FINITELY DETERMINED SINGULARITIES OF RULED SURFACES
IN R3

R. MARTINS AND J.J. NUNO-BALLESTEROS

ABSTRACT. We study local singularities of ruled surfaces in R3. We show that any map
germ f : (R2,0) — (R3,0) with a simple singularity is .A-equivalent to a ruled surface.
Moreover, we give a topological classification of A-finitely determined singularities of
ruled surfaces and show that there are just eleven topological classes.

1. INTRODUCTION

Ruled surfaces are surfaces generated by straight lines or rulings and have been studied
for centuries by geometers. In fact, many introductory textbooks about differential geom-
etry of curves and surfaces include a section dedicated to this subject. We find simple
examples of ruled surfaces like the cylinder, the hyperbolic paraboloid, the hyperboloid
of one sheet, the helicoid or the Mobius strip. From the singularity point of view, we also
see that the simplest singular surface, the Whitney umbrella or cross cap, is also a ruled
surface (see figure 1).

Fi1GURE 1. The Whitney umbrella or cross cap

In [6], Izumiya and Takeuchi consider the question of how different are the singularities
of ruled surfaces comparing to developable surfaces or general surfaces in R?. They show
that generically, ruled surfaces present the same local singularities as general surfaces,
namely, Whitney umbrella type singularities.

In this paper, we try to answer this question for A-finitely determined singularities of
ruled surfaces in R®. We consider the C* classification: two map germs f,g : (R?,0) —
(R3,0) are A-equivalent if there are C°°-diffeomorphism germs ¢ : (R? 0) — (R?,0) and
P (R3,0) — (R3,0) such that g = ¢o fop. We also consider the topological classification,
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which means that ¢, ¢ are homeomorphisms instead of diffeomorphisms. The main results
of this paper are given in the two following theorems.

Theorem 1.1. Let f: (R*0) — (R30) be a map germ with a simple singularity. Then
f is A-equivalent to a germ of ruled surface.

Theorem 1.2. Let f: (R?,0) — (R3,0) be a finitely determined germ of ruled surface.
Then the topological type of f is determined by one of the eleven links of figure 2.
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FIGURE 2. Links of finitely determined ruled surfaces and their Gauss words

In theorem 1.1 we use the classification of simple singularities obtained by Mond [10]:
apart from the immersion or the Whitney umbrella, the only simple singularities are
the series S,:ct, B,:f, C’,;t, Hy, and the exceptional germ Fy. We consider germs of ruled
surfaces of the form f(z,y) = (z,y* + 2zy, h(y) + 2g(y)). We show that it is possible
to choose the functions h,g conveniently so that we find all the singularities S,f, Bki,
C’kjE or Fy. Note that the H; series has a normal form which is itself a ruled surface
flz,y) = (z, 2y +y* 1 9%).

For the topological classification, we consider the link of a finitely determined map germ
f: (R?,0) — (R3,0). This is defined by intersecting f with a small enough sphere S?
in (R3,0) so that we obtain a curve immersed in S? with only transverse double points.
By using a theorem of Fukuda [3], we know that if f is finitely determined, then it is
topologically equivalent to the cone of its link. In order to codify the topology of the link,
we also consider the Gauss word, which is a finite sequence aj' ... a;* so that each letter a;
corresponds to a double point and appears twice, one with exponent ¢; = +1 and another
one with exponent ¢, = —1. This Gauss word contains all the topological information of
the link and hence, of the map germ f.

Since we are using just rulings to construct our singular surfaces, one should expect
that only very simple topological configurations can appear. However, we find in figure
2 several links (specially those having 4 or 5 crossings) which are difficult to believe they
correspond to singularities of ruled surfaces.

The use of links and Gauss words has been used previously by the second author
and Marar in [9] to classify topologically singularities of finitely determined map germs



FINITELY DETERMINED SINGULARITIES OF RULED SURFACES IN R? 3

f:(R?,0) — (R3 0). We should also mention the work of Ishikawa [5], where he obtains
the topological classification of singularities of developable surfaces.

2. SINGULARITIES OF RULED SURFACES

A ruled surface in R3 is locally the image of a map f: I x R — R3 given by

(1) ftu) = aft) +uy(t),

where I C R is an interval, o : I — R? is a space curve and 7 : I — R3 is a vector field
along the curve such that v(t) # 0, for any ¢ € I. The curve « is called the base curve and
the vector field ~ is called the director curve. Moreover, the straight lines u — «(t)+u~y(t)
are called rulings of the ruled surface. Finally, if (o, u9) € I x R and f (¢, ug) = p, then
the image of the map germ f : (I X R, (tg,u0)) — (R3,p) will be called a germ of ruled
surface.

Given o : I — R3 and v : I — R3, we can see both curves together as a map
(,7) : I — R* x R*. We will denote by f(a,) the ruled surface associated to these
curves as in (1). The starting point is the following result of Izumiya and Takeuchi [6],
which states that the generic singularities of the ruled surfaces coincide with the generic
singularities of general surfaces in R3.

We recall that for a generic map f : U C R? — R3, then the germ of f at any point of
U is either an immersion or a singularity of Whitney umbrella type: it is A-equivalent to
the map germ (z,y) — (z,y% zy).

Theorem 2.1. There is an open and dense subset O C Coo(I,R* x R?) with the Whitney
C>-topology such that if (o, ) € O, then the germ of the ruled surface f(,) at any point
(to,ug) € I x R is either an immersion or a Whitney umbrella.

Proof. See [6]. O
Remark 2.2. In fact, in [6] it is considered Cp°(I,R* x S?) instead of Cp2(1,R? x R?).
Since we are assuming that v(t) # 0, for any ¢ € I, this does not make any difference.

By taking translation in either I, R or R, we can assume without loss of generality
that tg = 0, ug = 0 and p = 0. We will also assume that all the map germs are C'*°.

Lemma 2.3. Let f: (R%0) — (R3,0) be a map germ which parametrizes a ruled surface,
with f(t,u) = a(t) + uy(t). Then:
(1) f is singular if and only if &/(0) and v(0) are collinear.
(2) If f is singular, it is a Whitney umbrella if and only if a”(0), v(0) and ~'(0) are
not collinear.

Proof. The first part follows from the definition, since

of , of _
57(0,0) = a'(0),  =(0,0) = (0).

To see the second part, let us assume for instance that v,(0) # 0 and let us consider
the Taylor expansion j2f(t,u) =

a a a
(ant + %tQ + U(bl() + bllt), a,glt + %tQ + U(bgo + bglt), a31t + %tQ + u(bgo + b31t)>

where a;; = ozgj)(O and b;; = 'yi(j)(O). We assume that f is singular, so that bijgas; —byga =
bipaz1 — bzpar; = 0. Moreover, consider the parameter change

a
Tr = CLHt -+ %tQ -+ U(blo + bnt),
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which gives j2f(x,t) = (x,p(z,t),q(x,t)), where

bao bioba1 — baobiy . (a22b%0 — baoa12b10 + 2b11b20a11 — 2b21a11b10)t2

t) = —
) blox b ’ 203, 7
b b10bs1 — bsob b, — b b 2b110 —2b b
q(x,t) = 230 oy 710731 ~ 30911y 4 (as2biy — bsoarabro + 211 30011 31011 10>t2.
bio b1 2b3,

We recall that with this notation, f has a Whitney umbrella singularity if and only if

Pzt Pt

0,
Gzt Gt 7

where subscripts denote partial derivatives. This condition gives

bioba1 — baobin a22b%o — bapai2bio + 2b11b2pa11 — 209111019

0
biobz1 — baob11  asably — bzoaiabio + 2b11b3gary — 2bz1a11big 7

which is also equivalent to
bioagabs1 — bipbaiase + bapbiiase — bapai2bsy + ba1bspaias — asebi1bsg 7’é 0.

To finish the proof, just note that the left hand side corresponds to the determinant of
a”(0), 7(0) and ~'(0). O

Because of condition 7(t) # 0, it follows that any singularity of ruled surface f :
(R2,0) — (R?,0) will have corank 1. Then we have four types of singularity according to
the 2-jet of f.

We denote by J?(2,3) the space of polynomial map germs f : (R?,0) — (R30) of
degree < 2. The subspace of corank 1 map germs is denoted by ¥'.J%(2,3). On this space
we consider the action of A2, the group of 2-jets of elements of A.

Proposition 2.4 (Classification of 2-jets). There exist four orbits in X1J?(2,3) under
the action of A%, which are

(:C7 y27 xy)7 <x7 xz/? 0)7 (x7 y27 0)7 (x7 O? 0)'
Proof. See [10]. O

In the next lemma, we see that it is possible to make a change of coordinates such that
any ruled surface germ can be written in the form f(x,y) = (z, fa(x,y), f3(x,y)), where
f2, f3 are linear in z.

Lemma 2.5. Given a germ of ruled surface, we can choose affine coordinates in R® such
that it is parametrized by a map germ f: (R%,0) — (R3,0) of the form

(2)  fley) = By) +xd(y),  Bly) = (0,5(y), Bs(y),  d(y) = (1,02(y), 0s(y))-
Proof. Assume that the ruled surface is the image of a map germ f : (R?0) — (R?,0),
with f(t,u) = a(t) + uy(t) and so that v,(0) # 0.

We reparametrize it by taking the change of coordinates ¢ : (R?,0) — (R?,0) given by

oz —a(y)
¢('r7y) - (ya 'Yl(?J) )
Then,
foo(x,y) = (x,202(y) + Ba(y), 2d5(y) + Bs(y)),
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where

mn(y)’ 7 (y)
0(y) = f’g; Ba(y) = as(y) - 0‘1%3)@

O

Let f: (R?,0) — (R3,0) be a map germ of the form (2). Then lemma 2.3 has a simpler
statement. It is easy to see that f is singular if and only if 4'(0) = 0 and it is a Whitney
umbrella if and only if 5'(0) = 0 and 4”(0),’(0) are not collinear.

Proposition 2.6. Let f : (R 0) — (R3,0) be a map germ of the form (2). We assume
that f has a singularity more degenerated than a Whitney umbrella. Then the 2-jet of f
belongs to the orbit of

(z,9%,0), if 3”(0) #0;
(x,zy,0), if 57(0) =0, d'(0) #0;
(x,0,0), if 87(0) =¢'(0) = 0.

Proof. Since f has a singularity more degenerated than a Whitney umbrella, we must
have the following Taylor expansions

ﬁ(t) = (O,&22t2 + ... ,a32t2 + ... ), (S(t) = (1,b21t + b22t2 + ..., bglt + bgth + ... ),
with asobs; — assbe; = 0, so that the 2-jet of f is given by
72£(0) = (x, Agot® + bortx, asst® + bgll’t) )

The statement follows easily from the classification of 72 f(0) in terms of the four coeffi-
cients aga, b31, asa, bgl. O

We finish this section by showing that the orbit of (x,0,0) does not contain any finitely
determined germ of ruled surface. We see this by looking at the invariant C'(f) introduced
by Mond [10].

Definition 2.7. Let f: (R?,0) — (R3,0) be a map germ. We define
&
J(f)

where &, is the local algebra of function germs from (R? 0) to R and J(f) is the ideal
generated by the maximal minors of the jacobian matrix of f.

The main properties of C(f) are:
(1) C(f) is A-invariant;
(2) if f is finitely determined, then C'(f) < oo and it is equal to the number of Whitney
umbrellas that appear near the origin in a stable perturbation of a complexification

of f.
(See [10, 11] for a proof.)

Proposition 2.8. Let f: (R?,0) — (R3,0) be germ of ruled surface whose 2-jet is in the
orbit of (x,0,0). Then C(f) = oo and hence, f is not finitely determined.
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Proof. By lemma 2.5, we can assume that f has the form

fla,y) = Bly) +zo(y), By) = (0,5(y). Bs(y), d(y) = (1,02(y), d3(y))-
Then, the jacobian ideal J(f) has just two generators in &, namely, G5(t) + xd5(t) and
B3(t) + x(t).
By lemma 2.6, if the 2-jet is in the orbit of (x,0,0), we must have 05(0) = 65(0) = 0. In
particular, the two generators of J(f) do not present any pure term in x in their Taylor
expansions. It is well known that this implies the ideal cannot have finite codimension in

&s. UJ

3. SIMPLE SINGULARITIES

We give in this section the proof of theorem 1.1 that any map germ f : (R?,0) — (R3,0)
with a simple singularity is A-equivalent to a germ of ruled surface. We recall that a
singularity f is said to be simple if for any deformation f; of f, we only find a finite
number of A-classes in f; near the origin. The classification of simple singularities from
(R%,0) to (R?,0) was obtained by Mond.

Theorem 3.1. [10] Let f : (R?0) — (R3,0) be a map germ with a simple singularity.
Then f is A-equivalent to one of the germs of table 3.1:

Normal form Name
(z,9%, xy) Whitney umbrella
(z,9% y° + £a"*y) Sit k> 1
(z,y% 2%y £ y***1) Bf k> 2
(z,y% zy® £ aty) Ci k>3
(z, 2y +y** 1 ) Hy k> 2
(=, 9% %y +¢°) F

TABLE 1. Simple singularities

By looking at this table, it follows that the Whitney umbrella and the members of the
Hy, series are already ruled surfaces. Then we only need to look at the remaining cases
SiE, Bif, O and F,. We remark that all of these singularities have a 2-jet which belongs
to the (z,y?, 0) orbit. For map germs in this orbit, we have a pre-normal form which is
very useful in order to recognize the singularity type.

Lemma 3.2. [10] Let f: (R?0) — (R3,0) be a map germ whose 2-jet is in the (x,y*,0)
orbit. Then f is A-equivalent to a germ of the form

(z,y) = (2, 9%, yp(z,y%)),
for some function germ p € &;.

Let f: (R?,0) — (R30) be a map germ of the form f(z,y) = (z,y? yp(z,y?)). We
assume that f has a simple singularity. Let us denote by >, L1 a;2;x'y* the Taylor
expansion of p(x,y?). Then we have the following criteria which allow to recognize the
singularity type of f just by analysing its 4-jet (see [10]):

(1) If a1 9 # 0, then f is a Whitney umbrella.

(2) If a10 = 0 but asg # 0 # aga, then f has type ST
(3) If a1, = agp = 0 but aps # 0, then f has type S,;t, for some k£ > 2.
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(4) If a1 = ap2 = 0 but agy # 0, then f has type B,:Ct, for some k& > 2.

(5) If a1 9 = asp = ap2 = 0 but a; 5 # 0, then f has type C’,;t, for some k& > 3.

(6) If 1,0 = Q20 = Ap2 = A12 = 0 but aso 7é 0 7é Qg 4, then f has type F4.
Moreover, in case (3), the number k is determined by the first non zero term in p(z, y?) of
the form z**1. Analogously, in cases (4) or (5), the number k corresponds to the first non
zero term of the form y%* or 2%, respectively. We use this criteria to show the following

result, which completes the proof of theorem 1.1.

Proposition 3.3. Let f : (R?,0) — (R3,0) be a germ of ruled surface of the form
f(z,t) = (z,% + 2xt, h(t) + xg(t)). Then it is possible to choose the function germs h,g
i such a way f has any of the types S,;t, B,:f, C’,;t or Fy.

Proof. We consider the coordinate change in the target given by (X,Y,Z) — (XY —
X2, 7) and then the coordinate change in the source defined by y = x +¢. Then f is
equivalent to

fla.y) = (2,97 by — x) + 2g(y — ),
in such a way that
1
(@, y*) = 5y Ma ) =Wz —y) +alglz +y) - glz =)
Assume that h(t) = agt® +ast® +... and g(t) = byt + byt* + . ... Then we can compute
explicitly the 4-jet of p(z, y?):
itp(z,y?) = a1 + (2a + by)w + (3az + 2b2)2* + asy® + (3bs + 4ay)2® + (bs + 4aq)y >
+ (4by + bas)x* + (4by + 10as)y*x* + asy®.

The result is now an easy consequence of the above criteria. O

We finish this section with an explicit list of all the simple singularities constructed
with ruled surfaces. We left to the reader the work of checking that the proposed germs
verify the required conditions.

Type Ruled surface
Immersion (0,0,t) +u(1,0,0) -
Whiney umbrella (0,£2,0) + u(l, 0,t) -
S (0,8%,¢%) +u(1,2t,[2 £ —1]t2) k=1
(0,t2,43) + (1, 2t, dtQitkjll) k>2
Bf (0,2, £2M41) 4 (1,2t &) k> 2
Cr (0,82, —t%) + u(1, 2t, [-1 £ 1]¢3) k=3
(0,2, 2 F 55 + (1 2t —§) k> 5 odd
(0,2, _3t4) +u(1,2t, = ) k > 4 even
Fy (0,£2, 5 +5) + u(1,2 5t4) -
Hy (0,351 43) + u(l n 0) k>2

TABLE 2. Ruled surfaces in the orbits of simple singularities
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4. THE LINK AND THE (GAUSS WORD OF A FINITELY DETERMINED SINGULARITY

The study of the topology of a finitely determined map germ f : (R?,0) — (R3,0) has
been done in general (that is, not only for ruled surfaces) by the second author and Marar
[9]. We recall here the main definitions and properties. First of all, we use a result of
Fukuda [3] to see that any finitely determined map germ f : (R? 0) — (R3,0) has a cone
structure over its link. This link is obtained by intersecting f with a small enough sphere
S%in (R3,0).

Theorem 4.1. [3] Suppose n < p. Then given a semi-algebraic subset W of J"(n,p),
there exist an integer s, depending only on n, p and r, and a closed semi-algebraic subset
Yw oof (75)"H (W) having codimension > 1 such that for any C* mapping f : R® — RP
with 5% f(0) belonging to (75)~Y(W) \ Zw, there exists a positive number €y such that for
any number € with 0 < € < ¢y we have

(1) S7=* = f~1(SP~1) is a homotopy (n — 1)-sphere which, if n # 4,5 is diffeomorphic
to the natural (n — 1)-sphere S™!,

(2) the restricted mapping f|S" 1 : 5”24 — SP=1 s topologically stable (C* stable if
(n,p) is a nice pair),

(3) letting D* = f~Y(DP), the restricted mapping f| D™\ {0} : D\ {0} — DP\ {0} is
proper, topologically stable (C™ stable if (n,p) is nice) and topologically equivalent
(C* equivalent if (n,p) is nice) to the product mapping

(FIST™Y) x id(e = S™71 x (0,€) — SP71 x (0,¢)

defined by (x,t) — (f(z),t), and
(4) consequently, f|D! : D™ — DP is topologically equivalent to the cone

CfISe71) = 8271 x [0,€) /S0 > {0} — S71 < [0,€) /87 x {0}
of the stable mapping f|S7~" : S~ — SP=1 defined by C(f|S™ 1) (x,t) = (f(z),1).

Corollary 4.2. Suppose n < p and let f: (R",0) — (RP,0) be a finitely determined map
germ. Then there is a representative f : U C R™ — RP of the map germ and there exists
a positive number €y such that any number € with 0 < € < ¢y verifies (1), (2), (3) and (4)
of the above theorem.

Proof. Assume that f is r-determined for some r and let W = {j” f(0)}. By the above the-
orem there is s, and a closed semi-algebraic subset Yy of (%)~ (W) having codimension
> 1 such that for any C* mapping g : R — R? with j%¢(0) belonging to (7)1 (W) \ Ty,
there exists a positive number ¢, such that any number € with 0 < € < ¢, verifies (1), (2),
(3) and (4).

Since (73) Y (W) \ S # 0, we can take a map g : R" — R? with j%¢(0) € (7)1 (W) \
Yw. This implies that j"¢(0) = 57 f(0) so that g is A-equivalent to f. Hence, properties
(1), (2), (3) and (4) are also true for f. O

Definition 4.3. Suppose n < p and let f : (R",0) — (RP,0) be a finitely determined
map germ. We say that the stable map f|S?~! : S7~' — §P~1is the link of f, where f is
a representative and 0 < € < ¢ verify (1), (2), (3) and (4) of the above theorem.

Note that when n = 2 and p = 3, the link f|S! : S! — S? is nothing but a closed curve
in the sphere S? which is immersed and has only double transverse points (see figure 3).

In order to describe the topology of a closed curve immersed with normal crossings
in the sphere we use the Gauss word. This concept was introduced by Gauss [4] who
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FI1GURE 3. The link of the S] singularity

studied the problem of “realizability” of Gauss words, a problem similar in nature to the
“planarity” problem for graphs.

Definition 4.4. Let v : S' — S? be an immersed closed curve in the sphere with r
transverse double points. We choose r letters aq, ..., a, which label these double points.
We also fix orientations on both S! and S? and choose a base point z, € S*. We consider
a permutation

o:{1,....2r} = {af",...;a  alt, . a ),
constructed as follows: We denote by 2, ..., 2, € S the source double points ordered
such that zp < z; < -+ < z9,. Assume that v(z;) = v(z;) = a, with ¢ < j. Then we

put o(i) = ai* and o(j) = a;,' if the pair (v/(2),7'(z;)) is positively oriented in S? or

o(i) = a; ' and o(j) = a; ' otherwise (see figure 4).

As usual when working with permutations, in order to simplify the notation, we will
identify the permutation o with the sequence o(1)...0(2r). This sequence is called the
Gauss word of ~.

N
_
> <
=
i
~

YE) =1(z)

FIGURE 4. A double point with o(i) = " and o(j) = a; .

It is obvious that the Gauss word is not uniquely determined, since it depends on: the
labels a1, ..., a,, the chosen orientations on both S* and S? and the base point z, € S*.
A change in the choices will produce the following changes in the Gauss word:

(1) permuting the alphabet set ay, ..., a,;

(2) cyclically permuting the sequence which defines the Gauss word;
(3) reversing the sequence;

(4) changing all the exponents from +1 to —1 and vice versa.
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Up to this equivalence, the Gauss word is well defined and has the following property:
two curves are topologically equivalent if and only if their Gauss words are equivalent.

There are also known classifications of curves with a low number of double points or
crossings. For instance, there is just one class with one crossing (this is different from the
case of plane curve where we have two classes). If the number of crossings is either 2,3 or
4, then the number of topological classes is either 2, 6 or 19 respectively (we refer to [1]
for details and pictures).

5. TOPOLOGICAL CLASSIFICATION OF THE (x,%?% 0) ORBIT

In this section, we give the topological classification of all the finitely determined germs
of ruled surfaces f : (R?,0) — (R3,0) whose 2-jet is in the (z,y?, 0) orbit. In this case, we
have the following result which has been obtained by the second author and W. Marar. It
applies not only to germs or ruled surfaces but to general map germs whose 2-jet belongs
to the (z,%?,0) orbit (in fact, we will see in the next section that the theorem is also valid
when the 2-jet belongs to the (x, zy,0) orbit and has fold type, see theorem 6.3).

Theorem 5.1. [9] Let f : (R*0) — (R?0) be a finitely determined map germ whose
2-jet belongs to the (x,y?,0). Then the link has Gauss word equivalent to

aay’ .. aFtaFt . azalt

In particular, two map germs of this type are topologically equivalent if and only if their
double point curves have the same number of branches (see figure 5).

a
1 4 9 ., 4,

FIGURE 5. The link of a map germ of type (z,y?,0)

We recall that the double point curve is defined as

D(f) ={z e R?: [~ (f(x)) # {=}},
where A denotes the topological closure of A. It is well known that if f is finitely de-
termined, then we can assume that D(f) is the germ of a 1-dimensional analytic set
with isolated singularity at the origin (see [11]). In the particular case that f(z,y) =
(z, 9% yp(z,y?)) we easily see that the double point curve is defined by the equation
p(z,y*) = 0.

As a consequence of the theorem, in order to classify the ruled surfaces of this type, we
only need to control the possible values for the number of branches of the double point
curve of f. We will show that if f is a ruled surface, then the number of branches will be
always < 3.

We begin with the following lemma, which is useful in order to compute an upper bound
of the number of branches of a plane curve.

Lemma 5.2. Let g : (R%0) — (R,0) be an analytic function germ and assume that
g = gk + gks1 + ..., where each g; is a homogeneous polynomial of degree i and g # 0.
Then the number of branches of the plane curve g=*(0) is less than or equal to the number
of real linear factors of gi, counted with multiplicity.
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Proof. Assume that the curve has r branches, ¢g~'(0) = X; U - - - U X,., where each branch
X; has a reduced equation f;(z,y) =0, with f; € &, i =1,...,r. It follows that each f;
divides ¢, so that we can write g = fi... f.h, for some h € &,.

Let us denote by in(«) the initial part of a function germ « € &, then we have

gr = 1in(g) = 1in(fy)...in(f.) in(h).
Moreover, each homogeneous polynomial in(f;) has at least one real factor, which con-

cludes the proof. O

Lemma 5.3. Let f : (R?,0) — (R3,0) be a finitely determined germ of ruled surface
whose 2-jet belongs to the (z,y?, 0) orbit. Then f is A-equivalent to a map germ of the
form

(2,y) = (2,97 aly + cx)* +ba(y + cx)" " + g(x,y)),
where k>3, a> + 0> #0, c € R and g € my™.

Proof. The assumption on f implies that we can assume it has the form

flz,y) = (z,y% = 2czy + h(z,y), ay® + bay" " + g(z,y)),

for some a? +b* # 0, c € R, h € m3 and g € m5™. Following the steps of the proof of

proposition 2.6, we see that f is A-equivalent to
(2, 9> + h(x,y + cx), aly + cx)* + ba(y + cx)* ™ + g(z,y + cx)).
Now we use the arguments of [10]: since (x,y?) is 2-determinated, it is possible to find
diffeomorphisms ¢ and ¢ whose 2-jet is the identity, such that f is A-equivalent to
(2,97, aly + cx)* + ba(y + cx)*" + g(z,y)),
with g € m4*. 0
Theorem 5.4. Let f : (R?,0) — (R3,0) be a finitely determined germ of ruled surface

whose 2-jet belongs to the (x,y*,0) orbit. Then the double point curve D(f) has at most
three branches.

Proof. By the above lemma, f is A-equivalent to
(2,9, aly + cx)* + bx(y + cx)*~ + g(z,y)),

where k > 3, a> + 1> # 0, c € Rand g € mi™. If ¢ = 0, then we have that it is
A-equivalent to either (z,y2 y* +...), if k is odd, or (z,y? 2yt +...), if k is even. It
is not difficult to see that the double point curve has either 0 or 1 branches respectively.
Thus, we can assume that ¢ # 0 and by taking the obvious linear coordinate changes, we
reduce it to ¢ = 1.

Following the arguments of Mond in [10], f is A-equivalent to (z,y? yp(z,y?)) and the

equation of D(f) is p(x,y*) = 0. By lemma 5.2, it is enough to analyze the initial part of
p(x,y?), which is equal to

May%:§§M@+wﬁ+wﬂy+m“4—a—y+mk—mcw+wﬁ*}

We will separate our analysis in two cases. First we assume k£ odd, then

huw%:wkt+%(§)+b(k;1ﬂyk%%+P(j)+b(k;1ﬂyk%4
”+P<kﬁ1)+b(2:;ﬂx“3
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If a = 0, we have that

o) = { (] o+ (7 e e (D)@}

where k = 2r + 1. It is obvious that h(x,y?) has only 2 real linear factors, counted with
multiplicity. Otherwise, we have a # 0 and we can assume a = 1 (since h(z, y?) is linear in
a,b). Moreover, the number of real linear factors of h(x,?) is equal to twice the number
of positive real roots of the polynomial h(z) = h(1, z), that is,

i =[e (B )ema (B)emens (5]
+ka11)ZT_1+<’~€§1)zr—2+...+(’;:§)]

If b > 0, then all the coefficients of ﬁ(z) are also positive and thus, it does not have any
positive real root. Otherwise, if b < 0, the number of positive real roots is equal to the
number of positive preimages of b through the function

) (e ()]
(RGN

It is not difficult to arrive to the following formula for the derivative of g(z):

(’f)ﬂ—?w(’;>z2r—3+...+2(’§) )
(LG

Hence, if z > 0 we have ¢’(z) < 0, so that g is strictly decreasing on [0, +00). This implies
that b has at most one preimage through ¢g and thus, B(z) has at most one positive real
root and D(f) has at most 2 branches by lemma 5.2.

In the case k is even we obtain:

=l () oo (Mo ) o (5) <o (12 )]
() ()]

By using similar arguments we conclude that in this case D(f) has at most 3 branches. O

9'(z) = —

Corollary 5.5. Let f : (R?0) — (R?,0) be a finitely determined germ of ruled surface
whose 2-jet belongs to the (x,y* 0) orbit. Then the topological type of f is determined by
one of the following four links:

0, aa™t, ablba™t, ableclbal.

Example 5.6. We find germs of ruled surfaces whose whose 2-jet belongs to the (x,4?,0)
orbit and which present the four topological types. In fact, the four classes are obtained
by considering respectively the following ruled surfaces:
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Ruled surface Link
(2, y” = 2xy,y° + xy?) 0
(z,y” — 2ay,y* + xy%) aa”"

(z,y° = 2zy,y° — 2xy®) | ab 'ba”!
(z,y° — 2zy,y" — 22y°) | ab”'cc” Tba™!

TABLE 3. Ruled surfaces in the (x,y?,0) orbit

On the other hand, after theorem 5.4, it is also very easy to find a map germ whose
2-jet belongs to the (z,%? 0) orbit and which is not A-equivalent to any ruled surface.

Consider the map germ f : (R?,0) — (R?,0) defined by
1
fle,y) = (2,97 y(@* = y*) (@ = 797)).

The double point curve is defined by the equation p(z,y?) = (22 —y?)(2*—y?) = 0, which
has 4 branches. Therefore, it cannot be topologically equivalent (and hence A-equivalent)
to any ruled surface (see figure 5).

FIGURE 6. A “non ruled” singularity in the (z,y?,0) orbit

6. TOPOLOGICAL CLASSIFICATION OF THE (z,zy,0) ORBIT

As we have seen in the previous section, the double point curve of a map germ f :
(R%,0) — (R3,0) plays an important role in order to describe its topological behavior.
Unfortunately, in general it is not easy to give an analytic description of D(f), unless we
are in the (z,y? 0) orbit. However, if the map germ has corank 1, we can assume that
it is given by f(x,y) = (z,9(z,y), h(z,y)) and we can introduce a new double point set
which is easier to work with:

D*(f) = {(z,y,u) € R®: f(w,y) = flzx,u), y # u}.
According to [8], it follows that D?(f) is given by equations:
y—u y—u '
Moreover, we have that D(f) = ps(D?(f)), where ps is the projection p3(z,y,u) = (z,y).
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Assume now that f is a map germ whose 2-jet is in the (z,zy,0) orbit. After some
coordinate changes, we can assume that f is given by

f(z,y) = (z, 2y + p(y), 2q(y) +r(y)),

for some function germs p, q,7. Then the defining equations of D?(f) are

MW —p)  ay) —alw)  rly) —r@w)

y—u y—u y—u
In particular, we get that D?(f) is isomorphic to py(D?(f)), where py(z,y,u) = (u,y) and
this is defined by equation:
) ply) —p(w)aly) —gqlw) r(y) —r(w) _

Y —u y—u y—u '
We use this to prove the following theorem which gives an upper bound for the number
of branches of the double point curve also in this case as we did in theorem 5.4.

In order to simplify the computations we introduce the following notation:

Fe(y,u) =y +y" u+- b, fily) = Fiu(y, 1),

_ Fk(yv U)Fm(y, u)

Gk,m(y, U’) - Fk+m<y7 U) ) gk,m(y) - Gk,m(:% ]-)

Theorem 6.1. Let f: (R?,0) — (R3,0) be a finitely determined germ of ruled surface
whose 2-jet belongs to the (x,xy,0) orbit. Then the double point curve D(f) has at most
five branches.

Proof. Let f be the map germ given by
flz,y) = (2, 2y + p(y), za(y) + 7(y)),

for some function germs p, q,r. We also write
p(t) =at’ +at" . qt) = bt bt L () =t Fet"T

where a,b,c # 0. After taking linear coordinate changes in the source and target, we
can assume without loss of generality that a« = b = 1. We analyse the initial part of
the equation of the projection of the double point curve p;(D?(f)). We will see that the
number of real linear factors counted with multiplicity is always < 5 which implies the
result by lemma 5.2.
In fact, the initial part of equation (3) is given by H(y,u) = 0, where
Fk—l(yau)Fm—l(yau)7 1fn>m+k_]-7
H(y,u) = F,_1(y,u), ifn<m+k—1,
Fk—l(yau)Fm—l(yau) _CFk+m—2(y>u)7 1fn:m+k_ L.
If n>m+k—1, then H(y,u) has at most two real linear factors, both equal to y + u.
Analogously, if n < m + k — 1, then H(y,u) has at most one real linear factor, equal to
y + u. Hence, we can assume n =m + k — 1.

If ¢ = 1, it is obvious that the real linear factors of H(y,u) are either yu, if k + m is
even, or yu(y + u), if k + m is odd. Otherwise, we have ¢ # 1. Since y**™=2 and u*+m~2
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have coefficient 1 — ¢ # 0, we can dehomogenize H (y,u): the number of real linear factors
of H(y,u) is exactly equal to the number of real roots of the polynomial

h(y) = H(y,1) = fro1(¥) fmn-1(y) = frym—2(y).

If £+ m is even, then fi ., 2(y) never vanishes. Hence, y is a root of h(y) if and only
if ge—1,m-1(y) = ¢, where

e (®) o (y)
gk—l,m—l(y) - fk+m_2(y> '

Thus, the number of roots of A(y) coincides with the number of inverse images g, ,,,_,(¢)
(counting with multiplicity). Otherwise, if £+ m is odd, we have one more root of h(y),
namely y = —1. In this case, the number of real roots of h(y) is equal to the number of
inverse images g,;_ll m_1(c) plus one.

On the other haﬁd, we observe that

<1, ify<0,
gk—lym—l(y) = 17 lf Yy = 07
1, ify>0.

This implies that if ¢ > 1 (resp. ¢ < 1), then all the inverse images in g,;_le_l(c) are
positive (resp. negative).
In order to count the number of real roots of h(y) we consider another polynomial:

hy) = (y — 1Dh(y) = (1 — )™ + ™ —y™ —yF ey + (1 — ).

The number of negative real roots of ﬁ(y) is equal to that of h(y), but the number of
positive real roots of h(y) is equal to that of h(y) plus two. We use the well known
Descartes rule of signs: “the number of positive real roots of a polynomial, counted with
multiplicity, is less than or equal to the number of sign changes in the coefficients of the
polynomial”.

Since ﬁ(y) has only 6 non-zero coefficients, we have at most 5 sign changes. Therefore,
iL(y) has at most 5 positive real roots and 5 negative real roots. However, taking into
account the above observation, we deduce that h(y) has at most 3 real roots when ¢ > 1,
or it has at most 5 real roots, if ¢ < 1. This concludes the proof. O

It follows from the proof of theorem 6.1 that the number of branches of the double
point curve is controlled by the number of preimages of ¢ = gr_1m-1(y). We present in
figure 7 the graph of this function depending on the parity of p,r, where p = min{k, m}
and r = max{k,m}. We also remark that the function gy ,,—1 has the following basic
properties:

(1) gr—1,m-1(1/y) = gr-1m-1(y) for any y # 0.

(2) gr-1m-1(y) > 1,if y > 0.

(3) 0 < gr—1m-1(y) < 1,if y <O.
In order to determine completely the graph of ¢ = gx_1,—1(y), we will look at the number
of real roots of the polynomial

(1 o C)yk-i—m + Cym+k—1 o ym o yk + cy + (1 . C).

By using the Descartes rule of signs, the number if real roots is determined by taking
into account the number of sign changes of the coefficients of the polynomial. This will
depend on the parameter ¢, as well as the parities of £ and m.
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p even
r odd km
ktm-1

Yy

I v

FIGURE 7. Graphs of ¢ = gx_1,m-1(y)

From the analysis of the function ¢ = gx_1,-1(y) we deduce that its maximum value
is always equal to km/(k +m — 1) and it is attained at y = 1. If p is even, the minimum
value of ¢ is attained at y = —1, being equal to p/(k+m — 1) if r is odd, or 0 if r is even.
Finally, if p is odd, the minimum value of ¢ is denoted by ¢y, with 0 < ¢y < 1. Because of
symmetry, it is attained at two points yo and 1/yy with —1 < yo < 0.

According to [9], the map germs f : (R? 0) — (R30) whose 2-jet belongs to the
(x,zy,0) orbit can be divided into two groups: germs of fold and cusp type. Then they
show that any germ of fold type is topologically equivalent to a map germ in the (z,4?%,0)
orbit. As a consequence, theorem 5.1 is extended easily to all the germs of fold type.

Definition 6.2. Let f : (R% 0) — (R? 0) be a finitely determined map germ whose 2-jet
belongs to the (z,xy,0) orbit. We can assume that f is written in the form

flz,y) = (z,2y + g(z,9), h(z,y)),
for some function germs g, h € m3. Since f is finitely determined, it follows that g must
have finite order in y, that is, g(0,y) = axy* + app1y* 1 +. .. with a;, # 0, k > 3. We say
that f has fold type if k is even or cusp type if k is odd.

Theorem 6.3. [9] Let f : (R?,0) — (R30) be a finitely determined map germ whose
2-jet belongs to the (x,xy,0) and has fold type. Then the link has Gauss word equivalent
to

amay .. afa . asart.

As a consequence of theorems 6.1 and 6.3, if f : (R?,0) — (R3,0) is a ruled surface germ

of fold type, then its link is given by ajay ' ...at'af! ... aya;!, with r < 5. Moreover, the
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case r = 4 (i.e., the double point curve has 4 branches) cannot occur. This follows from
the analysis of the graph of gx_1.m—1(y) (see figure 7).

If £ <m, then p = k is even. Thus, the graph of gx_1,,—1(y) has type I or Il and r < 3.
Otherwise, if k > m, then r = k is even and the graph of gx_1 ,,—1(y) has type Il or IV. If
it has type IT, then r < 2. If it has type IV, then r < 3 unless that ¢g < ¢ < k/(k+m—1).
But even if ¢ < ¢ < k/(k+ m — 1), the initial part has 5 real branches counted with
multiplicity. Since f has no singularities in the initial part, it follows that r must be also
odd and hence, r =1, 3, 5.

Corollary 6.4. Let f : (R%,0) — (R3,0) be a finitely determined germ of ruled surface
whose 2-jet belongs to the (x,zy,0) orbit and has fold type. Then the topological type of
f s determined by one of the following five links:

0, aa™t, ablba™l, ablec'ba, ab ledtee 'de'bal.

6.1. The weighted homogeneous case. Let f : (R? 0) — (R3 0) be a finitely deter-
mined germ of ruled surface whose 2-jet belongs to the (z, zy,0) orbit. Apart from trivial
cases and after taking linear coordinate changes, we can assume that it is written in the
form f = f.+ f, where f. is a weighted homogeneous map germ of weights (k — 1, 1),

fela,y) = (z,xy + ¢~ ay™ + eyt ™),

and f has only terms of higher weighted degree. By using a result of Damon [2], if f, is
finitely determined, then f is topologically equivalent to its initial part f.. Note that f.
is finitely determined, except for a finite number of values of the parameter c.

By using the Mather-Gaffney determinacy criterion (see [13]), we see that if the map
germ f, : (R?,0) — (R3,0) is finitely determined, then f, : R?\ {0} — R? is an immersion
with only transverse double points. Conversely, if f. is an immersion with only transverse
double points, then f, : (R?0) — (R?,0) is not necessarily finitely determined. However,
in this case we also have a well defined Gauss word and we will see that if we add higher
order terms to f. so that it becomes finitely determined, then the Gauss word is the same.

We will compute first the Gauss words of all the weighted homogeneous polynomial
maps f. in the case that ¢ is not a critical value of the function gx_1.,—1(y). In the last
part, we will show how to extend the classification in the case that c is a critical value.

Definition 6.5. We say that f. is non-degenerate if f, : R*\ {0} — R?® is an immersion
with only transverse double points. It is obvious this condition fails in three cases:

(1) f. has a curve of singularities;
(2) f. has a curve of triple points; or
(3) f. has a curve of non transverse self-intersection.

These three phenomena can be detected by looking at the double point curves D?(f,)
and D(f.). In fact, D*(f.) is given by equations
T+ Fya(y,u) =0, Fea(y,u) B (y,u) — cFrpm—2(y,u) = 0.

In particular, D?(f,) is isomorphic to the curve in the (y,u)-plane defined by the second
equation. Since the equation is homogeneous, this is equal to a finite union of lines: Let
A1, ..., A be the solutions of ¢ = gx_1,,-1()\) and let \g = —1. Then D?(f.) is defined by

(u—Ay)...(u—A\y) =0, if K+ m is even;
(u—Xoy)(u—Ay) ... (u—Ny) =0, if k+mis odd.
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We deduce that \; # A;, Vi # j if and only if ¢ is not a critical value of the func-
tion gr—1,m—1(y). The critical values of ¢ can be due either to the existence of a line of
singularities of f. or a line of non transverse self-intersection.

The double point curve D(f,.) is equal to the projection of D?(f,) into the (z,y)-plane.
We obtain its equation by eliminating the u variable in the equations of D?(f.). This
gives

(z+ my* Y. (2 + ey ) =0, if k4 m is even;

(x4 poy™ V) (x + ) .. (x + oy 1) =0, if k+misodd,
where p; = fr_1(\;) for any i = 0,...,r. Then, f, is non degenerate if and only if p; # p;,
Vi # j. Moreover, f. has a line of triple points if and only if ¢ is not a critical value of
Gkt 1 () bt i = 15, for some i 5.

Lemma 6.6. Assume that —1 < s <t <0 and k,m are even. Then,

uls) _ fl®)
From(s) ~ Frsm(®)

fi(s) = fu(t) =
Proof. We show the following identity:
S (8) fnir(8) = frn(8) s (5) =(fu(t) — fu(5))s™ fin(2)

+(t=s)(fu(t) = 1) p_ /s f(s).

J

3

I
=)

This will imply the result, since if —1 < s < t < 0 and k,m are even, then we have
(t—s) >0, (fr(t) = 1) <0, #s™ 19 < 0 and f;(s) > 0. The above identity can be

proved by means of an intensive use of the formula f,,(t) = tm:l_ L. Details are left to the

reader. O

k+m71)

Proposition 6.7. The ruled surface f.(x,y) = (z,xy + y*, zy™ + cy is degenerate

exactly in each one of the following cases:

(1) f. has a curve of singularities if and only if ¢ = %

(2) fe has a curve of triple points if and only if k is odd and ¢ = 1.
(3) fe has a curve of non transverse intersection if and only if:

T if p even and r odd,
0, if p,r both even,

CcC =
1, co, if p,r both odd,
a1 Cos if p odd and r even,

where p = min{k, m} and r = max{k,m}.
Proof. (1) It is easy to compute the singular set of f., which is defined by equations
r+kyf =0, (c(k+m—1)—km)y™™ % =0.

km
k+m—1"°

Then, f. has a line of singularities if and only if ¢ =

(2) According to the equations of the double point curves, f. will have a line of triple
points if and only if there are A; # A; such that gr_1m-1(Ni)) = gr—1,m-1(};) = ¢ and
Je—1 (X)) = Jem1(A))-
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First we note that if & is even, then f;_1(y) is a 1-1 function. Hence, in this case we
cannot a have a line of triple points. We assume that £ is odd and we distinguish three
subcases:

(a) If ¢ > 1, we have A\;, \; > 0. Since f_1(y) is also 1-1 in (0, 00), we have no triple
points in this case.

(b) If ¢ < 1, we have \;, \; < 0. By looking at the graph of fy_1(y) in (—00,0), we
see that fr_1(\;) = fr—1(};) implies —1 < X\;, A; < 0. By lemma 6.6, this gives
Gr—1.m-1(Ni) # gr—1.m—1(A;). Hence, we have no triple points.

(c) Finally, if ¢ = 1, we have a line of triple points. In fact, we find that A\; = —1 and
Aj = 0 verify the required conditions.

(3). The ruled surface f. has either a line of singularities or a line of non transverse
intersection if and only if ¢ is a critical value of gx_1,-1(y). Moreover, the list of critical
values of gx_1m-1(y) is given by

#, v if p even and r odd,
T e
s 1, co, if p,r both odd,
%, ﬁ, co, if p odd and r even.
Now the result now follows from (1). O

In order to prove the main theorem of this section, we need the following lemma, which
will be useful to compute the sign of the Gauss word in some cases.

Lemma 6.8. Let A\ be such that gi—1m-1(A\) = ¢ and let (x,y,u) be such that x +
feet(N)y* "t =0 and u = \y. Then

dfe Ofe ofe. e m— /
det (ai (l” y)’ afl' (LU,u); aij; <x7y)) - _ykJr 1<)\ - 1))‘<)\k+ t— 1>gk71,m71(/\)'

Proof. 1t is a tedious but straightforward computation. 0

Theorem 6.9. Assume that the ruled surface f.(z,y) = (z,zy + y&, zy™ + cy*T™=1) is
non-degenerate and has cusp type. Then its topological type is given in table 4 (see also

figure 2):

m even Link .
-1 m odd Link
c < ¢ aa = 0
1 91 11 1.4 — c<c
co<c<—— | abted tea the tde ! 0
o ktm—1 1. 13 -1 co<c<1l |ab~tc tdba tdc!
p— <c<1 ab™‘ca " ‘be km 111
e 1 1 I<e< g il aa”"b™'b
1 <e< s aa” bbb~ cc e T
km " -1 k+m—1 <c @
’ <c aa +m
+m—1

TABLE 4

Proof. Because of corollary 6.4 we only need to consider the case that f. has cusp type,
that is, k£ is odd. We also denote by r the number of branches of the double point curve
D(f.). If r < 2, there is nothing to show since the list includes all the possible Gauss
words. We will consider the three cases r = 3,4, 5.
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(1) r = 5. Looking at the possible graphs of gx_1,,—1(y) (figure 7), we must have k < m,
m is even and ¢y < ¢ < m/(k +m — 1). Moreover, we denote

9;:1,%1(0) = {1, A2, A3, Aaf,
where Ay < A3 < —1 < Ay < A; < 0 and A\; = 1/)4, Ay = 1/A3. Then, the double point
curve D?(f.) is defined by
s+ ) =0, (uty)(u—My) .. (uw— Ay) = 0.
By eliminating the u variable, we compute the equation of the double point curve D(f,),
(x+y* )@+ my"™h) (e gyt =0,

where p; = fr_1(N\;), for any @« = 1,...,4. Note that k — 1 is even, so that D(f.) is
the union of five parabolas passing through the origin. Moreover, we have that either
fag > i3 > 1> pg > g > 0 0r gy > pug > 1> gy > pue > 0. The relative position of the
five parabolas in both cases is presented in figure 8.

Ky H
K K
-1 -1
My Hs
Hy Hy

FIGURE 8. Relative position of the five branches of D(f.).

Now we compute the Gauss word up to the sign. Assume that puy > pus > 1 > ps >
w1 > 0. Let us consider double point (x,%) in the branch = + py*~1 = 0 in the positive
half plane y > 0. We label this double point with the letter a. The symmetric point of
(x,y) is given by (z,u) with u = A\;y. Since Ay = 1/, this point belongs to the branch
x + pyuf~! = 0 and it is located in the negative half plane u < 0. Therefore, the letter a
will appear in the first and the sixth positions of the Gauss word. A similar argument with
the remaining branches shows that the Gauss word is equal, up to the sign, to abcdeabede
(see figure 8 left).

In the other case, we have g > ps > 1> g > pe > 0. We follow the same process and
arrive to the Gauss word abcdebaced (see figure 8 right). The problem is that this Gauss
word is not realizable on the sphere. Thus, this case is not possible.

Finally, we compute the signs in the Gauss word abcdeabcde. By analyzing all the
possibilities, we see that there is only one which is realizable on the sphere, namely,
ab~ted tea 'be tde™!. This concludes the proof in the case r = 5.

(2) r = 4. The proof is essentially the same as r = 5. We have that m is odd, ¢p < ¢ < 1
and

It imo1(€) = {1, A2, Az, Mg}y
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where A\y < A3 < =1 < Ay < Ay <0 and \y = 1/X\y, Ay = 1/A3. Then, the double point
curves D?(f,) and D(f.) are defined respectively by
rH YT ) =0, (u=Ay) s (u = day) =0,
and
(z+ my™ N .+ gy =0,

where p; = fr_1(N\;), for any ¢ = 1,...,4. Again we have two possibilities either p, >
3 > 1> pg >y > 0o0r g > pug > 1> g > e > 0. This will produce two possible
Gauss words up to the sign, namely, abcdabed and abedbade respectively. However, in this
case, the first one is not realizable and necessarily we must have the second one abcdbadc.

Again, this Gauss word has a unique choice of signs so that it is realizable on the sphere,
ab=tc tdba='d e, which concludes the proof.

(3) r = 3. In this case we have that m is even and either m/(k+m —1) < ¢ <1 or
1 <c<km/(k+m—1). Then,

gl;—ll,m—l(c) = {)\17 )‘2}7

where A\; = 1/Xg and either \y < =1 < A\ < 0ife<lor Xl >1> X >0ifc> 1.
Moreover, the double point curves D?(f.) and D(f.) are defined respectively by

e+l ) =0, (ut2)(u = Ay)(u = Aay) = 0,
and
(@ +y* )@+ my" (@ + pey™h) =0,

where p; = fr_1(\;), for any i = 1,2. We have either 3 < 1 < pg,ifc < 1,0r 1 < py < po,
if ¢ > 1. Therefore, the Gauss word is equal, up to the sign, to either abcabc if ¢ < 1, or
abbcca if ¢ > 1.

If ¢ < 1, there is a unique choice of the signs such that the Gauss word abcabe is
realizable on the sphere, ab~'ca'bc™!. However, when ¢ > 1, there are several choices of

the signs for the Gauss word abbcca which are realizable on the sphere. We compute the
signs explicitly in this case by means of lemma 6.8.

J

c (x,y)
c XU

a —1

Vs
FiGUurE 9. Computation of the signs in abbcca.

We take the first double point labeled by a. It is given by a pair of points (x,y) and
(z,u), with z +y*1 = 0, u = —y and y > 0. By looking at the relative position of the
branches, we deduce that the sign of the Gauss word is equal to the sign of the determinant
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det(vq, v9, v3), where v; = 8]; (z,y), v %f‘ (x,u) and vz =

easy computation shows that
det(vy, vy, v3) = 20" (c(k +m — 1) —m) > 0,

since ¢ > m/(k +m — 1).

We consider now the second double point labeled by b, which is the image of a pair (x, y)
and (x,u), with o + u19*' = 0, u = Ay and y > 0. In this case, we look again at the
relative position of the branches. We see that the sign in the Gauss word coincides with

the sign ogfthe determinant det(v, v, v3), where now v; = 8fc “(z,y), vo = —%’;C (x,u)

8];; (x,y) (see figure 9). An

- (x,y) (see figure 9). It follows from lemma 6.8 that
det(v1,v2,v3) = =g A = DM = 1)gjy 0 (M) <0,

since 0 < Ay < land g;_;,, (A1) > 0.

Finally, the third double point labeled by ¢ is the image of a pair (z,y) and (x, u), with
T+ poy*t =0, u = My and y < 0. Again, the sign in the Gauss word is determined by
the relative position of the branches. In this case, it is equal to the Sign of the determinant
det(vy, v, v3), where now v, = %’;C (x,y), v af“ (z,u) and vz = C(m, y) (see figure 9).
In this case, lemma 6.8 gives that

det(vy, v, v3) = ¥* " (Ao — DAAST™ T = 1)gp_y 1 (A2) <0,

since Ay > 1, g1, 1(A2) < 0. Therefore, the complete Gauss word with signs is equal
to ab~tbclca™!, which is equivalent to aa=*bb~tcc™! and this concludes the proof. O

and vs =

6.2. The general case. We finish by showing that the topological classification of non
degenerate ruled surfaces f. can be extended to all the finitely determined germs or ruled
surfaces in the (x, zy,0) orbit.

We will assume that f is a finitely determined germ of ruled surface in the (z,xy,0)
orbit written in the form f = f, + f, where f.(x,y) = (z, zy + v*, 2y™ + cy/**™ 1) and f
has only terms of higher order with respect to the weighted grading determined by f..

If f. is finitely determined itself, it follows that f is topologically equivalent to f. by a
result of Damon [2]. Even if f, is not finitely determined but it is non degenerate, then the
Gauss word of f is determined by the initial part f. and then they are also topologically
equivalent.

Proposition 6.10. Let f : (R%,0) — (R3,0) be a finitely determined germ of ruled surface
defined by f = f.+ f such that f. is non-degenerate. Then the Gauss word of f is equal
to the Gauss word of f..

k+m71)

Proof. We assume that f.(z,y) = (x, 2y +y*, xy™ +cy and f has only higher order
k1

terms, that is, f(z,y) = (0,91(y),zgs(y) + g2(y)), where g1 € m{™, go € my
g3 € mH*t™_ The equation for the double point curve D?(f) is given by

{:c + Fy1(y,u) + —gl(y;:il(u) =0,

and

Fk—l(y> U)Fm—l(ya u) - CFk-l-m—Q(ya U) + Q(ya U’) = 07

where Q € mi™™~ ! We denote Py(y,u) = Fp_1(y,u)Fpn_1(y,u) — cFrim_o(y,u) and
P(y,u) = Py(y,u) + Q(y,u). Since f, is non-degenerate, the initial part P, admits the
following factorization:

Po(y,u) = (u—Ay) ... (u—Ay)Ho(y,u),
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for some A\; < --- < A, and H;'(0) = {(0,0)}. By using a result of [7], we deduce
that the plane curve P(y,u) = 0 has the same number of real branches as its initial part
Py(y,u) = 0. In particular, P will also factorize as

P(Qa“) = (U - )\1y+ Kl(yau)) ce (U - >\ry + Kr(y,u))H(y,u),

where K; € m% and H~1(0) = {(0,0)}.
We use now the implicit function theorem, so that each branch u — \;y + K;(y,u) =0
can be parameterized as u = \jy + k;(y) for some k; € m?. By substituting in the first

equation of D?(f) we get the equation of D(f):

(@ + my" "+ Riy)) .. (& + ey + Re(y)) = 0,
for some functions R; € m¥. Again, the hypothesis that f. is non-degenerate implies that
wi # gy if i # 5. If p; < py, for instance, we will have that py* '+ R;(y) < py" '+ R;(y)
for any y € (0,€). Thus, we have shown that the relative position of the branches of D(f)
is determined by 1, ..., p,. In particular, the Gauss word of f is equal, up to the signs,
to the Gauss word of f..

Finally, we compute the signs in the Gauss word. Consider a double point given by
the image of a pair (z,y) and (z,u), with (z,y,u) € D?*(f). The sign in the Gauss
word is defined by the sign of the determinant of three vectors det(vy,vq,v3), where
v = 51%(x,y), Vg = (52%(33,10) and vz = (53%(1‘,1/), 0; = +1. Moreover, the three signs
9; depend only on the relative position of the branches (in fact, they only depend on the
signs of y and ).

We assume that u = \;y + k;(y), for some ¢ = 1,... 7. Then, lemma 6.8 gives

det(vy, vz, v3) = —515253yk+m71()\z’ - 1))\i()\f+mfl - 1)91;—1,m—1(>‘i) +.

Since f. is non-degenerate, A; # 0,1, —1 and g;_, ,, ;(A;) # 0. Hence the initial part is
not zero and the sign is equal to the sign in the Gauss word of f.. O
Theorem 6.11. Let f : (R% 0) — (R3,0) be a finitely determined germ of ruled surface

whose 2-jet belongs to the (x,xy,0) orbit. Then its topological type is determined by one
of the eleven links of figure 2.

Assume that f is defined by f = f. + f. If f. is non-degenerate, then the result follows
from proposition 6.10 and theorem 6.9. Thus, we only need to solve the cases where c is
one of the critical values. We also know from corollary 6.4 that the problem is solved if
f has fold type. Hence we can assume that f. has cusp type, i.e., k is odd. Finally, if we
denote by r the number of branches of D(f) we can also assume that 3 < r < 5. We start
with » = 5 which can occur only when m is even and either ¢ = ¢y or ¢ = m/(k+m — 1).

Proposition 6.12. Let f : (R%,0) — (R3,0) be a finitely determined germ of ruled surface
of the form f = f.+ f. Assume that k is odd, m is even, ¢ = ¢y and r = 5. Then the
Gauss word of the link is ab~ted tea ™ be~tde !,

Proof. The five branches of the double point curve D?(f) are defined in the (y,u) plane
by the following equations:

(u+y+pi(y,u) =0,

u— Ay + p2(y,u) =0,
u— Ay +p3(y,u) =0,
u — Aoy + pa(y,u) =0,
L u— Aoy + ps(y,u)) =0,
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with Ay < =1 < Ay <0, \y = 1/)\;, and p; € m3, i = 1,...,5. By the implicit function
theorem, the five branches can be parameterized by

(u=—y+aqy),
u= My + qy),
u =My + g(y),
u = Ay + q(y),

Lu = Aoy + ¢5(y),

for some ¢; € m2, i =1,...,5. Now we get the equations of the branches of D(f) in the
(x,y)-plane:

(2= —p2y* ' +75(y),
being p11 = fi—1(A1), p2 = fe—1(A2) and r; € m]f, i1=1,...,5.

Since k is odd and 0 < p; < 1 < ug, we have five parabolas on the halfplane z < 0 like
in figure 8. Moreover, we also have that if a double point is the image of a pair (x,y) and
(z,u) then y and u have opposite signs. This implies that the Gauss word must be, up
to the signs, of the form abcde — — — — —

By looking at the relative position of the branches we see that the Gauss word, up to the
signs, has the form abcde x xc##, where x = a,b and # = d, e. There is a unique solution
of the problem which is realizable on the sphere, namely, ab~tcdtea=tbctde 1. O

Proposition 6.13. Let f : (R%,0) — (R3,0) be a finitely determined germ of ruled surface
of the form f = f.+ f. Assume that k is odd, m is even, c=m/(k+m —1) and r = 5.
Then the Gauss word of the link is ab~ cd tea ‘bc tde™.

Proof. We follow an argument similar to the case ¢ = ¢y. to In this case, the branches of
D?(f) in the (y,u) plane are

with Ay < =1 < Ay < 0, Ay = 1/)\y, and p; € m3, i = 1,...,5. The equations of the
branches of D(f) in the (x,y)-plane are:

being H1 = fk—l()\l)a Mo = fk—l()\2> and r; € m’f, 1=1,...,5.
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Again we have five parabolas on the halfplane z < 0 giving a Gauss word of the form
abcde — — — ——, up to the signs. Since 0 < p; < 1 < po, the relative position of the
parabolas imply, in this case, that the Gauss word will be of the form abcdea * * x e, with
x = b, c,d. But again the only Gauss word of this form which is realizable on the sphere
is ab~ted teatbctde 1. O

The next case is when D(f) has four branches, i.e., r = 4. This can happen only when
m is odd and either ¢ = ¢y or ¢ = 1.

Proposition 6.14. Let f : (R%,0) — (R3,0) be a finitely determined germ of ruled surface
of the form f = f.+ f. Assume that k and m are odd, ¢ = ¢y and r = 4. Then the Gauss
word of the link is ab~'c tdba=td 'c.

Proof. The proof is similar to that of the case r = 5 and ¢ = ¢y. In fact, we arrive to four
parabolas in the (x,y)-plane defined by equations

where 0 < p; < 1 < pp and r; € m¥, i = 1,...,4. This implies that the Gauss word
must be, up to the sign, of the form abcd — — — —. Moreover, the analysis of the relative
position of the branches gives a Gauss word of the form abcd * *##, where * = a,b and
# = c,d. The only Gauss word of this type which is realizable on the sphere is equal to
ab~tctdba"td c. O

In order to analyze the case ¢ = 1 we need the following lemma, which we state without
proof.

Lemma 6.15. Let f : (R*0) — (R3,0) be a finitely determined germ of ruled surface

of the form f = f.+ f, with ¢ = 1. Let us consider the branch of the double point
curve parametrized by ¥ = —y* 1 + r(y) and u = q(y), with r € mk and ¢ € m3. If
q(y) = a;y? 4+ ... with a; #0 and j > 2, then

g ﬁ % oo kMg -2
det <6(L’<x,y)’ ax(‘r7u>7 ay(xvy)> - ja]y +

Proposition 6.16. Let [ : (R%,0) — (R3,0) be a finitely determined germ of ruled surface
of the form f = f.+ f. Assume that k and m are odd, c =1 and r = 4. Then the Gauss
word of the link is either ab~'c 'dba='d'c or ab='c ‘eda=tbd*.

Proof. The four branches in the (y,u)-plane are defined by

u+y+piy,
u+y+ pa(u,
u+ p3(y,u) =0,
Yy + ps(u,y) =0,

u) =0,
y) =0,
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where py, ps € m3. Now, we parameterize them by

u=—y+qy),
u=—y+qy),
u=q(y),
y = q3(u),

for some ¢; € m?, i = 1,2,3. Finally, we arrive to the equations of the four branches in
the (z,y)-plane:

<

’

P:ox=—y 4+ (y),
Py: o= -yt +my(y),
Py x=—y ’“ '+ rs(y),
0 r = —uF"1 4+ ry(u),
L yZQ3<U),

with 7; € m¥, i = 1,2,3. The four branches are three parabolas P;, P, P; and one cusp
@, all of them located on the halfplane x < 0 (see figure 10).

(I RN

N\

F1cURE 10. Double point curve with ¢ =1 and r = 4.

We compute first the Gauss word without signs. With independence of the relative
position of Pj, P,, P3, we can state that the Gauss word is, up to the sign, of the form
abc — — — ——. In fact, the three first letters label the positive halves of P;, P, P3. Since
P, and P, have the corresponding double point in the halfplane y < 0, their letters will
appear again in positions 6, 7 or 8. Analogously, P; has the corresponding double point
in () and its letter will appear again in positions 4 or 5.

Now, the realizability conditions for Gauss words on the sphere implies that there are
just three possibilities for the fourth letter: abca — — — —, abcc — — — — or abed — — — —.
Since the fifth letter labels necessarily the second half of the cusp @, we get abcad — ——,
abced — —— or abedb — —— respectively. We apply again the realizability conditions, which
give only four possibilities: abcadcbd, abcedabd, abedbade or abedbeda. Finally, note that
abcadcbd is equivalent to abcdbadc and abedbeda is equivalent to abeedabd.

In the second part, we compute the signs in the Gauss word. For abcdbadc there is only
one choice of the signs which is realizable, namely, ab~'c 'dba='d~'c. Unfortunately, for
abcedabd, there are two possible choices, ab~tcc™da=tbd~! and ab~tc teda=tbd~t. We see
that only the second one is possible.
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We will compute the sign of the first ¢ and the last d in the Gauss word. Both letters
are on the parabola P3 and we use lemma 6.15. Assume that ¢3(y) = a;u? + ... with
a; # 0 and j > 2. We distinguish four cases:

(1)

(2)

(3)

(4)

j odd and a; > 0. Let us consider the first ¢ in the Gauss word. We have one
point (x,y) € P with y > 0 and its partner (x,u) € @, also with « > 0. The sign
is determined by the sign of the determinant

of of of . e j—
det (—%(x,y),—a—x(x,uxa—y(x,y) = —jagy" T 4 <0
Analogously, we consider now the last d. Now we have (z,y) € P3 and (z,u) € Q
with y,u < 0. The sign is determined by

g a_f _8_f g kAmi—2
det (ax(xay>a 8I<x7u>, 8y (xuy)) _]ajy + < O

j odd and a; < 0. This case is not possible. On one hand, the cusp ) has the two
halves on the two halfplanes y > 0 and y < 0. On the other hand, the points (z, y)
and (z,u) should be located on different halfplanes. But this is not compatible
with a Gauss word of the form abcedabd.

j even and a; > 0. The cusp @ is contained in the positive halfplane. For the
first ¢ we have (z,y) € Py with y > 0 and (x,u) € @, also with u > 0. The sign is
given by

_g _8_f 3_f e ktmj—2
dot (=5 = w0, G @) = —agm <o

For the last d we have (z,y) € P; with y < 0 and (z,u) € @ with u > 0. This
gives

g _0_f _8_f i kbmj—2
dot (w5 ). =S = —agm <o

j even and a; < 0. The cusp @ is contained in the negative halfplane. For the
first ¢ we have (z,y) € P3 with y > 0 and (z,u) € @, with u < 0. Then,

of of of : S
det (_a_x(x7y)7%<x7u)aa_y(‘ray> :]ajyk+ + 2"— <0
For the last d we take (z,y) € Py and (z,u) € @ with y,u < 0. This implies

ﬁ % _ﬁ o kmAg—2
et (G G =G ) = sagtorete <o

We see that in all the cases, both the first ¢ and the last d have sign —1. This concludes
the proof. 0

To finish our classification, we only need to analyze the cases where the double point
curve has three branches, i.e., » = 3. These are possible only if m is even and either
c=cy,c=m/(k+m—1),c=1orc=km/(k+m—1).

Proposition 6.17. Let f : (R%,0) — (R3,0) be a finitely determined germ of ruled surface
of the form f = f.+ f. Assume that k is odd, m is even, ¢ = ¢y and r = 3. Then the
Gauss word of the link is ab='ca tbc™!.
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Proof. The proof is similar to the case ¢ = ¢y and 7 = 5. Here the three branches of D?(f)
are:

u+y+pi(y,u) =0,

u— My + pa(y,u) =0,

u— Aoy + p3(y,u) =0,
with Ay < =1 < A\; <0, Ay = 1/)y, and p; € m3, i = 1,2,3. The three branches of D(f)
in the (z,y)-plane are:

==y +ri(y),

x =~y +ra(y),

x = —pay* ! +13(y),
being 1y = fi_1(M1), 2 = fr1(A2) and r; € mk, i =1,2,3. Since k is odd and 0 < p; <

1 < p9, the Gauss word is equal, up to the signs, to abcabc. Finally, the signs of the Gauss
word are ab~tcatbe 1. O

Proposition 6.18. Let f : (R2,0) — (R?,0) be a finitely determined germ of ruled surface
of the form f = f.+ f. Assume that k is odd, m is even, c=m/(k+m —1) and r = 3.
Then the Gauss word of the link is ab~'ca™tbc™1.

Proof. The proof is the same as the case ¢ = ¢y. Note that the three branches of D?(f)
are defined again by

u+y+pi(y,u) =0,

u— Aly _'_pZ(y?u) = 07

u— Aoy + pa(u,y)) =0,
with Ay < =1 < X\ <0, \y = 1/\y, and py, py € m3. O
Proposition 6.19. Let f : (R2,0) — (R?,0) be a finitely determined germ of ruled surface

of the form f = f.+ f. Assume that k is odd, m is even, ¢ = 1 and r = 3. Then the
Gauss word of the link is either ab™ca™bc™t or aa1bb~tcc™!.

Proof. The proof is similar to the case ¢ = 1 and » = 4. The three branches in the
(y,u)-plane are parameterized by

u=—y+qy),
u = q2(y),
Y = q2(u),

for some q1, g2 € m3. The equations of the three branches in the (z,)-plane are:

P:ox=—yt+r(y),
Py x=—yF 1+ ry(y),
Q. x i —uFt o (u),
Yy = QQ(U)7
with 71,7 € m¥. We have two parabolas Py, P, and one cusp Q on the halfplane z < 0
(see figure 11).

The Gauss word is, up to the sign, of the form ab — — — —. In fact, the two first letters
label the positive halves of P;, 5. Since P; has the corresponding double point in the
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F1GURE 11. Double point curve with ¢ =1 and r = 3.

halfplane y < 0, the letter will appear again in positions 5 or 6. Analogously, P, has the
corresponding double point in @) and its letter will appear again in positions 3 or 4.
By the realizability conditions, we have only two possibilities for the third letter: abc —

—— or abb — ——. The fourth letter labels the second half of the cusp (), which gives
abca — — or abbc — — respectively. The only realizable Gauss words are abcabc or abbcca
respectively.

Note that for abcabc there is only one choice of the signs which is realizable, namely,
ab~'ca='bc™t. However, for abbcca, there are many possible choices. To compute the
signs, we take the vectors vy, v, and vz as in the proof of theorem 6.9 (see also figure 9).

In the first a, we have two points (x,y), (z,u) € P, with y > 0 and v < 0. The sign is
determined by the sign of the determinant

af af of ket
det [ —=— = - =2+ kY 4. >0
et (=5 G, S ) = o myert
We compute now the signs of the first b and the last ¢ in the Gauss word. Both letters are
on the parabola P, and we use lemma 6.15. Assume that ¢2(y) = a;97 + ... with a; # 0
and j > 2. We distinguish four cases:

(1) j odd and a; > 0. For the first b we have (z,y) € P with y > 0 and (z,u) € Q,
also with u > 0. The sign is determined by the sign of the determinant

_g _8_f 8_f o ktmj—2
ot (=5 =L@, G @) = —agm <o

For the last ¢ we have (z,y) € P; and (z,u) € @ with y,u < 0. The sign is
determined by

Of (o 2 0. 9 e
dot (G @), ). =5 .0) ) = a2 > 0

(2) j odd and a; < 0. This case is not possible.
(3) j even and a; > 0. For the first b we have (z,y) € P, with y > 0 and (z,u) € Q,
also with w > 0. The sign is given by

_g _g ﬁ i ktmt -2
det( 8x<x’y)’ al’@j?u)’ ay(xay)) - jajy + < 0
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For the last d we have (z,y) € P, with y < 0 and (z,u) € @ with u > 0. This
gives

g _a_f _8_f o ktmj—2
ot (e~ 5 ). =G @) = a0

(4) j even and a; < 0. The cusp @ is contained in the negative halfplane. For the
first ¢ we have (z,y) € P, with y > 0 and (z,u) € @, with u < 0. Then,

af af of . i
det (_a_x(x7y)7%(xau)va_y(xay) :jajyk+ + 2+ <0
For the last d we take (z,y) € P, and (z,u) € @ with y,u < 0. This implies
of af of : mtj—
cht(g;@aw,55@%UL—5§@aw = jajytm T 4 >0
We see that in all the cases, the first b has sign —1 but the last ¢ has sign +1. Thus, the
signed Gauss word is ab™tbc~tca™!. O

For the case ¢ = km/(k +m — 1), we need the following lemma, which is similar to
lemma 6.15. It will be necessary in order to compute the signs of the Gauss word.

Lemma 6.20. Let f : (R%,0) — (R3,0) be a finitely determined germ of ruled surface of
the form f = f.+ f, with ¢ = km/(k+m — 1). Let us consider the branch of the double
point curve parametrized by ¥ = —ky* 1 +1r(y) and u = y+q(y), withr € m¥ and ¢ € m?.
If q(y) = ajy? + ... with a; # 0 and j > 2, then
1 .
det (%@,y), . G y>) = Sh(k— Dym{m — Daly

Proposition 6.21. Let f : (R2,0) — (R?,0) be a finitely determined germ of ruled surface
of the form f = f.+ f. Assume that k is odd, m is even, c = km/(k+m—1) and r = 3.
Then the Gauss word of the link is aa=1bb~tcc™!.

Proof. The proof is similar to the case ¢ = 1 and » = 4. The three branches in the
(y,u)-plane are parameterized by

u=—y+aqy),
u=y+qy),
u=y + Q3(U)7

for some q1, q2, g3 € m3. The equations of the three branches in the (z,y)-plane are:

T = _yk_l + 7“1<y),
v =—ky" +ra(y),
Tr = _k/‘ykil + TS(ZU),

with 71,79, 73 € mF. The relative position of the three parabolas implies that the Gauss
word is equal, up to the signs, to abbcca. To compute the signs, we take the vectors vy, vo
and vz as in the proof of theorem 6.9 (see also figure 9).

In the first a, we have two points (x,y), (x,u) on the first parabola, with y > 0 and
u < 0. The sign is determined by the sign of the determinant

det (_%(xay)a %(xau)a g_JyC(x?y)) = (2 + k)mykeril +-->0
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We compute now the signs of the first b and the first ¢ in the Gauss word. Both letters are

on the parabolas Py, Py and we can use lemma 6.20. Assume that ¢a(y) = a;97 +... with
a;j # 0 and j > 2. Then, by symmetry, we have that ¢3(y) = —a;y’ +... By interchanging
P, and P if necessary, we can assume that a; > 0.

We distinguish two cases:

(1) j odd. For the first b we have (x,y) and (x,u) with 0 < u < y. This implies that
necessarily (x,y) € P3 and (x,u) € P,. The sign is determined by the sign of the
determinant

0 0 0 .
det (_8_£(xvy)7 _@_i(l’, u)’ ﬂ_i(xa y>> B ék(k o 1)m(m - 1)<_aj>3yk+m+3j_4 +---<0

For the first ¢ we have (z,y) and (z,u) with u < y < 0. Then, (z,y) € P, and
(z,u) € @ with y,u < 0. The sign is determined by

of of of _ k4m—+j—2
et (G G -G ) a0

(2) j odd and a; < 0. This case is not possible.
(3) j even and a; > 0. For the first b we have (z,y) € P, with y > 0 and (z,u) € Q,
also with w > 0. The sign is given by

) A R e S S
det( ax(xvy)7 al,(xau)v ay(x7y)) - CL]y + < O

For the last d we have (z,y) € P, with y < 0 and (x,u) € @ with uw > 0. This

gives

6_f _g _a_f o ktmtj—2
dot (e, =G =T ) ) =~ >0

(4) j even and a; < 0. The cusp @ is contained in the negative halfplane. For the
first ¢ we have (z,y) € P, with y > 0 and (z,u) € @, with v < 0. Then,

of of of i
det (=5, gl @, G ) = at ot <o
For the last d we take (z,y) € P, and (z,u) € @ with y,u < 0. This implies

8_f g _% kM —=2
det <8JI (l’,y), 8x (Q?,'Lb), ay (l',y)> - ajy + > 0

We see that in all the cases, the first b has sign —1 but the last ¢ has sign +1. Thus, the

signed Gauss word is ab™tbctca™!. ([l

We finish with the following example, which shows that the link with Gauss word
ab~tc teda=tbd! is also realizable as the link of a finitely determined surface. Note that

this is the only one from the list of eleven links of figure 2 which cannot appear in the
non degenerate case, but which in fact appears in a degenerate ruled surface.

Example 6.22. Let us consider the ruled surface f : (R? 0) — (R30) given by

3 2 1
_ 3, 2 4 5 74 6, * 8
flz,y) = (z,2y +y 1Yy Y gty Y ).
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The double point curve D?(f) can be computed easily in the (y,u)-plane by equation:
(u+ 1) (3u” + 3yu® + 6y%u° — 5yu® + 6y°u’ — 5y°u* — 50yut + 6y’ — 204°u°
— 50y2u® + 6y°u® — Sy*u? — 50y3u? + 3y®u — 5y u — 50y*u + 3y”) = 0.

This gives only four real branches parametrized by:

=Y
=—y—3r+...,
u:g’—oyg—i-...,
:%y3+...,
and the corresponding branches in the (z,y)-plane for D(f) are:
(Plz r = —y>,
P:x=—y*—Lii4+ ..,
Ps: a::—y2—13—0y3—|—...,
\ Y=Y + ...

The relative position of the branches is P, P, P3sQ)QQ) P, P, P; and hence, the Gauss word is
ab~tc teda=bd—'. We present in figure 12 a picture of the link of f obtained with the
computer program SphereXSurface by A. Montesinos-Amilibia [12].

F1GURE 12. The link of f
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