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Abstract. Given two points of a smooth convex planar curve, the mid-
line is the line passing through the mid-point and the intersection of
tangent lines and the Envelope of Mid-Lines is a well-known affine in-
variant symmetry set. In this paper we generalize this concept to convex
surfaces as the Envelope of Mid-Planes (EMP), where a mid-plane is the
plane containing the mid-point and the intersection line of the tangent
planes at two given points.

In case of non-parallel tangent planes, we show that the EMP is the
set of centers of conics with contact of order at least 3 with each surface
at the given points, each conic contained in the plane generated by a
pair of vectors tangent to the surfaces and orthogonal to the intersection
line in the corresponding Blaschke metrics. In case of parallel tangents
at non-coincident points, the EMP coincides with a known set, the Mid-
Parallel Tangents Surface. The case of coincident points is interesting
in itself and connects to very old topics of affine differential geometry,
like Transon planes, cones of B.Su and Moutard’s quadrics.

1. Introduction

Consider a smooth convex planar curve -y and let p1, ps be points of . The
mid-line is the line that passes through the mid-point M of p; and py and
the intersection of the tangent lines at p; and py. If these tangent lines are
parallel, the mid-line is the line through M parallel to both tangents. When
p1 = po, the mid-line is just the affine normal at the point. The envelope
of these mid-lines is an important affine invariant symmetry set associated
with the curve. It is important in computer graphics and has been studied
by many authors ([1],2],[3],[4],[10]).

In this paper we generalize this concept to a surface S in R® by con-
sidering the envelope of its mid-planes. For p;,ps € S, the mid-plane is the
plane that passes through the mid-point M of p; and ps and the intersection
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line of the tangent planes at p; and po. If these tangent planes are parallel,
the mid-plane is the plane through M parallel to both tangent planes. When
p1 = p2, we have to consider Transon planes, a classical concept in affine
differential geometry.

The FEnvelope of Mid-Lines of planar curves can be divided into 3
parts: The Affine Envelope Symmetry Set (AESS), corresponding to pairs
(p1,p2) with non-parallel tangent planes, the Mid-Points Parallel Tangent
Locus (MPTL), corresponding to pairs (p1,p2), p1 # p2, with parallel tan-
gent planes, and the Affine Fvolute, corresponding to coincident points. The
Envelope of Mid-Planes (EMP) is also naturally divided into three subsets:
The EMP1, corresponding to pairs (p1, p2) with non-parallel tangent planes,
the EMP2 corresponding to pairs (p1,p2), p1 # p2, with parallel tangent
planes, and the EMP3 corresponding to the limit case of coincident points.

For curves, the AESS is very well studied and coincides with the locus
of center of conics having contact of order > 3 with the curve at p; and ps.
Moreover, conditions for the AESS to be a regular at a given point are known
([2],[4]). In this article we prove corresponding results for the set EMP1. The
interesting fact here is that all relevant points of this construction belong to
one distinguished plane, which is generated by tangent vectors orthogonal
in the Blaschke metric to the intersection line of the tangent planes. We
prove that a point of the EMP1 is the center of a conic contained in this
plane having contact of order > 3 with the surface. Moreover, under certain
generic conditions, the EMP1 is a regular surface. In the case of planar curves,
another interesting property is the following: If the AESS is contained in a
straight line [, then the curve itself is invariant under an affine reflection with
axis [. We give an example that shows that the correponding property does
not remain true for the EMP1.

The Mid-Parallel Tangent Surface (MPTS) of a surface is the locus of
mid-points of pairs (p1, p2) with parallel tangents ([10]). It turns out that
the MPTS coincides with the set EMP2. As in the curve case, the EMP1
and MPTS meet at center of conics with contact of order > 3 and parallel
tangents, where both sets are expected to be singular. Based on [10], we give
conditions under which, at such a point, the MPTS is equivalent to a cuspidal
edge.

The Affine Evolute of a planar curve is the limit of the Envelope of
Mid-Lines when p; = py. We study in this paper the corresponding limit
set for surfaces in R3. We verify that if we fix a tangent vector T and make
p1 — po in this direction, the system defining the Envelope of Mid-Planes
converges to a system of 4 linearly independent equations. The first equation
of this system defines the Transon plane of T" at pg, the first two define the
line of the cone of B.Su of T" at pg, and the first three define the center of the
Moutard quadric of T" at pg. The notions of Transon Plane, cone of B.Su and
Moutard’s quadric are very old ([9]), but there are some modern references
([5],[8]). We verify that the tangent vectors T' that leads to some solution of
this system of 4 equations satisfy a polynomial equation of degree 6, thus
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they are at most 6. The set of solutions of this system is an affine invariant
set that, up to our knowledge, has not yet been considered. We call it the
Affine Mid-Planes Evolute and give conditions for its regularity.

The paper is organized as follows: In section 2 we review some basic
facts of affine differential geometry of surfaces in R3. In section 3 we study
the EMP1, giving necessary and sufficient conditions for a pair (p1,p2) to
contribute to this set. We give also conditions for the EMP1 to be a regular
surface. In section 4 we describe some properties of the MPTS. In section
5, we describe the limit equations for the EMP and relate them with the
classical concepts of Transon plane, cone of B.Su and Moutard’s quadric.
Then we give conditions for the Affine Mid-Planes Evolute to be a regular
surface.

This work is part of the doctoral thesis of the first author under the
supervision of the second author.

2. Affine differential geometry of surfaces in R?

In this section we review some basic concepts of affine differential geometry
of surfaces in R? (for details, see [7]). Denote by D the canonical connection
and by € the standard volume form in R3. Let S C R?® be a surface and
denote by X(.5) the tangent bundle of S. Given a transversal vector field ¢,
write the Gauss equation

X,Y € X(5), where h is a symmetric bilinear form and V is a torsion free
connection in S. We shall assume that h is non-degenerate, which is indepen-
dent of the choice of {. The volume form 2 induces a volume form in S by
the relation

0(X1, X2) = Q(Xy, X5, ().
The metric h also defines a volume form in S: Given X; € X(S5), 1 <i < 2,
denote by H := (h;;) the 2 x 2 matrix whose entries are h;; := h(X;, X;) and
define

O (X1, X5) := | det H|?.

Next theorem is fundamental in affine differential geometry ([7], ch.II):

Theorem 2.1. There exists, up to signal, a unique transversal vector field ¢
such that VO = 0 and 0 = 0;,. The vector field ¢ is called the affine normal
vector field and the corresponding metric h the Blaschke metric of the surface.

The derivative of the Blaschke metric
C(X1,X2,X3) = Vx, (h)(X2, X3) (1)

is called the cubic form of the surface. It is symmetric in (X7, X5, X3) and
satisfies the apolarity condition

trp,C(X,-,-) =0, (2)
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for each X € X(95), where trj, denotes the trace of the bilinear form with
respect to the metric h ([7], ch.II).

Let R3 denote the dual vector space of R3. For z € S, let v, be the
linear functional in R3 such that

v:(()=1 and 1, (X)=0V X €T,S.

The differentiable map v : S — R3 — {0} is called the conormal map. It
satisfies the following property ([7], ch.II):

Proposition 2.2. Let S C R? be a non-degenerate surface and v the conormal
map. Then

Dyv(¢) =0 and Dyv(X)=—-h(Y,X), VX,Y €X(9).
Corollary 2.3. If X € X(R?) is any vector field in R3, then
Dyv(X)=—-h(Y,XT), Y €Xx(9),
where X = XT + A, X €R and X7 is the tangent component of X.
Proof. We have
Dyv(X) = Dyv(X" + X() = Dyv(XT) + ADyv(¢) = —h(Y, XT),
thus proving the corollary. (Il

3. Envelope of Mid-Planes- Non-Parallel Tangent Planes

Let S be a non-degenerate convex surface. Take points p1,p2 € S and let
S1 C S and So C S be open subsets around p; and ps, respectively. Denote
h1 and ho the Blaschke metrics of S; and Ss, respectively. In this section we
shall assume that the tangent planes at p; and po are non-parallel.

3.1. Basic definitions

Denote by M (p1, P2) the mid-point and by C(p1, p2) the mid-chord of p;
and po, i.e.,

P1+ D2 P1 — D2
M(plva) = Ta O(plaPQ) = 9 .

The mid-plane of (p1,ps) is the plane that contains M (p1,p2) and the line
r(p1,p2) of intersection of the tangent planes at p; and ps.
Let F : Sy x S3 x R® — R be given by

F(p1,p2, X) = (12(C)v1 + 11(Crz) (X — M). 3)
Lemma 3.1. The equation of the mid-plane is given by
F(p1,p2, X) =0.
Proof. Take R € r. Since R— M = R —p; +C = R — ps; — C, we obtain
F(p1,p2, R) =2 (C)vi (R—p1 + C) + 11 (C)ve (R—p2 — C) =0,

thus proving the lemma. ([l
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Denote
EPM = {(p1,p2, X) € 51 x So xR F = F, = F,, =0}

and
EPMlZ{(pl,pQ,X)EEPM| Slu/ }
Denoting by 7 the projection in the third coordlnate, the envelope EMP of
the family of mid-planes is the set 7(EPM). In this section we shall study
the properties of the set EPM1 = w(EPM]1).
Consider a smooth function
A Sl X SQ — R3
(p1,p2) — Z(p1,p2)

such that Z(p1, p2) is parallel to r(p1, p2). Consider also, for ¢ = 1,2, smooth
functions
Y:L' : Sl X S2 — RS
(plva) — m(plap2)

such that Y;(p1,p2) is tangent to S; and h;(Y;, Z) = 0. We want to find X
satisfying F' = F,, = Fj, =0, for some p; € Si, p2 € S5. Since Y; and Z are
hi-orthogonals, {Y;, Z} is a basis of T},,S;, i = 1,2. Thus we have to find X
in the following system:

F(p1,p2,X) =0
Fpl(.m,l?z, )(Yl) =0
Fpy (p1,p2, X)(Y2) =0 (4)
Fy, Ep1,p2, X)(Z)=0

Fp D1, P2, )(Z):O

The notation Fj, (p1,p2, X)(W) corresponds to the partial derivative of F
with respect p; in the direction W € T, S;, thus keeping p;, j # ¢ and X
fixed.

3.2. Solutions of the system (4)
We begin with the following simple lemma:
Lemma 3.2. We have that
Dy,vy = avi +bvs  and Dy,vs =av + b,
where a,b,a,b are given by
~ha(Y1, X5) b (Y1, X)) G (Y2, Xo) b_ _ha(Y2, X4)
v (Xa) 7 ve(Xy) 7 (X)) ve(Xy)

for any Xy € T}, 51, Xo € Ty, 5.

Proof. Take a basis {v1,v9,(} of the dual space Rs. Thus we can write
the linear functional Dy,v; as a linear combination of the basis vector,

e., Dy,v1 = avy + bvs + ¢(. Since Dy,11(Z) = —h1(Y1,Z) = 0 we ob-
tain ¢ = 0 and so Dy,v; = avy + bre. In an analogous way we show that
Dy,vs = avy + b, Applying Dy, 11 to any tangent vector field X; on S, we
get Dy, v1(X1) = bre(X1), thus proving the formula for . The other formulas
are proved similarly. O
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Proposition 3.3. The first three equations of the system (4) admit a solution
if and only if
1 (C) = —Arz(0), ()

where

\ (V%u@ m(nn))? ©)

v3(V1) ha(Y2,Y2)
Proof. Since v1(Y1) = va(Y2) = 0, it follows that the derivative Fj, (Y1) is
given by
1 1
Dyll/l(C)VQ(XfM)ﬁ*I/Q(C)DylI/l(XfM)+§V2(Y1)Z/1(X*M)*iyl(C)I/Q(Yl),

By lemma 3.2 we obtain

E, (Y1) = (2b1/2(C)1/2 + ;VQ(Yl)ul) (X = M)~ %Vl(O)W(Yl) + aF.

Similarly
1 1 -
sz ()/2) = (2&1/1(0)1/1 - 2V1(Y2)I/2> (X — M) — 51/2(0)1/1(}/2) + bF

Using that F' = 0, the equations F), (Y1) = 0 and F),(Y2) = 0 can be
simplified to

(_ va (Y1) (C)rs

2s(C) + 2bu2(C’)u2) (X —M)= %Vl(C)V2(}/1), (7)

2av%(C)v 1
<_z/;(0)2 - VI(Y2)V2) (X—-M)= 5”2(C)V1(Y2).

These equations, after some simple calculations, leads to
b3 (C)ri(Ya) = —avi (C)ra (Y1),

which, together with lemma 3.2, proves the proposition. O

From equation (5), we can write
(M)
Vl(YQ)

for some A € R, a € R. Next lemma is a consequence of the first three
equations of system (4):

C=A (Y1 Yg) +aZ, (8)

Lemma 3.4. We have that
)\1/2 (Yi)
v1(Ya)

XMB(Y1+ Y2)+BZ, )
where B € R and
AA

B=-—"2
2(\ + 24b)

(10)
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Proof. Tt follows from F' = 0 and equation (5) that 11 (X —M) = Ave(X —M).
Then equation (9) holds, for some B € R. From equation (7) we have

= (C)ra(Yr)

ve(X = M) = 5 ) + b ()
We conclude that
B _ Avg(C) M
(Ava(Y7) + 4buy(C)) (A+44b)’
thus proving the lemma. (Il

Next theorem is the main result of the section and says that the geo-
metry of the envelope of mid-planes occurs in the plane generated by Y7 and
Y5 (see figure 1).

/—\mid plane

intersection of
planes

FIGURE 1. The geometry of the EMP1.

Theorem 3.5. The system (4) admits a solution if and only if C,Y7, and Y3
are co-planar and equation (5) holds. Moreover, the solution of the system is
given by

X-M=B8B (Y1 + Ay”i%@) : (11)

where X and B are given by equations (6) and (10), respectively.
Proof. We must show that a = 8 = 0 at equations (8) and (9), respectively.

For this, we shall consider the last two equations of the system (4). The
derivative Fj, (Z) is given by
Fy (Z) = Dzin (C)va(X — M) + v2(C)Dzr (X — M).
Thus, from lemma 2.3,
Fy (Z2) = —h(Z,CT (X — M) — 1a(CYh (Z, (X — M)T),  (12)
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where UT' denotes the projection in T, S; along the direction of the affine
normal of S; at p;. We can write

)\Z/Q(Yl)
cT =4 (Y - Yy ) +aZ
on()
and ¥
/\V2 Yl
X-M7" =BV + YT>+ Z.
(- = (vi+ 2 ) 4
Substituting these equations in equation (12) we obtain

£y, (Z) = hi(Z, Z)va(Y1)(aB + BA).

Similarly we obtain
Fp,Z = Mho(Z, Z)ve (Y1) (—aB + BA).

Since S and S are convex, h;(Z,Z) > 0, i = 1,2. Moreover, non-parallel
tangent planes imply that A, B, v5(Y7) and A are non-zero. Thus equations
F,,Z = F,,Z = 0 are equivalent to a B+ A = —aB+ A = 0, which implies
that o = 8 =0. O

3.3. Conics with 3 + 3 contact with the surface

Given two non-degenerate convex surface S; and Sy, consider conics that
makes contact of order > 3 with S; at points p;, i = 1,2, in directions Y;
which are h;-orthogonals to the intersection line r of T, 51 and T},,S5>. We
shall prove in this section that the set of centers of these 3+ 3 conics coincides
with the set EMP1.

Along the paper, we shall denote by O(n) terms of degree > n in (z,y).

We begin with the following lemma:

Lemma 3.6. Let S be the graph of a function f given by

f=fo+ froz+ fory+ f200” + frizy + fo2y” + O(3).
Then, at (x,y) = (0,0), the tangent vectors (1,0, f1) and (0,1, fo1) are
orthogonal in the Blaschke metric if and only if f11 = 0.

Proof. Let ¥(z,y) = (x,y, f(z,y)) be a parameterization of S and denote
by h the Blaschke metric of S. Then h(y;,1,) is a positive multiple of
[z, 1y, ¥zy]. Hence, at (0,0), h(y,1y) = 0 if and only if f; 1 = 0. O

Along this section, we shall assume that S; is the graph of a function
fi(xz,y), i = 1,2, and consider the normal vectors

to S;. Let F: 8] x S5 x R® — R given by
F(pl,pg,X):Nl'CNQ'(X—M)+N2-CN1-(X—M), (14)

where N; is given by equation (13), M is the mid-point of (p1, p2) and C is the
mid-chord of (p1,p2). By lemma 3.1, F' = 0 is the equation of the mid-plane
of (p1,p2).
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Lemma 3.7. Assume that the pair (p1,p2) generates a point of EMP1. Then
by an affine change of coordinates, we may assume that p1 = (0,0,1), ps =
(0,0,—1) and Sy and So are graphs of

p o (PP+o)

fl (’U,l, ’Ul) =1 —+ E’U,l 202 U% + fog’l)% + 0(3) (15)

and T

p p°+c
fQ(UQ,’Ug) =—-1- EUQ + T>U§ + 90’27}% + 0(3), (16)
where (p,0,0) is the corresponding point in EMP1. As a consequence, (p,0,0)
s the center of a conic making contact of order > 3 with S; at p; in the
direction Y; h;-orthogonal to the line r.

Proof. Consider p; € S1 and py € Se with non-parallel tangent planes. By
an adequate affine change of variables, we may assume that p; = (0,0,1),
p2 = (0,0,—1) and the mid-plane of (p1,p2) is z = 0. Since, by theorem 3.5,
Y1,Y2 and (0,0,1) are co-planar, we may also assume that Y7 and Y3 are
in the xz-plane. We may also assume that the line r of intersection of the
tangent planes T}, S1 and T}, S5 is the y-axis. By lemma 3.6, these conditions
implies that the coeflicients of ;v and usvy are zero. Since the tangent plane
at p; contains r, Sp is the graph of a function f; of the form
2

fi(ur,v1) =1+ %)Ul - (pT—Zc)
for some ¢ € R, p € R. The tangent plane to Sy at (0,0, —1) is the reflection
of the tangent plane to S; at (0,0, 1), so Sy is the graph of a function f; of
the form

u? + fo207 + O(3),

(»* +c¢)
2

fg(’LLQ,UQ) =-1- §u2 + 1) C2 Ug + 90721}% + 0(3),

for some ¢ € R. Using this model and F' given by equation (14), the system
F=F, =F, =F, =F,, =0 at the origin becomes

—22=0

rz+pz—p=0

2f072y = 0 . (17)
(p? —p?6 -8z +pz+p=0

2go2y =0

Since, by hypothesis, this system admit a solution, (p, 0,0) satisfies the above
system. Thus we conclude that § = 1. It is not difficult to verify now that
there exists a conic centered at (p, 0,0) contained in the plane xz and making
contact of order > 3 with S; at p; and S5 at ps, thus proving the lemma. [J

Lemma 3.8. Consider a conic that makes contact of order > 3 with S; at
points p;, i = 1,2, in directions Y; which are h;-orthogonals to the intersection
line v of T,,S1 and T,,5>. Then, by an affine change of coordinates, we
may assume that p; = (0,0,1), po = (0,0, —1) and Sy and Ss are graphs of
functions f1 and fo given by equations (15) and (16), where (p,0,0) is the
center of the conic and ¢ € R. As a consequence, (p,0,0) belongs to EMP1.
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Proof. Consider p; € S1 and py € Se with non-parallel tangent planes. By
an adequate affine change of variables, we may assume that p; = (0,0, 1),
p2 = (0,0,—1) and the mid-plane is z = 0. We may also assume that the
conic is contained in the zz-plane and that the line r of intersection of the
tangent planes T}, S1 and T}, S5 is the y-axis. By lemma 3.6, these conditions
imply that the coefficients of v, and usvy are zero.

Now assuming that the center of the conic is the point (p, 0, 0), S; and So
are graphs of functions given by equations (15) and (16), for some ¢ € R. As
a consequence, (p,0,0) satisfies the system (17), which implies that (p,0,0)
belongs to EMP1. (I

From the above two lemmas we can conclude the main result of this
section.

Proposition 3.9. The set of centers of conics which make contact of order > 3
at points p; € S; at directions Y; which are h;-orthogonals to the intersection

r of Tp,S:, © = 1,2, coincides with the set EMP1.

3.4. Regularity of the EPM1
In this section, we shall study the regularity of the set EPM1. Let F be
given by equation (14) and consider the map
H: R* x R3 — RS
(U1,1117U2,U27X) — H(u1,7}1,U2,'U2,X):(F,Ful,Fvl,Fu2,Fv2).
Then the set EPM]1 is the projection in R3 of the set H = 0. If 0 € R?
is a regular value of H, then H~1(0) is a 2-dimensional submanifold of R”.
We want to find conditions under which 72 (H ~1(0)) becomes smooth, where
mo(u1,v1,uz,v2,X) = X.
The jacobian matrix of H is

JHZ Fulul

Denote by JH1 the matrix of second derivatives of F' with respect to the
parameters uq, vy, U, v, which is the 4 x 4 matrix consisting of the ele-
ments JH(i,7), 2 <i<5,1<j<4. Denote det (JH1(uy,v1,us,vs, X)) by
Auy, vy, ug, v2).

Theorem 3.10. If A # 0, then the EPM1 is smooth at the point X .

Proof. Since the mid-plane is non-degenerate, the equalities F, = Fy, = F, =
0 cannot occur simultaneously. Moreover, at points of the envelope, F,,, =
F, =F,, =F,, = 0. Thus the hypothesis implies that JH has rank 5 and
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so H~1(0) is a regular surface in R”. Moreover, the hypothesis A # 0 implies
that the differential of 7 restricted to H~1(0) is an isomorphism. We conclude
that the EPM1 is smooth at this point. O

One may ask whether or not the hypothesis A # 0 occurs frequently.
By lemma 3.7, we may assume that S; and S are graphs of functions f; and
f2 given by equations (15) and (16). Straightforward calculations show that
the jacobian matrix JH1 at point (0,0,0,0,p,0,0) is given by

3p® + 3p* — 6pfs0 —2pf21 0 0
—2pf2.1 —2fo,20% — 2f2,1p 0 (fo,2 + 90,2)(P* + 1)
0 0 —3p* — 3p® — 6pgs,0 —2pg2,1
0 (fo2 +90.2)(P* +1) —2pg2,1 —290,2p° — 2pg1,2

From this matrix it is easy to see that the hypothesis A # 0 is in fact generic.

3.5. An example

In [1], it is proved that if the AESS of a pair of planar curves is contained
in a line, then there exists an affine reflection taking one curve into the other.
This fact is not true for the EPM1 of a pair of surfaces as the following
example shows us.

Consider v1(t) = (¢,0, f(t)) a smooth convex curve and let v5(t) =
(t—=Af(t),0,—f(t)), A € R, be obtained from 7, by an affine reflection. Let
S1 and Sy be rotational surfaces obtained by rotating -y; and o around the
z-axis. S7 and Sy can be parameterized by

¢1(t,0) = (tcos(0),tsin(8), f(t))
and
¢2(ta 9) = ((t - )‘f(t)) COS(0)7 (t - Af(t)) Sin(e)a _f(t)) .
The intersection of the tangent planes at ¢1(¢,0) and ¢o(¢,0) has direction
Z = (sin(#), — cos(0),0).
Observe that the vectors Y7 = (¢1): and Yo = (¢2); are orthogonal to Z
in the Blaschke metric. This implies that the EMP of this pair of surfaces is

contained in the plane z = 0. But it is clear that S5 is not an affine reflection
of Sl.

4. Parallel Tangent Planes

In this section, we shall consider the set EMP2 of points of the EMP
obtained from pairs (p1,p2), p1 # p2, with parallel tangent planes. In this
case, the mid-plane of (p1,p2) is the plane through M parallel to the tangent
planes at p; and ps. The Mid-Parallel Tangents Surface (MPTS) is the set of
mid-points M of all such pairs (p1,p2) € S1 X So. The following proposition
is proved in [10].

Proposition 4.1. The tangent plane at any point of the M PTS is parallel to
the tangent planes to T, S1 and T, 55.
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It follows from this proposition that the MPTS is the envelope of the mid-
planes with parallel tangents. In other words, the set EMP2 coincides with
the MPTS.

In the case of planar curves, one relevant property is that the MPTL
and the AESS are both singular at the center of a conic with contact of order
> 3 at p; and p2, and, under certain conditions, they are ordinary cusps
([4]). Similarly, we expect singularities at points of the EMP2 that are limit
of points of the EMP1. In what follows we shall give some conditions under
which, at such points, the MPTS is equivalent to a cuspidal edge. Assume
that S7 and Sy are graphs of function f and g of the form

2 3
flur,v) =1+ Z foiud ") + Z fa—iqui v +0(4) (18)
i=0

=0
and
2 3
g(ug,v2) = =1+ go_iqus i+ gs_iquy vy +O0(4).  (19)
=0 i=0

The following two propositions are proved in [10].
Proposition 4.2. The M PTS is smooth at (0,0,0) if
det (Hess(f) + Hess(g)) (0,0) # 0.

Proposition 4.3. Assume that fi1 =0, fo2+go2 #0, ( =0 and n # 0,
where

¢= 9%,1 —4(f2,0 + 92,0)(fo.2 — go,2)
and

f12 — 91,2 )
_ , )
n f0,3 — 90,3 — (2(f072 9072) gi,1+

. ( f21— g2 ) 7y ( J3,0 — 3,0 ) 7
A fo + g02)? ) 7! 8(foz2 +90.2)%) 71!
Then the MPTS is locally equivalent to a cuspidal edge at the point (0,0).

We can prove the following corollary:

Corollary 4.4. Assume that S; and Sz are given by equations (18) and (19)
and that (0,0,0) is a limit point of the set EMP1. If fo.3 — go3 # 0 and
fo.2 + 90,2 # 0, then the MPTS is locally equivalent to a cuspidal edge at
(0,0,0).

Proof. By a rotation, assume that fi; = 0. Since (0,0,0) is a limit point
of the EMP1, there are directions Y; € T}, 51, Y2 € T,,S52, orthogonal to a
direction Z in the corresponding Blaschke metric, such that {Y7,Y3,C} are
coplanar. We may assume that Z is parallel to (0,1,0). Since f11 = 0, it
follows from lemma 3.6 that Y; is parallel to (1,0,0). Now the co-planarity
of Y7,Y5 and C implies that Y5 is also parallel to (1,0, 0). Using again lemma
3.6 we conclude that g; 1 = 0.
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Since (0, 0,0) is the center of a 343 conic, it follows that f20+¢g2,0 = 0.
By proposition 4.3, the MPTS is locally equivalent to a cuspidal edge at this
point. ([

5. Envelope of Mid-Planes at coincident points

In this section we shall describe the limit of the EMP when we make
p1 tend to po. In the case of planar curves, the corresponding subset of the
envelope of mid-lines coincides with the affine evolute. For surfaces, we obtain
an interesting new set that, under certain conditions, is locally a regular
surface with at most 6 branches.

5.1. Preliminaries

The following lemma will be useful along this section:

Lemma 5.1. Let v be a planar curve such that v(0) = (0,0). Assume that,

close to the origin, 7y is the graph of
Lo, 03 3 04 4 G5 5
== — — — 0(6). 20
g(z) 2x+6x +t o8 Tt T (6) (20)
Then the affine normal vector at the origin is given by (—%,1), the affine

curvature at the origin is

1
=+ (304 - 5a3) 1)
and the derivative of the affine curvature with respect to affine arc-length is
1
W= 7 (9as + 40a3 — 45azay) . (22)
Proof. Differentiate v(z) = (z,g(x)) two times with respect to the affine
arc-length parameter to obtain xz; = 1. Differentiate one more to obtain
Tss = — %, which implies first claim. Differentiating again we obtain
+2a2
Tgss = ——04 + =03,
sS88 3 4 9 3
which together with
p(s) =[v"(s),7" (s)] (23)
implies equation (21). Finally differentiate once more to obtain
1 5 4 n 16
T = ——as — —a3 + —asay.
EEEE 3 5 3 3 9 304
Differentiatiating equation (23) and applying this formula we obtain formula
(22). O

Consider a surface S and a point pg € S. Assume that py = (0,0,0) and
that the tangent plane at pg is z = 0. Assume also that the axes x and y are
h-orthogonal. Then, close to pg, S is the graph of a function f that can be
written as

Fle) = 3 +47) + fo(e.) + fae.y) + O6), (24)
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where
fa(z,y) = Z famia®® ™y, faa,y) = Z faziax* ™'y (25)
i=0 i=0

are homogeneous polynomials of degree k, k = 3,4.

We may also assume that the affine normal vector of S at the origin
is (0,0,1). In this case, the apolarity condition (equation (2)) implies that
3fs0+4 fi2="0and 3fy3+ fo.1 =0 (see [7]). Thus we can write

fs(z,y) = a(z® = 3zy®) + b(y® — 3yz?), (26)

where 6a = C(U,U,U),6b=C(V,V,V),U = (1,0), V = (0,1) and C denotes
the cubic form at the origin (see equation (1)). Any other h-orthonormal
basis, {U,V'} is related to {U,V} by

U = cos(0)U — sin(9)V

V = sin(0)U + cos(6)V, (27)
for some 6 € R. Then the corresponding cubic form is given by
a = cos(30)a — sin(30)b (28)

b = sin(360)a + cos(36)b.

5.2. Transon planes, cone of B.Su and Moutard’s quadric

We begin with a two-hundred years old result of A.Transon ([9]). For a
modern reference, see [5]. For the sake of completeness, we give a proof below.

Proposition 5.2. Consider a reqular surface S C R, pg € S and T € T,,S.
Then the affine normal lines of the planar curves obtained as the intersection
of S with planes containing T form a plane, which is called the Transon plane
of the tangent T at pg.

Proof. We may assume that T = (1, 0). Take then a plane of the form y = Az,
A € R. Using formulas (24) and (25), the projection of the corresponding
section of S on the xz plane is given by

1 A2
2=z’ + faor’ + (

9 8 + %fQJ + f4’0) .’E4 + 0(5) (29)

From lemma 5.1, the affine normal direction of this projection is (—2f3,1).
Thus the affine normal of the section is contained in the plane x+2f3 9z = 0,
which is independent of . O

Similar calculations show that when S is the graph of a function given
by (24), the Transon plane at the origin in a direction T' = (£, ) is given by
G(&,n) =0, where

G(&n) =

DO [y

(& +1)e+ L€+ 1)y + fo(&m)z (30)

(see also [5]).



Envelope of Mid-Planes of Surfaces in R? 15

Transon plane

of the tangent T
—
F affine normal
affine normal e i ) of A
ofy, ' ‘
5\ surface
tangent plag—\
tangent T

FIGURE 2. The Transon plane of the tangent T  is formed

by the affine normal lines of the planar sections that contain
T.

Consider now the family of all Transon planes obtained as the direction
of T varies. The envelope of this family is called cone of B.Su and is obtained
by solving the equations G = G¢ = G,, = 0, where

{ Ge = 53¢ + n)x + (Em)y + ((f3)e) 2 (31)
Gy = (Emz + 5(8% +30°)y + ((f3)n) =-

Since G is homogeneous of degree 3, we have that 3G = nG,, + £G¢. We
conclude that, if £ # 0, the cone of B.Su is obtained form the equations
G = G, = 0. We shall denote this line by s(p,T). We can thus calculate the
direction of s(p,T) as the vector product of the normal vectors of G¢ = 0
and G, = 0. In particular, for (£,7) = (1,0) we obtain

(51,52,53)(1,0) = (=2f3,0, —2f2,1,1). (32)

We shall consider also the osculating conics of all planar sections ob-
tained from planes containing 7. The following proposition is an old result
of T.Moutard ([6]), see also [5]. We give a proof for the sake of completeness.

Proposition 5.3. The union of the osculating conics of all planar sections
containing T form a quadric, which is called the Moutard’s quadric of the
tangent T'.

Proof. Assume that S is the graph of f given by equation (24), po = (0,0, 0)
and T = (1,0). Then the projection of the section of S by the plane y = Az
is given by equation (29). By lemma 5.1, the affine curvature is given by

=X +4\fo1 +8f10 —20f3,.



16 A.Cambraia Jr. and M.Craizer and M.Craizer

The projection of the osculating conic of this section in the plane xz is given
by

(x+2f302)* +pz? —22=0.
Substituting A = y/z in the above equation, after some calculations we obtain
that the osculating conic is contained in

1
2= 5(332 +92) + 2219z + 2f3022 + 4(fa0 — 2f50)77, (33)

thus proving the lemma. For later reference, we remark that the center of
this Moutard quadric is

1
B 4(2f40 — 5f§,0 - f22,1)

X (—2f3,0,—2f21,1). (34)
(]

We shall call medial curve of the tangent T' the intersection of S with
the plane generated by T and N.

Transon plane
of the tangent T

N

direction of
the cone of B.Su
surface
medial curve
tangent plane
tangent T

FIGURE 3. The medial curve has affine normal in the direc-
tion of the cone of B.Su.

Proposition 5.4. The center of the Moutard’s quadric of a tangent T coincides
with the center of affine curvature of the medial curve of T.

Proof. We may assume that T = (1,0). The plane generated by T and N
has equation y + 2f212z = 0. Thus, it follows from equation (29) that the
projection of the medial curve in the xz plane is given by

1 2
z = 53:2 + f370x3 + <f4,0 - f221> zt + O(5).
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From lemma 5.1, the affine curvature is given p = —4(5f3 — 2fa0 + f3 1)
Thus the affine center of curvature at the origin is given by
1
_2f3,07 _2f2,17 1 3
42fa0 = 5f50 — f51) ( )
which coincides with formula (34). O

5.3. Focal line and affine mid-planes evolute

In the previous section we have discussed the line s(p, T') of the cone of B.Su
associated with a point p and a tangent T' € T,,S. In fact we can consider the
pair (p,T') as a point of the tangent bundle T'S. Most of the times we choose
T satisfying h(T) = 1, where h denotes the Blaschke metric. Thus we can
write (p,T) € T*S, where T'S denotes the unit tangent bundle of S.

In this section we shall define another affine invariant line r(p, T') associ-
ated to (p,T) € T'S. Let {U(p), V(p)} be an h-orthonormal basis of T},S and
¢ be the affine normal vector of S at p. Consider then coordinates (z,y, z)
with respect to the basis {U(p), V(p),((p)} of R3. Then S is the graph of a
function f given by equations (24) and (26).

Define the line r(p,T) as the intersection of the planes H; = 0 and
Hy =0, where

Hy = Hyx+ Hpy+ Hizz — Hiy, Hy= Hyyx + Hooy + Hazz — Hoy,
are defined by

1
Hy = 30 (563 +3n%¢) — b (3¢%n + 21%)
3
Hy = =3anp® - ib (53 + 37725) )
3,3 2 9s , 1 3
Hiyz = 2408 +§f3,177§ +f2,277§+§f1,3777
Lo, o
Hy = 1(5 +n%)¢,
3 2 3 3
Hy = —§a(3§ n+n®) — 3b¢3,
1
Hy = —a (26 +3°) + 3 (3¢ +51%)
1 3 9. 3 2 3
Hyy = §f3,1§ + fo 28"+ §f1,3§77 +2f0,4m°,
Lo o
oy = (&40

Lemma 5.5. The line r(p,T) is independent of the choice of the orthonormal
basis.
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Proof. Assume that the basis {U, V} and {U, V'} are related by equation (27)
and observe that

(Iz’lg, E’23) = (R COS(Q()), RSiH(eo))

is the gradient of the homogeneous function f4(z,y) at (£,7). Then the cor-
responding gradient in coordinates (&, n) is given by

(H13, HQg) = (RCOS(QO — 0)7 Rsin(Ho — 9))

Assume without loss of generality that (@, b) = (1,0). Then (a,b) = (cos(36),sin(36)).
Write (&,7) = (cos(a),sin(a)). Then (&,71) = (cos(a — 0),sin(a — 6)). Then
long but straightforward calculations show that

—9sin(20 + o)) + 3sin(3w)) ,

Hip = 1 (9cos(20 + a) + cos(3)), Hiz = 1 (
= 1(—9cos(20 + a) + cos(3av)) .

Hoy = 1 (—9sin(20 + a) — 3sin(3a)), Hao

Denoting A = det(H;;) we obtain that

1
A= T (=81 + cos*(3a) + 9sin’(3cv))
is independent of 8. We can obtain the direction of r(p, T') as the vector prod-
uct of (Hyy, Hy2, Hy3) with (Ha1, Hao, Ha3). Thus this direction is (rq,r2, A),
where

i | _ R cos(fp—0) —sin(fp—0) | | —cos(3a)+9cos(20p + )

ro | 4| sin(@g—6) cos(fy —0) —3sin(3a) — 9sin(260y + )
The intersection of r(p,T) with the xy plane is obtained as the solution of
the system

Hyyx+ Hypy = Hyy
Hox + Hay = Hay.

Thus this intersection is given by

1 | cos(aw—6) —sin(a—86) —2 cos(3a)
4A | sin(a—0)  cos(a—0) } . [ 3sin(3a) ]

We conclude that the equations of r(p,T') in the system {U, V'} is obtained
from the equations of 7(p, T) in the system {U,V'} by a rotation of angle —0
around the z-axis, thus proving the lemma. ([

From the above lemma, we conclude that the line r(p,T') is an affine
invariant line associated with (p,7) € T'S. In next section we give some
geometric meaning to this line. We shall call this line the focal line and next
lemma justifies this name.

Lemma 5.6. Assume that r(p,T) and s(p,T) intersect. Then the intersection
point is the center of the Moutard’s quadric of T = (§,7m).
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Proof. We may assume that the tangent (£,7n) is (1,0). Taking ¢ = 1,7 =0
in the system G = G,, = H; = 0 we get

|
<
\
w
>
N
Il
N ) o

5 3
20T — aby +2f402

The solution of this system is
1
(%y“):4@ﬁp—&ﬁ—9m)
which is exactly the center of the Moutard’s quadric of 7" = (1,0) at the
origin (see formula (34)). O

(—2a,6b,1),

We are interested in finding pairs (p,T') for which the lines s(p,T) and
r(p,T) intersect. This is equivalent to solve the system

G=Ge=Gy=H =Hy=0 (35)

at a point (p,T) € T'S. Since G = G¢ = G,, = 0 are linearly dependent, we
shall discard the equation G = 0. Denote by D : T'S — R the determinant
of the extended matrix of

Ge=G,=H,=H,=0.
Then the system (35) admits a solution if and only if D(p,T) = 0.

Lemma 5.7. For each p € S, the system (35) admit solutions for at most 6
values of T'.

Proof. We may assume p = (0,0) and let T = (&, ). Straightforward calcu-
lations show that

D, T) = (€ + 1) al&on),

where ¢(&,1) = 12¢g5(&¢,71) + q4(§,n) is a homogeneous polynomial of degree
6, where

g3 = ab€5+3(a?—b*)EPn—15ab&* > +10(b* —a?) €303 +15abe*n* +3(a® —b?)En® —abn®
and
qa = —f316% + (4fa0 — 2f2.2)E°n + (2f3,1 — 3£1,3)E"0° + 4(fa0 — fo.0)&%0°

+(3f31 — 2f1,3)E 0" + (2f2,2 — Af0,4)En° + fr3m°.
Thus D = 0 admit at most 6 solutions. O

Corollary 5.8. For each p € S, the system (35) admits a solution for at most
6 values of the direction T'.

Example 5.9. Consider a point p € S with fy = 0. We may assume, by a
rotation of the tangent plane, that b = 0. Then

g3 = 3a%€%n — 10a%E3n> + 3a%€n°.
This polynomial has exactly siz roots, (§,n) = (cos =3 km sin —) 0<k<H5.
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For each p € S and T;(p), 1 < i < 6, given by the above corollary, define
X;(p) as the solution of the system (35) and write E(p) = U%_, X;(p). Up
to our knowledge, the set E(p) has not yet been considered. We call the set
E(p), p € S, the Affine Mid-Planes Evolute of S.

5.4. Affine mid-planes evolute as limit of the EMP
Let S be a surface and consider F : § x § x R? = R given by

F(p1,p2, X) = Ni(C)N2(X — M) + No(C)N1(X — M), (36)

where M is the mid-point of (p1,p2), C is the mid-chord of (p1,p2) and N;
is any functional that is zero in 7}, S, ¢ = 1,2. Then lemma 3.1 says that the
equation of the mid-plane of (p1,p2) is F' = 0.

Along this section, we shall assume that S is the graph of a function f
defined by equations (24) and (25), and take

Ni = (1,0, fz) x (1,0, f)(p:)
as normal vectors, where p; = (u;, vy, f(u;,v;)), i = 1,2. Write Au = ug — ua,
Av = v1 — v3. Next lemma is the main tool of this section:
Lemma 5.10. We have that
F(uy,v1,u2,v2, X) = G(Au, Av)+Hq (Au, Av)(ug+ug)+Ha(Au, Av)(v1+v2)+0(5),
where O(5) denotes fifth order terms in (u1, u2,v1,v2). o

Proof. Long but straightforward calculations. O

This lemma has some important consequences, one of them is the fol-
lowing proposition:

Proposition 5.11. Take p; = 9(uy,v1) and pa = 1 (ug, v2) such that (Au, Av) =
t(&,m). Then the limit of the mid-planes of (p1,p2) when t goes to 0 is the
Transon plane of (£,m) at po.

Proof. Tt follows from lemma 5.10 that t3G(£,1) = O(#*). When t — 0, this
equation is converging to G(&,n) = 0, which is the equation of the Transon
plane. O

We have to consider the system

F(ulavlaUZanaX) =0
Py, (u1,v1,u2,v2,X) =0
Fvl(uhvl,uz,vg,X) = y
Fu2(U1,U1,UQ,U2,X) =0
FUz(uhUl,Ug,UQ,X) =

which is equivalent to

F(ul,’l)l,UQ,’Ug, )—0
Fy, (u1,v1,u2,v2, X) —
Fuy, (u1,v1,u2,v2, X)
Fy, (u1,v1,u2,v2, X)
Fy, (u1,v1,u2,02, X)

Fy, (u1,v1,u2,v2,X) =
— Fyu,(u1,v1,u2,v2, X) = 0 . (38)
+Fu2(u1,v1,u2,v2, ) 0
+ Fy, (u1,v1,uz,v2, X) =
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Proposition 5.11 says that the first equation of the system (38) is con-
verging to G = 0, the equation of the Transon plane. The second equation of
system (38) can be written as G¢(Au, Av) = O(4). Taking pairs (p1, p2) such
that (Au, Av) = ¢(£,n), the same argument of proposition 5.11 shows that
the second equation of the system is converging to G¢(§,n) = 0. The same
reasoning applied to the third equation of system (38) leads to the equation
Gy(€,m) = 0. It follows from section 5.2 that G = G¢ = G,, = 0 define the
line s(p, T') of the cone of B.Su associated to T = (&, 7).

Now let us consider the fourth and fifth equations of system (38). As
above, take pairs (p1,p2) such that (Au,Av) = t(£,n). Then lemma 5.10
implies that the limit of the fourth equation and fifth equations when ¢ goes
to zero are Hi(¢,1n,X) = 0 and Hy(&,nm,X) = 0, respectively, where H;
and Hy are defined in section 5.3. As a conclusion, we have the following
proposition:

Proposition 5.12. The limit of the system (38) defining the envelope of mid-
planes is the system (35) that defines the affine mid-planes evolute.

5.5. Regularity of the Affine Mid-Planes Evolute

In this section we study the regularity of the branches of the Affine Mid-
Planes Evolute.

We begin by showing that, under certain conditions, the vector fields
Ti(p), 1 <i <6, and the corresponding map X;(p) are smooth.

Lemma 5.13. Let py € S and take (o,m0) € TpyS with q(po)(€o,m0) = 0.
Assume that (£9,m0) is a simple Toot of q(po). Then there exist a neighborhood
U of po and a map (Id,(&,n)) : U — TLS such that (£,1)(po) = (€0,m0) and
(&,m)(p) is a simple root of q(p). Denoting by X (p) the center of the Moutard
quadric of (£,1)(p), the map X : U — R3 is differentiable.

Proof. The first claim follows from the implicit function theorem and the
second one from the formula of the center of the Moutard quadric. O

From now on, we shall assume that, for a given branch of the Affine
Mid-Planes Evolute, T'= T'(p) and X = X (p) are smooth functions of p. We
now look for conditions under which this branch of the Affine Mid-Planes
Evolute is a regular surface.

Assume that the frame {U(p),V(p)} is h-orthonormal and that U(p)
vanishes the cubic form at each p. Then S x S is locally parameterized by

(p,2,y) = (p, (zU(p) +yV(p) + 2(p, 7, y)((p))) ,

where ((p) is the affine normal vector at p. We may write

1
2p,,y) = 5 (@ + %) +b(p)(y° — 3y2*) + O(4) () (@, ),
where b2(p) is the Pick invariant of S at p. Consider G : T'S — R? given by

G(p,&n) = <§(§2 +1%), 2(52 +1%),b(p)(n* — 37752)) :
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Then, for fixed (p,&,n), denoting X = (x,y,2), G(p,&,n) - X = 0 is the
equation of the Transon plane at p in the direction (&, 7).

Consider a curve p = p(t), p(0) = po, along the surface S and denote by
T(t) = (£(¢),n(t)) and X (¢) the corresponding values of T and X along the
branch.

Lemma 5.14. Assume that b'(0) # 0. Then X'(0) belong to the Transon plane
if and only if (£,m)(0) vanishes the cubic form at p. Moreover, if (£,1)(0)
vanishes the cubic form at p, then X'(0) is not in the cone of B.Su.

Proof. Write G(t) = G(p(t),&(¢),n(t)). Differentiating G(t)- X =0at t =0
we obtain
Ge XE+G, X0 +G X' +b(n®—3n)z=0.

For X = (z,y, 2) center of Moutard’s quadric, G¢ - X = G, - X = 0. Thus
G - X' =0 if and only if n® — 3n¢2 = 0. We conclude that X’ belongs to the
Transon plane if and only if 7% — 3n¢2 = 0, thus proving the first claim of the
lemma.

For the second claim, we may assume that (£(0),7(0)) = (1,0). Thus,
at t =0, X is given by equation (34) with f30 =0, f21 = —3b(0), i.e.,

1

(2,y,2)(0) = —M (0,60(0),1).

Observe that
1
Gy(p,&1) = (577, 5 (€ +317), 3b(p) (n” — «52)) :
Differentiating G, (t) - X (t) = 0 we obtain
Gue X & +Gpy X0 +Gy- X' +3V (> — %)z =0.
Now take t = 0 and use £(0) = 1, n(0) = 0 to obtain
(0,1,—6b(0)) - X & + (1,0,0) - X if' + G, - (X’) — 3/(0)z = 0.

Using the above formula for (z,y, 2) we get

3v'(0)
G, X' +—F——=0.
LT (T B Y )
We conclude that G, (X’) # 0, which implies that X’ is not on the cone of
B.Su. (]

Lemma 5.15. Assume p'(0) =T and denote by v the medial curve. If p’,(0) #
0, where p~ denotes the affine curvature of v, X'(0) is a non-zero vector in
the direction of the cone of B.Su.

Proof. Since X is a point of the affine evolute of the medial curve and T is
tangent to this curve, X’(0) is in the direction of the its affine normal, which
belongs to the cone of B.Su. (]
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If we assume that S is given by (24), p = (0,0) and T'(p) = (1,0), the
condition //7 (0) # 0 can be explicitly described. Expanding f until order 5,
it is straightforward to verify that the projection of 7y in the zz plane is given
by

1 - 9
2= 5352 +ax® + (fﬁw - 2b2) z* + (—27ab® + 3bf3 1 + f50) ° + O(6).
From lemma 5.1, it follows that
1 3
/‘/7(0) =9 (9a5 + 40a3 — 45a3a4) ,

where ag = 6a, a4 = 24 (f4,0 — %bz) and as = 120 (727ab2 +3bfs 1 + f570).

Proposition 5.16. Assume that p is not critical for the Pick invariant and that
14,(0) # 0. Then the corresponding branch of the affine mid-planes evolute is
smooth at p.

Proof. From lemma 5.15, X7 is a non-zero vector in the direction of the cone
of B.Su. Take a direction W # T such that the derivative of b in this direction
in non-zero. From lemma 5.14, Xy is not a multiple of X7, thus proving the
proposition. O

References

1. P. J. GIBLIN and G. SAPIRO, Affine invariant distances, envelopes and
symmetry sets. Computer Peripherals Laboratory HPL-96-93 June, 1996.

2. P. J. GIBLIN and G. SAPIRO, Affine invariant distances, envelopes and
symmetry sets. Geom. Dedicata, 71, 237-261, 1998.

3. P. J. GIBLIN, Affinely invariant symmetry sets. Geometry and Topology
of Caustics, Banach Center Publications, 82, 71-84, 2008.

4. P. A. HOLTOM, Affine-invariant symmetry sets. Ph.D. Thesis, University
of Liverpool, 2000.

5. B. JUTTLER, Osculating paraboloids of second and third order. Abh.
Math. Sem. Univ. Hamburg 66, 317-335, 1996.

6. T. MOUTARD, Sur le contact des coniques et des surfaces. Comptes Ren-
dus 91, 1055-1058, 1880.

7. K. NOMiZU and T. SASAKI, Affine Differential Geometry. Cambridge
University Press, 1994.

8. B. SU, Affine Differential Geometry. Gordon and Breach, 1983.

9. A. TRANSON, Recherches sur la courbure des lignes et des surfaces. Jour-

nal de mathématiques pures et appliqu ’ees, 1"¢ série, tome 6, 191-208,
1841.

10. J. P. WARDER, Symmetries of curves and surfaces. Ph.D. Thesis, Univer-
sity of Liverpool, 2009.

Ady Cambraia Jr.
Departamento de Matematica, UFV, Vigosa, Minas Gerais, Brazil.
e-mail: ady.cambraia@ufv.br



24 A.Cambraia Jr. and M.Craizer and M.Craizer

Marcos Craizer
Departamento de Matematica-PUC-Rio, Rio de Janeiro, Brazil.
e-mail: craizer@puc-rio.br



	1. Introduction
	2. Affine differential geometry of surfaces in R3
	3. Envelope of Mid-Planes- Non-Parallel Tangent Planes
	3.1. Basic definitions
	3.2. Solutions of the system (??)
	3.3. Conics with 3+3 contact with the surface
	3.4. Regularity of the EPM1
	3.5.  An example

	4. Parallel Tangent Planes
	5. Envelope of Mid-Planes at coincident points
	5.1. Preliminaries
	5.2. Transon planes, cone of B.Su and Moutard's quadric
	5.3. Focal line and affine mid-planes evolute
	5.4. Affine mid-planes evolute as limit of the EMP
	5.5. Regularity of the Affine Mid-Planes Evolute

	References

