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Introduction

The purpose of this paper is to show how a Ribaucour transformation pro-
vides families of Dupin hypersurfaces from a given such submanifold. Ribau-
cour transformations for hypersurfaces, parametrized by lines of curvature, were
classically studied by Bianchi [Bi]. They can be used to provide families of sur-
faces of constant Gaussian curvature from a given such surface. Similarly, by
using Ribaucour transformations one may obtain minimal surfaces from a given
such surface [Bi]. In this paper, we provide necessary and sufficient conditions
for a Ribaucour transformation to associate a Dupin hypersurface into another
such submanifold and we apply the theory to special Dupin submanifolds.
Dupin surfaces were first studied by Dupin in 1822 and more recently by
many authors [CC],[CeR1],[CeR2],[Ch],[CJ],[M], [N],[P1-P3],[PT],[S],[T] which
studied several aspects of Dupin hypersurfaces. The class of Dupin hypersur-
faces is invariant under conformal transformations. Moreover, the Dupin prop-
erty is invariant under Lie transformations [P2]. Therefore, the classification
of Dupin hypersurfaces is considered up to these transformations. The local
classification of Dupin surfaces in R* is well known. However, the classification
of Dupin hypersurfaces for higher dimensions is far from complete. Therefore,

it is important to study methods which generate such submanifolds.

*Partially supported by CNPq, PRONEX and FAPDF
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In section 1, we fix our notation and we recall the main definitions. In section
2, we revise a characterization of a Ribaucour transformation for hypersurfaces
of the Euclidean space in terms of differential equations. Then we provide
a necessary and sufficient condition for such a transformation to transform a
Dupin hypersurface into another such submanifold. In section 3, we apply the
Ribaucour transformation to particular Dupin hypersurfaces generating families

of Dupin hypersurfaces.

1. Preliminaries

A sphere congruence is an n-parameter family of spheres whose centers lie on
an n-dimensional manifold My contained in R"*!. Locally, we may consider M,
parametrized by Xo: U C R* — R"*'. For each point u = (uy,...,u,) € U, we
consider a sphere centered at X (u) with radius r(u), where r is a differentiable
real function. An involute of a sphere congruence is an n-dimensional subman-
ifold M of R™*! such that each point of M is tangent to a sphere of the sphere
congruence. Two hypersurfaces M and M are said to be associated by a sphere
congruence if there is a difeomorphism t : M — M such that at corresponding
points p and ¥ (p) the manifolds are tangent to the same sphere of the sphere
congruence. It follows that the normal lines at corresponding points intersect at
an equidistant point on the center manifold. An important special case occurs
when v preserves lines of curvature.

Let M™ and M™ be orientable hypersurfaces of R**!. We denote by N and
N their Gauss map. We say that M and M are associated by a Ribaucour
transformation, if and only if, there exists a differentiable function A defined on

M and a diffeomorphism 1 : M — M such that
a) p+h(p)N(p) = ¢(p) + h(p)N(¢(p)), for all p € M.
b) The subset p + h(p)N(p) p € M is an n-dimensional submanifold.

c) v preserves lines of curvature.
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We say that M and M are locally associated by a Ribaucour transformation if
for all p € M there exists a neighborhood of p in M which is associated by
a Ribaucour transformation to an open subset of M. Similarly, one may con-
sider the notion of parametrized hypersurfaces locally associated by a Ribaucour
transformation.

A hypersurface M™ C R"' is a Dupin submanifold if its principal curva-
tures are constant along the corresponding lines of curvature. Whenever the
principal curvatures are constant M is a called an isoparametric submanifold.

Consider a hypersurface M™ of R"*!. Let e; 1 < i < n be a an orthonormal
frame tangent to M and N a unit normal vector field locally defined. We denote
by w; the one forms dual to the vector fields e; and by w;;, 1 < 1,57 < n the
connection forms determined by

dw; = ij A wiji, wij +w;i = 0.
J#
The normal connection w;,11 =< de;, N > satisfies >°; w; A wipe1 = 0. Hence,

Wing1 = 2 bijw; where b;; = bj;. The Gauss equation is given by

dwi]' = Zwik N Wgj + Wing1 N Wiyt (1)

k

and the Codazzi equations are

dwips1 = szj N Wing1-
J

Whenever the hypersurface is parametrized by orthogonal lines of curvature,
X(u1,...,uy), the first fundamental form is of the form I = ¥, w?, where w; =
a;du; and a; are differentiable functions. The principal directions are the vector

fields e; = X ;/a;, where X ; denotes partial derivative with respect to u;. Then

1

a;a;

(—a;jwi + a;w;) (2)

Wi =

and the Christoffel symbols are given by

o % opg it
iy ) i 2
a; a]‘

Ffj =0 for 1,7,k distinct. (3)
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Since the coordinate curves are lines of curvature we have
dN(e;) = Ne;, Wing1 = —A'wi. (4)
Then the Codazzi equations reduce to
dXN'(ej) = (N = Mwij(ei),  i#7. (5)

Moreover, it follows from the Gauss equation (1), applied to the pair of vector

fields e;, e,, that

7. (h) = Jis (& — a_]) for ¢, 7, s distinct. (6)

a;a; a; asaj a;a;

Whenever the submanifold is a Dupin hypersurface we have
d)\i(ei) =0, 1 <1< n.

In the following section, by using Ribaucour transformations, we will show

how to obtain Dupin hypersurfaces from a given one.

2. Ribaucour transformations

In this section, we start with a local characterization of a Ribaucour transfor-
mation for hypersurfaces of the Euclidean space. This is a classical result (see
[Bi]), whenever the hypersurfaces are parametrized by lines of curvature. We
then provide a necessary and sufficient condition for such a transformation to

associate a Dupin hypersurface to a given one.

Theorem 2.1 Let M™ be an orientable submanifold of R™*'. Assume ¢;, 1 <
i < n are orthonormal principal directions, N' the corresponding principal cur-
vatures and N is a unit vector field normal to M. A submanifold M™ is locally
assoctated to M by a Ribaucour transformation, if and only if, V.p € M, there
exist a parametrization X : U C R* — M of a neighborhood of p and a differ-
entiable function h : U — R such thal

X =X+h(N-N) (7)
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is a parametrization of M and the unit vector field N normal to M is given by

~ 1 n .
N=—— 27'¢; + (A —1)N
ot (e -y )
where
: dh(e;) n N 2
ZZ = A A - ZZ
1+ R ; (7) (9)
and h satisfies the differential equations
dZ7(e;) + Z'wiile)) — Z°ZIX =0, 1<i+#j<n. (10)

Proof: In order to prove the theorem, we will consider N to be a unit vector

field given by

N =>"ble; +b"HN, (11)
=1
where
S+ () = 1. (12)
=1

We introduce the following notation
dN(e;) =" LEer + LITN, (13)
k
where for 1 <4,k <n

Lk = dbk(ei) + biwik(ei) + (E bjwji(ei) + bn+1)‘i)5ik7

J
L = db™ (&) — b
We will later show that the following relations hold

. : A—-1
bZ — ZZ(l - bn+1), bn+1 — m (14)

In this case, it follows from (9) that

2 ; j
LF = —— (de(ei) + Z'wir(ei) + ) Z]wji(ei)gik)
1+ A j

— o7k

dA(e)  A—1_.

A'o; 15
B+ FTafi o (15)
2dA(e;)  2ZiNi
(A+1)22 A+1

n+1
Li
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We will now prove the theorem. Assume that M is locally associated to M by
a Ribaucour transformation. Then by definition there exist local parametriza-

tions X of M, X of M and a function % defined on I/ C R™ such that
X+hN=X4+hN,

where N is a unit vector field normal to M, which may be considered as in (11).
Then
< dX(e), N >=0, forall 7, 1 <i < n. (17)

Since

dX = dX 4+ dh(N — N) + h(dN — dN) (18)

it follows from the relations dX = 3. w;e; and dN(e;) = Me; that

dX(e;) = (1 + hX)e; + dh(e)(N — N) — hdN(e;). (19)
Hence, equation (17) implies
(1 +hXYD 4+ dh(e)(0" —1) =0, 1<i<n. (20)

We claim that the fact that X is a Ribaucour transformation of X implies
that 1 + A) # 0 for all 7. In fact, consider the center manifold X0= X +hAN.
Then

dX%(e;) = (1 + hX)e; + dh(e;)N.
Assume that (1 + h/\i)(uo) = 0 at a point u°. Then it follows from (20) that
dh(e;)(0"t! —1)(u®) = 0 and hence dh(e;)(u®) = 0. Otherwise, bt (u°) = 1 im-
plies that X (u®) = X (u®) = X°(u°). Hence h(u®) = 0, which is a contradiction,
since (14+AX")(u®) = 0. Therefore, we have dh(e;)(u®) = 0 and dX°(e;)(u®) = 0,
which contradicts the fact that the center manifold X° is n-dimensional.

So 1+ kX # 0 for all ¢, therefore we conclude from (20) that the relations
(14) hold, where the second equality of (14) follows from the first one, from
(12), the notation (9) and the fact that we want bt # 1 (i.e. X # X).

We will show that the differential equation which is satisfied by A, is a

consequence of the property

< dN(e;),dX (e;) >=0, for ¢ # .
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Since X preserves lines of curvature, we have
< d)N((ei),d)N((ej) >=< dN(ej),d)N((ei) >=< dN(ej),dN(ei) >=0 for: #j.

Hence, using the notation (13) and equation (19), we get

< dN(e),dX(e;) > = < dN(e),(1+hM)e; + dh(e;)N >,
= LI(14hN)+ LI dh(e;) =0,  fori# j.

By using the relations (15) and (16) in the last equality, we conclude that
equation (10) holds.
Conversely, assume & is a solution of (10), then we define the functions Z°

and A by (9), b and ™! by (14). Tt follows from (15), (16) and (10) that
LE4 7R =0, i#Ek. (21)

Moreover, from (15) we have for all 7,1 < ¢ <n,

: 2 : dA(e) Py
Li=——|dZ'(e; ZFuwyi(e;) — 22—+ (A —1)=|. 22
g (e S 2t 22 T - ng ) )
Therefore, using the definition of A, (10) and (16), it follows from a straight-
forward computation that

A+1
2

We consider N and X as in (11) and (7) respectively. We need to show that

7L+ ((Zf)2 — ) L = 0. (23)

X is associated to X by a Ribaucour transformation. We first observe that N

is a unit vector field. In fact,

SOV + (B = (1= B HA 4 () = 1,

where the last equality follows by using the expression of 5",

We next verify that N is normal to X. From the definition of X, we have
that d)N((ez-) is given by (19). Hence, using the fact that IN| = 1, we conclude
that

<dX(e), N> = (L+hN)b +dh(e;)(d™ 1)
= (—(L+hXN)Z" + dh(e)) (" — 1) = 0.
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In order to show that the principal directions are preserved, we first show

that

This follows from
< dN(e;),dN(e;) >
= LiLy+ LIl + > LELS+ 1P Lt

k#i,k#]
= —Z'LLT = 2L N (ZF)P Lt 4 et
k#4,k#]
= ((ZZ’)2 +(Z)?=(A+ 1)+ Y (2 + 1) L Lt =0,
k#ik#]

where in the two last equalities we have used (23) and the definition of A. Now,

using the above equality and equations (18) and (21), we conclude that for ¢ # j
< dN(e;),dX (e;) >
=< dN(e;), (1 + hN)(e;) + dh(e;)N >
= LI(1+ kM) + LI 'dh(e;) = 0.
Finally, we conclude that the images of the vector fields e;,e; by dX are
orthogonal for all 7 # j. In fact,

< dX(e),dX(e;) >= (1 + h\') < e;,dX (e;) > +dh(e;) < N,dX (e;) >
= —(1+hX\)(dh(e;)b' + hLE) + dh(e;) (dh(e;)(1 — b™+') — hLIF!) =0,

where the last equality follows from the definition of ' and equation (21).

Moreover, generically X is an n-dimensional manifold, since
X (e = 32 ((1+ hN)bi — dh(e)th — hLE) "+ (dh(e) (1 — b5+Y) — hLH)"
k

(24)

O

We observe that, whenever the manifold M is parametrized by orthogonal
lines of curvature X (uy, ..., u,), equation (10) in classical notation is written as

1+ RN L4+ hN Y A s
P R Y LA . N b =0, % 5,
YU RN T TR (1+hm+1+hx) ihj =007
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where h; and h;; denote the partial derivative of ~ with respect to u; and to
u; u; respectively. This equation is easily obtained by substituting in (10) the
expression of Z/ given by (9), equations (2), (3) and using Codazzi equation
(5).

Our next result will show how to linearize the problem of obtaining the

function A.

Proposition 2.2. Suppose that h is a nonvanishing function which salisfies

equation (10) then
1 &N
= — ZZ i
Y= ; w
is a closed 1-form and there exists a nonvanishing function 0 defined on a

simply connected domain such that

0 .
aQe)) = 2"

Proof: By considering the exterior differentiation of v, we get

dh(e;)
h

1 . . .
d?f} = Z E dZZ(ej) -7 — Z]wij(ej) Wy A w;.
i#]

As a consequence of (10) we conclude that the coefficients of w; A w; for j <1

vanish. Hence, on any simply connected domain, there exists a differentiable

function Q such that
d(log Q) = .

Therefore, d(e;)/Q = (e;), which concludes the proof. O

Based on the previous result, for each nonvanishing function %, which is a

solution of (10), we consider £ as given by Proposition 2.2 and we define

Q' = dQ(e;), W = % (25)

With this notation, (10) is given by

d(ej) = Qwijle;), fori#j, (26)
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aQ = > Qu;, (27)
=1
AW = =3 QN (28)
=1
and
h=Q/W. (29)

Hence, we have the following

Proposition 2.3 A nonvanishing function h is a solution of (10) defined on
a simply connected doamin, if and only if, h = Q/W where Q and W are
nonvanishing functions which satisfy (26)-(28).

With the above notation , it follows that

dh(e;) = W(l + QX' /W) and L+AXN =14+ QX /W, (30)
Hence, '
7= A=) (31)
% - W2 Z '

Therefore, Theorem 2.1 can be rewritten as follows

Theorem 2.4. Let M™ be a hypersurface of R™' paramelrized by X : U C
R™ — M. Assume e;, 1 < 1 < n are the principal directions, \' the corre-
sponding principal curvatures and N is a unil vector field normal to M. A
submanifold M" is locally associated to M, by a Ribaucour transformation, if
and only if, there exist differentiable functions W,Q, Q' : V. C U — R, which
satisfy (26)-(28) and X :V C R*— M, is a parametrization of M given by

3 20) .

Remark 2.5. We observe that d)' = Y>7_, dQ'(eg)wr. Therefore, (26) is
equivalent to

dQZ A Ww; — Eﬂjwij(ej)wj A Ww; = 0. (33)
J#e
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In classical notation, whenever M is parametrized by lines of curvature

X(uy, ..., up), the system of equations (26), (27), (28) is written as

892 . j 1 8aj . .

au] - Q a; aui7 ? # .]7 (34)
a0 .

an = CEZ'Q 5 (35)
ow Py

an = —CLZ'Q A 5 (36)

where the functions a; correspond to the metric of the manifold M, i.e. ds? =
;atdu?. Tt is a straightforward computation to see that the compatibility

condition of equation (34) is given by (6).

The following result shows that for each solution Q¢ 1 < i < n, of (26),

there exists a 2-parameter family of solutions of the system (27), (28).

Proposition 2.6. Fquation (26) is the integrability condition of the system of
equations (27), (28) for Q and W.

Proof: Consider the ideal Z generated by the 1-forms
a = dQ)— Z Qlw;,

B

dW + 3 QN w;.

We will show that if (26) holds then T is closed under exterior differentiation.
In fact,

da = —Zdﬂi/\wi—zﬂiwj/\wﬁ
i i
= —Zdﬂi/\wi—ZQj/\wﬁ(ej)wj/\wi =0
i i#j

where the last equality follows from Remark 2.5.
Similarly,
dﬁ = E dQZAZ A w; + E Q%l/\l A w; + Z Qi/\iwj A Wiz
i i i#j

= E dﬂl)\l N w; —|— E Qid)\i(ej)wj A w; —|— Z Qi)\iwﬁ(ei)wj A wW;.
7 7 i1#£]
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Using Codazzi equation (5) we conclude that

d,@ = Z)\Z(dQZ A Ww; — ;ijij(ej)wj A wi) = 0,
2 J17F

as a consequence of equation (33).
O
From now on, whenever we say that two hypersurfaces are locally associated
by a Ribaucour transformation we are assuming that there are functions where
', Q and W locally defined, satisfying the system (26)-(28). Moreover, we ob-

serve that since the normal lines at corresponding points intersect at a distance

h = Q/W, it follows from (30) that dh(e;) # 0 if and only if Q° # 0.

Theorem 2.7. Assume M is locally associated to M by a Ribaucour transfor-
mation. Let e;, 1 < 1 < n be the principal directions and X' the correspond-
ing principal curvatures of M. Then the principal curvatures of M for each

1 <2< n are given by

N = S ads) i Q£ 0, (37)
v WT' XS i
A= a7 it Q' =0, (38)

where ', Q and W satisfy the system (26)-(28) and

S=W2+ ()2, T =Y Qwle) - WA, (39)

Proof: Let X and X be parametrizations of M and M associated by a

Ribaucour transformation. The principal curvatures of M are given by

:\' < dN(eZ)

k3

< dX(e)

)N((ez) >

)N((ez) > (40)

,d
,d
Since X is associated to X by a Ribaucour transformation, we have

dX = dX + dh(N — N) + h(dN — dN),
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where h = Q/W and N is given by (8) Now, dN(e;) = S\id)N((ei) therefore, from

the last equation we get
(14 hX)dX (e;) = (1 + hA)e; + dh(e;)(N — N). (41)
Hence, using (11), we obtain

(1+RhN)? < dX(e),dX(e;) >
= (14 hX)? + 2(dh(e;))* — 2dh(e;)[(1 4+ hA)b* + dh(e;)b™ ).
It follows from (14) and (9) that
(1 +RhN)? < dX(e),dX (e;) >= (1 + hA)% (42)

On the other hand, using (13) and (41), we have

< dN(e;),dX (e;) >

1 % 7 n
- T (1 + )L, + dh(e) L7 (43)

Assume Q' # 0 i.e. dh(e;) # 0, then it follows from (23) that

— A+l
Lit+ ZiLrt = —— 1!
2 —I_ 2 QZZ 2 ?

hence '
< dN(e)), dX (e) >= LEINE D g
2741 + hAY)

We conclude, using (40) and (42), that X is given by

. (A + 1)L

k3

" 2dh(e;) — h(A + 1)L

if Q£ 0, (44)

where L7 is defined by (16).
Observe that A + 1 = S/W? where S is defined by (39). Therefore

A+ 1)Lt = _
(A+ D)L 5 T

Hence, it follows from (27), (28) and from the fact that A = Q/W that X is
given by (37).
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If O =0, i.e. dh(e;) = 0, then Z° = 0 and hence, it follows from (10)
that dZi(e;) = 0 for all j # i. Therefore, we get from (9) that dA(e;) = 0.
Using equations (15) and (16) we conclude that LIt" = L¥ = 0 for all k& # .
Moreover, Lt is given by (46). Now it follows from (24) that

|dX (e;)|? = (1 4+ hAT — hLH)2.
Since dN(ei) = Lie;, we get

< dX(e;),dN(e;) >= (1 +hX; — hL}) L

Therefore, from (40) we obtain that

where
Li= b (22 ZFwpi(e) + (A — 1)/\i) when Q' = 0. (46)
A+1\"4

Using (9) we have that A +1=S/W?* A —1=(5—2W?)/W? and
. WTi 4+ )\iS
[ A A
k3 S bl
where T" is defined by (39) Moreover,

S — QT

14+ AN — AL =
+ : 5

Therefore, we conclude from (45) that (38) holds.
O

Theorem 2.8 Lel M™ be a Dupin submanifold of R™*' whose principal curva-
tures and corresponding principal directions are given by X' and e¢;, 1 < i < n,
respectively. Let M be a hypersurface of R™*" locally associated to M by a Rib-
aucour transformation. Then M is a Dupin submanifold, if and only if, the
functions ', Q and W satisfies the following additional condition for each i
1 <1< n,
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i) d (%) (€;) = 0, whenever Q° # 0;

i) d (T?) (€;) = 0, whenever Q' =0,

where S and T" are given by (39).

Proof: Assume that Q° # 0, i.e. h depends on w;. Since M is a Dupin
submanifold, it follows from (37) that d;\i(ei) = 0, if and only if,

dS(e)W + QXS
4 ( Q'S — QdS(e;) ) (e:) = 0.

Using (27) and (28), this equation is equivalent to
S(W + QN) (Q'd(dS(e:)(e:) — dS(e:)d (e:)) = 0.

Since S(W + Q/\i) # 0, we conclude that i) must be satisfied.

If ~ is independent of the variable u;, i.e. ; = 0, then it follows from (26),
(27) and (28) that dQ(e;) = dW (e;) = 0 and dQ*(e;) = 0 for all k # i. Moreover,
we have seen in Theorem 2.7 that M is given by (38). Hence, d:\i(ei) =0 if and
only if,

(W + QXY) (SdT(e;) — T'dS(e;)) = 0.

Therefore, we conclude that ii) holds.

3. Applications

In this section we will generate families of Dupin hypersurfaces by applying
Theorem 2.8 to a hyperplane, a torus, S x B*~! and S x R"~%. These examples
will show that the transformation we are using to generate Dupin hypersurfaces

is not a Lie transformation.

Proposition 3.1. Consider the hyperplane in the FEuclidean space R™!,

parametrized by X(u1,...,uy) = (Ug, ...y Up, 0). X is a parametrized Dupin
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hypersurface locally associated to X by a Ribaucour transformation, if and only
if,
¥ Q(anl f])
X=X — —"2Z=—(fl, f5s s [, —0), 47
Z](f]/)g_l_cg( 1:J2 ) ( )
where

fi = cigu? + ciiu; + cio (48)

and ¢ # 0, ci2, ¢i1, o, € 1.

Proof. Since the principal curvatures of X are A\* = 0 and the metric g;; =

a;0;; =1, for 1 <14,7 < n, it follows from equations (34)-(36) that
Q=> 1 W =c#0, h=Q/e, and Q' = f,
=1

where f;(u;) are differentiable functions. For any such functions, the subma-
nifold X given by (32) is a Ribaucour transformation of the hyperplane. In order

to obtain Dupin submanifolds associated to M, we consider the expressions
S =c+ Z(fil)Q and T'=0

defined by (39).
It follows from Theorem 2.7, that for each 7z, 1 < ¢ < n, such that f; is
constant, we get Xi = 0. For each 7 such that f; is not constant, it follows from

Theorem 2.8, that X is a Dupin submanifold, if and only if,

d(difﬂ)(@):o.

Since dS(e;)/Q" = 2f!, we conclude that the condition above is equivalent to

requiring that (48) is satisfied.
If ¢;; = 0, and ¢;; # 0, then from (37) we get No=0. If ¢;y # 0, then
~s 4ece;o

(Zj;éi(f]‘)Q —dein i fi+ Ai) 7

where the constant A; = ¢* + ¢ — 4eiacio.

Moreover, the transformed Dupin submanifold (see equation (32)) is given

by (47). O
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Remark. In Proposition 3.1, one observes that the Dupin hypersurface X
has the following properties:

a) Generically, whenever the coefficients ¢;; # 0 are distinct, then the curva-

tures A* have multiplicity one.

b) If ¢, = 0 for k distinct indices 4, then X has a zero principal curvature of
multiplicity k. In particular, if ¢;; = 0 for all 7, then X is an open subset

of a hyperplane.

c) If ¢;; = B # 0 for all 4, then all X are equal to a non zero constant. Hence,

X is an open subset of a sphere.

d) If for k distinct indices we have ¢;;5 = ¢;2 = ... = ¢;,2 # 0, then we get
a principal curvature of multiplicity &k, namely X', ..., A are equal to a
function which is independent of w;,, ..., u;,.

Proposition 3.2. Consider the lorus in R, parametrized by
X(uy,ug) = ((a + rcosuz) cos uy, (a + r cos ug) sin uy, rsin uy).

X is a parametrized Dupin surface locally associated to X by a Ribaucour trans-

formation, if and only if, X is given by (32) where
Ol = fi, O = f1 — fisinuy

Q= (a+rcosuy)fi +rf+ A, W = —ficosuy — fo+ B
fi = a;cosu; + bysinu; + ¢ 1=1,2, (49)

where a;, b;, ¢;, A and B are real constants such that if Q* = 0 then Q! = 0.

Proof. The principal curvatures of the torus are

. COS Uy 32

1
’ .
a + 7 Ccos uy r
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The coefficients of the metric are given by
a1 = a -+ 7 cos uy ay =T.
It follows from equations (34)-(36) that
O = fi(w), Q= —fisinug+ f(us)
where f; and f; are differentiable functions of u; and u; respectively. Moreover,
Q=(a+rcosuz)fi+rfa+ A W = —cosuyfy — fo + B,

where A and B are constants.
In order to use Theorem 2.8, we consider the functions S and 7" defined by

(39). Then

2 2

S = fo + Z(fi/>2 —2f1(fysinug — facosuy) — 2B(fi cosuy + f2) + B*.

and
T = 2(=Q%sinu® — W) T? = —2W A2,

If Q° # 04 = 1,2, then requiring dS(e;)/" to be independent of w; is
equivalent to having f; satisfying (49).

If Q' = 0 then fi(uy) = ¢1, %, W and S do not depend on u;. Therefore,
the condition ii) of Theorem 2.8 for i = 1 is trivially satisfied.
If we consider Q2 = 0 then we necessarily have f; = ¢; and f, = —¢; cos ug + ¢,
where ¢; and ¢; # B are real constants. In this case, the associated surface is
parallel to the torus and its principal curvatures are

G =X
1+ 2R\
where h = (ac; +rex + A) /(B — ¢2).
O

Proposition 3.3 We consider the submanifold M™ = S* x R"™' in the Eu-

clidean space R"', parametrized by

XUty ooy tty) = (COS UL, SIN UL, U,y ooy Up).
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Then X is a paramelrized Dupin hypersurface locally associated to X by a Rib-

aucour lransformation, if and only if,

2 Z?:l fj

X=X— S+ (c— 1) (e = fi)sinuy)', ((c = fi)cosur)', fay fo ey [1)
i\Jj
(50)
where
fi = ajcosuy + bysinuy + ¢+ ey,
i = coul+cau+ co if 2 > 2. (51)

Proof. The principal curvatures and the metric for the manifold M are A\; =
1, X =10,i>2and a; = 1, for 1 <3 < n. Hence, it follows from equations
(34)-(36) that

Qj:f]’- Q:Zn:fj, W=—-fi+c¢ and h=Q/(—fi+¢)

where f;(u;) are differentiable functions of u;.
For any such functions the parametrized submanifold X defined by (32) is a
Ribaucour transformation of the cylinder. In order X to be a Dupin submanifold

we consider the expressions defined by (39)

S=(=h+e+

n
J=

(/)

1

and

T‘{o ifi>2.

We will first assume that Q° # 0, i.e. f; is a non constant function of wu;,

then

dS(e) [ 20fi—e)+2fr  ifi=1,
9% 2f! ifi>2.

Hence, condition i) of Theorem 2.8 is satisfied if and only if f; and f; are given

by (51). Moreover, the associated principal curvature is given by

261W—|—S fi=1
. S—Qﬂcl nr=a
A=
de; o
ciaW if 1> 2.

S — 4QCZ'2 ’
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If Q' = 0 for some 4, i.e. f; = ¢; is a constant, ¢; # ¢ if i« = 1. Then the

condition ii) in Theorem 2.8 is trivially verified and

y ez ) + Bl ifi=1
A= (c—cl)(c—l-q+22j22fj)‘|‘2j22(f1/')2 ’
0 if 1 > 2.

We conclude that in both cases the functions fi,..., f, are given by (51).

From (32) we get the associated Dupin submanifold which is given by (50).
O

Remark. In Proposition 3.3, the Dupin hypersurface X has the following
properties:

a) If all the functions f; are constant, then X is a hypersurface parallel to

St x R*1.

b) If fi = ¢4 # ¢ and for all j > 2, f; is a linear function given by f; =
cjo + (¢ — ¢1)uj/v/n — 1, then X is an open subset of a hyperplane since

all its principal curvatures vanish.

c) If for k indices 2 < iy,...,1;, < n , the functions f;, are linear in u;,, then X

has a zero principal curvature of multiplicity &.

d) If for k distinct indices we have ¢; 3 = ¢iy2 = ... = ¢;,2 # 0, then we get a
nonzero principal curvature of multiplicity k, corresponding to Nt = =

Xk

e) In the generic case all principal curvatures have multiplicity one.

Proposition 3.4 Consider the submanifold M™ = S* x R"™%, paramelrized by
X (w1, -y ) = (sinuy cos ug, sin uy sin ug, oS Uy, Us, ..., Us,).

Then X is a parametrized Dupin hypersurface locally associated to X, if and
only if, X is given by (32) where

Q' = cosuy fy + f1, QO =f fori>2, (52)
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Q:sinulfg—l—Zfi, W = —(sinusfo + f1), (53)
i#2
and
fi = a;cosu; +b;sinu; +¢; 1 <0 <2, (54)
fi = C]'QU? +cihuj+cjo 3<7<n. (55)

Proof. The principal curvatures of M are \! = X\? =l and X' = 0for3 <: < n.
The first fundamental form of M is given by ds? = ja?du? where, a; = sin u;
and a; = 1 for i # 2. Tt follows from (34), (35) and (36) that Q7,1 < j <n, Q
and W are given by (52) and (53), where f;(u;) are differentiable functions.

In order to get the are Dupin submanifolds X locally associated to X by a
Ribaucour transformation, we consider the following expressions:

(/)"

1

S = f24 f242f(fisinuy + fi cosuy) +

]:
' —2W ifi=1
T =< —2W +2cosu; Q' ifi =2
0 ife>3

We will first consider the cases in which all functions ' are non zero. Since
Q' # 0, we conclude from Theorem 2.8 that the functions f; are given by (54)
and (55).

Now we assume that a function Q' vanishes identically. If Q' = 0 for some
i >3, then 7" = 0, and A= 0.

Assume Q! = 0, then this is equivalent to f, = ¢; and f; = —cysinuy + ¢,
where ¢; # 0. In this case, we necessarily have Q* = 0. Hence, condition ii) of
Theorem 2.8 must be satisfied for = 1,2. Since the expression of S reduces to

S=c+ 2:(]6]')2
i3
and 71! = T?% = 2¢;, the condition is trivially verified. Moreover,
—ci + s f))?

SO .
—ct + Z]'Zg(f]/')2 —2¢ ijs I
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In the previous case, we have seen that Q' = 0 implies that Q? = 0. However,
we may have % = 0 without necessarily having ' = 0. In this case we have
fa = ¢y and f{ # —cycosuy. From the fact that 7% and S are independent of
ug, it follows that condition ii) of Theorem 2.8 is trivially satisfied.

O

Remark. The family of Dupin hypersurfaces X of Proposition 3.4 have the

following properties:

a) For generic choices of the constants involved in the functions (54) and (55),

we get X to be independent of u; and of multiplicity one.

b) If ay = ay; =b; =0, b = —cy and ¢ # 0 ( i.e. 9129220),thenj(
has a principal curvature of multiplicity 2, namely A! = A2 is a function

independent of u; and us,.
c) If ¢j = 0 for some j > 3, then M = 0.

d) Under the same conditions as in b), if in addition we require ¢j2 = 0 for
all j > 3 and the constants c;; to satisfy 3,55 c?l —¢? =0, then X is an

open subset of a hyperplane.

e) If for k£ distinct indices ji,...Jx > 3 we have ¢j2 = ... = ¢j,2 then X has a
principal curvature of multiplicity k, namely M = ... = M is a function
independent of wu;,, ..., u; ,.

£) If ¢; = 0 and ¢, + by # 0 then X' =1 and \? # 1.
g) If¢; =0, ¢4+ by =0 and a4 b% # 0 then X' = \? = 1.

h) Under the conditions of g), if in addition we require ¢;; = 0 for all j > 3,
¢ # 0 and af — ¢f + a3 + b + 3 ;55 ¢;; = 0 then the principal curvatures

for X are \' = A2 =1, and M =0 for j > 3.
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i) Under the conditions of g) if in addition we require ¢j; = C' # 0 for all
j >3, and af + a3 + b3 + X ;55¢h —4C 55 ¢jo = 0 then X is an open

subset of a unit sphere.

We observe that a Ribaucour transformation, which transforms a Dupin sub-
manifold into another Dupin submanifold, is not a Lie transformation [| and it
does not necessarily preserve the property of being a proper Dupin submanifold.
A Dupin hypersurface whose principal curvatures have constant multiplicity is
called a proper Dupin submanifold. 1t is easy to see that in Proposition 3.4 we
can choose X to be a non proper Dupin submanifold associated to 2 x Rm~2
by a Ribaucour transformation. In fact, by choosing ¢33 = 0 and ¢;5 # 0Vj > 4,
in equation (55), we get generically A of order one except on the submanifold

ij4(f]")2 = ¢? — %, where M =)2=)=0.

Transformations for Dupin submanifolds with higher codimension will be

treated in another paper.
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