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Transformations between surfaces in R?

with flat normal and/or tangent bundles

Angel Montesinos-Amilibia

Abstract

We exhibit several transformations of surfaces M in R*: a trans-
formation of flat surfaces that gives surfaces with flat normal bundle
(semiumbilical surfaces); and its inverse that from a semiumbilical
surface obtains a flat surface; then a one-parameter family of trans-
formations f on flat semiumbilical immersed surfaces (FSIS), such
that df (T,M) is totally orthogonal to T,,M, and that give FSIS. This
family satisfies a Bianchi type of permutability property.

1. Introduction

Among surfaces in R?*, those of flat tangent bundle and those of flat normal
bundle have received considerable attention, especially those that have both
properties.

As a precedent, in [2] we know of a transformation that takes a hyper-
spherical surface (hence, of flat normal bundle), and gets a flat surface.
We present here a transformation that takes any surface with flat normal
bundle without inflection points (semiumbilical surface) and converts it to
its evolute, which results in a flat surface; the condition (no inflection points)
is meant to shun the possibility that the map go to infinity, as happens at a
point with zero curvature when defining the evolute of a plane curve.

Then there is a kind of inverse, that is a transformation that takes any
immersed flat surface in R* and gives (in the region where that transforma-
tion is an immersion) its envelope, which is a semiumbilical surface.

Thus, it seems that the differential equations that define semiumbilical
surfaces in R* are essentially the same as those that define flat surfaces.
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By combining both types of transformations we get a transformation,
fi : M — fi(M), which depends on a real parameter ¢ (and on the choice
of a vector field that must satisfy a differential equation) and yields a flat
semiumbilical immersed surface (from now on, an FSIS) from another FSIS.
These transformations satisfy an analogous to the Bianchi permutability
theorem for Bécklund transformations (see [3] for a detailed introduction
and [1] for a description in a modern context).

All the transformations f : M — f(M) so far described for FSIS in R*
are “orthogonal” in the sense that the tangent plane of f(M) at f(p) is the
orthogonal complement of the tangent plane of M at p. The composition
of two such transformations gives a “parallel” transformation, that is one
such that the tangent plane of f(M) at f(p) is parallel to the tangent plane
of M at p. These transformations depend on two real parameters (and on
the choice of some vector field that must satisfy a differential equation).

2. Basic concepts and notation

In the following, M will be a surface immersed in R", n > 4. However, since
all of our study will be local, one can without loss of rigor assume that M
is an embedded surface. On M we have the tangent bundle 7 : TM — M,
and the normal bundle given by

NM = Uyen(T,M)*, 7xy: NM — M,

where (T,M)* denotes the subspace of T,R™ orthogonal to T,M. Its fibre
upon p € M will be denoted by N,M = (T,,M)*. Usually we will consider
T,M and N,M as vector subspaces of R". We will use a dot to mean the
standard inner product. If X € T,R", we will have X = X" + X1 with
XTeT,M, X+ € N,M.

The Lie algebra of vector fields on a manifold M will be denoted X(M),
and if E is the total space of a vector bundle over M, I'E will stand for the
C>°(M)-module of its differentiable sections. Usually, if s is a section of a
fiber bundle, s, will be its value at p.

The ordinary directional derivative of functions on R"™ will be written
as Dx. But note that it may have a broader meaning of which we will have
a frequent use. In fact, if S is a submanifold of R", p € S, X, € T,,S and
[ S — R™is a differentiable map, then Dx f € R™ will be defined as
df (Xp) € T R™ ~ R™. This defines the map Df that sends X € X(M)
to the map Dxf : S — R™. For vector fields on R", D is a metric (that
is Dg = 0, where g is the metric tensor field) linear connection with zero
torsion and curvature.
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There is another useful viewpoint of D. Let S be a submanifold of R",
X € X(S) and u : S — R™ be a smooth map. Then u may be regarded
as a section of the R"-fibred vector bundle induced over S by the inclusion
7S — R". The directional derivative Dxu is thus the covariant derivative
defined by the linear connection induced on this bundle by the standard
Levi-Civita connection on R". Since the curvature of the standard connection

vanishes, the same happens with the curvature of the induced connection.
In other words, if Y € X(.5), then

Dnyu — DyDXu - D[X,y}u = 0.

The second fundamental form of M, «, may be defined at p as the
symmetric bilinear form oy, : T,M x T,M — N,M given by a,(X,,Y,) =
(Dx,Y)*, where the value of Y € X(M) at pis Y, In fact, (Dx,Y)* depends
only on the value of Y at p.

The map X(M)xT'(NM)— T'(NM) given by Vxu = (Dxu)t is a metric
linear connection. If its curvature tensor field is zero everywhere, we say that
the normal bundle of M is flat. The map X(M) x X(M) — X(M) given by
VLY = (DxY)'" is a torsionless metric linear connection. If its curvature
(that is Gauss curvature of M) is zero everywhere, we say that M is flat.

Let PT,M be the projective space of vector lines of T, M. The second
fundamental form defines a map n, : PT,M — N,M, by

_ a,(t,t)
t-t '

t € T,M\{0}.

The image of 7, is an ellipse in N, M, that may be degenerate, called
the curvature ellipse at p. If the ellipse degenerates to a point at p, then we
say that p is umbilic. If the ellipse lies in an affine line (i.e. it degenerates
to a segment or to a point), we say that p is a semiumbilic point. If, in
addition, a line containing the ellipse passes by the origin of N,M, we say
that p is a point of inflection. If n = 4 and the origin of N, M lies out of the
curvature ellipse at p, the directions ¢t of T, M such that 7,(¢) determines a
line tangent to the ellipse, are called asymptotic directions. If n > 4 and the
ellipse degenerates to a segment (not a point), the directions ¢ of T, M such
that 7,(¢) is and end of that segment are also called asymptotic directions;
they are mutually orthogonal.

The following facts are well known or easily proved (see for instance [5], [6]
and [4]). The point p is semiumbilic iff the curvature of V1 vanishes at p.
So, M is totally semiumbilic iff its normal bundle is flat.

Let a, b be the half-axes of the curvature ellipse at p; then the curvature

of VT, or equivalently its Gauss curvature K, vanishes at p iff the origin
of N,M belongs to the sphere in N,M of radius va? 4+ b? centered at the
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center of the ellipse. Thus, if p is semiumbilic, K, = 0 iff n,(¢;) and n,(t2)
are orthogonal, where ¢; and ¢, are the asymptotic directions at p. If, in
addition, p is not of inflection, 7,(¢;) and n,(t2) are linearly independent.

3. Some facts on semiumbilical surfaces

The following characterization of semiumbilic points will be crucial for our
results. It differs from the first one that I know, that of Wong [7]. The reason
is that for surfaces in R” with n > 5, Wong condition of being semiumbilic
is satisfied “almost everywhere”, that is, in addition to the points that are
semiumbilic for us, whenever the curvature ellipse does not degenerate and
the affine plane containing it does not pass by the origin.

Proposition 3.1. Let M be an immersed surface in R™, n >4, p € M be a
non umbilic point and g denote the first fundamental form of M. Then there
is a 2-dimensional vector subspace E, of N,M that contains the curvature
ellipse at p and there is a vector ¢, € E, such that c, - o, = gy, iff p is a
non inflection semiumbilic point. Moreover if such a vector c, exists, it is
unique.

Proof. If such a plane E, and vector ¢, exist, then for each unit vector
t € T,M we will have ¢, - a,(t,t) = ¢, - 1,(t) = g,(t,t) = 1. Therefore, the
height of all points of the curvature ellipse at p over the hyperplane H, of
N,M with normal ¢, is constant and equal to ﬁ Therefore, the curvature
ellipse lies in the line of intersection of £}, with the affine hyperplane parallel
to H, at that distance, so that p is semiumbilic and obviously it cannot be
of inflection without being umbilic.

Conversely, if p is a non inflection semiumbilic point, let n, be the point
of the line containing the curvature ellipse at p (a segment) nearest to the

origin of N,M. Since p is not an inflection point, n, # 0. Let ¢, = —2

npn
Since ny, - n,(t) = n, - n,, for all unit vectors ¢t € T, M, se will have ¢, - np(;f)) -
1 = g,(t,t). Since ¢, - 1, is a quadratic form on 7, M, we conclude that its
corresponding bilinear symmetric form ¢, - o, is equal to g,. The uniqueness
of ¢, is obvious.

Wong only requires the existence of a vector ¢, € N, M such that ¢,-a,, =
gp- In R* we can dispense with the requirement of a plane E, to contain c,
because N,M does the job. Thus

Corollary 3.2. Let M be an immersed surface in R*, p € M be a non
umbilic point and g denote the first fundamental form of M. Then there is
a unique vector ¢, € N,M such that c, - o, = g, iff p is a non inflection
semiumbilic point.
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Note that if X, Y € X(M) then Y- X = c-a(X,Y) =c¢-DxY = =Y -Dxec.
Hence
(Dxe)" = —X.

We describe now the curvature ellipse in more concrete terms. If (¢1,5)
is a local orthonormal frame of TM, we put by = n(t1) = a(ti,t1), by =
n(t2) = alte, ta), by = alty,ty). If t € X(M) is a unit vector field, we will
have t = t; cos f+t, sin . Then, we have 7(t) = b; cos? 0+ by sin? 6+ bs sin 26.
After an easy calculation we get

n(t) = H + Bcos26 + C'sin 260,

where

1 1
H:§(b1—|—b2), B:§(b1—b2), C =bs

are smooth local sections of N M.

H is called mean curvature vector (field) and it does not depend on the
choice of the orthonormal frame (¢;,t5). The other two sections B and C' do
depend on it. In a region where the ellipse does not degenerate to a point or
a circle, the frame (¢1,?2) can be locally chosen so that the major half-axis
of the ellipse be B and the minor, C. That is |B| > |C], and B - C = 0.
If M is semiumbilical, let £}, be the plane passing by the origin of N, that
contains the curvature ellipse at p. We denote by J : E, — E, any one of
the isometries of £, such that Ju, - u, = 0,Vu € NM. Then J is defined up
to a sign.

Proposition 3.3. Let M be an immersed semiumbilical surface in R™. Let
the local orthonormal frame (t1,ts) of TM satisfy bs = a(t1,t2) = 0. Then

the section
JB

H-JB’
where B = 1(a(ti, t) — a(tz, t2)), H = 5(a(ty, t1) + ata, t2)) is well defined
and satisfies c-a = g.

C =

Proof. Since there are no inflection points in M, the curvature ellipse at
each point is a segment not collinear with the origin, that is b; and b, are
linearly independent. The frame (1, t5) is simply a local frame of asymptotic
directions. We have first H - JB = $(by + by) - (Jby — Jby) = —3by - Jby # 0
because b; and b, are linearly independent. Therefore,

Jby — Jby

eralbih) = =75,

blzlztl'tl.

In the same manner we get ¢ - a(ta, o) = ty - to = 1. Since a(ty,t2) = 0, we
have finally ¢- o = g¢. ]
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The following result will be used afterwards, in the context of surfaces
with both bundles, normal and tangent, flat.

Lemma 3.4. Let M be a semiumbilical immersed surface in R™. Let the
local orthonormal frame (t1,t2) of TM satisfy by = a(t1,t2) = 0 and put
bl = Oé(tl,tl), b2 = Oé(tg,tg). Then

by - Visc=1by-Vic=0.

Proof. We have 0 = a(ty,ty) = (Dyte)t = (Dy,ti)*. Therefore, Dy to,
Dyt € X(M). Now,
by - Vttc = by - Dy,c = a(ty,t1) - Dy,c = (Dtltl)L - Dy,c
= Dy, ((Dy,t1)* - ¢) — ¢ Dy (Dy th)*
= Dy, (c-a(ti,t1)) — ¢+ Dy (Dyty — (Dyyty)7)
= Dy, (1) —c- Dy, Dy ty + ¢~ alta, (D) ")
— —¢- (D, Diyts + Dygyugts) + to - Dyt

Now we observe that [ts, t1], Di,t; € X(M), whence
bl . Véc = —tl . Dt2t1 — [tg,tl] . tl — tl . Dtltg = 0,

because t - Dy,t; = 0 and [ta, t1] = Dy,t; — Dy to. In the same manner we
get b2~VtLlc:0. |

Let M be an immersed surface in R™ and p € M. Then it is clear that
dim a(T,M x T,M) < 2 iff p is an inflection point.

Proposition 3.5. 1. Let M be an immersed surface in R", p € M and
w: T,M — Hom(T,M, N,M) be the map given by

HA)(X) = ap(A, X)

Then, there is some non-vanishing vector A€ T,M such that u(A) =0,
iff the ellipse at p s a segment, one of whose ends is the origin of N,M .

2. Let M be an immersed surface in R™ and p € M. There is some vector
A € T,M such that ji(A) is one-to-one iff p is not an inflection point.

3. Let M C R* be an FSIS and p € M. Then, for the vector A € T,M
there exist a non-vanishing vector X € T,M such that a,,(A, X) =0
iff A is parallel to an asymptotic direction at p.
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Proof. (1) Let ty € T,,M be a unit vector such that p(ty) = 0 and let (1, 2)
be an orthonormal basis of T, M. Then by = b3 = 0. Therefore the curvature
ellipse at p is given by %bl(l + cos 26) and this proves our claim.

(2) If p an inflection point, it is clear the space generated by «, is a
subspace of the line containing the curvature ellipse. Hence p(A) can never
be one-to-one.

Reciprocally, assume that for any non-vanishing A € T}, M, there is a non-
vanishing X € T,M such that a(A, X) = 0. In particular, with the above
notation, there is some linear combination 7t + sty such that a(tq, rt;+sts) =
rby + sbg = 0. Therefore b; and b3, and by the same reason by, and bs, are
linearly dependent. If b3 # 0, then b; and by are multiples of b3 and this
proves our claim. Let us denote by ¢* the 1-form defined by any vector field
t € X(M)ast'(X) =t X, X € X(M). If by = 0, then for any r,5s € R
we have that u(rty + sty) = rby @ t1 + sby ® £ cannot be one-to-one. But
this obviously implies that b; and by are linearly dependent, so that p is an
inflection point.

(3) Now if the orthonormal basis (¢, t2) is given by asymptotic directions
we have by = 0, b;-by = 0, and by, by are linearly independent. If X = X, +
X?ty, we have o, (A, X) = A X1 + A?2X%by. If X! £ 0 then a,(X, A) =0
implies A' = 0, whence A is parallel to the asymptotic direction t,. And if
X2 £ 0 then A is parallel to the asymptotic direction ¢;. [ |

4. Transformations between surfaces with flat tangent
bundle and surfaces with flat normal bundle in R*

Let M be an immersed submanifold on R™. We put d*,d’ to denote the
covariant differentials. That is, d* acts upon a 0-form u with values in NM,
that is a section of NM, by

(dtu)(X) = Vxu = (Dxu)*.

It acts upon any 1-form 3 on M with values in NM by giving a 2-form d*/3
with values in NM as follows

dB(X,Y) = Vx(B(Y)) — V¥ (8(X)) — B(IX,Y])
= (DxB(Y))" — (DyB(X))*" = B(X,Y)),
and so on.

The definition of d, that acts upon forms on M with values in TM, is
similar. The following Lemma is probably well known:
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Lemma 4.1. Let M be an immersed k-dimensional submanifold of R™ dif-
feomorphic to an open k-ball.

1. If the normal bundle NM is flat and (B is an 1-form on M with values
in NM then d+3 = 0 iff 3 = d*tu for some u € I'(NM) that is
determined up to the addition of a parallel section of NM ;

2. If M is flat and (3 is an 1-form on M with values in TM then d' 3 =0
iff B=d"X for some X € X(M) that is determined up to the addition
of a parallel vector field on M.

Proof. (1) Since NM is flat and M is diffeomorphic to an open ball, there is
a global parallel frame w41, . .., u, of NM. We can write 3 = Y7, w6,
where the ' are ordinary 1-forms on M. Then d*3 = Z?:Hl u; @ df’.
Thus d*3 = 0 iff d3° = 0,i = k + 1,...,n; that is iff there are functions
b € C°(M) such that §=>"", ju; ®db'. If we put u =", bu,;, we
have

B = 3 X = VE( Y buy) = Viu = (@ u)(X),

i=k+1 i=k+1

as claimed. It is clear that the addition of a parallel normal section to u
preserves the condition.

The proof for the second claim is analogous. |

Corollary 4.2. Let M be an immersed k-dimensional submanifold of R™,
with NM flat, and diffeomorphic to an open k-dimensional ball, and let
X € X(M) denote any vector field. Then the following claims are true, and
also those obtained from them by interchanging TM by NM, T by *, etc.

1. Let A € X(M) and (8 be the 1-form on M with values in NM given
by B(X) = (DxA)*. Then, there is a section u € T'(NM) such that
(D(A —u))* = 0 iff d*3 = 0. The section u is determined up to a
parallel section of N M.

2. Let A € X(M) be parallel. Then there isu € T'(NM) such that (D(A—
u))t = 0. If in addition M is flat, then there is B € X(M) such that
(D(u— B))" =0.

3. Let S: M — R™ be C*° and such that (DS)"T =0, and A € X(M) be
such that (D(S — A))*+ = 0. Then, there is some z € T(NM) such that
(D(A—-2)t=0.
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Proof. (1) is an immediate consequence of 4.1. (2) Let 3(X) = (DxA)*.
Then

d"B(X,Y) = (Dx(Dy A" — Dy(DxA)* — DixyA)™
— (Dx(DyA) — Dy(DxA) — DixyjA)" =0,
because (DxA)t = DxA — (DxA)" = (DxA), and because R is flat. Our
claim follows from (1).

Now, suppose that M is flat and let § be the 1-form on M with values in
TM given by 3(X) = (Dxu)". We need only prove that d" 3 = 0. We have:

d'B(X.Y) = (DxB(Y))" — (DyB(X))" = B(X,Y])
— (Dx(Dyu)T = Dy(Dxu)T = Dixyqu)
( Dx(Dyu)* + Dy(Dxu)*)"

(= Dx(DyA)* + Dy(Dx AT
(-
(-

Dx(DyA) +DY(DXA))
DX ) = 0

because A is parallel.
(3) Let us define 8 : X(M) — I'(NM) by 3(X) = (DxA)*. Then we have

d*B(X,Y) = (DxB(Y) — DyB(X) — DixyA)*
— (Dx(Dy A" — Dy(DxA)* — DixyjA)™
— (Dx(DyS)* — Dy(DxS)* — Dixy1S) "
— (Dx(DyS) — Dy(Dx5S) — Dix.y1S)™ =0,
because (DxS)*t = DxS — (DxS)" = DxS. [ |

A good part of our results are based in the following Lemma:

Lemma 4.3. Let U,V be two surfaces immersed in R* and let f : U — V
be a diffeomorphism such that for any p € U we have T,U = N,V, where

q= f(p). Then,

1. A section Y of TU satisfies V'Y = 0 (is parallel) iffY =Y o fL,
which is a section of NV, satisfies VXY = 0 (is parallel). And a section
u of NU is parallel iff wo f=1, which is a section of TV, is parallel.

2. Let us denote by o and & the second fundamental forms of U and V,
respectively. Then, for any p € U, X,,,Y, € T,U, u, € N,U, we have

ap(Xp, Yp) = —Xp - &g (up, df (Yy)).
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Proof. In the following let us denote with the same letter, crowned by a
tilde, functions on f(U) that correspond to functions on U.

(1) Let us put ¢ = f~'. We have Y, = (Y o )iy = Yp € TyU = N,V
hence Y is a section of NV. Let X € T,U = N,V, uw € N,U =T,V. We will
have

X VXY =X -D,Y =X -dY(u) = X -dY (dé(u))
=X Dapu)Y = X V;—(z)(u)}/’
and now both claims are evident.
(2) Let u,v € '(NU) and X € X(U). Then uo ¢,vo ¢ € X(f(U)) and

Xope(Nf(U)). Thus
(Xo0¢) - a(uop,vog)=—(ucg): Dyy(X o).
Now we evaluate this at ¢. We obtain
Xp - ag(up,vp) = =ty - Dy, (X 0 9) = —uy, - d(X 0 §)(v,)
= —up, - dX(dp(vp)) = —up - D) X = —up - (X, do(vyp)).
Putting v, = df(Y,) we obtain our claim. |

For the previous Lemma we did need that the ambient space were R*
because then

2 = dim(T,U) = dim(7, V) = dim(N,U) = dim(N, V),

so that the equality 7,U = N,V could make sense at all. In the following
Lemma this condition is not necessary. The proof is similar.

Lemma 4.4. Let U,V be two surfaces immersed in R™ and let f : U — V
be a diffeomorphism such that for any p € U we have T, U = T,V, where

q = f(p). Then,

1. A section Y of TU is parallel iff Y =Y o f~1, which is a section of
TV, is parallel. And a section u of NU is parallel iff uwo f=1, which is
a section of NV, is parallel.

2. Let us denote by o and & the second fundamental forms of U and V,
respectively. Then, for any p € U, X,,,Y, € T, U, we have

ap(Xp, Yp) = ay(df (X,),Yy).

Now we begin to study the conditions to have diffeomorphisms as those
used in the preceding Lemmas.
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Proposition 4.5. Let M be an immersed surface in R™. Then the following
statements are equivalent:

1. M is flat;

2. Given any point p € M, there is an open neighborhood U of p in M
and a vector field e € X(U) such that Ve = X for all X € X(U);

3. Given any point p € M, there is an open neighborhood U of p in
M and a vector field e € X(U) such that for any ¢ € U we have
df (T,U) € N,U, where f : U — R™ is the map defined by f(q) = g—ey,
that is f = id —e.

Proof. (1) & (2). If M is flat, there are two orthonormal parallel vector
fields X,Y € X(M) in an open neighborhood U of p. One sees easily that
the 1-forms X% Y? given by X%(A) = X - A, Y¥(A) = Y - A are closed.
Therefore in any neighborhood U of p diffeomorphic to a ball, there are
functions u,v € C*°(U) such that X = gradu, Y = gradv. The vector field
e = uX + vY satisfies the required property. In fact (Dze)" = Z(u)X +
Z(v)Y = (gradu-2)X + (gradv- 2)Y = (Z- X)X +(Z-Y)Y = Z, because
X,Y are parallel and orthonormal. This field e is determined up to the
addition of a parallel tangent vector field on U. Conversely, if e € X(U)
satisfies the condition, then for any X, Y € X(U) we have

R'(X,Y)e=ViVye—VyVyie—Viye=ViY —VyX - [X,Y] =0,

because V' is torsionless. Since e can vanish only at isolated points and the
dimension of M is 2, we conclude that R" = 0.

(2) & (3). Let e : U — TU be a local section of TM and let X,Y €
T,M, g € U Then Y - df(X) =Y - (X —de(X)) =Y - (X — Dxe) =
Y - (X — Vie) and now our claim is evident. [ |

Note that e is the image, by an isometric chart, of the radius vector field.
It shares with the radius vector in R? the property e = % grad(e - e). In fact,
if X € X(M), we have jgrad(e-e)- X = 1X(e-e) = e-Dxe = e X,
whence that property follows. In the following we will call such a vector
field a radius vector.

For M flat, and assuming that the radius vector e is defined in all of M,
let f =id —e : M — R" and assume that for some non vanishing X € T,M
we have df (X)) = 0. This would be equivalent to say that for any u € N,M
we had 0 = u-df (X) = u-(X—Dxe) = —u-Dxe = —u-ay(e,, X) = 0, that is
a,(ep, X) = 0, and this is only possible if {0} # ker ay,(e,, ) : T,M — N,M.
If n =4, df would generically not be one-to-one only along some curves; if
n >4, f would be an immersion generically outside isolated points, and so
on. However, I shall not dwell on this point.
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Assume that in fact f be an immersion, and let ¢ = (f|y)~" for some
open U C M such that f|y : U — V = f(U) is a diffeomorphism. Then
¢ = idy +e o ¢, as it can be proved easily. Since T,V = df(T,U) C N,U,
we will have T,U C N,V. Hence, ¢ = e o ¢ is a section of NV and the map
¢ = id +c satisfies do(T,V) = T,U C N,V. This motivates the following
proposition.

Proposition 4.6. Let M be an immersed surface in R™ with normal bundle
NM and first and second fundamental forms g and o, respectively. Let
ceN(NM) and put f =id+c: M — R™. Then c-«a = g iff for eachp € M
we have df (T,M) C N,M.

Proof. Let p ¢ M, X, Y € T,M. Then

Y- (df)p(X) =Y - (X + (de),(X)) =Y - (X + Dxc)
=Y - X—c-DxY=9g(X,Y)—c-aX,Y),

and our claim is now evident. [ ]

Assume now that ¢ € T'(NM) satisfies c-a = g, and let f =id+c: M —
R™. If p € M, let us study the condition for df, not being one-to-one. This
happens iff there is some non vanishing vector X € T,M such that, for all
u € N,M the following holds: u-df,(X) = u-(X+ Dxc) = u-Vxc = 0. That
is iff {0} # ker (V*¢), : X € T,M +— Vxc € N,M. As before, we see that
for n = 4 it fails generically to be an immersion only on some curves, etc.

The condition ¢, - a;, = g, says that the height of the curvature ellipse
with respect to the vector hyperplane of N,M orthogonal to ¢, is constant
and equal to ﬁ If n = 4 this happens only if the ellipse degenerates to a
point, not the origin, or to an affine segment not collinear with the origin. If
n > 4 this may occur almost always, because it is equivalent to require only
that the least affine subspace of N,M that contains the curvature ellipse
does not pass by the origin.

The next two Theorems, that are part of our main results, explain why
from now on in this section we consider only surfaces in R*. Roughly, they
establish a transformation of a surface with flat normal bundle to a flat
surface, and a transformation that takes a flat surface and converts it to a
surface with flat normal bundle.

Theorem 4.7. Let M be a semiumbilical surface immersed in R*. Let S :
M — R* be a smooth map such that (DS)" = 0. Let ¢ be the section of NM
described in 3.3 that satisfies c-a = g, and assume that f =id4+c+S: M —
R* is an immersion. Then f(M) is an immersed flat surface, and we say it
is an evolute of M. If, in addition, M 1is flat, then f(M) is semiumbilical.



TRANSFORMATIONS BETWEEN SURFACES IN R* 83

Proof. Let U be an open subset of M for which f: U — V = f(U) is a
diffeomorphism. Taking account of the dimensions, if p € M and ¢ = f(p),
we conclude that df (T,U) = N,U = T,V and df (T,V) = T,U = N, V. Our
claims are now a consequence of 4.5 and 4.3. In fact, M is flat iff there is a
non-vanishing parallel vector field on M, and all its points are semiumbilic iff
its normal bundle is flat, that is iff it admits a non-vanishing parallel section.
In both cases, due to the dimension 2 of those bundles. The question whether
f(M) has inflection points when M is semiumbilical and flat may be settled
with the same technique that will be used in Theorem 5.3 under a more
general context. [ ]

In the same manner we have

Theorem 4.8. Let M be a surface immersed in R*. Let S : M — R* be a
smooth map such that (DS)T = 0. Let e € X(M) be a radius vector (hence,
M is flat) and put f =id—e+ S : M — R Then, if f is an immersion,
the immersed surface f(M) is semiumbilical and we will say that it is an
envelope of M. If, in addition, M is semiumbilical, then f(M) is flat.

Note that any parallel vector field S € X(M) does the job required in
the above statements. Also, by means of 4.2, one may find many maps S
with the required property and that are neither vertical nor horizontal.

The first of the following two results will be used later. For proving them,
we use transformations as described above, but the results in themselves do
not claim for those transformations; on the other hand, a direct proof would
seem to demand heavy calculations.

Proposition 4.9. Let M be a flat surface in R* without inflection points
and S : M — R* be a smooth map such that (DS)T = 0. Then, there is a
unique vector field A € X(M) such that (D(S — A))*+ = 0.

Proof. First we show the uniqueness of A. The condition may be read also
as (DxA)t = a(A, X) = (DxS)*t for any X € X(M). Now, if p € M,
the right hand of this equation defines an element [ of Hom(7,M, N,M) by
B(X,) = (Dx,S)*, for X, € T,M. Since p is not an inflection point, 3.5(1)
assures us that A,, if it exists, is unique.

Let e, € T, M be such that p(e,) is one to one (see 3.5(2)), and for some
open neighborhood U of p, let e € X(U) be a radius vector such that its
value at p is e,,.

Let 0 < € € R. We define the map f. = id —e+¢S : U — R*. Assume that
0# X € T,M. Then dfo(X) = (dfo(X))* = —ay(eps X) = —ple,)(X) # 0.
Hence, fy is an immersion in a neighborhood of p. Thus by taking € > 0
sufficiently small, we see that f. is an immersion on a neighborhood of p
that we shall keep denoting by U.
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The immersed surface f.(U) is semiumbilical. Let us call ¢ € T'(N f.(U))
the section such that ¢-& = g, where the tildes mean that we are referring to
fo(U). Let us define A € X(U) by €A = —cof.+e. Thus ¢ = eo f 1 —eAo f1.
In the formula of Lemma 4.3(2) let p € U be an arbitrary point and replace
¢q by X. Then

u- df6<Y> = U ap(éqv Y),

that is:

&, — €, Y) + e(DyS)*
—€A,,Y) + ¢(DyS)*
e(Dy (S — A))*.

Since Y is arbitrary and p € U is arbitrary, we see that (D(4 — S))t =0
in U. The uniqueness of A allows us to extend its existence to all of M. W

Proposition 4.10. Let M be a semiumbilical surface in R* diffeomorphic
to an open ball, such that for any p € M the map (Dc)* : X € T,M —
(Dxc)* € N,M is one-to-one, and let S : M — R* be a smooth map such
that (DS)T = 0. Then, there is a smooth section z € T'(NM) such that
(D(S — 2))* = 0; it is determined up to the addition of a parallel section.

Proof. Let us define f, : M — R* by means of f, =id+c + €S, for € € R.
Then, df.(T,M) C N,M for any p € M and as a consequence, if X € T,M,
we have

dfo(X) = dfo(X)* = (Dxc)* +e(DxS)*.

Since (Dc)t is one to one, there is some € > 0 and some open neighborhood
U of p such that f. is an immersion on U. Then the surface f.(U) is flat
and we can take U so that there is some radius vector € on f.(U). Let
¢ = f7'. We put ¢ = id—¢é + B o ¢, where B : U — R* is some smooth
map. Then we have easily that (D(B o ¢))T = 0, that is (DB)* = 0. Since
¢ =1id —cop—eSo¢p = id —é+ Bo@, we have é = (c+eS+B)ogp € X(f(U)).
Hence, ¢ + ¢S+ B € I'(NU). Since ¢ € I'(NU), there is some z € I'(NU)
such that €S + B = ez. and we have (D(S — z))* = —1(DB)* = 0. It is
clear that the difference between two such sections z is a parallel section
of NU. One can now extend the solution to the whole M because M is
diffeomorphic to a ball. |
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5. Transformations of surfaces with tangent and normal
bundles both flat

In this section, M will be an FSIS and ¢ will be defined as in 3.3.

As we have recalled, there is, in a neighborhood of any point of M,
an orthonormal frame (¢q,t3) of asymptotic directions, such that, if b =
Oé(tl,t1> = (Dtltl)l, bg = Oé(tg,tg) = (Dtth)J‘, b3 = Oz(tl,tg) = (Dtltg)l, we
have:

1. by and by are linearly independent at each point;
2. bl-b2:0, b3:0

With this notation, we have:
Lemma 5.1. Let M be an FSIS in R*. Then,

1. There is a unique vector field j € X(M) such that for any X € X(M)
we have a(j, X) = (Dxj)* = (Dxc)t = V¢, and it is given by

. 1 bl : Dt C b2 . Dt C
= —grad(c-¢) = ¢ 1.
J=geradle-o) = o =h 4 =t
2. Let U C M be an open subset diffeomorphic to a ball, and assume that
e € X(U) is a radius vector. Then there is a section k € TNU such
that (D(e — k))* = 0. It is determined up to the addition of a parallel
section of NU. Also, we have (D(c+e))T = 0.

Proof. (1) If such a vector field j exists, then
1 1
j-X=c-a(j,X)=c-Vyxc=c-Dxc= §Dx(C-C) = §d(c-c)(X)

1
=3 grad(c-c) - X.
Therefore, if it exists, j is unique and is given by % grad(c - c). Its existence
is not evident. We can write j = jlt; + j*t, and must have a(j,t,) = j'b, =
Vic. This reduces to the following two conditions

bl'Dtlc

1) jlbl . bl = bl . DtIC, that is jl = bib

11) jlbl . bg = bg . DtIC.

Condition i) determines j'. Since by - by = 0, condition ii) can be met iff
by - Dy,c = 0, but this is true by 3.4. The same happens to j2, and this
proves our claims.
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(2) We define an 1-form 3 on U with values in NU by 8(X) = (Dxe)™*.
Let us prove that d*3 = 0. We have
d-B(X,Y) = (DxB(Y))" — (DyB(X))" — (Dpxyje)”
(DX Dy€ — Dy(DXe)J' — D[X y]e)J—
— (DxDye — DxY — DyDxe+ Dy X — Dixyie) "
= (-x, YD) =0,

because Dx Dy — Dy Dx —Dixy) = 0 and DxY — Dy X —[X,Y]| = 0. By 4.2
our first claim is true. As for the second, if X,Y € X(M) we have

Y- (Dx(c+e) =Y -Dxc+Y -X=——c-aV,X)+Y -X =0.

Theorem 5.2. Let M be an FSIS in R*, assume that the vector fields j
and k of 5.1 are defined in all of M and let the C™ map S : M — R* satisfy
(DS)t = 0. If the map f: M — R* is defined by

f=id+ti(e — k) +ta(c—7) + S, with t1,ty € R,

then df (T,M) C T,M, Vp € M. Moreover, if U is the open subset of M
where f is an immersion, then f(U) is an FSIS.

Proof. Let v € N,M, X € T,M. We will have

=u- (ti(Dx(e = k)" +t2(Dx(c - 7)) + (Dx8)7) =

Therefore, df (T,M) C T,M.

Now f(U) is flat and with flat normal bundle as a consequence of 4.4. In
fact, from a parallel local reference ¢, t, of TU and a parallel local reference
us,uy of NU we can obtain the parallel references t; o f~1,i = 1,2, and
uio f71i=3,4,of Tf(U) and N f(U), respectively. We need still to prove
that there are no inflection points in f(U). Let p € U, ¢ = f(p), X,Y € T,U.
Then, by Lemma 4.4,(2) we have

ap(X,Y) = ay(df (X),Y).

Therefore, the dimension of the subspaces generated by «, and &, must be
the same. Hence, f(M) is semiumbilical. [ |

We say that this transformation is of parallel type.

Now, we exhibit a transformation that sends each tangent space to its
orthogonal: this is another of our main results.
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Theorem 5.3. Let M be an FSIS in R*. Let ¢ be the section of NM such
that c-a = g, e € X(M) be a radius vector, andt € R. Let S : M — R* be a
smooth map such that (DxS)" =0 and A € X(M) be the unique vector field
such that (D(S — A))* =0 (4.9). Put f =id+tc— (1 —t)e+ S : M — R
Then df (T,M) C N,M for any p € M, the open subset U C M where f
is an immersion is the set of points where tj — (1 — t)e + A is not parallel
to an asymptotic direction, and f(U) is an FSIS. Also, if ¢ denotes a local
wverse of f, we have

1. e=(1-te—tj— A oo

2. Let k be a (local) section of NU such that (Dx (e —k))* = 0. Then we
have that é = (tc — (1 — t)k + 2) o ¢ € X(f(U)), where z € T(NM) is
such that (D(A — 2))t =0 (see 4.2(3)), is a radius vector.

Proof. Let XY € T,M. Then:

X - df(Y)=X-(Y +tDyc— (1 —t)Dye + DyS)
=XV —tX-Y-(1-)X-Y+X-(DyS)" =0,

so that df (T,M) C N,M, as claimed.
Then,

df (V) =df (V)" = t(Dyc)* = (1 = t)(Dye)" + (DyS)*
= a(Y,tj — (1 - t)e + A).

By 3.5(3), we see that f fails to be an immersion only at the points where
tj — (1 —t)e 4+ A is parallel to an asymptotic direction.
f(U) is flat and with flat normal bundle. Now by 4.3(2) we have

u - Ozp(X, Y) =—-X- dq(uadf(y))’

for any uw € N,M. If p € U then the curvature ellipse at ¢ = f(p) lies in an
affine line of N,f(U). If ¢ is an inflection point of f(U) (this includes the
case that it be umbilic) then that line passes by the origin (the ellipse itself
passes by it because f(U) is flat).

Hence, for any Y € T,M and v € N,M, a(df(Y),u) lies in the vector
line containing the ellipse. If X is non zero and orthogonal to that line, then
u-a(X,Y) =0 for all Y,u. Hence p(X) = 0 (see 3.5(1)) and p must be an
inflection point, against our hypotheses.

Since f(U) is an FSIS, there is ¢ € I'(N f(U)) such that ¢- & = g. The
proof of the formula ¢ = ((1 —te—tj— A) o ¢ is almost the same as that
used in the last part of the proof of 4.9.
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(2) By 4.2(3) we know that there is locally some section z € I'(NU) such
that D(A — 2)* = 0. Let u,v € T, f(U) = N,U. Then

v-Vié=v-Dy(tc— (1 —t)k+2) 0 ¢ = v Dyyuy(tc — (1 — 1)k + 2)

=v-u,

whence V[ é = u, as desired. |

Now we will see that the composition of two transformations of orthog-
onal type is one of parallel type, as we could expect, and also we want to
prove a permutability theorem in the same vein of the Bianchi permutability
theorem for Bécklund transformations (see [1]). For this we need some more
notation. First we note that in the definition of the map f of the preceding
Theorem the ambiguity in the choice of e, that is the addition of a parallel
vector field on M, may be absorbed in the ambiguity of the choice of S.
Thus, we may consider that e is uniquely defined, so that we may describe
the map f as F(t,5) : M — R* and it is given by

F(t,S) =id+tc— (1 —t)e+ S,

where t € R, e € X(M) is a radius vector and S : M — R* satisfies
(DxS)" =0, VX € X(M).

Theorem 5.4. With the above notation, assume that F(t;,S;) : M — R*
and F(ty,S3) : M — R* are immersions and, for the sake of brevity, that
they are diffeomorphisms. Let us put M; = F(t;,S;)(M), i = 1,2. Then
there exists locally a transformation F(ts, Sl) : My — R* and a transforma-
tion F(ty,S5) : My — R* such that

F(ts,81) 0 F(t1,81) = F(t1,55) o F(ts, Ss)

and this composition is one of the transformations of parallel type described
m 5.2.

Proof. Let us put ¢; = F(t;,S;)™!, i = 1,2. Then we have for M; the fields
¢ = ((1—t;)e—t;j — A;) o d;, where A; € X(M;) satisfies (D(S; — A;))+ =0,
and & = (tc — (1 — t;)k; + v;) o ¢, where (D(A; — v;))t = 0. Now, let
s; © M — R* be such that (Ds;)* = 0. Then, if we put S; = s; o ¢; we have
for any u; € T, M, that (Duigi)T = 0, as it is easily proved (here, + refers
to M;). We shall compute the compositions

F(tg,g1>OF(t1,Sl>, F(tl,g2>OF(t2,Sg>,

and prove that by a convenient choice of s; we can make those compositions
to be equal.
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Let p € M and ¢ = F(t1,51)(p). We have that the first composition
maps p € M to

F(t2,§1)(p +ticp — (1 —t1)ep + S1p)
=p+ticy,— (1 —ti)e, + Stp +ta2Ciy — (1— t2>€~1q + (810 ¢1)q
=p+tic, — (1 —t)ep + S, +ta((1 = t1)e, — 1, — Arp)
— (1 —=to)(ticy, — (1 = t1)k1, + v1p) + 51,
=p+tita(cy — Jp) — (1 = t1)(1 = t2)(ep — k)
— 1Ay, — (1 = ta)vr, + Sip + 51,

Now
—tQAl — (1 — tg)vl + Sl + S1 = (1 — tg)(Al - ’Ul) + (Sl - Al) + S1,

and (D((1 — t2)(A; —v1) + 51 — Al))L = 0 by the hypotheses (on passing,
this proves also our last claim, that is that those compositions are of the
type described in 5.2). Hence, we can take s; = —(1 —1t5)(A; —v1) + A1 —S)
and sy = —(1 —t1)(Ay — v9) + Ay — Sy, because then clearly (Ds;)* = 0, as
needed. Then both compositions are made equal to
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