = cosfp — sinfq. We have that

acosf + bsind
Y =

ccosf —asinf

It follows that o([v])* = (acos@ + bsinO)p + (asin§ — ccos)q.
The quadratic form w([v]) is given by

w([v]) = (cosbp —sinbq)((acosf + bsinf)p + (asinf — ccosd)q)
= Ap®>+ Bpq+ Cq?,
where
= cosf(acosf + bsinb)
B = —(ccos?f + bsin® )
= sinf(ccosf — asinb),
that is, {w([v])|[v] e RP'} =[A: B: C].
Suppose that o € PLI, (2,R). By [Lemma 4.1.2] the set (A, B,C)(f) is a closed,

convex, planar curve in a plane including the origin, and encloses the origin. It

follows that [A : B : C] is a line L € Go(R?)a-. This establishes part (a).
Suppose now that ¢ € PLI_(2,R). By [Lemma 4.1.2| the set (A, B,C)(f) is an

ellipse in a plane including the origin, but does not enclose the origin. It follows
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that [A: B : C] is a segment of a line L € G5(R?*)a+. By construction [A : B : C]

for any fixed  is a quadratic form defining two real directions, so
[A:B:Clc Ln(RP2, UA).

Finally observe that w([v]) € A if and only if [v] = o([v]), that is, if and only if 6
satisfies p/q = tan 6 and p/q = (¢ — atan®)/(a + btan@). It follows that 6 satisfies

btan? 6 + 2atanf — ¢ = 0.

Since a? + bc > 0 this equation has two distinct real solutions for tan 6.

As [A: B : O] is connected, it follows that [A: B: (] = LN (RPZ, UA). This
establishes part (b).

To calculate the polar of L with respect to the conic A of degenerate forms we

choose two distinct points on w([v]). We set vy = (1,0), v; = (0,1). Then
w(vo) = ap® — cpq,
w(v1) = —bpg — ag®

(note that when a = 0 these points coincide and we must make a different choice of

v, v1). The polar of the line of which w([v]) forms part is given by the determinant

d(w(vo))  O(w(vo))

P dq 2ap — cq —cp (b )
= = — +2 — .
a(w ’Ul)) a(u)(vl)) _bq _bp B 2aq CL( D aqp cq )
dp dq
This establishes part (c). O

Corollary 4.1.4 (a) T(PLI_(2,R?)) =RP;_,
(b) T(PLI,(2,R2)) = P2,

(c) T(A) = A.

Proof: This follows directly from [T'heorem 4.1.3| and [Lemma 4.0.5| O

It follows that when o € PLI_(2,R) (respectively o € PLI(2,R)) the binary

quadratic form 7 (o) defines no (respectively two) real directions.

Proposition 4.1.1 Let 0 € PLI(2,R) be a linear involution. Then
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(a) o has two distinct fized points (respectively no fized points) if o € PLI_(2,R)
(respectively o € PLI, (2,R)),

(b) when o € PLI_(2,R) the binary quadratic form 7T (o) is the product of a pair

of forms associated to the fived points of o.

Proof: Part (a) is trivial: fixed points of an involution ¢ are given by eigenvec-
tors of the associated matrix Y. Since tr¥ = 0, the eigenvalues ¢ of X are given by
the equation

2 = —detY.

If det¥ < 0 then ¥ has two distinct eigenvalues and hence two linearly indepen-
dent eigenvectors. If detX > 0 then ¥ has no real eigenvalues and hence no real

eigenvectors.

Following the notation of the proof of ['heorem 4.1.3] the quadratic form

bp® — 2aqp — cq”
is the product of the two 1-forms associated to the vectors w; and ws where
w; = (b, —a + (—1)"Va2 + be).
Applying the involution we have that
o(wy) = [ab — ba — bVa? + be : be + a* — ava? +be] = [b - —a — Va? + be] = wy.

Similarly we = o(wy). O
As we are considering involutions on the projective line, it is natural to consider

the effect of projective transformations of this line on such involutions.

Lemma 4.1.5 Projective changes of coordinates in RP! induce projective transfor-
mations of PLI(2,R) that preserves the sets PLI,(2,R), PLI_(2,R) and A when
PLI(2,R) is identified with RP?.

Proof: We let o be the linear involution with associated matrix

Y=
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A projective change of coordinates in RP! is the induced action on RP! of a
non-degenerate linear transformation on R%. Let H be the matrix of such a linear
transformation. Then if 3 is the matrix of a linear transformation associated to some
o € PLI(2,R) with respect to some chart. The matrix of a linear transformation
associated ¢ € PLI(2,R) with respect to the transformed chart is H™'¥H.

We set

a f
v 0
We calculate H™'YXH. Identifying o with the point [a : b : ¢] € RP? we have

H:

that the induced transformation is given by
[a:b:c]— [(By+ad)a+ 6vb — Bac: 2B5a + 6*b — B*c: —2ava — v*b + (],

that is, a projective transformation of RP?.

Observe finally that
((By+ad)a+6vb—Bac)?+(2B5a+5*b—%c)(—2aya—~y*b+a’c) = (ad—F7)*(a*+be).
It follows that the induced projective transformation preserves the sets PLI, (2, R),
PLI_(2,R) and A. =

Allowing such changes of coordinates allows us to construct normal forms for

elements of PLI(2,R).

Lemma 4.1.6 Leto € PLI,(2,R) (respectively PLI_(2,R)). Then o is equivalent
to [x : y| — [y x] (respectively [z : y| — [y : —x|) under projective changes of

coordinates in RP'.

Proof: We let o be the linear involution with associated matrix

a b
¥ =
c —a
We make a projective change of of coordinates in RP! associated to a linear

transformation with matrix H.

If c € PLI_ we set

a®>+bc ava®+bec+b
Va2 +bc ea?+bec—a

H:
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We then have
HIYH = Va2 + be

If o € PLI, we set

cv—a?—cb—2a c¢b—2a®+ acv/—a? — cb
H — eV —a? —cb (a® + cb)e

1 cv—a?—cb—a

V= — b a2 + cb

We then have
0 1

-1 0

The results follow. O

HIYH =V —a? — be

4.1.2 Pairs of involutions

As remarked ((4.1.1)] PLI(2,R) is not closed under composition. In fact the com-
position of two involutions o; and o5 is another involution if and only if the two

involutions commute:

(c1003)0(01009) =1d &

t ¢T3

Q
=
o
Q
[\&]
o
—
o,
|
Q
(3]
o
2

4 = 09 00].

Proposition 4.1.2 Given a linear involution o € PLI(2,R) the set of involutions
that commute with o is the polar line of o with respect to the conic A when PLI(2,R)
is identified with RP?.

Proof: Let

Y

c —a

be the matrix of an associated linear transformation to o. Let suppose that

Qt
S

N =

™\
|
S
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is a matrix associated to an involution that commutes with ¢. It follows that ¥%
also gives rise to an involution. Calculating we have that
. ad +bé ab— ab

Y = R

ca —ca cb+ aa

This matrix gives rise to an involution if and only if ad + bé = —(cb + ad), that is,
if and only if 2aa + bc + ¢b = 0. The set of points [a : b ¢] € RP? satisfying this
(linear) condition form a line.

The conic A is given by the bilinear form that has matrix

1 0 0
0 0 1/2
0 1/2 0

The result follows by observing that

1 0 0 a
(a b 5) 0 0 1/2 b | =0
0 1/2 0 c
if and only if 2ad + bé + b = 0. m

Corollary 4.1.7 Let 01,09 € PLI(2,R) be distinct linear involutions such that
01009 = 0900y. Then o1, g9 and oy o g9 form a self-polar triangle with respect to

the conic A.

Proof: This follows directly from [Proposition 4.1.2 and [Lemma 4.0.6| O

Remarks 4.1.8 1. AsT(A) = A the three quadratic forms corresponding to the
fixed points of o1, 09,01 0 09 form a self-polar triangle with respect to A, since

projective transformations preserve polarity with respect to conics.

2. The set {1d, 01, 09,01 00} forms a group under composition which is trivially

isomorphic to the Klein 4-group.

Recall the involution opr on any line P c RP? induced by a conic I'.
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Proposition 4.1.3 Let 01,05 be involutions and let P C RP? be the line joining

o1 and oy. Then
(a) 0100900 is a further involution;
(b) g1o00900; € P

(c) 0100900 is the projective harmonic conjugate of oo with respect to oy and
orA(01).
Proof: Assertion (a) is trivial:

(c1009001)0(01009001) = (01003)0 (010071)0 (09007)
= (01003)0(0200)
= oy0(0y009) 00
= 0100

= Id.
We may, by [Lemma 4.1.6] choose o1 to be given by [z : y] — [y : +x|. Let o3 be

the involution given by [z : y] — [ax + by : cx — ay]. It follows that the involution
010092001 is

[z :y| — [Fax + cy : bxr £+ ay].

It is clear that [0 : 1 : +1],[a : b : c|,[Fa : ¢ : b] (that is, the points in RP?
corresponding to o1, 09 and gy o 03 0 07) are colinear, which establishes (b).

A calculation shows that o5 (01) is the involution
[z y] — [2ax + (bF )y : x(bF ¢) — 2ay].

As a point in RP? this is [2a : bF c: bF c].

The cross-ratio of four colinear points in the real projective plane RP? written
in the form [X : Y : Z] is equal to the cross ratio of the corresponding complex
numbers X/Y +1iZ/Y.

Calculating the cross-ratioof [0 : 1 : +1],[a: b: ¢|,[Fa : ¢ : b] and [2a : bFc : bF(]

we have

(i =) (U e )=

This establishes (c). O
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4.2 Self polar triples of binary differential equa-
tions on surfaces

If, in the construction of binary quadratic forms from linear involutions on RP?
described in[Section 4.1.1] we replace the direction [v] € RP! with a smooth direction
field on a surface S C R3, we may construct a BDE on the surface using involutions
on each projectivised tangent plane varying smoothly with the surface.

The first fundamental form of S (which we will refer to as the metric) on the

surface is of course a binary quadratic form on the surface in its own right,
Eq¢* + 2Fpq + Gp*. (4.1)

It may therefore be considered to be a point in RP? which we will denote by L.
Since the first fundamental form is positive definite, L € RPE‘Jr at all points of the
surface. It follows from that L € Go(R?)r+ and hence the quadratic
form corresponding to each point of L defines two real directions. These directions
are orthogonal (with respect to the metric L).

As it is a binary quadratic form, the metric is determined by an involution.
Applying the projective transformation 7! to L we find that the corresponding

involution is given by
[z :y]— [Fx+ Gy : —Ex — Fy|.

This is the involution that maps each direction to that which is orthogonal to it
(with respect to the metric. We denote this involution by O. It is clear that
O € PLI,(2,R).

As an involution varies on the surface, there may be points where it becomes de-
generate (in the notation of the previous section, a®+bc = 0). The set of such points
is the discriminant of the corresponding BDE. As the projective transformation 7°
extends across such points, we may extend the BDE to these points.

Let 0 € PLI(2,R) with 0 # O. Then the polars of ¢ and O with respect to the

conic A intersect at a single point. We denote the linear involution corresponding

to this point by R,. By |Proposition 4.1.2| we have that o, R, commute and that
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oo R, € PLI(2,R). Finally by [Corollary 4.1.7| we have that 7 ({o, R,,0 0 R,}) is

a self-polar triangle of BDEs.

Proposition 4.2.1 Amongst pairs of directions ([v],o([v])), the solutions of the

form T (R, o o) are those that have extremal included angle.

Proof: Without loss of generality, we may assume that at any given point the
solutions of T (R,) are the coordinate directions, that is, 7 (R,) is the form pq, and
that the metric is the form p* + ¢2. The involution R, is given by

R, :RP! — RP!
[yl = o =y
As a point in RP? then, the involution R, is the point [1:0: —1]. As o lies in the
polar of R,, we have that
o:RPl — RP!
[z:y] — [by: ca]
for some b, c € R. The involution R, o ¢ is therefore
R,o0 :RP! — RP!
[x:y] — [by: —czx].

The BDE 7 (R, o o) is therefore
bdy* + cda?.

Consider a direction
[cosf : sinf] € RP.
If a denotes the angle between [cos 6 : sinf] and o([cos @ : sinf]) then « satisfies

5 (b+ c¢)sinfcosb
cos” o = )
b2sin? 6 + 2 cos? 6

We differentiate with respect to 6 and equate da/df to zero, and find that « is

extremal if and only if 0 satisfies
bcos? 0 + csin?0 = 0,

that is, if [cos @ : sin @] is a solution of 7 (R, o 7). O
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The asymptotic, characteristic and principal curves on a smooth surface may,
away from umbilic points, be constructed in this way using a single involution,
namely conjugation: the involution C' € PLI(2,R) that maps a direction to its
conjugate direction. Umbilic points are isolated points where the involution (con-
jugation) coincides with the involution O. At hyperbolic points C' € PLI(2,R)
and at elliptic points C' € PLI_(2,R). The asymptotic BDE is given by 7 (C), the
principal BDE by 7 (R¢) and the characteristic BDE by 7(C o R¢).

Remark 4.2.1 The constructions discussed in this section have used only the met-
ric L and a smoothly varying involution on each projectivised tangent plane. QOur
results may thus be generalised to any Riemmannian manifold endowed with such

an tnvolution.

4.2.1 Configurations of solution curves

Many of the symmetries between the asymptotic and characteristic curves are shared
between pairs of BDEs 7 (0) and 7 (R, o ) constructed as in the previous section.
Our aim is to exploit these in order to generalise some of the results from

Bl We require the following Lemma.

Lemma 4.2.2 Let w; and wy be BDEs with the same discriminant A. Suppose that
A is a smooth curve, that on A the BDEs define the same single direction, and that
in a neighbourhood of A the solution curves exist on opposite sides of A. If wy has
a well-folded singularity at a point on A, then ws has a well-folded singularity with

opposite index at the same point.

Proof: Suppose that w; has a well-folded singularity at a point on A. We as-
sume that the point under consideration is the origin. We make smooth changes of

coordinates and write w; as
dy? — (y — \x?)dz® =0 (4.2)

for some constant A\; # 0,1/16 ([30]). Consider the affine chart p = dy/dx. The
discriminant of |(4.2))|is the curve y = A\j2?.
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Observe that the condition that the BDEs define the same direction on A is

equivalent to the BDEs having the same criminant projecting to A. The criminant

of |(4.2)| is the curve
(0, )\11’2, 0)

We write wy as

a(x,y)p* + 2b(x,y)p + c(x,y) = 0. (4.3)

The criminant of |(4.3)| lies on the surface ap +b = 0. Hence if wy has the same

criminant as w; then b =0 on A. We may then write

b= (y — \a”)b(z,y)

where b(z, 1) is a smooth function which is non-zero in a neighbourhood of A.

We may write
c(z,y) = (y — Ma?)é(z,y)
for some smooth function ¢ which is non-zero in a neighbourhood of the discriminant.
Furthermore the discriminant of is the curve y = \z?, so a(z,y) # 0 in a

neighbourhood of the discriminant. We may then assume a = 1.

We thus have that ws may be written as
p*+ (y — \a?)(2pb + &) = 0, (4.4)

which has a well-folded singularity at the origin.
The discriminant of |(4.4))| is

((y = Mo — &)y — \a?).
In a neighbourhood of the discriminant we have
&> (y — Ma?)b?

since the solution curves exist on opposite sides of the discriminant to those of wj.
Hence ¢(0,0) > 0.
The index modulus of |(4.4))| is

)\2:—




4.2. Self polar triples of binary differential equations on surfaces 80

This clearly has opposite sign to A;. O
Let w be a BDE determined by an involution o € PLI(2,R), that is, let

w="T(0).
Let w, =T (R,) and let © = T (R, 0 0).

Proposition 4.2.2 (a) The BDE w has a solution direction in common with w* if

and only if w € A.
(b) Ifw € A then w = w.

(c) The BDE wt has solutions at all points of the surface. At points where w has

two (respectively no) solutions the BDE © has no (respectively two) solutions.

Proof: As L € RP}_ and w* € L we have that wt € RP3, by [Lemma 4.0.5,

The set of forms with solution directions in common with w® comprises the two
lines in Go(IR®*) a0 = that intersect at w™. The points of tangency of these lines with
A lie on w. By construction w € wl, so w has a direction in common with w* if

and only if w € A.

Since @ = 0,1 (w) parts (b) and (c) follows directly from |Lemma 4.0.6 0

Corollary 4.2.3 The well-folded singularities of the BDEs w and & coincide and

have opposite index.

Proof: This is a combination of [Lemma 4.2.2f and [Proposition 4.2.2 (b)| O

Remark 4.2.4 If w lies on the polar of the metric L then the directions defined by

w are a rotation through /4 of those defined by w*, and & = L.

Proposition 4.2.3 If the BDE w has a folded singularity at the origin and has 2-jet
affine equivalent to

v
p? +urp +y+ ZxQ + wy Y + woyt. (4.5)

then the BDE & has 2-jet affine-equivalent to

U2

P> —uxp+y+( 5 Z)f +wry + (wy — 1)y (4.6)
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Proof: We first construct the BDE w*. We may write the metric L as

p* +2b(2, y)pg + (1 + I3(z, v))q°,

where I and I3 are smooth functions with j2l, = j%I3 = 0. We write the BDE w as

v
p* + (uzx + so(x,y))pg + (y + ng + wyry + way® + s3(7,9))q?

where s, and s3 are smooth functions with j's; = j2s3 = 0. The BDE w* is the

polar of the pencil connecting L and w. It follows that

N 2p + 2laq 2lop 4+ 2(1 + 13)q
wt = v
2p + (ux + s2)q  (ux + s9)p + 2(y + Zaz2 + wizy + way? + 83)q

We write the BDE w' as

v
(2l — ur — so)dy? + 2(1 —y + I3 — Z.CEQ — wiry — way? — s3)dxdy

+((1 + I3)(uz + s2) — 2l5(y + %IQ — w1y — way® + s3))da? = 0.
The BDE & is the polar of the pencil joining the BDE w' and the BDE w. It
follows that

& = Jac(w,wh).

We calculate this determinant. The BDE @ is

ady? + 2bdydx + cdx?

a= —8lour — 8lysy + 4ux? + Suwsy + 4s5 + 8 — 8y + 8l3 — 2vw? — 8ss,
b= 4ssuxr + dyuzr + vadu — dlyva? + va’sy + dlzux + 4yss

+4l389 + 48389 — 1619y — 161383 + 4dux + 45

+8lw xy — 4w uxry — 4w sexy — dwouxy? 4+ Swalay? — dwysyy?,
c= —8y—2uwr? — 8s3 + 8y + dyvx? + 16ys; — 8lzy — 2l5vx® — Sl3s3
—l—%anA + 4va?sy + 8s3 + duPx? + 8uxsy + 453
+4lzuz? + 8lzuxsy + 4lzs3 — Slayux — 8laysy — vy
—2lyv1%s9 — 8lysgur — 8135359
—8wixy? + Slawxy — 20w 3y — SwySs37Y + SwiTY

—2wovzy? — Sway® — 8waszy? + Swoy® + Swylzy?.
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Since a(0,0) # 0 we may set p = dy/dz and write the BDE & as

F(z,y,p) =0
where

J2F(x,y,p) = —8p® — 8uap + 8y + 8wizy + (Swy — 8)y? + (20 — 4u?)a?.

We make the linear change of coordinates

(z,y) = (z,—y)

and divide by —8 to complete the proof. O

4.2.2 The ocr-invariant

The affine properties of a well-folded singularity of a BDE w that are used in the
classification in [23] are determined by the values of u and v in the 2-jet of w at
the singularity. The corresponding parameters for the BDE @& are, by
—u and 2u? —v. The map (u,v) — (—u,2u? —v) defines an involution on the

(u, v)-plane which preserves the sets

(the discriminant is inflectional) and
v=u(u+1)

(saddle-node change and inflection set / discriminant having > 2-point contact).
We now associate an invariant to a folded singularity of a BDE using the contact

elements to the discriminant and inflectional curves, following the approach used to

define the cer-invariant in [Chapter 3]

Definition 4.2.5 The ocr-invariant p of a well-folded singularity of a BDE w 1is
defined to be the cross-ratio of the the tangents to the contact elements to the dis-
criminant of w, the loci of inflections of the solution curves of w and @ and the fibre

of the projection w over the singularity.
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Unlike the cer-invariant defined in [Chapter 3| the ocr-invariant p is not a pro-

jective invariant of the surface, merely an affine invariant.

Proposition 4.2.4 (a) The ocr-invariant p of a well-folded singularity of a BDE

w with 2-jet affine-equivalent to

2 U o 2
PpTHurp +y + -7 + wixy + way

4
15 given by
o (u—1)?
P= (u+1)2

(b) Suppose that a well-folded singularity of the BDE w has index modulus A\ and
ocr-invariant p. Then the well-folded singularity of the BDE & has index

modulus —\ and ocr-invariant 1/p.
Proof: We set

. v
F2F(x,y,p) = p* +uzp +y + Z:EQ + wizy + woy?

Then the surface F,(x,y,p) = 0 is given by p = —ux /2. Substituting this into the
equation F' = 0 we have that the discriminant curve is given by

(v? —v)

2
h.o.t.
5 x° + h.o

y =
The surface F, + pF, = 0 is given by
v
(u+1)p = —5 + h.o.t.

Substituting this into the equation F' = 0 we have that the inflection curve associated

to the BDE w is
v(—v+u*—1)
4(u+1)2

Using the involution (u,v) — (—u,2u? — v) we have that the inflection curve

2 + h.o.t.

y:

associated to the BDE @ is

(2u? —v)(u* +1—v)

2
h.o.t.
Hu—1) x° 4+ nh.o

y:

We use these 2-jets to calculate the required cross-ratio and establish part (a).
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The well-folded singularity at the origin of the BDE

v
P+ uap +y + o+ wnzy + way® = 0

has index modulus
A=(w—u(u+1))/4
and ocr-invariant
p = —(u—1)/(u+1)
Applying the involution (u,v) — (—u,2u® — v) we have

(v —u(u+1)) . (—v+u(u+ 1))
4 4

Similarly we have
=1 —(ut 1)
> :
(u+1)? (u—1)2
This establishes part (b). O

As explained in [Section 1.3 the configurations of the cusp and inflection sets

of a BDE at a folded singularity are determined by the values of u and v in the
2-jet of the equation. We establish now the relationship between the ocr-invariant
and these configurations. Recall that the cusp and inflection sets are generically
parabolae meeting tangentially at the singularity. We are interested in how these
parabolae nest.

The ocr-invariant is not defined on the sets u = —1 where the inflection set of
the BDE w is singular, and u = 1 where the inflection set of the BDE @ is singular.
We refer to the region u € (—1, 1) (respectively the region u € (00, —1) U (1,00)) as

region 1 (respectively region 2). The map restriction of the map

R —R

u > p(u)

is a bijection on each of region 1 and region 2. Observe also that each of these
regions is closed under the action of the involution (u,v) — (—u,2u? — v)

To any well-folded singularity of a BDE we associate the complex number

5= \/__p€21arctan(16>\)
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(we choose arctan(16\) € (—7/2,7/2) and the positive square root). Consider the
complex valued function

f:R? —=C

(u,v) — z.
Observe that f(1,v) = 0 and f(—1,v) has infinite modulus. The closure of the
restriction of f to either region 1 or region 2 is the entire complex plane which may
be compactified by adding a point at infinity, and that such a restriction of f defines

a smooth bijection.

Proposition 4.2.5 (a) The configurations of the solution curves and relative po-
sitions of the cusp and inflection sets of a BDE w at a well-folded singularity

are given by the complex parameter z associated to the singularity.

(b) Let arg(z) = 60 and |z| = r. Codimension 1 phenomena are given by the follow-

ing exceptional sets in the complex plane:

Region 1 Region 2
saddle/node =0 0=m
node/focus 0=m/2 0=m/2
focus/saddle 0=+m 0=+m
cusp set
‘ ‘ (r+1)tang =4(r—1) (r—1)tanf =4(r+1)
i flectional
inflection set | tanf(r+41)= -8 tang(r — 1) =8
in flectional tanS(1+7)2=8(r—1) | tan¥(l1—r)>=—-8(1+r)
cusp set 90— tr I
singular
i flection set r =00 r=1
stngular r =00

The relative positions of the cusp and inflection curves are constant in the

open regions of the complex plane bounded by these curves. This partition of

the complex plane and the corresponding configurations of the curves of interest

are shown in |[Figure 4.1
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(c) The corresponding configurations at the singularity of the BDE & are given by

the complex number 1/z.

Proof: Part (a) is trivial: the parameters u and v determine both z and the relative
positions of the cusp and inflection curves.
When u € (—1,1) we have that

1—u
7“:
1+u

and

0 = 2arctan(4(v — u(u + 1)).

It follows that

1—17r
u:
147
and
_tamg+ 1—r
YTy 1+r)?

It is clear that a saddle / node change (A = 0) occurs when 6 = 0, a node / focus
change (A = 1/16) occurs when 6 = 7/2; and that at § = £7 there is a change in
the sign of A through infinity.

We use the expressions for the 2-jets of the cusp and inflection curves obtained in

the proof of [Proposition 4.2.4] The cusp set is inflectional when v = u2. Substituting

the expressions for v and v in terms of r and 6 we have that the cusp set is inflectional
when

(r—1)tan@ = 4(r + 1).
Similarly the inflection set is inflectional when v = 0 or v = u? — 1, that is, when
4 2
tan 5(1 +7r)°=8(r—1)
or
0
tan 5(7“ +1)=-8.

The cusp set is singular only on the line at infinity in the (u, v)-plane. It is clear
that v = 0o corresponds to the set 6 + . The inflection set is singular on this line,

and also at u = 1, that is, when r = oo.
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When u € (00, —1) U (1,00) we have that

u—1
’[”:
1+u

and

0 = 2arctan(4(v — u(u + 1)).

Similar calculations to those above establish the exceptional sets.
Part (b) is then established by choosing values of r and 6 in each of the open

regions bounded by the exceptional sets and calculating the required 2-jets.

Part (c) follows immediately from |[Proposition 4.2.4 (b)| O

Remarks 4.2.6 1. Each complex number z (that does not lie in an exceptional
set) corresponds to two smoothly equivalent well-folded singularities, that is, a

complex number z does not uniquely determine a configuration.

2. A finer classification of folded singularities may be obtained by including the

separatrices of the singularities in our study.



4.2. Self polar triples of binary differential equations on surfaces

88

-3
n2 )
f2 4 \\\\\tan%(r+1):8(r—1)
tan®(r+1)=4(r-1) h
i n3
f1
=Tt 6=0
// Sl 7
7 -
s2 A
S~ " tan8(r+1)=-8
s3 ’
// \\ // \\

N 7
-

/ \ / \\ N L
/s1nl/f1N  / s2/n2/f2\ s3/n3/f3

/ AN /

n2

~.n3

e _tan8(r-1)=8

Figure 4.1: Partitions of the z-plane: region 1 (left) and region 2 (right), and

configurations of the cusp set (thick curves) and inflection set (broken curves).



Chapter 5

Polarity and pencils of quadratic

forms

In this chapter we show that, in addition to the [asymptotic (2.5)) [characteristic|

|(2.6)| and |principal (2.4)| BDEs, certain other BDEs on surfaces are objects worthy

of further investigation. We gain further insight into the intimate connections be-
tween the asymptotic, characteristic and principal BDEs. Drawing upon the work
in concerning involutions of the real projective line, we prove that the
asymptotic, characteristic and principal BDEs are related to another well-studied
BDE on the surface, namely that of the arithmetic mean curvature lines, and also
to a new BDE that we define in [Section 5.1.3

We also consider the pencils of forms that connect the BDEs of interest, and
show that there are natural parametrisations of these pencils which are related to
one another in a particularly nice way.

The geometric concepts of asymptotic curves, lines of curvature and character-
istic curves on surfaces in R? are all derived from the first fundamental form (that
is, the metric) and the shape operator (the Weingarten map), which is a self-adjoint
operator on the tangent space. The new BDEs defined in this chapter are also all
derived from the metric and the shape operator. It follows that one may define
these BDEs on any Riemmannian manifold endowed with a self-adjoint operator,
although their meaning in that more general context may be different.

We will use the labels shown in for the binary quadratic forms on
89
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surfaces in which we are interested (these will be defined during the course of the

chapter).
Metric (4.1) L
Asymptotic BDE ([2.5)) A
Characteristic BDE ([2.6]) Ch
Principal BDE ([2.4)) P
BDE of the lines of arithmetic mean curvature Me
Third fundamental form B
BDE of the MOSI curves T

Table 5.1: Binary quadratic forms on surfaces.

As in we shall use the symbol Q to denote the polar line of a point
Q € RP2

5.1 Quadratic forms on surfaces

5.1.1 Arithmetic mean curvature lines

The lines of arithmetic mean curvature (the integral curves of those directions on a

surface in which the sectional curvature is equal to H, the arithmetic mean curvature

of the surface) are studied in [39, [42].

Proposition 5.1.1 (a) ([39]) The BDE of the lines of arithmetic mean curvature
18
(nEG — 2nF? — G*l 4+ 2GFm)dy*
+2(2mEG — FGI — FEn)dxdy (5.1)
+(IBG — 21F? — E?n + 2EFm)da? = 0.

(b) The discriminant of [(5.1)| consists of umbilic points.
(c) Away from umbilic points the BDE may be written, with respect to a principal

coordinate system as

Gdy* — Edz* = 0.
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(d) The geodesic torsion in the direction of the lines of arithmetic mean curvature
s equal to
4 (k1 — k2)
2
Proof: The first assertion is established in [39] by setting

I([dx : dy], [dz : dy])

I([dx : dy], [dz : dy]) ’

where I (respectively II) denotes the first (respectively second) fundamental form,
and where H is the expression for the arithmetic mean curvature in terms of the
coefficients of the first and second fundamental forms given in [Section 2.1}

A simple calculation shows that the discriminant of the the BDE is

4(EG — F*)(n*E? + 4Em*G — 2EnGl — 4EmnF + I°G? — 4mFIG + 4F%In),

which vanishes only at umbilic points.

To obtain the BDE with respect to a principal coordinate system we set
F=m=0,1l=FExr; and n = Gks.

The final assertion follows from the formulae in O

We denote the BDE of the lines of arithmetic mean curvature by Me. Away from
umbilic points, the lines of arithmetic mean curvature form an orthogonal net, and
are inclined at an angle of £7/4 to the principal directions. It is clear, therefore, that
the BDEs defining the lines of arithmetic mean curvature and the lines of curvature

are related.

Proposition 5.1.2 Considered as a point in the projective plane RP?, the BDE
Me 1s the polar of the pencil joining the metric L and the principal BDE P, that is,

these three forms constitute a self-polar triangle.

Proof: Consider the quadratic forms corresponding to the principal BDE P and
the metric L. We calculate Jac(L, P), which is given by

2Eq+2Fp 2Fq + 2Gp
2(Fl — Em)q+ (Gl — En)p (Gl— En)q+ (Gm — Fn)p
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This is equal to
2(nEG — 2nF? — Gl + 2GFm)p?

+4(2mEG — FGl — FEn)pq
+2(IEG — 2IF? — E*n + 2EFm)¢* = 0,
which corresponds to the same point in the projective plane RP? as the BDE Me.
O

Remark 5.1.1 Given that the lines of arithmetic mean curvature form an orthog-

onal net, |Proposition 5.1.2 follows immediately from |Proposition 1.3.1 (d)|

Consider the projective space PT,S of all tangent directions through a point p
on S which is neither an umbilic nor parabolic point. Clearly this is simply the real

projective line RP!. Recall the projective transformation

T :RP? — RP?
la:b:c] —[b:2a:—].
defined in that relates linear involutions of the real projective line to
binary differential equations on surfaces.
Recall also the linear involution R on PT,S that reflects in (either of) the prin-

cipal directions, and the linear involution O that rotates each direction through

/2.
Corollary 5.1.2 (a) The BDE P of the lines of curvature is given by T (R).

(b) The BDE Me of the lines of arithmetic mean curvature is given by T (R o O).

Proof: The principal directions are clearly the fixed points of the linear involu-
tion R, so assertion (a) follows from [Theorem 4.1.3] By construction (see

[1.2), the metric L is given by 7(0). Assertion (b) then follows from
5.1.2| and |[Corollary 4.1.7] O

5.1.2 The third fundamental form

The third fundamental form is a quadratic form on a surface that has not been much

studied, as it is determined by the first and second fundamental forms. Our results in
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gives further insight into the relationship between these quadratic forms,

and show that the third fundamental form is related to the characteristic curves.

Definition 5.1.3 The third fundamental form at a point p of a surface S is the
quadratic form onT,S given by I11(u,v) = W,(u)-W,(v) where W, is the Weingarten

map.

The third fundamental form of a surface is the metric on the spherical image

(the image of the surface under the Gauss map). It follows that the corresponding

linear involution is C'o O o C' (recall from [Proposition 4.1.3| part (a) that, given any

two linear involutions o, 09 on the real projective line, oy 0 05 0 01 is also a linear

involution).

Proposition 5.1.3 Given a parametrisation
r:U — S,

the third fundamental form is represented with respect to the coordinate system

{ry,r,} by the matrix
1 (2Fml — Em?* — GI?) (Fin + Fm?* — Gml — Emn)
EG — F? (Fin + Fm? — Gml — Emn) (2Fnm — Gm? — En?)
Away from umbilic points, if we choose a principal coordinate then this matrix is
Ex? 0
0 Gk
Proof: The first fundamental form is represented by the symmetric matrix

E F
F G

The second fundamental form is represented by the symmetric matrix

Il m
My =

m n

The third fundamental form is represented by the matrix My where

M = MM M. (5.2)
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(see [45]). We obtain the matrix of the third fundamental form by the appropriate
multiplication of matrices.

Away from umbilic points, we substitute
F=m=0, | =FEkr, n=Gks

to obtain the third fundamental form in a principal coordinate system. O
When considered as a point in RP? we do not distinguish between non-zero

multiples of forms. The third fundamental form and the quadratic form B given by

(2Fml — Em? — GI*)¢* + 2(Fln+ Fm? — Gml — Emn)pq + (2Fnm — Gm?* — En®)p?
(5.3)
are represented by the same point in RP2.

In the principal coordinate system this reduces to

Exiq® + Grip®.

Remark 5.1.4 The matrices of the first, second and third fundamental forms on a

surface are also related, away from umbilic points, by the equation
MIH = 2HMH — KMI.

This is obtained by applying the Cayley-Hamilton Theorem to the Weingarten map.

5.1.3 The minimal orthogonal spherical image curves

As the matrix of the third fundamental form is a linear combination of those of the
first and second fundamental forms, the quadratic form B, considered as a point in
RP?, lies on the pencil joining the asymptotic BDE A and the metric L. As this
pencil is the polar of the principal BDE P the third fundamental form B and P
are apolar on the pencil that joins them. It follows that there is a further BDE
T = Jac(P, B), making (P, B,T) a self-polar triple.

The results in explain the geometric significance of this BDE. By
|Theorem 4.1.3|, the polar B, of the third fundamental form B is the set of BDEs with
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solution directions [u], [v] satisfying B(u,v) = 0 or alternatively (C' o O o C')(u) = v.
The images of such directions under the Gauss map are orthogonal directions on the

spherical image.

Definition 5.1.5 The minimal orthogonal spherical image directions (MOSI direc-
tions) are the unique pair of tangent directions to S that have orthogonal images
under the Weingarten map and that are inclined at a minimal angle at each point

of S. The MOSI curves are the integral curves of the MOSI directions.

It follows from [Proposition 4.2.1{ that the MOSI curves (as defined in
5.1.5)) are indeed given by the BDE completing a self-polar triple with the principal
BDE and the third fundamental form (that is, 7' = Jac(P, B)), and satisfy

(RoCo0Oo(C)(v) =v.

Remark 5.1.6 The BDE P lies at the intersection of those pencils corresponding to
BDFEs with orthogonal solutions and BDFEs with solutions having orthogonal spheri-
cal images. We thus have the following alternative characterisation of the principal
directions on a smooth surface in R3: they are the only pair of orthogonal tangent di-
rections to the surface that map to orthogonal directions on S* under the Weingarten

map.
Proposition 5.1.4 (a) The BDE T of the MOSI curves is
ardy? + 2bpdxdy + cpdz® =0 (5.4)

where

ar = 3GmM?*En —2FnmGl — 2FGm? + G?>m?l — 4Fn*mE
+2F%n2l + 2m?F?n — En?Gl + E*n?

br = 2GmPE + G?*mli? — 3Gm?Fl — 3Fnm?*E
—FnGI? + 4F*nml — Fn?lE + E*n’m

cr = 3IGEmM? + PG? — 41°GmF + E?’nm? — EnGl?
—2EnmFl + 2F%?n + 2F%m? — 2Em3F.

(b) The discriminant of T' consists of the parabolic set and umbilic points.
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(c) Away from umbilic points the BDE T can be written with respect to a principal
coordinate system as

Gridy® — Exjda® = 0. (5.5)

Proof: The quadratic form T is the Jacobian of the principal BDE and the third
fundamental form B. We establish the BDE T' by calculating the appropriate de-
terminant.

Calculating b% — arcr, we have that the discriminant of T is
(In—m*)?(EG — F?)(n*E* +4EGm? —2EGnl — 4EnmF +1?G? — 4AlmFG +4InF?),

which vanishes at parabolic and umbilic points.
In a principal coordinate system we have F' = m = 0 and | = Ekxy, n = Gks.
The simplified form follows. O
The following Theorem provides further evidence that the characteristic curves

and the MOSI curves are significant geometric objects.

Theorem 5.1.7 (a) The third fundamental form B is the projective harmonic con-
jugate of the metric L with respect to the asymptotic BDE A and the charac-
teristic BDE Ch.

(b) The BDE T of the MOSI curves is the projective harmonic conjugate of the

BDE of the lines of arithmetic mean curvature Me with respect to A and Ch.

Proof: We use the projective transformation 7 on the set of linear involutions
of the projective line identified with RP2. The asymptotic BDE A is given by 7 (C),
the characteristic BDE Ch is given by 7 (R o '), the metric is given by 7 (O) and
the third fundamental form is given by 7 (C' o O o ().

By [Theorem 4.1.3 (c)}, the involution C'o O o C, considered as a point in RP? is

the projective harmonic conjugate of O with respect to C' and C o R, and assertion
(a) follows since projective transformations preserve the cross-ratio of 4 colinear
points.

Assertion (b) follows by the same method, with R o O replacing O, since by

|Corollary 5.1.2| the BDE Me of the lines of arithmetic mean curvature is given by
T(RoO). O
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In conclusion then, we have six colinear forms, namely Me, A,Ch,T, B and L,
the common line being the polar of the principal BDE, comprising three pairs of
apolar points (and thus three self-polar triangles involving the principal BDE). This

is illustrated in |Figure 5.1| (in this picture the point in question is a hyperbolic
point).

Figure 5.1: Self-polar triples of BDEs: {P, L, Me} (red), {P, A,Ch} (black), and
{P,B,T} (blue).

5.2 Configurations of the MOSI curves

The MOSI curves defined by BDE T'|(5.4)| do not appear to have been considered

before. Some elementary geometric properties of the MOSI curves are given in

[Proposition 5.2.1]

Proposition 5.2.1 (a) The sectional curvature in MOSI directions is

KH
2H? — K~

(b) The geodesic torsion in the MOSI directions is

KvH? - K

+—
22H? — K)
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Proof: We choose a principal coordinate system. The solutions make an angle

+6 with the coordinate axes where

K2 . R1
sinf =

NEEes N
The results follow by using the formulae for thesectional curvature ([2.1])|and |geodesic]

Forsion (2.2]] 0

cosf =

Remark 5.2.1 The MOSI curves are an example of a mean curvature foliation as
defined by Garcia and Sotomayor in [42], that is, the sectional curvature is given
by a smooth function k,(H,K) satisfying (k, — H)?> < (H?* — K) on the region
H? > K >0, and k,(tH,t*K) = tk,(H, K) for each t > 0.

Away from its discriminant, the BDE|(5.4))| defines a pair of transverse foliations.
We examine here its behaviour near points on the discriminant, that is, near umbilic

points and the parabolic set.

5.2.1 Configurations at umbilic points

The BDEs of the lines of curvature [lines of curvature (2.4)| |characteristic curves|

(2.6)), the MOSI curves (j5.4)] and the [lines of arithmetic mean curvature ({5.1) are

all singular at umbilic points. The configuration of the lines of arithmetic mean
curvature was established in [39)].

In each case the discriminant has a Morse (Af)-singularity. Recall the three
stable topological models of the integral curves of BDEs with discriminants of this
type: star, monstar and lemon, which are illustrated in [Figure 2.1l Each of the
three generic topological configurations can occur in the cases of the BDEs of the
arithmetic mean curvature lines, the lines of curvature and the characteristic curves.
In fact, the configurations of the lines of arithmetic mean curvature at an umbilic
point are topologically equivalent to those of the characteristic curves.

We consider here the configurations of the MOSI curves at an umbilic point. We
parametrise S at an umbilic point in the way given in that is, in the

form (z,y, f(x,y)) where

FF(@.y) = S +y?) + Re(2® + 52%2)
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where z = x + iy and [ is a complex number.

Proposition 5.2.2 At an umbilic point the coefficients of the BDE T of the MOSI
curves all vanish and the discriminant generally has a Morse (Al ) singularity. The
umbilic of type star if (5 is inside the circle |3| = 3, of type lemon if 3 is outside the
hypercycloid 3 = 3(2¢" +2e~%) and of type monstar in the remaining regions of the
complex plane; see [Figure 5.9

The BDE T of the MOSI curves. Principal BDE P.

Figure 5.2: Partition of the S-plane: the BDE T of the MOSI curves (left) and the
principal BDE P (right).

Proof: At an umbilic point we have that m? # In, so the discriminant of the
BDE T'|(5.4)| is given by
Ar =n’E* — 2EGnl + AEGm® — 4EnFm + I’G* — AlmFG + 4InF>.

We write 3 = a+1b where a,b € R. We calculate the coefficients of the first and

second fundamental forms. We have that
A = —16K%((b* + 9 + a® + 6a)x® + 12bzy + (—6a + a* + 9 + b*)y?).
This has a Morse singularity provided that
(b 4+ a? — 9)* £ 0,

that is, provided that § does not lie on the circle |3 = 3.
We use the lifted field method described in It is shown in, for
example, [20], that the topological type depends only on the number and type of
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the singularities of the lifted field £&. Hence we must identify the exceptional sets in
the (-plane where these change.

We consider the affine chart p = dy/dy (we also consider the affine chart ¢ =
dz/dy). We write the BDE as F'(z,y,p) = 0. Consider the cubic

¢ = (F, + pF,)(0,0,p).

We have that
B(p) = 4k*(a + 3) — 4br*p + 4K (a — 9)p°.

This has only simple roots provided that ¢ and ¢'(p) have no common roots. This

occurs if and only if
20%a? 4+ 72b%a + 162b* + ot — 24a® + 162a® — 2187 + b* # 0

(this condition is obtained by calculating the resultant of ¢(p) and ¢'(p)). We
substitute a = rcos 8, b = rsin € into this expression and find that ¢ has only simple
roots provided 3 does not lie on the hypercycloid 3 = 3(2¢¥ + 2e=%).

Finally, observe that one eigenvalue of the lifted field £ at a singular point is
given by —¢'(p), and we have seen that this is non-zero at the roots of ¢ provided
that 3 does not lie on the given hypercycloid. The other eigenvalue is given by the
quadratic

a1 (p) = —8k*(bp* + 6p + b)

(see for example [20]). It follows that the lifted field £ has no zero eigenvalues
provided a; and ¢ have no common roots. This is the case provided that |3| # 3
(this is established by calculating res{¢(p), a1)}).

The exceptional sets where the topological type changes are thus the given circle
and hypercycloid. The topological type of each BDE is established by choosing a
value of (3 in each of the open regions bounded by the exceptional sets and calculating

the types of the zeros of &. O

Remark 5.2.2 The MOSI curves at umbilic points are topologically equivalent to
the lines of arithmetic mean curvature and to the characteristic curves at umbilic

points.
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5.2.2 Configurations at the parabolic set

Proposition 5.2.3 (a) The unique MOSI direction at parabolic points coincides
with the unique asymptotic direction, and is thus tangent to the parabolic set

only at cusps of Gauss.

(b) The discriminant of the BDE T of the MOSI curves is singular at all parabolic

POINtSs.

Proof: We adopt the usual Monge form parametrisation (z,y, f(z,y)) and set
k1 = 0 at a parabolic point. We calculate the coefficients of the first and second

fundamental forms. Writing the BDE T as F(z,y,p) = 0 we have that

J2F = Kk3p* + (—2az1a30K2 + 2a32a31 K2 )yT + 2K3a31px + (a3 ke — adqke)T?

+(a3yk2 — a3,k2)y* + 2K3a32yp.
It is clear that at # = y = 0 the BDE reduces to p?> = 0, that is, the solution
direction is given by the y-axis, which is the unique asymptotic direction at the
origin.

We calculate the discriminant Ap = b2T — acr. We have that
72 Ar = Ky(asr + any)?,

so clearly

8AT_8AT_0
oxr Oy

at parabolic points. O

Remark 5.2.3 |Proposition 5.2.3 (a)| in fact follows directly from the relationship
between the BDEs T, P and A identified in|Theorem 5.1.7,

As the BDE T has a non-isolated singularity it is of infinite codimension in the
set of IDEs (and the set of BDEs), and so our previous methods of study do not

work.

Lemma 5.2.4 A BDE with coefficients that do not vanish, and discriminant the

square of a smooth function is smoothly equivalent to

dy* — (g(z,y))*dz* =0 (5.6)
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for some smooth function g. The solution curves are a pair of smooth foliations that

are transverse at points where g # 0 and mutually tangent at points where g = 0.

Proof: We may suppose that a = 1 and that b*> — ¢ = (h(x,y))? some smooth

function h. We make changes of coordinates of the form
r=X,y=0¢(X,)Y)

for some function ¢ where ¢y # 0 in a neighbourhood of the origin. We have that
de = dX,dy = ¢xdX + ¢ydY. We write b(X, ¢) = B and ¢(X, ¢) = C. The BDE

becomes
¢2.dY? + 2(pxdy + Boy)dXdY + (¢% + 2Box + C)dX* = 0.

Since ¢y # 0 it is enough to solve the partial differential equation ¢x = —B. For
each fixed Y this is an ODE in X. If we demand ¢(0,Y) = Y then this ODE has a
unique smooth solution that depends smoothly on the initial value Y.

The original BDE then becomes
p3dY? + (—B* + C)dX?* = 0.

Observe that C'— B? = (h(X, ¢))?. We set g(X,Y) = (h(X, ®)/¢y)? and divide the

equation by ¢% to complete the proof. O

Proposition 5.2.4 The MOSI curves extend smoothly across the parabolic set. The

two foliations are tangent to one another at parabolic points.
Proof: Since at parabolic points we have that
EG—-F*#0
and
n?E? + 4AEGm? — 2EGnl — AEnmF + I’G? — 4AlmFG + 4inF? # 0,

it follows that the integral curves of the BDE T in a neighbourhood parabolic set
are the same as those of the BDE T obtained by multiplying the BDE EI by

the smooth function

V(EG — F2)(n2E? + 4EGm? — 2EGnl — 4EnmF + 12G? — 4lmFG + 4InF?).
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The discriminant of the BDE T is (In — m?)2.
We apply |[Lemma 5.2.4] Equations of the form |(5.6))| are the product of two
1-forms

dy + gdzx,

giving rise to two smooth foliations that are tangent to one another on the discrim-
inant curve g(x,y) = 0. O

Pairs of foliations of the plane are studied in, for example, [52]. We use
rem 5.2.5| established there, to draw the configurations of the MOSI curves at the
parabolic set. Given a pair of foliations associated to a pair of 1-forms, (a, 3), in
the plane, we use the term discriminant for the locus of points where [ is a multiple

of a.

Theorem 5.2.5 ([52]) Let (o, 3) be a pair of germs, at the origin, of reqular 1-
forms in the plane. If the discriminant A of the pair (o, 3) is a reqular curve then

(e, B) is topologically equivalent to

(a) (dy,d(y — z?)), if the contact of A with the leaf of a (and () at the origin is
odd;

(b) (dy,d(y + zy — x3)), if the contact of A with the leaf of a (and 3) at the origin

1S even.

It turns out that the topological configuration of the integral curves of T" at a cusp of
Gauss depends only on the index of characteristic (or asymptotic) folded singularity

at the cusp of Gauss.

Proposition 5.2.5 (a) Away from cusps of Gauss the MOSI curves have 2-point
contact with each other and 1-point contact with the parabolic set. A topological

model is given by the pair of one-forms
(dy, d(y — z°)).

The integral curves are as shown in|[Figure 5.5,
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Figure 5.3: The MOSI curves at the parabolic set.

(b) At cusps of Gauss both MOSI curves generically have 2-point with the parabolic

set. A topological model is given the pair of 1-forms

(dy,d(y + zy — 2%)).

There are two possibilities distinguished according to the value of p.. The

integral curves are as shown in Figure[5.)

Elliptic region

Figure 5.4: The MOSI curves a cusp of Gauss: p. < 1 (left) and p. > 1 (right).

Proof: We adopt the usual Monge form parametrisation at a parabolic point.

The parabolic set is smooth, and tangent to the line

a30x + as1y = 0.

By |[Proposition 5.2.4] the integral curves of |(5.4])| through the origin are smooth.

They are tangent to the y-axis, so we may write them (in the parametrising plane)

in the form y = y;(x) for i = 1,2, where

3 2 3
1Y = Qi1 + Qpox”.
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We substitute these expressions into |(5.4)| (setting dz = 1,dy = dy;/dz). Equating
second order terms to zero we find that

as1 + (—1)'asp
2:‘432 '

Q1 = —

Thus we see that when azg # 0 the two curves have 2-point contact with each

other and 1-point contact with the discriminant (the parabolic set). We apply

ITheorem 5.2.5 (a)|to establish assertion (a).

When the origin is a cusp of Gauss we have agg = 0, and so a1 = ag; = —as;/2Ks.
We return to the equation. The third order terms vanish identically, hence we equate

fourth order terms and solve for a;s. We find that

(_1)ia40’f2 - 3(_1)1'(1%1 — 3aszas3; + aq1k2

Qg = —
63

It follows that the two curves have 3-point contact with each other and 2-point

contact with the discriminant. We apply [Theorem 5.2.5 (b)| to establish the topo-

logical configurations at a cusp of Gauss.

From [Proposition 3.1.1] we know that at a cusp of Gauss the parabolic set is

given by
202, — agk
— 217 702 0 + h.o.t.
2a31 Ko

It follows that the solution curves of T' that pass through the cusp of Gauss have
> 2-point contact with the parabolic set at a cusp of Gauss if

2
2a3) —agpk2  az

2&31/@2 2/‘432 ’

that is, if p. = 1. We complete the proof by adopting the projective normal form for

the surface given in [Proposition 3.1.7] choosing a value of p. in each of the intervals

separated by the exceptional value 1 and establishing whether the integral curves of

T through the origin lie locally in the elliptic or hyperbolic region. O

Remark 5.2.6 The relative positions of the MOSI curves through a cusp of Gauss

and the parabolic set is invariant under projective transformations. When the surface

1s sent, via projective transformations, to the normal form given in|Proposition 5.1.7,

the 2-jet of the parametrisation of the MOSI curves through the cusp of Gauss is
simply



5.3. Pencils of BDEs 106

This coincides with the separating 2-jet as defined in [T1]. This is a curve of signifi-
cance on the dual surface, suggesting that the MOSI curves may be defined in terms

of the flat geometry of the surface.

5.3 Pencils of BDEs

We now use the linear involutions C, R and O to define families of BDEs that
parametrise the pencils joining P to T, Me and B, following the ideas in [24], [36]
that are used to define the families C, and R, described in [Chapter 2|

To simplify the notation, we label the coefficients of the [BDE of the lines of cur-|
vature (2.4)(ap, bp, cp, and the coefficients of the third fundamental form ag, 2bg, cg

respectively. Explicitly, we set

ap=Gm — Fn, ag=n(2Fm — En) — Gm?,
bp =Gl — En, bg=F(In+m?) —m(Gl+ En),
cp=Fl—Em, cg=I12Fm—Gl)— Em?.

Recall also the formulae for the Gaussian and arithmetic mean curvatures given

in [Section
_In—m? H_Gl+En—2Fm
 EG-F? 7 2(EG - F?)

The coefficients of the |characteristic BDE ([2.6)| (respectively the [BDE of the lines|

K

lof arithmetic mean curvature (5.1)))) are similarly labelled acp, 2bcp, con (respectively

anfe, 2bpre, Care). Observe that, as the characteristic BDE (respectively the BDE of
the lines of arithmetic mean curvature) is the polar of the pencil connecting the
asymptotic and principal BDEs (respectively the principal BDE and the metric),
that is Ch = Jac(P, A) (respectively Me = Jac(P, L) we have that

acy = 2map — nbp, bep = 2(ncp — lap), cop = lbp — 2mep, (5.7)

Apfe = QFCLP — Gbp, bMe = ECLP - GCP, CMe = Ebp - 2FCP. (58)

Similarly, observe that

ar = 2apbB — CLBbp, bT = ((ZPCB — QBCP), Cr = chB — 2bBCp. (59)
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The pencil of BDEs with orthogonal solution directions is the polar of the metric.
The corresponding involution is O. A natural parametrisation of this pencil is

obtained by considering those directions v that make an oriented angle a with

(O o R)(v) for each fixed o € [T, F].

Definition 5.3.1 Let PT'S denote the projectivised tangent bundle to S, and define

E:PTS —[-Z,Z]

272

(p,v) — «

where v denotes the signed angle between v and (O o R)(v). The orthogonal curve

congruence, denoted Oy, for a fized «, is defined to be =71 (a).

We use the projective transformation 7 to establish the BDE of the orthogonal

curve congruence.

Theorem 5.3.2 (a) The orthogonal curve congruence O, is given by the BDE

(aprsina — 2/ EG — F2ap cos a)dy?
+2(by sina — VEG — F?bp cos a)dxdy (5.10)
+(cyrsina — 2/ EG — F?cp cos a)dx? = 0.

(b) The set of all principal directions is Oy and the the set of all arithmetic mean
curvature directions is Oyz, so Oy joins the principal BDE P to the BDE of

the lines of arithmetic mean curvature Me.

(c) Away from umbilic points the BDE O,, can be written with respect to a principal

coordinate system as

G cos ady® + 2V GE sin adzdy — E cos adx® = 0. (5.11)

(d) The discriminant of O, consists of the umbilic points.
Proof: The involution O is given by 7 (L) where L is the point

[E:2F : G] € RP?

which represents the metric (see [Section 4.2)).
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As the principal directions are the fixed points of the involution R, it follows

from |Theorem 4.1.3| that the involution R is given by 7 ~!(P) where P is the point
[Gm — Fn: Gl — En : Fl — Em] € RP? which represents principal BDE.

Calculating, it follows that O is given by
O:RP! — RP!
z:y] — [Fo+Gy: —Ex — Fy|,
and the involution R is given by
R:RP! — RP!
[z:y] — [(Gl—En)x+2(Fl— Em)y:2(Fn—Gm)x + (En — Gl)y].
Composing we have that the involution O o R is given by
OoR:RP!' — RP!
[z :y]— [(2mEG — GFl— FEn)x + (nEG — 2nF? — G* + 2GFm)y :
(2lF% — IEG + E*n — 2FEm)z — (2mEG — GFl — FEn)y|.

This involution is associated to the linear transformation of R? that has matrix

2mEG — GFl — FEn nEG — 2nF? — G?l + 2GFm
20F? —IEG + E*n — 2FEm —2mEG + GFl+ FEn

M, =

Consider a direction [v] € PT,S tangent to the surface S at a point p. We apply
the involution O o R. If a denotes the signed angle between [v] and O o R([v]) then

we have

B (v, Myv)
cos o = N (5.12)

The involution O is associated to the linear transformation of R? that has matrix

-F -G
E F

My =

T _

5 —a) = sin(a) and O([v]) is orthogonal to [v], the angle

Observe that since cos(

o satisfies

I(Ml?}, MQU)
\/I(Mﬂ), Mlv)I(/\/lgv, MQU) ‘
Eliminating [(Mjv, Mjv) from |equation (5.12)|and fequation ({5.13[)| we have that

(v, M1v)/I(Mav, Myv) sina — I(Myv, Mav)+/1(v,v) cosa = 0. (5.14)

(5.13)

sino =
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Now for any vectors uy, us € T,S, we have that
I(Ul, UQ) = U{M}Ug

where M is the matrix of the first fundamental form used in the proof of

H. 1.3l We set
dx

dy
We then have that
(v, Myv) = 2(EG — F?)((Em — Fl)dz?

+(En — Gl)dydz + (Fn — Gm)dy?),

I(Myv, M) = (EG — F2)((21F? — IEG + E*n — 2F Em)da?
+2(EnF —2mEG + GFl)dydx
+(2nF?% + G?*l — nEG — 2GFm))dy?,

[(Mov, Mav) = (EG — F?)(Edx? + 2Fdydz + Gdy?,

I(v,v) = FEda* + 2Fdydx + Gdy*.

We substitute these expressions into [equation (5.14))| to complete the proof of

part (a).
Part (b) is trivial. One obtains the equation in a principal coordinate system

by setting m = F =0, | = Ek; and n = Gky, which establishes part (c).

The discriminant of |(5.10))| is
A%, = (EG — F?)(n*E? — 2EGIn + 4AEGm?* — 4EnFm + I’°G? — 4lFmG + 41F?n).

The second factor is equal to 4(H? — K?)(EF — F?)? (see|Section 2.1|) which vanishes
only at umbilic points. This establishes part (d). O

The pencil B that joins the BDEs P and T' comprises, by |Theorem 4.1.3L those

BDEs with solutions that have orthogonal spherical images.

Definition 5.3.3 Let PT'S denote the projectivised tangent bundle to S, and define
T:PTS —[-7,7]
(p;v) — o

where « denotes the signed angle between v and (RoCoOo(C)(v). The orthogonal

spherical image congruence, denoted T, for a fized o, is defined to be T71(a).
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Theorem 5.3.4 (a) The orthogonal spherical image congruence 1, is given by the

BDE
(2K (EG — F?)2ap cos a + arsin a)dy?

+2(K(EG — F2)3bp cos a + by sin a)dady (5.15)
+(2K(EG — F?)3cp cos a + cp sina)da? = 0,

(b) The set of all principal directions is Ty and the the set of all MOSI directions
is Tz, so 1, joins the principal BDE P to the BDE of the MOSI curves T'.

(c) Away from umbilic points the BDE T, can be written with respect to a principal

coordinate system as

G sin akidy?® — 2k1k9V EG cos adzdy — sin ax? Edz? = 0. (5.16)

(d) The discriminant of 1, consists of the parabolic set and umbilic points.

Proof: This proof is similar to that of [['heorem 5.3.2| and is omitted. O

Of course, the pencils joining the BDE P to the BDEs Me and T may be
parametrised in other ways, leading to different 1-parameter families.
shows that, amongst possible parametrisations, we have made a very natural

choice.

Theorem 5.3.5 (a) For any given (fived) o € (=5, %), the BDE T, is the polar of
the pencil connecting the BDEs C,, and R,,.

(b) For any given (fived) o € (—7%,5), the BDE O, is the polar of the pencil
connecting the BDFEs C, and R_,.

Proof: We fix o and calculate the Jacobian of the BDEs|C,, (2.7)|and [R,, (2.8))}

which we now write as
(apsina —ncosaV/EG — F2)dy*+
(bpsina — 2m cos o/ EG — F?)dydx+ (5.17)
(cpsina — lcosaVEG — F2)dr? =0

and

(ach cosa + 2apHv EG — F?sin a)dy*+
2(bcp cosa + bpHV EG — F? sin o) dydx+ (5.18)
(concosa+ 2con HVEG — F2sina)dz? = 0.



5.3. Pencils of BDEs 111

respectively. We find that this is equal to 4 cos a7, where 7, is the BDE |(5.15))}
Thus when cos a # 0 the BDE 7, is the polar of the pencil connecting the BDEs C,
and R,. This establishes assertion (a).

Assertion (b) follows by a similar calculation. O

Remarks 5.3.6 1. The BDFEs C, and R, (respectively C, and R_,) are not in
general apolar on the pencils that connect them, that is, {Cu, Ra,To} (respec-
tiwely {Co, R—_a, On}) is not in general a self-polar triangle.

2. When o« = /2 the BDEs C,, R and O, coincide and are the

BDE (2.4) It follows that there is no pencil joining them, and Jac(Cy, Ry) =
Jac(Coy, R—_o) = 0. Observe, from the proof of|Theorem 5.3.5, however, that

Jac(Cu, Ra)

lim =T =T
a—=m/2 Cos & 2
and
Jac(Coy R
im 20 Roa) e
a—£m/2 Cos & 2

We thus have that B = {T,|« € (=5, 5]} is the closure of the set

™ T

{Jac(Cu, Ro)|(cx € (—5, 5

)}

and L = {Og4|a € (5,51} is the closure of the set

™ T

{Jac(Co, R_o)|(a € (—5, B

)}-

One may also consider M and T , the polar lines of the BDEs M and T respec-
tively. These are the pencils joining the principal BDE P to the metric L, and the
principal BDE P to the third fundamental form B.

The solutions to BDEs in the pencil connecting the third fundamental form and

the principal BDE are orthogonal to their images under the Weingarten map.

Definition 5.3.7 Let PT'S denote the projectivised tangent bundle to S, and define
[':PTS — [-%,7]
(p,v) —a

where « denotes the signed angle between v and (C' o O o C')(v). The orthogonal

conjugate curve congruence, denoted By, for a fived «, is defined to be T—(a).
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Theorem 5.3.8 (a) The BDE B, is

(apcosa — HVEG — F2ap sin a)dy?
+(2bg cosa — HV EG — F2bp sin «)dzdy (5.19)
+(cpcosa — HVEG — F?cpsina)dz? = 0.

(b) The set of all principal directions is Biz and By = B, so B, joins the principal
BDE P to the third fundamental form B.

(c) Away from umbilic points the BDE B,, can be written with respect to a principal

coordinate system as
Gk cosady® + VEG(k? — k3) sin adzdy + Ex] cos adr® = 0. (5.20)

(d) The discriminant of B, consists of the sets given by
Kcosa+ HVH? — Ksina=0

which we denote by A%, .

Proof: This proof is similar to that of [[Theorem 5.3.2| and is omitted. O

Remarks 5.3.9 1. While it is clear from the |equation (5.19)| that, in general,

By # B_., these two BDEs do have the same discriminant, since A, = Ag®.

2. The sets A% are the parabolic set, the sets Agi consist of the umbilic points

together with the curve given by H = 0.

3. The discriminant curves A, foliate the surface.

It is less obvious what the parametrisation of the pencil connecting the metric and
the principal BDE (that is, M, the polar line of the BDE of the lines of arithmetic
mean curvature) should be. We show that one possibility, obtained demanding that
if 6 is the angle that the solution directions makes with a (particular) principal
direction be proportional to Hv/H? — K /K, turns out to be particularly natural.

If  is the angle between the solution direction and a choice of principal direction,

we set

HvH? - K
I .

sin 20 = tan «
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Observe that this gives rise to a real value of 4 if any only if

K K

HVH?2 — K H~\H?— K]’

tana € [—

and that tana = +K/H+vH? — K if and only if § = 7/4, that is, if the solution

direction is an arithmetic mean curvature direction.

Definition 5.3.10 Let PT'S denote the projectivised tangent bundle to S, and de-

fine
A:PTS —[-5,7]

(pv) — o
with a given by sin20 = tanaHv/ H? — K /K where 6 is the angle between v and

the principal direction associated to the principal curvature k1. We define L., for a

fized o, to be A7 ().
Theorem 5.3.11 (a) The BDE L, is

(Hapsina + GKVEG — F?cos a)dy?
+(Hbpsina + 2F K\ EG — F? cos a)dxdy (5.21)
+Hcpsina + EKVEG — F2cosa)dz? = 0.

(b) The set of all principal directions is Liz and Lo = L, so B, joins the principal
BDE P to the metric L.

(c) Away from umbilic points the BDE L, can be written with respect to a principal

coordinate system as

E
k1Ko G cos ady® + (k3 — K3) sin adrdy + kKo E cosadz® = 0. (5.22)

(d) The discriminant of L, consists of the sets A%, .

Proof: This proof is similar to that of [[heorem 5.3.2| and is omitted. a

Recall the involution opr on any line P c RP? induced by a conic I', that was

defined a the start of [Chapter 4] Recall also [Lemma 4.0.6]

Considering the involution on the lines A and Ch induced by the conic A allows

us to prove a result analogous to [Theorem 5.3.5]
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Theorem 5.3.12 (a) For any given (fived) o, the BDE L, is the polar of the pencil
containing the BDEs ocp(Cy) and 04(Ra).

(b) For any given (fized) o, the BDE B, is the polar of the pencil containing the
BDEs ocp(Cy) and c4(R—a)-

Proof: The polar of the pencil R is the asymptotic BDE A. Given some fixed
«, we therefore have that 04(R,) is the Jacobian of the BDEs R, and A. We find
that this is the BDE

(ach HVEG — F2cosa — 2K ap sin a)dy?
+2(bonHV EG — F? cos a — Kbp sin a)dzdy (5.23)
+(conHVEG — F2cosa — 2K cpsina)dx? = 0.

A calculation of the Jacobian of the BDEs |C, (5.17)[and |o4(R.) (5.23)[ shows that

the polar of the pencil connecting these two BDEs is the BDE B,.

The second assertion follows by similar calculations. O

Remark 5.3.13 When a = w/2 the BDEs 0¢(Cy), or(Ra) and or(R_,) coincide

and are the|principal BDE (2.4). For similar reasons to those used in|Remarks 5.3.0

@. we have that Me = {Ly|a € (=5, 5]} is the closure of the set

{Jac(oe(Ca). or(Ra))l(a € (—5. D)},

and T = {Ba|a € (=5, 5]} is the closure of the set

{Jac(oc(Ca),or(R-0))l(a € (—5. 5)}.

We conclude the chapter will an observation concerning special points of surfaces.

Remark 5.3.14 We have seen that the curve H = 0 is significant: it forms part of
the discriminant of the BDEs Ryx, Byx, and Liz. On this the asymptotic directions
are orthogonal to one another (in fact they coincide with the arithmetic mean cur-
vature directions), and one cannot canonically order the principal directions. Since
at such points the asymptotic BDE A, the BDE of the lines of arithmetic mean
curvature Me and the BDE of the MOSI curves T' coincide, all pairs of orthogo-

nal directions on the surface are mapped to orthogonal directions on the spherical
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image, and the characterisation of the principal directions given in

breaks down.

This set in some ways plays a role in the hyperbolic region similar to that played
by the umbilic points in the elliptic region. For example, an umbilic point my be
seen as a point at which the shape operator is a multiple of the identity operator,
that is, A and L coincide in the projective plane, whereas at points where H = 0
it is the characteristic BDE Ch that coincides with L (so that, as we have seen, A

coincides with Me). This similarity may be further understood by considering the

alternative definition of conjugacy given in |Proposition 2.1.1. An umbilic point the

Dupin indicatriz is a circle; at a point where H = 0 the Dupin indicatriz is a rect-
angular hyperbola, however, a circle centred at the origin is a rectangular hyperbola

when viewed from (any) point on the line at infinity.



Chapter 6

The characteristic curves as space

curves in R’

In this chapter we consider the characteristic curves on a smooth surface as space
curves in R?. In we were able to produce a result on the characteristic
curves analogous to the Beltrami-Enepper Theorem on the asymptotic curves. The
key observation was that the torsion of the two asymptotic curves through each
hyperbolic point is equal to their geodesic torsion. This is not the case for the
two characteristic curves through an elliptic point. We consider the torsion of the

characteristic curves in this chapter.

6.1 The torsion of the characteristic curves

The torsion 7 of a smooth parametrised curve v in R? is given by

PAATY A
Y AT
where (') denotes differentiation with respect to the parameter.
We parametrise S in Monge form (z,y, f(z,y)) with f as in|(2.3)l We write the
BDE of the characteristic curves on S |(2.6))|as Q(z,y,p) = 0 where p = dy/dz.

Assume that the origin is a non-umbilic elliptic point. Without loss of generality

we assume ko > k1 > 0. We calculate expressions for the coefficients of the first

116
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and second fundamental form at the origin. The integral curves of the characteristic

BDE through the origin are smooth, so we may set

yi(x) = (=1)(4 /ﬂ)x + ;2 + B + h.ot.,
K2
for some oy, 3;, i = 1,2. Let Q; = Q(z,y, dy;/dz). We calculate j2€;(x). By setting
first (respectively second) order terms to zero, we find «; (respectively f3;), i = 1, 2.

Considered as space curves in R?, the characteristic curves are parametrised as:

i) = (2, 4i(2), f(2,9:(2))), 0 = 1,2,

We find (using Maple) that the torsion at the origin of the characteristic curve ~; is

given by
VEKA+ (-1)K*B
T, = — 1 =1,2,
VKT + (—1)iA
where
A= 32kiKk3(K1 — ko)

+k1((17K2 + 221 K9 + 9K3)K3a3,
+2(5K? — 14K 1Ky — TK3)K1Koaz1a33 — T(K1 — Ka)?K2a3,)
—ko((17K3 + 221Ky + 9K3)K3a3,
+2(5k% — 14K kg — TKS)K1Keaza30 — T(K1 — Ke)?K3a3,)

+ak1ke (K3 (K1 — K2)?aas + 4k1K2 (K3 — K3)ase — K3 (K1 — K2)?ag),

B = 16(2a30a31 — 2azpa33 — a41(f<61 - l‘iz) - a43(/i1 - /<J2)),
I'= 2(/‘626130(/{1 - /42) + /11G32(/‘€1 + 3/12))(/‘626131(142 + 3/‘61) - H1G33(/€1 - /‘62)),
A= 16/‘1?/@%(%1 + Iig)(/il — KQ)Q + Iig(/igago(lil - Iig) + Klagg(ﬁl + 3%2))2

+r1(Kaas1 (Ko + 3k1) — Kiass(k1 — Ka))?.

It is clear that 77 depends on the value of the coefficients of j*f and can be
positive, negative or zero, that is, the respective torsions of the two characteristic
curves through a point may have the same or different signs, and may also vanish.

The results in this chapter are proved using the transversality method given in

[9] (see also [73]) outlined in [Section 1.2.2) and we include here only the key facts.

Detailed calculations, carried out using Maple, are generally omitted.
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At any point p we parametrise the surface in Monge form (z,y, f,(z,y)) at p,
where f, is a smooth function and f, = f. We define the jet-extension map

¢:8— JY2) 6.2)

pr= j4fp-
The differential map to ¢ is denoted by T,¢ : T,S — Ty J*(2). Recall the basis

{vs, vy} for im(Tp¢) given in [Lemma 1.2.3|
Let £ = J%(2)/SO(2). A polynomial ¢ € J*(2), where

1< 2 io—i L - 3 i, 3—i RS 4 i d—i
q(z,y) = 52 | a2y +62 | asiyx +ﬂz | awy T
=0 [ 1=0 ? =0 t
is SO(2)-equivalent to a polynomial r with ay; = 0, that is, we may identify £ with

the hyperplane as; = 0.

We define a function

h:L— R
(A2 — K°BY)K (6.3)
KI? — A2

T =

where K = aggagy and A, B,I', A are evaluated with k1 = a9 and ko = ag. Let
V C L be the set given by h71(0), and let V' C J*(2) be the SO(2)-orbit of V. Tt is
clear that V is an SO(2)-invariant set with codimension 1 in J*(2).

Let V denote the gradient vector field on smooth hypersurfaces in J*(2) (which
is identified with R'? via the coordinates a;;). The tangent space to V at a point
r €V is given by R{zr, —yr,} & TV, where T'V is the tangent space to V, that is,
the orthogonal compliment of VA in J*(2).

We define a regular stratification S = {Sy, Sg, Sp, Sq, Su} of J4(2), where
q(z,y) € J*2) is in Sy (respectively Sg,Sp,Sq,Sy) if the point (0,0,0) is a
hyperbolic point (respectively parabolic point not a cusp of Gauss, non-umbilic
elliptic point, cusp of Gauss, umbilic point) of the smooth surface parametrised
by (z,v,q(z,y)). The codimensions of Sy, Sk, Sp, Sq, Sy in J4(2) are respectively
0,0,1,2 and 2, and Sp, Sg, Sy are in the closure of Sg. The intersection of V' with
Su, Sg, Sy and Sp are denoted by Vg, Vg, Viy and Vp as appropriate, and form a

regular stratification of V' into smooth submanifolds.
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Proposition 6.1.1 The torsion of a characteristic curve approaches zero as the
curve approaches a generic parabolic point. Near such points the characteristic

curves have torsion of opposite sign.

Proof: The set Sp may be taken to be the SO(2)-orbit of the subset of £ given
by asg = 0, agg # 0. It is clear that Sp C V, that is, Vp = Sp. Calculations
show that R.{zf, — yf.} does not generally lie in R.{v,,v,} when ay = 0, and
Vasg - v, = ago/2, which does not vanish in Sp, hence ¢ is transverse to Vp. The first
assertion follows since the function is smooth at points in a neighbourhood

of Sp. The second assertion is proved by observing that 0h/0asn < 0 in Sp. O

Proposition 6.1.2 The torsion of the characteristic curves does not vanish in a

neighbourhood of a generic umbilic point.

Proof: The set Sy is given by as; = 0, agg = ags. Consider the function .
Calculations show that VA - v, and VA - v, do not in general vanish simultaneously
and that R{zf, — yf.} does not lie in R.{v,,v,} when asy = as, that is, Vi is
generally transverse to ¢. The function hA does not vanish identically on Sy, hence
Vi has codimension 3, so ¢~ (V) is generally empty. As h is smooth at points in Sy,
there is a neighbourhood () of any generic point of Sy in which h does not vanish.
In $~(Q), a neighbourhood of a generic umbilic, the torsion of the characteristic
curves does not vanish. O

At an umbilic point we may write

R

5 (2% 4+ 3?) + Re(2* + 52%2)

3 f(x,y) =

where z = x + iy and ( is a complex number ([1§]).

Proposition 6.1.3 The two characteristic curves passing through any point in a
neighbourhood of an umbilic point have torsion of the same (respectively opposite)

sign if B lies in a region labelled + (respectively — ) in|Figure 0.1. These regions are

bounded by the lines
_ ™

arg(38 — B - 6) = £
and

arg(55 — B + 14) = i%,
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shown in solid lines.

arg(5p-p+14)=7
arg(3g-p-6)=%

arg(3p-p-6)=—;

arg(5B-p+14)=- 7

Figure 6.1: Partitions of the § plane into regions where the torsion of the two
characteristic curves through each point in a neighbourhood of an umbilic point
with complex parameter 3 have the same (4) or different (-) sign. The regions are

divided by the solid lines.

Proof: The sign of the torsion at points in a neighbourhood of Sy are given by
that of the function |h (6.3 at points in Sy as h is smooth on Sy. A calculation

shows that ~

Re(38 — 3 - 6)*)

Re(56 — 3+ 14)2)°

The exceptional sets in the complex plane where h changes sign are thus those where

(33 — 3 —6) or 53 — 3+ 14 have an argument of =7 /4. The proof is completed by

h=—9K*

calculating the sign of h for a value of 3 in each of the open regions defined by these

lines. O

Remark 6.1.1 As described in[Section 2.3, there are three generic topological con-
figurations of the characteristic curves at an umbilic point, distinguished by the po-
sition of 3 with respect to the circle | 3| = 3 and the hypercycloid 3 = 2(2e% 4 2¢=29)
([24]). These sets are shown in dashed lines in|Figure 0.1

We now consider the set of points where the torsion of a characteristic curve vanishes.
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Theorem 6.1.2 There are generically smooth or empty curves in the elliptic region
on which the curves of one characteristic foliation have zero torsion and isolated

points in the elliptic region where the curves of both foliations have zero torsion.

Proof: The set of points at which a characteristic curve vanishes is ¢! (Vg). The

set Vg is the SO(2)-orbit of the subset of the hyperplane as; = 0 given by
A? - K°B* = 0.

As RAxf, — yf.} does not generally lie in R.{v,,v,} and V(A? — K°B?) - v, and
V(A? — K°B?) v, do not in general vanish simultaneously, ¢ is generally transverse
to V. The codimension of Vg in J%(2) is 1, hence by ¢~ (Vg Nim(¢))
is a smooth curve or is empty.

The set of points where the torsion of both characteristic curves vanishes is given
by ¢~H(W Nim(¢)) where W C J*(2) is the SO(2)-orbit of the subset of £ given by
A = B = 0. Calculations show that VA and VB are generally linearly independent,
so the codimension of W in J*(2) is 2, and that VA-v,, VA-v,, VB v, and VB-v,
do not in general vanish simultaneously, that is ¢ is generally transverse to W. By

Lemma 1.2.2/ ¢~ (W Nim(¢)) is a smooth submanifold of S of codimension 2 (an

isolated point), or is empty. O

Definition 6.1.3 The characteristic zero torsion curve is the closure of the locus
of points where a characteristic curve has zero torsion. The left (respectively right)
branch of the characteristic zero torsion curve consists of the points of zero torsion

of the left (respectively right) characteristic curves.

It is immediate from [Proposition 6.1.2] that the characteristic zero torsion curve

does not pass through umbilic points. We now consider its behaviour near parabolic

points.

Proposition 6.1.4 The characteristic zero torsion curve meets the parabolic set at
a cusp of Gauss with ccr-invariant p. if p. < 13/4. At such points the left and
right branches of the characteristic zero torsion curve are C? curves tangent to the

parabolic set and divide a neighbourhood of a cusp of Gauss as shown in
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(right). In a neighbourhood of a cusp of Gauss with p. > 13/4 the torsion of the

characteristic curves have opposite sign.

.~
VA d
(o]le)

Figure 6.2: The left (solid curve) and right (broken curve) branches of the charac-
teristic zero torsion curve at a cusp of Gauss, p. < 13/4 (left) and p. > 13/4 (right).
The thick line is the parabolic set.

Proof: The set Sg may be taken to be the SO(2)-orbit of the set given by
asy = as1 = azg = 0. The characteristic zero torsion curve is given by qb*l(V_E)

where Vj is the closure of V. The set Vg is given by

A? —K°B* = 0.
A calculation shows that
A2 _ KPRB? — _49@%8@‘:%0
16

when ago = 0, hence in general S C V.

Observe that the expressions A £ K2 are C? functions of asy and asy. In
SE the varieties corresponding to left and right branches of the characteristic zero
torsion curve are given by A — K%2B = 0 and A + K°?B = 0 respectively. In a

neighbourhood of S these equations can be written as
Ay (4asoazs — 9a3;)az = Tagaz, + Olas),

that is, the varieties are tangent to Sp U Sg, and lie locally in Sg (respectively

Si) when 4p, — 13 is negative (respectively positive), using |[Proposition 3.1.2| It

follows that the branches of the characteristic zero torsion curve are tangent to the
parabolic set at cusps of Gauss with p. > 13/4.
The relative positions of the two branches are established by considering higher

order terms in asg, asy in A + K°2B. As Si C Sp the final assertion follows from

[Proposition 6.1.1] O
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6.2 Osculating planes of the characteristic curves

Let 6 be the angle between the principal normal to a curve on a surface parametrised
by arc length s and n, the unit normal to the surface. Then at any point of the

curve we have Bonnet’s formula:

de
Ty =T o
where 7 and 7, are respectively the torsion and geodesic torsion of the curve. It
follows that the osculating plane of a curve on the surface is equal to the tangent
plane of the surface if and only if the torsion and geodesic torsion of the curve are
the same.
The Beltrami-Enepper Theorem is a consequence, therefore, of the fact that the
osculating plane of the asymptotic curves is the tangent plane to the surface.

Recall that the geodesic torsions of the characteristic curves through an elliptic

point are

j:\/ Hlfﬁz(@ - /11)

(HQ + Iil)

Points at which the osculating plane of a characteristic curve are equal to the tangent

plane to the surface are located by equating these expressions to those for the torsion

of the characteristic curves given in [Section 6.1} that is, by setting

j:w//ﬂlllﬁg(/‘iQ—/il) . \/KA:EKSB
(K2 + K1) VET + A

Let the geodesic torsion of a the characteristic curve with torsion 7; be 74,
where ¢ = 1,2. The difference between the torsion and the geodesic torsion of a
characteristic curve at a non-umbilic elliptic point is given by

_ _VEA+(C)'KPB (s — )
CT T VKT 4 (—1)iA (K1 + ko)

We consider (11 — 741)(72 — 742). As in [Section 6.1| we define a function

h:L— R

i=1,2.

(j — h i 2K (GQQ — a20)<KSBF — AA) _ K<a22 — a20)2 (64)
(@2 + ag) (KT? — A2?) (a2 + ag)?

where K = aggass and A, B, I, A are evaluated with k1 = aop and ko = aos.
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Let V C L be the set given by h~'(0), and let V C J*(2) be the SO(2)-orbit
of V. The intersection of V with S g, Sg and Sp are denoted by VE, VG and Vp
respectively.

The proofs of the remaining results in this section use the same methods as the

corresponding results in so details are omitted.

Theorem 6.2.1 There are generically smooth or empty curves in the elliptic region
along which the osculating plane of a characteristic curve is the tangent plane of the
surface. There are isolated points in the elliptic region at which the tangent plane

to the surface is the osculating plane of both the characteristic curves.

Proof: The result follows using the method of [Theorem 6.1.2] with |k (6.4))
replacing the function [ (6.3)) O

Definition 6.2.2 The characteristic geodesic torsion curve is the locus of points
at which the tangent plane to the surface is the osculating plane of a characteristic
curve. The left (respectively right) branch of the characteristic geodesic torsion curve
consists of the points at which the tangent plane to the surface is the osculating plane

of a left (respectively right) characteristic curve.

Proposition 6.2.1 There is a neighbourhood of a generic umbilic point in which
the torsion and geodesic torsion of the characteristic curves through each point are

not in general equal.

Proof: Observe that the geodesic torsion of the characteristic curves through a

point approaches zero as the point approaches an umbilic. The result follows using

the same method as [Proposition 6.1.2} O

It follows immediately from [Proposition 6.2.1| that the characteristic geodesic

torsion curve does not pass through umbilic points in general.
It is clear that the torsion and geodesic torsion of a characteristic curve ap-
proaches zero as the curve approaches parabolic points. We examine now the be-

haviour of the characteristic geodesic torsion curve near the parabolic set.
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Proposition 6.2.2 (a) There are two characteristic geodesic torsion curves (a left
branch and a right branch) which are of class C* and tangent to the parabolic

set at a cusp of Gauss with cer-invariant p. if p. < 33/8.

(b) The relative positions of the characteristic geodesic torsion curve and the char-

acteristic zero torsion curve at a cusp of Gauss are as shown in|Figure 6.5,

(c) When p. = —2 the characteristic geodesic torsion curve and the characteristic
zero torsion curve have degenerate contact. When p. = 4 the left and right
branches of the characteristic geodesic torsion curve have degenerate contact.

No change in the relative positions of these curves occurs at these values of p..

Figure 6.3: Relative positions of the characteristic geodesic torsion curves (blue)
and characteristic zero torsion curves (red) at a cusp of Gauss with cer-invariant

pe € (—00,=2) U (=2, 1) (left), p. € (1,22)\ {4} (centre), and p. > 32 (right). In
each case the left branch is shown in solid curves and the right branch is shown in

broken curves. The thick black line is the parabolic set.

Proof: Recall that the set Sg may be taken to be the SO(2)-orbit of the set

given by asy = ag; = azg = 0. The characteristic geodesic torsion curve is given by

gb‘l(VTE) where VTE is the closure of Vi and ¢ is the |jet-extension map (6.2f) The set

Vg is given by
(A% — K°B*)(agy + as)® + (2(a3, — a3y))(K*BT — AA) — (ag — a)*(KT? — A?).

A calculation shows that when agy = 0 the set Vg is given by —9a}2a%, = 0 hence
in general S C V.

We consider the varieties in £ that correspond to the left and right branches of
the characteristic geodesic torsion curve (these form a partition of V). These are

given respectively by
__ _VEA+(Z1)'K'B e(ax — az)
L VKT 4 (—1)iA (ag0 + az)
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1 =1,2. Using the expressions for A, B,I", A given in we have that these

varieties are given by

(—4a2, 4 2a35a40)a90 — \/a3pa31\/Az0a30 — 303,03, + h.ot. =0,
—(—4a3; + 2a3,a40)a20 — \/ @331/ a20a30 + 303,03, + h.ot. =0,
in a neighbourhood of Sg.
We make the substitution asg = b? and restrict our attention to the region b > 0.

The sets of interest are then given by
(—4a3; + 2a3,a40)b* — \/ asyaz1baszy — 3a3,a3, + O(V?, a3,) =0,
—(—4a3; + 2a35a40)a20 — \/A32a311/a20a30 + 3a3,a3, + O(b?,a3;). = 0.

These sets have Morse singularities at the origin: an Af- (respectively Aj-)

(6.5)

singularity when —47a3, + 24ageasy > 0 respectively —47a3; + 24agas > 0). By

IProposition 3.1.2| we have that —47a3; + 24ageas > 0 if and only if p. < 33/8.

When the singularity is A] we decompose the quadratic expressions in b and

aso |(6.5)] into linear factors. By the [implicit function Theorem 1.1.6, the varieties

corresponding to the characteristic geodesic torsion curve are then expressible in the
form

b= wuasy + h.o.t

for some w;(age,az1,aq) @ = 1,2. Observe that if we substitute b = /Ky these
varieties are given by /k1 = u;asy + h.o.t, that is, they are of class C* and tangent
to the set Sp U Sg. Assertion (a) then follows as the jet-extension map ¢ is a

diffeomorphism.

Recall from the proof of [Proposition 6.1.4]that the varieties corresponding to the

zero torsion curves in a neighbourhood S¢g are both given by
(4@40@22 - 9a§1)a20 = 70/220/?))0 + O((Zgo)
We substitute asg = b? into this expression to obtain
(4(140&22 — 9a§1)b2 = 7&22&30 —+ O(CL%O) (66)

Observe that this set now has a Morse singularity at the origin: an Af- (respec-
tively Aj-) singularity when —9a3, +4agsas > 0 (respectively —9a3, 4+ 4ageas > 0).
We decompose the quadratic expression |(6.6)| into linear factors.
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Assertions (b) and (c) are established by comparing these linear factors and
those obtained from the expressions . Codimension one phenomena occur when
any pair of these linear factors coincide or when the singularities of the relevant
varieties are worse than Morse. Calculations show that instances of these phenomena
are given by the value of aqoass/ a%l, that is, on the value of the ccr-invariant p,.

The exceptional values are p. = —2 (a pair of linear factors corresponding to the
characteristic geodesic torsion curves coincide), p. = 4 (a linear factor corresponding
to a characteristic geodesic torsion curve coincides with a linear factor corresponding
to the characteristic zero torsion curve), p. = 13/4 (the variety corresponding to the
characteristic zero torsion curves has a worse than Morse singularity) and p. = 33/8
(the variety corresponding to the characteristic geodesic torsion curves has a worse
than Morse singularity).

The proof is completed by choosing a value of p. in each of the open intervals
bounded by the exceptional values, and calculating expressions for the varieties in

L corresponding to each curve. O



Chapter 7

BDEs with discriminant having a

cusp singularity

In this chapter we again leave the differential geometry of surfaces and study binary

differential equations in their own right, in preparation for the study of pairs of

foliations on singular surfaces in [Chapter 8 and [Chapter 9]

We consider BDEs ([1.5)| with coefficients all vanishing at an isolated point where

the discriminant has an As- (cusp) singularity. We refer to such equations as cusp
BDEs.

We show that cusp BDEs are generally of one of three types. A normal form
for the 1-jet of BDEs of each is established. We also show that there are certain
degenerate cusp BDEs that are not of any of the three types. We give a complete
topological classification of cusp BDEs with codimension < 4. The results are

summarised in [Theorem 7.0.3

Theorem 7.0.3 A BDE with discriminant having a local As-singularity with van-

ishing coefficients at the singular point and with codimension < 4 1is locally topolog-

ically equivalent to one of the normal forms in|Table 7.1

Remark 7.0.4 There are no topologically stable singularities of BDEs with vanish-
ing coefficients: the discriminant is necessarily singular, and a generic deformation
in the set of all BDEs removes this singularity. It follows that generic deformations
must be born in mind when considering topological equivalence (indeed a topological

128
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Cusp Type | Codimension | Topological Normal Forms Figure
2 (y, —x +y,y?); (y,x + 2y, y?) Figure 7.1
1 (v, +y,9%)
3 (y,z + \/_y y?) Figure 7.2
(Iv ) (.73 -y )
2 3 (a:,—Qy/S z?); (z, —y /4, x*) Figure 7.4
(z,y,2°)
4 (v, =3y/2 + 2% 2°); (x, -3y /4, 2%) | [Figure 7.10
3 4 (x +y,—y/2,2°) Figure 7.15

Table 7.1: Cusp BDEs with codimension < 4.

classification of cusp BDEs would be of little interest otherwise, since the discrim-

inant itself is homeomorphic to a straight line). Consequently, although certain

BDEs with different normal forms in|Table 7.1| are topologically equivalent (see
, we consider them to be distinct as their deformations in generic families

may not be equivalent. Furthermore, there are certain geometric differences between

the solution curves, which we highlight in [Section 7.3

We also study in this chapter certain BDEs with discriminant having a Y1172—

singularity, as such BDEs arise in the study of the characteristic curves on a parabolic

cross-cap in |[Chapter 6

Remark 7.0.5 A BDFE with coefficients that do not vanish simultaneously may also

have a discriminant with an Ay-singularity. These are studied in [63].

7.1 The three types of cusp BDE

We will always assume that the point under consideration is the origin.
We use the method of lifting the bi-valued direction field defined by the BDE in
the plane to a single vector field on a surface that is described in [Sectionl.3. We

consider the surface

M = {(z,y,]a: f]) € R%,0 x RPaa? + 2baf + ¢ = 0}
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associated to the BDE ([1.5)l When the discriminant has an Aj-singularity the
surface M has a Morse singularity at a point on the exceptional fibre ().

Consider the affine chart for RP!, p = 3/a (we also consider the chart ¢ = a/(3)

and write fequation (1.5)) as

F(z,y,p) = a(z,y)p* + 2b(z, y)p + c(z,y) = 0. (7.1)

Recall that a suitable lifted field on the smooth part of M is

0 0 0
=F,— +plF,— — (F, +pF,)—.
3 p8x+p Py (Fu+p y)ap
The lifted field £ extends smoothly to the regular part of the exceptional fibre,
and the exceptional fibre is an integral curve of £&. We consider the zeros of £ on the

exceptional fibre, which are the roots of the cubic

¢(p) = (Fx + pF,)(0,0,p) = 0. (7.2)
At a singular point of M, F, = F, =0, so ¢ has a root at such a point.

Definition 7.1.1 A BDE with discriminant having an As-singularity at the origin
15 said to be of cusp type 1,2 or 3 according to whether the root of ¢ at the singular

point of the surface M is simple, double or triple.

Remark 7.1.2 There exist cusp BDEs for which the lifted field & (and hence the
cubic ¢) vanishes along the whole of the exceptional fibre. We refer to these as

degenerate cusp BDEs, and study the cases of lowest codimension in [Section 7./

Proposition 7.1.1 For a cusp BDE the singularity of the surface M lies on the
criminant if and only if the BDE is not of cusp type 1.

Proof: Consider the affine chart for RP', p = dy/dx and write jequation ([1.5))|
in the form |(7.1)l As the surface M has a Morse singularity ([I1]), the Hessian of

F'is non-degenerate. Since Fj,, = 0 on the exceptional fibre, we have that

(sza pr) # (07 O)

We assume (by making a linear change of coordinates if necessary) without loss of

generality that F,, # 0 in a neighbourhood of the intersection of the criminant and
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the exceptional fibre (observe that a liner change of coordinates will not alter the
fact that F},, = 0 since the coefficients of the BDE all vanish at the origin).

Suppose that the criminant is parametrised by (x(t),y(t), p(t)). Then
(@4 0) - (Fyo, Fpy, Fpp) =0

since the criminant lies in the surface F}, = 0. Since F},, = 0 on the exceptional fibre
and p = y'/2’ it follows that the intersection of the criminant and the exceptional
fibre satisfies (F, + pFy,)(0,0,p) = 0.

Consider the cubic ¢. Differentiating we have

(bl(p) = Fﬂﬂp(0707p> + Fy<0707p) +prp(0707p),

so the intersection of the criminant and the exceptional fibre is a root of ¢'(p) = 0 if
and only if it is a root of F}(0,0,p) = 0. Hence the intersection of the criminant and
the exceptional fibre is a root of ¢(p) = 0 of order > 2 if and only if it is a common
root of F,(0,0,p) = 0 and F,(0,0,p) = 0, that is, if it occurs at the singular point

of the surface M. O

Proposition 7.1.2 A BDE of cusp type m has codimension at least (m + 1).

Proof: We work in J#(2,3) where k > 2. Let V be the variety of BDEs with

discriminant having a worse-than-Morse singularity, which is given by
a(0,0) = b(0,0) = ¢(0,0) = (67, — 6220,,)(0,0) = 0.

If the discriminant 6 has an As-singularity then the second derivatives of § with
respect to 2 and y do not all vanish at the origin. Since cusp BDEs lie in V it
follows that (0,4, 0,,) # 0. By making a linear change of coordinates if necessary, we
assume without loss of generality ¢, # 0.

We complete the construction of the semi-algebraic set V' of cusp BDEs by
observing the discriminant now has a genuine As-singularity provide that 0,2+ 0.,y
is not a factor of the cubic terms in the 3-jet at the origin of §. This is the case
provided

(5yyy5§y — 3(5xyy(5§y(5yy + 35xyy(5xy5§y — (5mx5;’y # 0.
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Consider the affine chart for RP', p = dy/dz (we also consider the affine chart

q = dzx/dy), and write jequation (1.5)|in the form |(7.1)l Recall the |cubic ¢ (7.2))

Observe that

d(p) = ay(0,0)p” + (az + 2b,)(0,0)p* + (by 4 2¢,)(0,0)p 4 ¢(0, 0).

Let V,,, C V be the set defining BDEs of cusp type m, where m = 1,2, 3.

The limiting tangent direction to the cusp is (—dy,, 0., ), that is, the criminant

intersects the exceptional fibre at p = —¢,,/d,,. By applying |Proposition 7.1.1| we

have that V; consists of those BDEs in V' with

Gy
i (5—yy) a

The set V5 consists of those BDEs in V' with

_(Sm o 17 _(533
o(52)-0 o (52)

The set V3 consists of those BDEs in V' with

_5;cy o _536?4 _ 1" ﬁ
o(52) = (F2) =0 o (32) #0

The set V' \ (V1 UV, U V3) consists of degenerate cusp BDEs.
The hyperplanes in J*(2,3) defined by each of the conditions

a(0,0) = 0, b(0,0) = 0 ¢(0,0) = 0

clearly intersect transversely, hence their intersection is a plane of codimension 3.
Observe that these conditions on the constant terms in the k-jets at the origin of
a, b, c, whereas

(82, — 6228,,)(0,0) = 0
is a condition on the first order terms in the k-jets of a, b, c¢. It follows that the variety
defined by this condition is transverse to the plane a(0,0) = b(0,0) = ¢(0,0) = 0,
and hence that V' is a semi-algebraic set of codimension 4.

Let V denote the gradient vector field on J*(2,3). By calculating

T () (e ()=
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it may be shown that the varieties defined by the conditions

—0. —0.
o) (—my) = 0 and ¢" (—zy> =0
Oyy Oyy

are transverse to V' and to each other. It then follows that V,,, m = 1,2,3 is a
semi-algebraic set of codimension m + 3 as required. Details of this (lengthy, though

straightforward) calculation are omitted. O

Proposition 7.1.3 The 1-jet of the coefficients of a cusp BDE is linearly equivalent

to one of the following normal forms.

(i) (y,ex +bny,0) (cusp type 1) where e = £1,

(ii) (z,b11y,0) (cusp type 2) where byy # 0, —1/2,
(iii) (x+y,—y/2,0) (cusp type 3),

() (z,—y/2,0) (degenerate cusp BDEs).

Proof: The reduction of the 1-jets of BDEs to normal forms is carried out in

[22]. We include here only the key facts. We write

j2a = a1px + any + axr® + anxy + axny?
72b = bro® + b1y + boox® + bo1zy + baoy?
jic = croT 4 ey + et + caxy + ooy’
If the discriminant has a worse-than-Morse singularity then (by linear changes

of coordinates if necessary) we may assume
Cigp = C11 = 0.

We also have
bioar — biiag # 0
(otherwise the singularity of the discriminant is worse than A,).
Consider the affine chart for RP!, p = dy/dz (we also consider the affine chart
q = dx/dy). The surface M is singular at = y = p = 0 and regular elsewhere in a
neighbourhood of the exceptional fibre x = y = 0.
The cubic ¢(p) is given by

o(p) = (Fy +pF,)(0,0,p) = 2biop + (2b11 + 6110)]92 + Cl11p3-
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Differentiating we have ¢/(0) = 2byp and ¢”(0) = 2(2b11 + aq).

If byp # 0 we have a cusp type 1 BDE. Since bjgai; —biia19 # 0 we may make fur-
ther linear changes of coordinates to set a;g = 0,a1; = 1,b19 = 1. The discriminant
has an As-singularity if coo # 0.

If b1p = 0 we have a cusp type 2 BDE provided 2by; + a19 # 0. Since we have
that bipa;; — biraig # 0, we have bjja;p # 0. We make further linear changes of
coordinates to set a;; = 0 and ayjg = 1 (we then have that by # —1/2). The
discriminant has an As-singularity if coy # 0.

If b1y = 2b11 + a19 = 0 we have a cusp type 3 BDE provided a1; # 0. We make
further linear changes of coordinates to set a;9p = aj; = 1. We then have by; = —1/2.
The discriminant has an As-singularity if coy # 0.

If byg = 2b11+a190 = a1; = 0 the lifted field vanishes everywhere on the exceptional
fibre. The discriminant has an As-singularity if b11a10c20 # 0. We make further

linear changes of coordinates to set a;; = 1, hence by; = —1/2. O

7.2 Topological normal forms

The smooth normal forms for the 1-jets of cusp BDEs established in
7.1.3| contain moduli which may not be removed by smooth changes of coordinates.
It follows that there are no discrete local models under smooth equivalence. We
classify cusp BDEs up to topological equivalence as defined in [Section 1.3.1]

The lifted field method may not be used to establish the topological configura-
tions of the integral curves of cusp BDEs as the surface M is not smooth. Therefore
we use the blowing-up technique described in [Section 1.3|

Two blowing-ups are required to establish topological configurations of the in-

tegral curves of cusp type two BDEs and cusp type three BDEs. The first is the

standard polar blowing-up described in [Example 1.3.1]

The second blowing-up is made at the point where the blown-up discriminant
meets the exceptional fibre, which we may take to be at u = 0, v = 0. We use
the quasi-homogeneous polar blowing-up (u,v) = (r?cos,rsin#). Our use of this

more complicated blowing-up saves work, as the resulting vector fields have only
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elementary singularities in most of the cases we consider.
In practice we use the v-direction blowing-up u = st?,v = t, obtained by the
change of coordinates (r,0) — (s,t) = (cot@csc,rtanf). We also consider the

u-direction blowings-up u = +t2,v = 5t, and look for singularities at § =t = 0.

Remarks 7.2.1 1. The first x-direction (respectively y-direction) blowing-up is
orientation preserving when u > 0 (respectively © > 0), and reversing when

u < 0 (respectively © < 0).

2. If a point (ug,vo) in the (u,v)-plane corresponds to a point with polar coor-
dinates (rg,00), then the point (—ug,vg) corresponds to the point (1o, 0y + 7).
Similarly if a point (ty,01) corresponds to a point with polar coordinates (r1,01)

then the point (i1, —0y), corresponds to a point (ry,6, + 7).
3. The second (v-direction) blowing-up is orientation preserving when t # 0.

4. If a point (sg, o) in the (s, t)-plane corresponds to a point with polar coordinates

(ro,00), then the point (—so,to) corresponds to the point (rq, —6).

A full proof of[Theorem 7.2.4]is given. The other results are proved using a similar

method and we include only the key points. We use the appropriate normal forms of

the 1-jets of the coefficients from |Proposition 7.1.3| throughout. In all illustrations

the foliation F; (respectively F3) and its blowings-up are solid (respectively broken)

curves. The thick black curves are the discriminants.

7.2.1 Cusp type 1 BDEs

Cusp type 1 BDEs with codimension 2 are studied in [66]. The |cubic ¢ (7.2)| has

either two or no roots at regular points of the exceptional fibre. Such BDEs are

stable when deformed within the set of cusp BDEs.

Theorem 7.2.2 ([66]) Suppose that the discriminant of a BDE has a cusp singu-
larity. Then the BDE s generically locally topologically equivalent to one of the

following normal forms.
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(1) (y,—x+y,y*) |Figure 7.1, left,

(it)  (y,x+2y,y?) |Figure 7.1, center,

(iti)  (y,z +vy,vy%) Figure 7.1, right,

The topological type is determined by the 2-jets of the coefficients of the BDE.

Figure 7.1: The integral curves of cusp type 1 BDEs.

For a cusp type 1 BDE the cubic ¢ may have double root at a regular point of

the exceptional fibre. Such BDEs have codimension 3.

Theorem 7.2.3 A BDFE of cusp type 1 with the cubic ¢ having a double root is
locally topologically equivalent to (y,x + /2y,y?). The configuration of the integral

curves are as shown in[Figure 7.9, The topological type is determined by the 2-jets
of the coefficients of the BDE.

Figure 7.2: The integral curves of the cusp type 1 BDE (y,z + /2y, y?).

Proof: We adopt the normal form for the 1-jet of the coefficients of a cusp type

1 BDE given in [Proposition 7.1.3 The cubic ¢ is determined by the 1-jet of the

coefficients, and is given by

o(p) = p* + 2bu1p® £ 2p.
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The surface M is singular at = y = p = 0. Hence ¢ has a double root at a regular
point of the exceptional fibre if the quadratic p? + 2b;1p & 2 has a double root. This

occurs when b2, = 2. By making the change of coordinates

(l’,y) = (.T, _y>

if necessary we take by, = V2.

A single x-direction blowing-up is sufficient to establish the topological config-
urations of the integral curves. The blown-up discriminant is a parabola tangent
to the exceptional fibre at the point u = 0,v = —\/5/2. One blown-up vector
field is regular in a neighbourhood of the exceptional fibre, the other has a saddle
singularity at the point v = 0,v = 0 and a saddle-node singularity at the point
u=0,v=—+/2, equivalent to

) , 0

,//

Figure 7.3: The integral curves of Y] (left) and Y5 (right) for a cusp type one BDE
with b2, = 2.

7.2.2 Cusp type 2 BDEs

We now establish topological models for cusp type 2 BDEs. As the modulus by
appearing in the 1-jet varies, topological changes occur when the type or relative
position of the singularities occurring on the exceptional fibres change. We begin by
identifying the values where changes occur and establishing the configurations when

b11 lies in each of the open intervals that they define.
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Theorem 7.2.4 A BDE of cusp type 2 with byy # —3/2,—3/4,—1/2,0 is locally

topologically equivalent to
xdy® + 2bydady + 2*dx® = 0.

The exceptional values bound open intervals where the topological type is constant.

The integral curves are shown in|Figure 7.4

Figure 7.4: The integral curves of a BDE of cusp type 2 with b;; a fixed value in
the intervals (left to right) (—oco, —3), (=2, -3), and (=3, 1) (top pictures), and

(—3,0) and (0, 00) (bottom pictures).

Proof: We write
W= (a7 b7 C) = (JI + Ha(l‘, y)a blly + Hb(xa y)? Hc(x7y))7

where the H,, H, and H, are germs of smooth functions with zero 1-jets at the

origin and by; # —1/2,0. We set

J2H, = asx® + anxy + axny?,
J2Hy = bogx® + bo1xy + baoyy?,

J2H, = co? + o1y + cany®.
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(a) Blowing-up in the z-direction.

We set x = u, y = uv. We write
Hy(u,uv) = v K, (u,v), Hy(u,uv) = v*Ky(u,v), H(u,uv) = u*K.(u,v)
where K,, K3, K. are smooth functions. Observe that

dy? = u?dv? + 2uvdudv + v:du?
dxdy = udvdu + vdu?

dz? = du®.

The blown-up BDE is therefore (u,v)*w = uw;, where
wy = (v*A,uB,C)

with
A=1+4+uK,,

B=(14bp)v+uwwK, +uk,,
C = (14 2b11)v? + w?K, + 2uv Ky + uK.,.

The quadratic form w; is a product of two 1-forms with associated vector fields

0 , 0
X, = uw*A=— 4 (—uB + (=1)'"\/u?(B? — AC)=—,i =1, 2.
WAt (—uB o+ (1) Joi=1,
We can factor out a term u from X; and consider the vector fields

0 , 0
PR _— — — ¢ 2 _ — 7 =
Y; uAaqu( B+ (-1)vB AC)(%,Z 1,2,

in a neighbourhood of the exceptional fibre v = 0. Both Y; and Y; are singular at
u = v = 0 and regular elsewhere on the exceptional fibre. As the origin is at the
intersection of the exceptional fibre and the blown-up discriminant B? — AC' = 0,

neither vector field Y; is smooth there. We make a further blowing-up.

Second blowing-up.

We consider the BDE w; and set u = st?, v = t. We write

K, (st?,t) = Kq(s,1), Ky(st?,t) = Ky(s, 1), K. (st*,t) = K.(s,t).
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Observe that K.(s,0) = cy. The blown-up BDE is
(5, 1) w; = thw,,
with wy = (t24, st B, s*C'), where

A(s,t) = (1+2byy) + s(P K, + 2Ky, + K.),
B(s,t) = (3 + 5by1) + s(3t2K, + 5tK;, + 2K,),
C(s,t) = (9+ 12by;) + s(92K, + 12t K}, + 4K,).

The blown-up discriminant is 6 = B? — AC. We have j'§ = b?, — scy, so the
discriminant intersects the exceptional fibre ¢t = 0 transversely at s = b?, /cog. The

quadratic form ws is a product of two 1-forms with associated vector fields

_ _0 _ ) _ ——__ 0
—_—y _ _1)e. [ e242( B2 _ Yo
X = 1Az + (~tsB + ( 1)'/s262(B AC))o-i=1.2
We factor out a term ¢ in X; and consider the vector fields
_ 9 _ P .0 .
Yi=tA—+ (—sB+s(—1)"y/(B?> - AC))—,i=1,2.

ot O0s

We study the vector fields Y;,i = 1,2 in a neighbourhood of the exceptional fibre
t = 0. Observe that both Y; and Y5 are regular at the intersection of the exceptional
fibre t = 0 and the blown-up discriminant 4 = 0, and are transverse to the blown-up

discriminant there. We have

_ : 9]
Yi(s,0) = s(—(3 4 Bbiy + 2¢08) + (—1)"4/ (b3, — 6208))£,i =1,2.

Both Y] and Y; are singular at the origin, and Y] (respectively Y3) is also singular
at t = 0,s = « where a = —3(3 + 4b11)/(4co0) when by > —3/2 (respectively
b1 < —3/2). Observe that @ > 0 when b;; < —3/4 and a < 0 otherwise. We
calculate j1Y;(0,0) and j'Y;(«,0), where i = 1,2. The type of singularity at each
point as by; varies is shown in [lable 7.2

We have divided by a factor of st°. Hence the integral curves of the vector field
Y; are the blowings-up of F; when st > 0 and the blowings-up of Fs_; when st < 0.
The integral curves of ¥; and Y5 in a neighbourhood of the exceptional fibre ¢t = 0

are shown in [Figure 7.5
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(0,0) (e, 0)
biy Y Vs Vi Vs
(—o00,—3/2) | Saddle  Saddle | Regular  Saddle
(=3/2,-3/4) | Saddle  Saddle | Node  Regular
(=3/4,—1/2) | Node Saddle | Saddle Regular
(—1/2,0) Saddle  Saddle | Saddle  Regular
(0, 00) Saddle  Saddle | Saddle  Regular

Table 7.2: Singularities of the vector fields Y; and Y, for cusp type 2 BDEs.

/| J I T T [T
JIIN A JII\\| I SN
— J— — | ] \ — § - J—
‘// | N\ /4\ \& 5’/7/ ‘J/’/
i I T >~ T T
I L\ i L\ N
— YI\ — o — N — P \—
f— i — — — ] — —] — -
\\s\ M \\\ \\\\\\ \\ \\
VHITTHT 1 M 1 i
b < —% b1 € (_%7_%) by € (—%, —%) b1 € (—%,0) by >0

Figure 7.5: The integral curves of the vector fields Y; (top) and Y5 (bottom) for

cusp type 2 BDEs.

Blowing down.

Blowing down we have the integral curves of the first z-direction blowing-up, that is,

the integral curves of the vector fields Y; and Ys. The first blowing-up is orientation

preserving when u > 0 and orientation reversing when v < 0, and we have divided

by a factor of u2. Hence the integral curves of the vector field Y; are the blowings-up

of F; when v > 0 and the blowings-up of F35_; when v < 0. These are shown in

igure 7.6}

(b) Blowing-up in the y-direction.

Consider the directional blowing-up x = uv,y = v. We set

H, (00, 0) = 0*P, (1, 9), Hy(ad, 0) = 0*Py(@, D), H (10, ) = 9*P.(@, 1),
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\
e

b1 < —% b, € _(%a —4%) b1 € (_%7_%) bi1 € (—%70) biy >0

Figure 7.6: The integral curves of the vector fields Y] (top pictures) and Y3 (bottom
pictures) for cusp type 2 BDEs.

where P,, Py, P. are smooth functions. The blown-up BDE is (u, 9)*w = 0@;, where
o = (0%A,20B,0),
with
A=0oP,
B (b11+UPb+UUP)
C = (1+ 2by)ii + 9P, + 200 P, 4+ 002P,.
We decompose w; into 1-forms, factor out a term v and consider the vector fields

3 P By .
= A= B+ (—-1) — AC
= A+ (<B o+ (-1)y/ (B2 - A0)) o
in a neighbourhood of the exceptional fibre. At the origin, when b;; < 0, Y] is
singular and Y5 is regular. This is interchanged when by; > 0.

The singular vector field is

where j = 1if by < 0, j = 2 if by; > 0, and g(u,v) is the germ of some smooth
function with zero 1-jet at the origin. This is singular on the set /Nl(ﬁ, 0) = 0 which

(since o9 # 0) is generally a smooth curve. At the origin

8 ((1 + 2b11)ﬂ/ — CLQQ@) 2
81) 2b11 8’&

Hence the type of singularity is as shown in [Table 7.3|

7Y/ A) =
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biy i Y,
(—o00,—1/2) | Saddle | Regular
(—1/2,0) Node | Regular
(0, 00) Regular | Saddle

Table 7.3: Singularities of the vector fields Y; and Yj for cusp type 2 BDEs.

\. E— —
- / \. - \/

~\|/ | - //‘\\

b11 < —% b11 € (—%,0) bn >0

Figure 7.7: The integral curves of the vector fields Y; (top pictures) and Y5 (bottom
pictures) for cusp type 2 BDEs.

The y-direction blowing-up is is orientation preserving when v > 0 and orienta-
tion reversing when © < 0, and we have divided by a factor of ©2. Hence the integral
curves of the vector field Y; are the blowings-up of F; when v > 0 and the blowings-

up of F3_; when v < 0. The integral curves of }71 and }72 in a neighbourhood of the

exceptional fibre © = 0 are shown in [Figure 7.7

(c) Blowing-down.

We combine the z-direction and y-direction blowings-up into a polar blowing-up,

and blow down. The full polar blowing-ups are shown in [Figure 7.8 (upper pictures)
and the integral curves are shown in [Figure 7.8/ (lower pictures).

(d) The equivalence homeomorphism.

The next step is to show that any two BDEs with these configurations are topolog-
ically equivalent. We give a proof in the case by; € (—3/2,—3/4), the other cases

follow by a similar method.
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b < —% b € (—%7—%) b € (—%, —%> b € (—%,O) by >0

Figure 7.8: Polar blowing-up (top) and integral curves (bottom) of cusp type 2
BDEs.

We construct a homeomorphism as follows. Choose a neighbourhood U of the
singularity of any BDE w of cusp type 2 with by; € (—3/2,—3/4) as shown in [Figure]
where all of the lines shown are integral curves, other than the discriminant,
which is the thick black cusp AOFE, and the thin black line segments AB and DF,
which are everywhere transverse to both foliations. Note that it is always possible to
choose them thus: if we choose a region containing B disjoint from the discriminant
then the foliations are everywhere transverse to one another, so can be modelled by
verticle and horizontal lines, and we can clearly construct a curve transverse to both
segments. At A the unique solution direction is not tangent to the discriminant, so
we can choose a direction that lies between the solution direction and the tangent
to the discriminant, which by continuity is transverse to the solution curves nearby.
We choose a similar neighbourhood U’ of the singularity of any other BDE w’ of
cusp type 2 with by € (=3/2,—3/4), with corresponding vertices on the boundary
O A B, C'"D' E' F' G.

We give the boundary 0U of U a positive orientation, and let

h:CDE — C'D'E'

be any increasing homeomorphism of the section CDFE of OU, sending vertices to
vertices. It is clear that such a homeomorphism exists, since C'DE is homeomorphic
to any compact subset of the real line.

We divide U into 5 regions for the purposes of constructing the homeomorphism:
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R1:

R2:

R3:
RA4:

R5:

Figure 7.9: The neighbourhood U of the singularity.

The region bounded by the segment of the discriminant OA and
the red solution curve through A.

The region bounded by the red solution curve through A and

the segment of the separatrix OB.

The region between the segments of the separatrices OB and OD.
The region bounded by the blue solution curve through E and
the segment of the separatrix OD.

The region bounded by the segment of the discriminant OFE and

the blue solution curve through F.

We define similar regions R1’-R5" in U’.

Choose a point p € R1. Slide along the red curve until it reaches the discriminant,

then along the blue curve meeting the discriminant at that point until it reaches a

point p; on the section of C'D C U . Now return to the original point p, and slide

along the blue curve until it reaches a point ps on C'D. Note that py > p;, with

equality if and only if p lies on the discriminant, and that the pair (py, po) is different

for each distinct p € R1. Now apply h, noting that h(ps) > h(p1), and reverse the

above process, sliding along the integral curves of w to determine a point p’ € R1’.

We define H :R1— R1’ by H(p) =p'.

For a point ¢ € R2 we determine the unique pair (¢;,q2) € DE C 0U by sliding

along the red curve through ¢ onto the segment AB, and from there along the blue

curve to determine ¢, and sliding along the blue curve through ¢ to determine ¢;.
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We then apply h and reverse the sliding process to determine ¢, and extend H to
R2 by defining H(q) = ¢. The homeomorphism extends to R4 and R5 in a similar
way, by associating to each point a unique pair of points on BC.

In R3 we associate to each point r a pair (ry,ry) where r; lies on BC' and is
obtained by sliding along the red curve, and ry lies on C'D and is obtained by
sliding along the blue curve.

It can easily be checked that H is well defined on the boundary curves of the
sectors, and is a homeomorphism taking the integral curves of the BDE w to those

of W'.

(e) Normal forms.

We now have that the topological type depends only on the value of by; (and on
co0 # 0). We obtain the topological normal forms given in the statement of the
Theorem by setting cop = 1, choosing a value of by;; in each of the open regions
determined by the values in the set {—3/2,—3/4,—1/2,0}, and setting all other
terms equal to zero. O

We consider now the exceptional values of b;; (note that when b;; = —1/2 the
BDE is not of cusp type 2 and when by; = 0 the discriminant has singularity worse

than Ay). These BDEs have codimension > 4.

Theorem 7.2.5 A cusp type 2 BDE with codimension 4 is locally topologically

equivalent to one of the following normal forms.

3
(1) (x, —5¥ + 22, 2%)  |Figure 7.10, left,
3
) (:E,—Zy,xQ) Figure 7.10, right,
The topological type is determined by the 2-jets of the coefficients of the BDE.

Proof: We follow the notation of the proof of [['heorem 7.2.4]

When by; = —3/2, the vector fields Y; and Y3 are both singular at the intersection
of the exceptional fibre t = 0 and the blown-up discriminant. Following the method
used in [64] 66], we change variables and set w = ¢, 22 = §, and restrict our attention

to the region z > 0. Then

9 2z (cg1 + 12bg)w 0 wz 0
— h.ot.)— — + h.ot.)—
2em 2 Som +h.ot.)— + ( + h.o.t.)

*Y _
(w, 2] ow  2cy 0z’
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Figure 7.10: The integral curves of cusp type 2 BDEs with codimension 4.

which has a saddle-node at w = 0,z = 0 provided c9; + 12byy # 0. The centre
manifold is transverse to the exceptional fibre. The integral curves of (w, 2)*Y, may
be obtained from those of (w, 2)*Y) via the change of variables z +— —z. The integral

curves of (w, 2)*Y; and (w, 2)*Y, are shown in [Figure 7.11| (the solid parts are the

the curves that are of interest).

Figure 7.11: The integral curves of (w,2)*Y; (left) and (w, 2)*Y; (right).

When by, = —3/4, at (s,t) = (0,0) the vector field ¥} has a saddle-node singu-
larity equivalent to
0 0

t— + s> —
ot +s Js

and Y, has a saddle. Both Y; and Y, are regular elsewhere on ¢t = 0. The integral
curves of Y; and Y, are illustrated in
Blowing down gives the integral curves of Y; and Y. These are illustrated in
igure 7.13|
The blowing-up in the y-direction yields the same configuration of the integral

curves of ¥; and Ys as in the proof of [Theorem 7.4/ when by; < —1 /2, that is, as

shown in |[Figure 7.7 (left)l We combine the directional blowings-up into a polar

blowing-up, and blow down to obtain the configuration. This is illustrated in
14 O
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1 T '
| \ | | |

v
4
v

_ _3 _ _3
b = —% by = —%

Figure 7.12: The integral curves of the vector fields Y; and Y; for cusp type 2 BDEs

N

with codimension 4.

4\/ - o ‘ ﬂ

=

_ _3 __3
biy = —3 bin = —%

‘ 1

[}

Figure 7.13: The integral curves of the vector fields Y; and Y5 for cusp type 2 BDEs

with codimension 4.

Remarks 7.2.6 1. One may construct homeomorphisms using the method of [13]
to show that the integral curves of a cusp type 2 BDE when by; takes any
value in (—o0, —3/2) are topologically equivalent to those when byy takes any
value in (0,00), and that those when byy takes any value in (—3/2,—1/2) are
topologically equivalent to those when by takes any value in (—1/2,0). No
topological change occurs at byy = —3/4. These topologically equivalent cases,
however, may have topologically different deformations in generic families, as

there are qualitative differences evident in their blowings-up.

2. Furthermore, the integral curves of cusp type 2 BDFEs are topologically equiva-
lent to those of a BDE with a folded singularity (see [30]): a folded saddle when
b1 € (—00,—3/2)U(0,00) and a folded node when by € (—3/2,0)\ {—1/2,0}.
When by, = —3/2, the lowest codimension case (Theorem 7.2.5 (1)) is topo-

logically equivalent to a folded saddle-node.
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b = —% b = —%
Figure 7.14: Polar blowing-up and integral curves of cusp type 2 BDEs with codi-

mension 4.

Figure 7.15: The integral curves of a cusp type 3 BDE.

7.2.3 Cusp type 3 BDEs

Theorem 7.2.7 A BDFE of cusp type 3 is topologically equivalent to

1
(z +5)dy* — iyd:cdy + 2?dx® = 0.

The topological type is determined by the 2-jet of the coefficients of the BDE. The
configuration of the integral curves are as shown in[Figure 7.15.

Proof: We use the notation of the proof of [['heorem 7.2.4] In the second blowing-

up, the vector fields Y; are regular at all points on the exceptional fibre except for
the point s = 0,¢ = 0 (the intersection of the two exceptional fibres). Here the
vector field Y, has a saddle singularity, and the vector field Y; has a saddle-node

singularity equivalent to

These are illustrated in [Figure 7.16] Blowing-down gives the integral curves of Y;
and Y5. These are illustrated in [Figure 7.17. The y-direction blowing-up yields no
singularities at the origin. Blowing down a second time we obtain the configuration

in [Figure 7.15| O
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/|
[

7
N
7

v
v

N

—h

N\

Figure 7.17: The integral curves of Y] (left) and Y3 (right) for a cusp type 3 BDE.

7

7.3 Configurations of the separatrices

Blowing-up allows us to highlight further differences between the various types of

cusp BDE. The observations below are immediate from the proofs of [Theorem 7.2.2]

[Theorem 7.2.4] and [Theorem 7.2.7, and we do not include proofs.

Recall |Definition 1.3.2 The separatrix curves do not always separate distinct

sectors, and there may be curves that do so which are not separatrices in the sense

of [Definition 1.3.2

Proposition 7.3.1 Let | be the limiting tangent line to the discriminant at the
origin. A cusp type m BDE of lowest codimension has one or three separatrices, all
transverse to | (m = 1); one separatriz transverse to l, and a cuspidal separatric
with limiting tangent line I (m = 2); one cuspidal separatriz with limiting tangent
line | (m = 3). See[Figure 7.1§

The separatrices also highlight differences between those cusp type 2 BDEs that are
topologically equivalent despite having different blowings-up (see . In
particular the cuspidal separatrix points in the same direction as the discriminant
when b1; < —3/4 and in the opposite direction when b1; > —3/4. When b;; = —3/4
there is no cuspidal separatrix, although this case is topologically equivalent to those

when by; € (=3/2,—3/4) U (=3/4,—-1/2) U (—1/2,0) (the cuspidal separatrix does
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not separate distinct sectors for such values of byy).

Further differences are observed when one considers the foliation to which each

separatrix belongs (see |[Figure 7.18]).

(y,y —2,9%)  (y,y+2z,9?) yy+\/_wy (y,y + z,9%)

Cusp type 1

///

Cusp type 2

(l’,—2y,272) (ZE’,JIQ - %y,$2) ($,—y,$2>

Cusp type 3 / <

(v +y, 5 w,2%)

Figure 7.18: The separatrices of cusp BDEs.

7.4 Degenerate cusp BDEs

We consider now the degenerate case where the lifted field ¢ vanishes at all points
of the exceptional fibre. Such BDEs have codimension > 5. We establish the

topological configurations of the integral curves in the least degenerate case. The
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proof for [Theorem 7.4.1] employs the same blowing-ups as those used in
2.4

Theorem 7.4.1 A cusp BDE with linear part equivalent to (x,—vy/2,0) and with

codimension 5 1s topologically equivalent to

1
('ZC + y27 _§y7 'Tz)'

The configuration of the integral curves of such BDEs are as shown in|Figure 7.19.

Figure 7.19: The integral curves of a cusp BDE equivalent to (z + %, —y/2, 2?).

Proof: Consider the first xz-direction and y-direction blowing-ups. In the nota-

tion of the proof of [Theorem 7.2.4l the vector fields Y;, Y, i = 1,2 are singular along

the whole of the exceptional fibre. We may, however, write Y;(u,v) = uZ;(u,v), and
Y/,(ﬂ,f}) = 1722-(@,6) for some smooth vector fields Z;, Z;, i = 1,2. Away from the
exceptional fibre the integral curves of Y; (respectively }7;) are the same as those of
Z; (vespectively Z;).

We consider a second blowing-up. The integral curves of Y; and Y are illustrated

in [Figure 7.20l Blowing down gives the integral curves of Y; and Y5. These are

v
Vv

Figure 7.20: The integral curves of the vector fields Y; (left) and Ys (right) for
degenerate cusp BDEs.
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illustrated in [Figure 7.21 (left)l The integral curves obtained by the y-direction

blowing-up are shown in [Figure 7.21 (right)|

Figure 7.21: The integral curves of the vector fields Y; and Y, (left), and Y, and Y,
and (right) for degenerate cusp BDEs.

We combine the z-and y-direction blowing-ups to obtain a polar blowing-up, and

blow down to obtain the configuration. This is illustrated in [Figure 7.22| O

Figure 7.22: Polar blowing-up (left) and integral curves (right) of degenerate cusp
BDEs.

7.5 Discriminant having a Y11’2-singularity

We study BDEs with 2-jets equivalent to a (2%, —xy, 2y*), and with the discriminant
having a Y1172—singularity at the origin, (that is, a singularity that is A-equivalent to
—2?y? — 2% — y%). Such BDEs arise in the study of the characteristic curves on a

cross-cap (see [Chapter §|).

Theorem 7.5.1 A BDE with 2-jet equivalent to (z?, —zy, 2y*) and a discriminant
having a Y{'y-singularity equivalent to —xz*y* — x° —y® then it is topologically equiv-
alent to

2 dy? + 2(—xy — y*)dady + (2y* — 2°)dz* = 0.

See [Figure 723,
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Figure 7.23: The integral curves of a Y1172—BDE.

Proof: We write w = (a,b, ¢) = (2 + Qu(z,y), —zy + Qu(x,y), 2y + Q.(2,9y)),

where (,, Qp, Q). are smooth functions with zero 2-jets at the origin. We write

72Qa = azor® + az17%y + azy’r + azsy®,
72Qp = bgox® + bg12%y + bsay®x + bszy?,
Qe = c307” + 3127y + c32y°x + 3317,

2

The discriminant is 6 = b — ac, which has a K{Q—singularity at the origin if

Cog # 0 and b2; — c3zazs # 24ay,, where

Q.
Q44 = 8—3?4(0’0)'

The discriminant is equivalent to
—z?y? + sign(co)x5 + sign(bg3 — (33033 — a44)y6.

We consider only the case b3; — c3zazs — 24a4y < 0, and o9 < 0 (the case c9 > 0
gives topologically equivalent integral curves, up to a reflection in the y-axis).

The vector fields Y; an Y5 studied in the first z-direction blowing-up are singular
only at the origin, however they are not smooth there. After a second blowing-
up, the discriminant is transverse to the exceptional fibre t = 0 at s = —1/c,.
The integral curves meet the discriminant transversally. The vector fields are both
singular at t = 0,s = 0, but no integral curves exist in a neighbourhood of this
point. The vector field ¥} has a saddle at t = 0,s = —5/(4cp) (see [Figure 7.24})

A first blowing-down gives the integral curves of the vector fields Y; and Y5.

These are shown in [Figure 7.25 (left and centre)|

A y-direction blowing-up is considered, but yields no extra information since

there are no integral curves in a neighbourhood of the origin.
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N

i B

Figure 7.24: The integral curves of Y7, left and Y5, right for a Y1172—BDE.

4
v

The second blowing-down gives the configuration of the integral curves of the

original BDE. These are shown in [Figure 7.25 (right)|

k(
N

4 4

Figure 7.25: The integral curves of Y7 (left) and Y2 (centre), and the configuration

at the singularity (right) for a Y!,-BDE.



Chapter 8

Pairs of foliations on a parabolic

Cross-cap

We turn our attention now to singular surfaces in R3. Given a surface patch

parametrised by

r:U CR*— R

Whitney ([75]) showed that r may have a singularity, known as a cross-cap, that is
stable under smooth changes of coordinates in the source and target. As a cross-cap
is a stable singular surface in R? it is natural to seek understand its differential
geometry.

The topological configurations of the asymptotic curves in the domain of a
parametrisation of a hyperbolic cross-cap are established in [74], and the topological
configurations of the asymptotic curves, characteristic curves and the lines of cur-
vature on hyperbolic and elliptic cross-caps, in the domain and on the surface, are
established in [64]. In this chapter we establish the configurations of the asymptotic
and characteristic curves on a parabolic cross-cap.

The lines of curvature on a singular surface with a cross-cap singularity are
studied in [64]. In the general the topological configurations of the lines of curvature

on a cross-cap is independent of whether the cross-cap in hyperbolic, parabolic or

elliptic, as the parameter v in the parametrisation of the cross-cap (§8.1.1)| does not

affect the topological normal form of the BDE of the principal directions so these

curves are not considered in this chapter.
156
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The results of this chapter and of will appear in [55].

8.1 The cross-cap

It is shown in [75] that if
g:R*0—-R30

is a germ of a smooth mapping, then g has a local A-stable singularity if and only

if it is A-equivalent to f(z,y) = (z, 2y, y?).

Definition 8.1.1 A cross-cap is the image of any map-germ
r:R?0— R0

that is A-equivalent to (x,xy,y*).

As a cross-cap is a stable singular surface in R?, it is natural to seek to understand
its differential geometry.

Cross-caps play a significant role in the study of other geometrical objects. For
example, any immersion of the projective plane in R3 must have a cross-cap. The
geometry of cross-caps also turns out to be significant in the study of the projections
of smooth surfaces in R* to 3-spaces (see [50]).

The differential geometry of the surface is preserved by isometries of R and
enlargements of R? of the form (X,Y, Z) — t(X,Y, Z), so we must restrict ourselves

to such changes of coordinates in the target. The parametrisation of a cross-cap in

IProposition 8.1.1|is given in [74], we include here an outline of the proof.

Proposition 8.1.1 ([74]) Any germ of a map A-equivalent to f can be transformed
by smooth changes of coordinates in the source and isometries and enlargements of
the target to

r(z,y) = (z, 2y + p(y), va® + pay +y* + q(z,y)), (8.1)

where p(y) and q(z,y) are germs, at the origin, of functions with j*p = j%q = 0,

and v, |4 are constants.
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Proof: Let
g: R20 —R30
(z,y) = (91(z,9), 92(2,), g3(x, y))-
be a germ that is A-equivalent to f. Then, by a rotation in the target if necessary,
we may assume jlg, = jlgs = 0, as the Jacobian of ¢ has rank one at the origin.
We may then, by a diffeomorphism in the source if necessary, assume g; = z.
By a further rotation in the target and a linear change of coordinates in the

source we may write

9(z,y) = (z, 2y + pi(2,y), d12* + dowy + dsy® + @1 (2, y)),

where d;, ds, d; € R and j%p; = j2q; = 0.

Any germ of the form (z,y) — (x, zy+ri(z,y)) with j2r;1 = 0 may be reduced to
the form (z,y) — (x,zy + ro(y)) where j%ry = 0 by a smooth change of coordinates
in the source (this result is given in [74] and is proved using tools from singularity

theory). This is used to reduce the parametrisation of the cross-cap to the form

9(x,y) = (x, 2y + p2(y), dix® + dazy + dsy” + @o(2, ).

The proof is completed by scaling the coordinates in the source and in the target.

|

We will write

-4 3 4
- —|— ,
7'p(y) = sy’ + pay 8.2)

73q(z,y) = g7 + 172y + g3y’ + g3z’

For a singular surface with a cross-cap singularity there is no well-defined unit
normal to the surface at the cross-cap point as ||r, x r,|| = 0, so the coefficients of
the second fundamental form are not defined. However the surface is smooth other
than at the cross-cap, and the BDEs of the asymptotic and characteristic curves,
lines of curvature and the families C, and R, are homogeneous in [, m,n, so we
can multiply their coefficients by an appropriate power of ||r, X r,||, or equivalently

replace [, m and n in each equation by

lh =1y (ry XTy),my =Ty (Ty XTy),np =Ty - (Ty XTy).
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Thus for a cross-cap we take the asymptotic BDE to be
ndy? + 2mydady + l1dz? = 0. (8.3)

We take the characteristic BDE to be
(2m1(Gmy — Fny) — ni(Gly — Eny))dy?
+2(mq1(Gly + Eny) — 2Flyny )dzdy (8.4)
+(I1(Gly — Eny) — 2my(Fl; — Emy))dx® = 0.
We take the principal BDE to be

(Gmy — Fny)dy® + (Gly — Eny)dxdy + (Fl, — Emy)da* = 0. (8.5)

The parabolic set is given by m? —nil; = 0. If v # 0 in then the parabolic
set has a Morse singularity at the origin: Af if v < 0, in which case we have a
hyperbolic cross-cap, and A; if v > 0, in which case we have an elliptic cross-cap. If
v = 0 the parabolic set has a more degenerate singularity. If g3g # 0, the parabolic
set has an Aj-singularity (a cusp), and we label the surface a parabolic cross-cap.

We take, without loss of generality, ¢3o > 0.

Remark 8.1.2 If affine changes of coordinates in the target are permitted, we can

simplify the parametrisation given in|Proposition 8.1.1| to

r(z,y) = (z,2y + p(y), ex® + y* + q(z,y)), (8.6)

where € = 1,0, —1 for respectively elliptic, parabolic and hyperbolic cross-caps.

8.2 The asymptotic curves and the characteristic
curves on a parabolic cross-cap

Establishing the configurations on the parabolic cross-cap of the asymptotic and
characteristic curves is done in two stages. Firstly we establish the configurations in
the domain by studying the appropriate BDE. Secondly we map the foliation to the
surface. This is trivial for smooth surfaces, as the parametrisation is a diffeomor-
phism from the domain to the image. In the case of a cross-cap, however, we must
analyse how the leaves of the foliations in the domain intersect the double point

curve.
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8.2.1 Configurations of the asymptotic curves

In [64] it is shown that there are two generically occurring topological configurations
of the asymptotic curves in the domain of an elliptic cross-cap. The asymptotic BDE

is topologically equivalent to
rdy® + 2(—y + 2?)dxdy + xdx* =0

or to

wdy® + 2(—y + zy)dzdy + vdr* = 0.

In these are labelled case 1 and case 2 respectively.
It is shown in ([74]) that there is one topological configuration for hyperbolic
cross-caps, and the BDE is topologically equivalent to

xdy? + 2ydxdy — xdx® = 0.

Figure 8.1: Configuration of the asymptotic curves in the domain of the parametri-

sation of a hyperbolic cross-cap (left), and an elliptic cross-cap, case 1 (centre), case

2 (right).

We adopt the parametrisation of a cross-cap given in [Remark 8.1.2]

Proposition 8.2.1 The asymptotic BDE in the domain of a parametrisation of a

parabolic cross-cap s topologically equivalent to
wdy® — 2ydxdy + x*dy?® = 0.

The topological type is completely determined by the 3-jet of the parametrisation of
the surface. See [Figure 8.3
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Figure 8.2: Configurations in the domain of the asymptotic curves at a parabolic

Cross-cap.

Proof: At a parabolic cross-cap we parametrise the surface as in [(8.1.2)) with
€ = 0. We calculate the coefficients of the second fundamental form. The coefficients

of the asymptotic BDE may be written as

(,f + Hl(qja y)7 -y + Hg(l’, y)v HS(:U> y))
where H;, (i = 1,2, 3) are smooth functions, with
J2Hy = qs22” + 3qssy — 3psy’,

j2H2 = C]315152 - 3q33y2,
J2Hs = 3q307? + 3¢312y.

Since q30 # 0 we may apply [[heorem 7.2.4] to establish the result. O

We seek now the configuration of the curves on the surface. If the cross-cap is

parametrised as in [(8.1))} then the 3-jet at the origin of the double-point curve is

(—psy”® — p3(—1ps + ¢33)y°, y).

If (x1,71) and (z2,y2) are two points on the double-point curve with the same image
under r, then
Y2 = —y1 — gz0y; + O(y7). (8.7)
The double-point curve is transverse to the limiting tangent to the parabolic set
at the origin, and has a non-empty intersection with the hyperbolic region in a
neighbourhood of the cross-cap. Thus we must take it into account when mapping
the asymptotic curves to the surface.
In the case of the asymptotic curves we may take pu = 0, so the 3-jet of the

double-point curve is

(—p3y2 - p3Q33y3, ?J)
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There is a single separatrix transverse to the limiting tangent to the parabolic set

at the origin. The 3-jet at the origin of a parametrisation of this separatrix is

(3Q33P3 - 8p4) 3

(—psy® — . v, y).

Thus this separatrix and the double point curve have generically 3-point contact at
the origin. The image of this separatrix under r has a cusp at the cross-cap point.

As shown in the double point curve (in dashed lines), in a neighbour-
hood of the origin, intersects one foliation only once, but intersects the other twice
(which foliation depends on the sign of ps — p3gs3). We need to establish whether or

not these two intersection points map to the same point on the surface.

Figure 8.3: Configurations of the asymptotic curves with the double-point curve

(shown in dashed lines).

There are two involutions on the double point curve: 7, which interchanges points
of intersection of the double-point curve with a particular asymptotic curve, and o,

which interchanges points with the same image under r.

Theorem 8.2.1 For a generic parabolic cross-cap, 7(8) # o(B) for any point (3
with B # (0,0) on the double point curve in a neighbourhood of the origin. As a

consequence, the configuration of the asymptotic curves on a parabolic cross-cap is

as shown in|Figure 8.4

Proof: We label the red and blue foliations F; and F; respectively. Without
loss of generality we take py — p3g33 > 0. In a neighbourhood of the origin, each
leaf of F5 intersects the double point curve twice. The case py — p3q33 < 0 follows
by a similar argument on J;. The separatrix transverse to the limiting tangent to

the parabolic set at the origin is given locally by the graph of a function x = I(y),
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Figure 8.4: The asymptotic curves on a parabolic cross-cap.

where

Bl = —pay? — (3Q33p35— 8p4)y3.
We make changes of coordinates x = X + I(Y),y = Y, so this separatrix is along
the Y-axis, the separatrix being a curve of F,. The asymptotic BDE in this new

system of coordinates is in the form

A(X,Y)dY? +2B(X,Y)dXdY + C(X,Y)dx* = 0, (8.8)

AXY)=a(X +1UY),Y)+20(X + 1Y), ) (Y)+ (X + 1Y), Y)'(Y)?

B(X,Y)=bX+1Y),Y)+ X +1Y),Y)'(Y)
CX,)Y)=c(X+1(Y),Y).

In the (X,Y) plane, the horizontal direction is a solution of the when

C(X,Y)=0. We have

jQC(X> Y)= 36]30X2 + g XY,

so if g31 # 0 this set has an A -singularity at the origin, that is, it has two transver-
sally intersecting branches. One branch is tangent to the Y-axis and the other to
the line

3q30X + g31Y = 0.

We label these branches C; and C; respectively. A calculation shows that C; is given
by

X = p3Y? + hot.
Further calculations show that in the region Y > 0, C; and C; are the loci of turning

points of leaves of F5, and that if ¢3; > 0, C; is the locus of local minima and C, the

locus of local maxima, the reverse being the case if ¢3; < 0.
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Figure 8.5: Involutions on the double point curve: (l-r) cases 1,2 and 3.

The vertical direction is a solution to the BDE if A(X,Y) = 0. This set is a
smooth curve in a neighbourhood of the origin. So in such a neighbourhood, no leaf
of either foliation has a vertical tangent other than the separatrix X = 0.

The double point curve is parametrised as (((Y),Y), where ((Y) is a smooth

function with
8(—(133};3 + p4)Y3_

There are three cases. If p3q3; > 0, the turning points of the leaf of F, lie on

3¢ =

opposite sides of the double point curve. We label this case 1. If p3 < 0,¢31 > 0
(case 2), the turning points both lie on the opposite side of the double point curve
from the point where leaf meets the discriminant. If p3 > 0,¢3; < 0 (case 3), both
turning points lie between the discriminant and the double point curve. See
3.0

The leaves of F; are tangent to

) )
b= Az + (=B — /B = AC) .

Choose a point on the Y-axis, (0,¢) where ¢ > 0 is small. Denote the leaf of F
through this point by ;. Choose a half-line h starting at the origin and making an

angle ¢ with the negative X-axis. We write the intersection of A and ; as
U(t)(1, tan ¢).

The polar blowing-up,
x = pcosb,y = psinf
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of & yields a regular vector field n, for (0, p) € [7/2,7 — ¢] x [0,a), where a is a

small positive real number. It follows that the map

k g X [0,a1) — (7 — ¢) x [0, as)
determined by the flow of 75 is smooth and £'(0) # 0 (aq, ay are appropriately chosen
real numbers). Blowing down we have U(t) = k(t), that is, that U(t) is a smooth
function of ¢, and that U’(t) # 0. It follows that we can write

U(t) = t(c+ L(t))

for some (negative) non-zero scalar ¢ and smooth function L vanishing at ¢ = 0.
Denote by 3 = (1, f2) the intersection of -, and the double point curve in the

region X < 0.

Case 1.

Denote by v = (v, 12) the point on the double point curve with vy = U(t). We have

By < 15. From if
o(B) = (01(83),02(8)),

then
02(8) = —F2(1 4+ ¥ (52))
for some smooth function ¢ vanishing at the origin. For small 3, (that is, small ¢),
we then have that o9(3) > 02(v).
Since U(t) = v; = ((1»), we have
t(c+ L(t)) = ¢(ra).
The inverse function Theorem and the expression for the 3-jet of ¢ yields
e = t'Pa(t)

where « is some function, smooth off the origin, continuous at the origin and with

a(0) < 0. Tt follows that
oa(v) = —t"Pa(t) (1 + (1 a(t))),

and so o9(v) > t for small £. Since in this case v, is strictly decreasing between the

positive Y-axis and the double point curve, t > 75(/3), hence oo(3) > 72(f).
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Case 3.

Define s(t) the Y-coordinate of the local maximum of ~; at the its intersection with
Ci. Note s(t) > m(0). Denote by v = (v1,1v5) the point on the double point curve
with vy = U(s(t)). We can, by choice of the half-line h, guarantee that 5y < 5. So
by the argument used in the previous case, o9(3) > 02(qr). Also by the argument

used in the previous case, o2(v) > s(t), and hence o2(3) > ().

Case 2.

We define s(t) to be the Y-coordinate of the point where ; meets the discriminant
and follow the argument used in case 3 to show o2(3) > 7 (5).

Hence we have proved that, provided p3 # 0 and p; — gs3ps # 0 (we also need
q30 # 0 for the configurations in the domain), o(/3) # 7(3). This is satisfied for an

open and dense set of parabolic cross-caps. O

8.2.2 Configurations of the characteristic curves

It is shown in [64] that there are two generically occurring configurations of the
characteristic curves at an elliptic cross-cap. The BDE is topologically equivalent
to either

(2% + ydy? — 2zydady + (—2* + 2y* + y*)dx* = 0
(case 1), or to
(:EZ + ?J4)dy2 - Qxyda?dy —+ (—1’2 + 2y2 + $y2)dl,2 -0

(case 2). See |Figure 8.6|

Proposition 8.2.2 The equation of the characteristic curves in the domain of a

parametrisation of a parabolic cross-cap is topologically equivalent to
v?dy? — 2xydzdy + (2y* — 2°)dz* = 0.

The topological type is completely determined by the 3-jet of the parametrisation of

the surface. See|Figure 8.7 (left). The configuration on the surface is as shown in

|Figure 8.7 (right),.
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Figure 8.6: Configurations of the characteristic curves in the domain of an elliptic

cross-cap, case 1 (left) and case 2 (right).

Proof: For a parabolic cross-cap parametrised as in ((8.1.1)) the coefficients of

lequation (§8.4) are in the form

((I, b> C) = (xQ + Ql(xay)v —xy + Q2($7y)72y2 + Q3($,y)),

where (1, ()2, Q3 are smooth functions, with

73Q1 = 2327 + 6(gss — pps)yr? — 6psxy?,

. 9
73Q2 = Lgz12® — ygza® + 5 (=38 + 1ps)y*e + 3psy’,

7*Q3 = —3q302® — 3gz12%y + 6(ga3 — pp3)y>.

If § is the discriminant of fequation ({8.4)| then

76 = 2®y® + 3q300° + 2gz1y2”t — 2q32y° 0% + 9(—qs3 + pup3)yPr? 4 6psry’.

This has a Y1172—singularity at the origin if g3 # 0. We apply |Theorem 7.5.1| to

establish the first assertion.

As noted, the intersection of the double point curve and the elliptic region is
empty, so the characteristic curves can be mapped to the surface without problem.
For the smooth part of the surface, the parametrisation is a diffeomorphism from
the domain to the image. We therefore simply map each sector of the configuration

in the parameter space to the surface in the appropriate way. O
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o/

Figure 8.7: Configurations in the domain of the characteristic curves at a parabolic

cross-cap (left), and their image on the surface (right).



Chapter 9

One-parameter families of

Cross-caps

It is natural to consider a one-parameter family of cross-caps in which the transition
between the two generic (that is, the hyperbolic and elliptic) cross-caps is realised at
a parabolic cross-cap. In this chapter we establish a parametrisation of this family
and study the bifurcation of the asymptotic and characteristic curves in the family.

We adopt (following [33]) the notion of fibre topological equivalence, that is we
shall consider two families of BDEs, w; and 7;, equivalent if there exist neighbour-
hoods U Cc R%, V C R” and W C R?, and a family of homeomorphisms h;, for
t € V, all defined on U such that h; is a topological equivalence between w; and
Ty(1), Where ¢ is a homeomorphism defined on .

Although we are interested in the local configurations of the asymptotic and
characteristic curves that appear in the bifurcation, we cannot rule out the possibility

of semi-local phenomena emerging from the local singularity.

9.1 Generic families of cross-caps

Let ¥, C J*(2,3) denote the set of k-jets of parametrisations of cross-caps where
k is an integer greater than 2, that is, the set of k-jets germs of smooth maps
R? 0 — R3,0 that are A-equivalent to (z,zy,%?). This is a smooth variety of

codimension 2 in J*(2, 3).

169
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To an r-parameter family of cross-caps

I'(.’L', Y, t) = (ala O, 053)
depending smoothly on ¢, we associate the jet-extension map

®:R?(0,0) x R",0 — X,
(7,y,1) = j (o, a2, 03)(2y)
where j*(ay, (2, 3)¢|(2y) 15 the k-jet of (o, g, ag) at (x,y) with ¢ fixed.

We say that a particular type of cross-cap is of codimension m if the conditions
that define it yield a semi-algebraic set, R, of codimension m in ¥, that is invariant
under the natural action of the (k+1)-jets of diffeomorphisms in (x, y), multiplication
by non-zero functions in (z,y) and isometries of R? in the target.

We say that an r-parameter family of cross-caps is generic if the map ® is

transverse to R. A necessary condition for genericity is r > m.

Proposition 9.1.1 A generic 1—parameter family of cross-caps, ry, can be written

as
(37, xry + p(l‘7 Y, t)7 y2 + txg + ,u(t)xy + qt(xv Y, t))’ (91)

where u(0) = po and py, q are smooth functions with the following properties. For t
fixred p and q have zero 2-jets at the origin and p(x,y,0) has no dependency on x.

Proof: Suppose that the family is given by

ry = (91(33, Y, t)? 92(377 Y, t)a 93<x7 Y, t))?

with ry as above. The cross-cap is A-stable, so all members of the family r; have a
cross-cap singularity at some point near the origin.

At the cross-cap point the Jacobian of r; has rank one. This occurs when

91292y — 92291y = Y1293y — 91292y = 0.
Define a map-germ

h:(R? x R),(0,0) — (R2,0)

(z,9,1) — (G1292y — G291y, G1293y — J3291y)-
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We have

1
|Dh(w,y)(0,0,0)] = =1,
0 1

so by the implicit function|{Theorem 1.1.6/A~*(0) is a smooth curve in the (z,y) plane

parametrised by ¢, so by making a translation depending smoothly on t if necessary,
we may assume that the cross-cap singularities of all members of the family r; are
at the origin.

Following the method of [74], for ¢ fixed we may make a smooth change of

coordinates in the source so that

gl(l‘7 Y, t) = Z,

and so that
Jtga =395 =0

at the origin. We make a rotation in the target to set
2 _ 2
i 92(z,y,1) = 2y + 137

The cross-cap is at the origin so ¢; = 0 (we again use the implicit function
to show that these transformations depend smoothly on ).
We now have

j293($a y,t) = d1y? + dozy + dsa®

where d; depend smoothly on ¢, and d;(0) # 0. We scale coordinates in the source
and dilate in the target to make d; = 1, these changes being smooth since d; does
not vanish.

The condition for a parabolic cross-cap is d3 = 0, which is the case at t = 0.
The jet-extension map is transverse to the subset of 5 defining parabolic cross-caps
provided d5(0) # 0. We take this to be the case, so we can make a smooth change
of parameter ¢ to give the parametrisation in the required form. O

In a generic family the parabolic cross-cap is the transition between a hyperbolic
and elliptic cross-cap. It is shown in [50] that for each fixed t the parabolic set is a

section of a Whitney umbrella. Thus the bifurcation of the parabolic set is as shown

in [Figure 9.1}
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- <H©<

Figure 9.1: The bifurcation in the domain of the parabolic set at a parabolic cross-

cap.
9.2 Bifurcations in the asymptotic curves
We require some preliminary results.

Proposition 9.2.1 The cross-cap in |(9.1)| changes from hyperbolic (t < 0) to el-
liptic (t > 0) through a parabolic cross-cap t = 0. For the elliptic cross-cap, the
asymptotic BDE s equivalent to

wdy® + 2(—z + 2y)drdy + xdz® = 0.

The other configuration of the asymptotic curves on an elliptic cross-cap (see
does not appear in the bifurcation.

Proof: We make affine changes of coordinates in the target in order to simplify the

parametrisation in [Proposition 9.1.1| to

r, = (z,2y + p(z,y,t),y* + ta* + q(x, y, 1)). (9.2)

We calculate the coefficients, L, Mi, Ny, of the asymptotic BDE on a cross-cap.
The parabolic set is given by the discriminant § = M — L1 N;. We find that

3§26 = 4y? — 4ta®

and the first assertion follows immediately.
It is shown in [64] that if the asymptotic BDE on an elliptic cross-cap is written
as

(x + Hy(z,y))dy® + 2(—y + Ha)dzdy + (v + Hy(z,y))dz* = 0,
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where H;, i = 1,2, 3, are smooth functions with zero 1-jets at the origin, and one
sets

A(l‘,y) = jQHlaB('ray) = j2H27C(x7y) = j2H37

then the two generically occurring configurations of the asymptotic curves in the
domain of a parametrisation of an elliptic cross-cap are distinguished by the sign of

A1A5 where 1
A= —5(C(L1) +4B(L,1) + 3A(1, 1)),

1
Ay = 5(0(1, —1)+4B(1,-1) + 3A(1,-1)).
The equation of the asymptotic curves in the domain of an elliptic cross-cap is

topologically equivalent to

xdy?® + 2(—y + 2*)dxdy + xdx® = 0
when AjAs > 0, and to

rdy? + 2(—z + 2y)drdy + xdz® = 0
when AjAy < 0 ([64]).

For t fixed we write

7°pe = p30x® + p312°y + psazy® + pasy’,

7°q = gao” + g’y + gzay® + g33y°,
where the coefficients depend smoothly on . When t = 0 we have the parabolic
cross-cap parametrised by , SO p3o = p31 = p32 = 0 at t = 0. We also have the
genericity condition g3y # 0 at ¢t = 0.

The 1-jet of the asymptotic BDE, when using the [parametrisation (9.2))|is

(z, —y,tz).
If we write the BDE as
(z + Hi(z,y,t))dy* +2(—y + Hy(z,y,t))dzdy + (tx + Hs(z,y,t))dz* =0
then we have
J2My = (ps1 + gs2)2” + 3qsszy — 3pssy’,

. 1 3
J2My = §Q31$2 — 2p31TYy — (56133 + 2p32)y?,

J2M3 = (tps1 + 3q30)x? + (—6p3o + 2tpse + q31)7y + (—2p31 + 3tps3)y>.
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We make the change of variables (z,y) — (2/v/t,y) in the source and multiply
the equation by v/t. We obtain a new BDE

where
Ky(z.y.t) = ﬂm(%,y,w,
Kol 1) = Ho 2 9:1),
Ka(z,9,t) = %Hg%,y,t).
We set
Az, y,t) = j°K = %ﬂp + 3g332y — 3V/tpssy?

431 o 217313: 3(q3s + 2p32)y2

B t) = 2K, = B
(33', Y, ) J 2 2t xr \/]_f Y 2
¢ 3 —6 2t
C(z,y,t) = j°K3 = Mﬁ + (=6pso + 2tps» +q31)xy
tv/t t
L (22 Btpw)
\/E .

Then the configuration depends on the sign of A;(¢)As(t) where

Ad(t) = —%(0(1, 18) +4B(1,1,1) + 3A(1, 1,1)),
As(t) = %(0(1, L6+ 4B(1,—1,8) + 3A(1, —1,1)).

We have
~ —3(gs0 + (gs2 — 2ps1)t — 2psst® + ((gs1 — 2ps0) + (g33 — 2ps2)t)V/t)
A (t) =
2t\/t
 3(gs0 + (g32 — 2ps1)t — 2psst® — ((g31 — 2ps0) + (g3 — 2ps2)t)V/T)
Ao(t) = i

Since t > 0 the sign of Aj(¢)As(t) is the same as that of

4
§t%A1(t)A2(t) = —((q30 + (g32 — 2p31)t — 2p33t®)® — t((g31 — 2p30) + (q33 — 2p32)t)?).

Note that
. A4
hm(gtzAl(t)AQ(t)) = —q5,(0) < 0.

t—0
Thus for small ¢, A1(t)A2(t) < 0, and by Theorem 3.1 of [64] the BDE is topologically
equivalent to

wdy® + 2(—y + xy)dxdy + wvdr* = 0.
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Proposition 9.2.2 The separatriz transverse to the limiting tangent to the discrim-

inant does not bifurcate in the family.

Proof: We write the BDE in the form
(:U + H1<.’L',y,t))dy2 + 2(_y + HQ(iL‘,y,t))d.’Edy + (tl’ + Hg(l‘,y,t))d.’ll’Z = Oa

and take the affine chart ¢ = dx/dy for RP'. The surfaces M; associated to the

BDE are then given by G(z,y,q) = 0, where
G(,y,q) = (v + Hi(2,y,1)) + 2(—y + Ha(z,y,1))q + (tw + Hs(x,y,1))q".
This surface is smooth on this chart for all values of t. We look for roots of the cubic
¢(q) = (Gy +4G2)(0,0,9).

One root lies at ¢ = 0. The lifted field has a saddle there, with one separatrix

projecting to a curve transverse to the discriminant of the BDE. O

In [25], [74] the family of height functions (recall [Definition 1.2.4)) on a cross-cap

is considered. It is shown that the height function in no direction at a parabolic
cross-cap has worse than an As-singularity, provided the discriminant has a genuine
Ag-singularity. Thus no cusps of Gauss appear in the bifurcation of a parabolic
Cross-cap.

This observation excludes the possibility of semi-local phenomena occurring in
the bifurcation. Should any integral curve meet the discriminant at two distinct
points, the foliation would necessarily have a singularity between them. As the
discriminant is smooth away from the cross-cap, the singularity would be a cusp of
Gauss.

We are now in a position to establish the following result.

Theorem 9.2.1 The asymptotic BDE on a generic one-parameter family of sur-
faces parametrised by vy, with vy having a parabolic cross-cap at the origin is fibre

topologically equivalent to

zdy? + 2(—y + try)drdy + (tz + (1 — t*)2*)dz® = 0.
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The topological type is completely determined by the 3-jet of the parametrisation of

the surface. See|Figure 9.2 (top pictures). The curves map to the surface as shown

in|Figure 9.2 (bottom pictures).

Figure 9.2: The bifurcations of the asymptotic curves at a parabolic cross-cap in
the domain (top pictures) and on the surface (bottom pictures): ¢ < 0 (left), t =0
(centre) and t > 0 (right).

Proof: We must show that the configuration of the integral curves is constant
in ¢ > 0 and constant in t < 0 (the singularity of the surface that occurs when
t =0 is at infinity). This is done by choosing an appropriate neighbourhood of the
discriminant and sliding along integral curves to construct the required homeomor-
phism (see [13, [63] 65, [66]). For fixed ¢ < 0, the equation given in the statement is
topologically equivalent to the normal form of the asymptotic BDE on a hyperbolic
cross-cap established in [74]. For fixed ¢ > 0 the equation given in the statement

is topologically equivalent to the normal form of the asymptotic BDE on an elliptic

cross-cap of the required type as given in |Proposition 9.2.1 If the genericity condi-

tions established in [Section 8.2.1| that allow us to map the curves to the surface are

satisfied when ¢ = 0, they will, by continuity, be satisfied for ¢ close to zero, so we

can map the curves to the surface as shown. O
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9.3 Bifurcations in the characteristic curves

We take the parametrisation as in [(9.1)l When ¢ < 0, the cross-cap is hyperbolic

and so no characteristic curves exist in a neighbourhood of the cross-cap.

Proposition 9.3.1 In the family [r, (9.1)| the characteristic BDE at the elliptic

cross-cap (when t > 0) is equivalent to
(z® + y*)dy? — 2zydady + (—a® + 2y* + zy*)da® = 0.

The other type of elliptic cross-cap in[Figure 8.6 does not appear in the bifurcation.

Proof: The proof is similar to that of |Proposition 9.2.1| and is omitted. O

It is noted in [64] that the singularity of the BDE of the principal directions
at a hyperbolic/parabolic/elliptic cross-cap is locally an isolated point, so there
is no sequence of umbilic points converging to the cross-cap point, and no such
points appear in the bifurcation. Since no cusps of Gauss appear in the bifurcation
either, the characteristic curves form a family of cusps at the smooth part of the

discriminant.

Theorem 9.3.1 The characteristic BDE on a generic 1-parameter family of cross-

caps is fibre topologically equivalent to
(2% + yMdy? — 2xydrdy + (—tx? + 2y + toy® — 2%)dz* = 0.

The topological type is completely determined by the 3-jet of the parametrisation of

the surface. The bifurcation is illustrated in|Figure 9.3 (upper pictures).

Proof: The proof is similar to that of [I'heorem 9.2.1] The characteristic curves

can be mapped onto the surface without difficulty as the intersection of the elliptic

region and the double point curve is empty. O
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Figure 9.3: The bifurcation of the characteristic curves at a parabolic cross-cap in
the domain (upper pictures) and on the surface (lower pictures): ¢ < 0 (left), t =0
(centre) and t > 0 (right).



Ideas for further work

The largest open problem in this area remains that of defining the characteristic
curves via contact with a model submanifold. This would allow one, for example, to
explain the significance of the characteristic locus of inflections, the characteristic
bi-inflections and the special curves connected to the torsion of the characteristic
curves that were defined in [chapter 6

On smooth surfaces, the characteristic curves on elliptic discs need further inves-
tigation. We saw in that the number and type of cusps of Gauss on the
boundary of an elliptic disc is connected to the number of umbilic points within the
disc. It may also be possible to adapt Uribe-Vargas’ results ([71, [72]) concerning
global properties of the flecnodal curve to the characteristic inflection curve. Of
course, the proper context in which to study elliptic discs is within 1-parameter
families of smooth surfaces.

West ([74]) considered the ridge curves on cross-cap, and also showed that there
is no conodal curve in the neighbourhood of a cross-cap point. Other special curves,
including the flecnodal curve, characteristic inflection curve, zero-torsion curves and
sub-parabolic lines, should also be studied on singular surfaces. In the case of the
flecnodal curve one may apply our results from on the configuration of the
inflection sets of cusp BDEs. The families of curve congruences, C, and R, have
also not yet been considered on cross-caps.

In we exhibited a natural one-to-one correspondance between BDEs
at a point on a surface S and linear involutions of the projective line. The latter
are the induced action on RP! of real 2 x 2 matrices with vanishing trace. The set
of such matrices is the Lie Algebra associated to the group SL(2,R). Furthermore,
the Jacobian of two any BDEs (that is, the polar of the line that joins them) corre-

179
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sponds to the (induced action on RP') of the Lie bracket (commutator) of the two
corresponding matrices. In other words, the set of all binary quadratic forms is the
projectivation of a real Lie Algebra. This gives rise naturally to several questions.
Can the results of be reformulated in terms of Lie algebras? Is there a
group of forms that corresponds to SL(2,R)? Can correspondances be established
between other Lie algebras and forms on the tangent bundles to surfaces or higher
dimensional manifolds?

Our work in on involutions on the real projective line showed that
given two such involutions o, g9, the composite maps o, o0 05 0 07 and o5 0 01 0 09
are also involutions. The self-polar triple comprising the asymptotic, principal and
characteristic BDEs is constructed using two linear involutions, which we labelled C'
and O. In we considered quadratic forms constructed using the involution
CoOo(C, namely the third fundamental form and the BDE of the MOSI curves. The
work in suggests that we should also consider BDEs constructed using the
involution O o C'o O. Preliminary calculations indicate that, following our methods
one obtains a self-polar triple of BDEs comprising the principal BDE and two BDEs,
analogous to the asymptotic and characteristic BDEs that have the parabolic set as
their common discriminant and folded singularities at the point of intersection of
the parabolic set and the sub-parabolic lines.

There is further work to be carried out concerning the MOSI curves defined
in [chapter 5] and the related one-parameter families of BDEs. In particular, the
evolution of the configuration of the integral curves at the discriminants in these
families should be studied, as it is for the families C, and R,, in [14]. It is also clear,
from the results proved here, that these BDEs have intrinsic meaning in terms of
the geometry of the surface that has not yet been identified.

The asymptotic and characteristic curves and the lines of curvature, and hence all
related geometry, are derived from the metric and the Weingarten map (or equiv-
alently the first and second fundamental forms). The Weingarten map is a self
adjoint linear operator. In [67] the properties of an arbitrary surface endowed with
an arbitrary self-adjoint operator and a Riemmannian metric. These ideas have also

been extended to surfaces in Lorentzian space, that is, a surface with a pseudo-
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Riemmannian metric. It would be of interest to carry out similar work with the new
BDEs and families of BDEs that were defined in [chapter 5| since those BDEs are
also derived purely from the metric and the Weingarten map.

Our work on cusp BDEs in is, to a certain extent, incomplete. Unstable
singular BDEs are only properly understood by considering their bifurcations in
generic families. Furthermore, there are BDEs that have discriminants with other
types of singularities that have the same codimension as the cusp BDEs we studied,

that should be considered when these generic families are studied.
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