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Abstract. In this article we prove that a flat nonplanar surface in the Eu-
clidean space E3 with pointwise 1-type Gauss map of the second kind is either
a right circular cone or a cylinder such that the curvature of the base curve
satisfies a specific differential equation. We conclude that there is no tangent
developable surface in E3 with pointwise 1-type Gauss map of the second kind.
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1. Introduction

A submanifold M of a Euclidean space E™ is said to be of finite type if its position
vector x can be expressed as a finite sum of eigenvectors of the Laplacian A of M,
that is, x = xo+x1+- - -+xk, where x( is a constant map, x1, ..., T are nonconstant
maps such that Az; = Ny, \; € Ryi=1,2,... k. If Ay, Ao, ..., Mg are all different,
then M is said to be of k-type (cf. [5, 6]). In [7], this definition was similarly extended
to differentiable maps, in particular, to Gauss maps of submanifolds. The notion
of finite type Gauss map is an especially useful tool in the study of submanifolds
(cf. [1, 2, 3,4, 7,17]). In [7], Chen and Piccinni made a general study on compact
submanifolds of Fuclidean spaces with finite type Gauss map, and for hypersurfaces
they proved that a compact hypersurface M of E"*! has 1-type Gauss map if and
only if M is a hypersphere in E*t1,

If a submanifold M of a Euclidean space has 1-type Gauss map G, then AG =
MG + C) for some A € R and some constant vector C. However, the Laplacian of
the Gauss maps of several surfaces such as helicoid, catenoid and right cones in E?,
and also some hypersurfaces has the form of the product

(1.1) AG = f(G+C)
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for some smooth function f on M and some constant vector C. A submanifold of a
Euclidean space is said to have pointwise 1-type Gauss map if its Gauss map satisfies
(1.1) for some smooth function f on M and some constant vector C. A submanifold
with pointwise 1-type Gauss map is said to be of the first kind if the vector C in
(1.1) is the zero vector. Otherwise, a submanifold with pointwise 1-type Gauss map
is said to be of the second kind.

Remark 1.1. For a plane M in E? the Gauss map G is a constant vector and
AG = 0. For f = 0 if we write AG = 0 - G, then M has pointwise 1-type Gauss
map of the first kind. If we choose C = —G for any nonzero smooth function f,
then (1.1) holds. In this case M has pointwise 1-type Gauss map of the second kind.
Therefore we say that a plane in E? is a trivial surface with pointwise 1-type Gauss
map of the first kind or the second kind.

Surfaces in Euclidean spaces and in pseudo-Euclidean spaces with pointwise 1-
type Gauss map were recently studied in [8, 9, 12, 13, 14, 18]. Also, hypersurfaces
of Euclidean space E"*! with pointwise 1-type Gauss map were studied in [10]. In
particular, the classification of surfaces of revolution with pointwise 1-type Gauss
map was given in [8]. It was proved that the right circular cones are the only surfaces
of revolution of polynomial kind with pointwise 1-type Gauss map of the second kind.

Here we prove that a right circular cone is the only cone in E? with pointwise
1-type Gauss map of the second kind. Then we describe all cylinders in E? with
pointwise 1-type Gauss map of the second kind such that the curvature k of the
base curve of the cylinders satisfies a specific differential equation which determines
k implicitly. Also, we conclude that there is no tangent developable surface in E?
with pointwise 1-type Gauss map of the second kind.

2. Preliminaries

Let M be an oriented surface in the Euclidean space E*. The map G : M — S? C E?
which sends each point of M to the unit normal vector to M at the point is called
the Gauss map of the surface M, where S? is the unit sphere in E* centered at the
origin. We denote by h, Ag, V and V, the second fundamental form, the Weingarten
map, the Levi-Civita connection of E? and the induced Riemannian connection on
M, respectively.

We choose an oriented orthonormal moving frame {ej, e, e3} on M in E? such
that e1, ex are tangent to M and e3 = G is normal to M.

Denote by {w!,w? w3} the dual 1-forms to {ej,eq,e3} and by {wa}, A, B =
1,2,3, the connection 1-forms associated with {w!, w? w3} satisfying wg + wf =0.
Then we have %ekei = Z?Zl wg(ek)ej + hikes, %ekeg = Z?Zl wg(ek)ej, where h;
are the coefficients of the second fundamental form h. By Cartan’s Lemma, we also
have w? = S hjrw, by = By

The mean curvature H and the Gauss curvature K are, respectively, defined by
H = (hll + hgg)/z and K = h11h22 — hlghgl.

Let I be an open interval containing zero in the real line R. A ruled surface M is
parametrized by

x(s,t) = a(s) +tB(s), se I, t € R,
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where o and 3 are smooth mappings from I into E? and 3 is nowhere zero. The
map « = «a(s) is called a base curve and 5 = ((s) is called a director curve. We say
that a ruled surface M is a cylinder if 3 is a constant vector, M is a cone if « is a
constant vector, and M is a tangent surface if 3 is tangent to «.

A surface in the Euclidean space E3 whose Gaussian curvature vanishes on the
regular part is called a developable surface. Then we have the following well-known
classification theorem of developable surfaces [16].

Theorem 2.1. [16] A developable surface is one of the following:

(1) A part of cylindrical surface.

(2) A part of a conical surface.

(3) A part of a tangent developable surface.

(4) The result of gluing two or more surfaces of the above three types.

3. Surfaces with pointwise 1-type Gauss map of second kind

We study flat surfaces (developable ruled surface) of E? with pointwise 1-type Gauss
map of the second kind.

Lemma 3.1. [10] Let M be an oriented hypersurface of a Euclidean space E"*1.
Then the Laplacian of the Gauss map G is given by

(3.1) AG = ||Ag|*G +nVH,
where VH is the gradient of the mean curvature H and ||Ag|* = tr(AcAcg).
We prove the following lemma for later use.

Lemma 3.2. Let M be an oriented surface in the Fuclidean space E>. Let eq, ey
be the unit principal directions of the shape operator Ag of M. If C is a constant
vector in B3, then the components of C = Cj e+ Caea + C3G in the basis {e1,es, G}
of B3 satisfy the following equations:

(3.2) e1(C1) +wi(ey) Cy — hyy C3 =0,
(3.3) e1(Cy) — wy(e1) C1 =0,
(3.4) e1(C5) + h11 C1 =0,

(3.5) e2(C1) + wa(es) Cy = 0,
(3.6) e2(Co) — wi(ea) Cp — hgy C3 = 0,
(3.7) e2(C3) + haa Cy =0,

where C; = (C,e;), i =1,2 and C3 = (C, G).

Proof. Let ey, eo be the unit principal directions of the shape operator Ag. Then
we have Ag(e;) = hje;, i = 1,2, and hys = he; = 0. When we take derivative of the
vector C in direction e; and use the formulas of Gauss and Weingarten, we obtain

6%0 = [er(C1) + w3 (ex) Oz — hyy Csley
+ [er(C2) — wi(er) C1 — hia Csles
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+ [ex(C3) + hik C1 + hop C2)G =0

which produces equations (3.2)-(3.7) for k = 1, 2. 1
In [8], it was shown that a right circular cone is the only surface of revolution

of polynomial kind with pointwise 1-type Gauss map of the second kind in E3. We
prove:

Theorem 3.1. Let M be an oriented flat reqular surface in the Euclidean space E3.
Then M has pointwise 1-type Gauss map of the second kind if and only if M is an
open part of the following surfaces:

(1) A right circular cone in E3,

(2) a plane in E3,

(3) a cylinder given, up to a rigid motion, by

S
_7+d17_ Cl +d27t>7

(3.8) x(s,t) = (:l:qg (s) —
‘ ’ a0 T 4 2dok2(s)

where dg # 0, qo # 0, d1, and ds are arbitrary constants, while the function
w(s) and the curvature function k(s) of the base curve are related by

(s) = / dk
g k3\/(dg — DR + 2q0k — @3
and k(s) satisfies the differential equation 2k'> = k*[(d2 — 1)k* +2qok — ¢3].

Proof. Suppose that M is a flat nonplanar surface of E? with pointwise 1-type Gauss
map of the second kind. Then the gradient vector VH of the mean curvature H
is nonzero on M because of (3.1). If VH were zero, then the Gauss map would
be of pointwise 1-type of the first kind. So the mean curvature H is a nonconstant
function on M.

Let e, es be the unit principal directions of Ag, i.e., Ag(e;) = hye;, @ = 1,2,
and hiz = hg; = 0. By (1.1) and (3.1) we have

(3.9) |Ac|>G + 2VH = (G + C)

for some nonzero smooth function f on M and some nonzero constant vector C' € E3.
In the basis {e1, ez, G} we can write

C =C1e1 4+ Creq + C3G,

where C; = (C,¢;), i = 1,2 and C3 = (C, G) which satisfy equations (3.2)-(3.7) in
Lemma 3.2. Hence equation (3.9) implies

(3.10) |Ac® = f(1 +Cs),
(3.11) 2e1(H) = fCh,

As the Gauss curvature is zero, that is, M is a developable ruled surface, then
from Theorem 2.1 M is a part of a cone, a cylinder or a tangent developable surface.
So, to prove the theorem we consider three cases.
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Case 1. M is an open part of a cone. Then, by an appropriate rigid motion, M
can be parametrized locally by

x(s,t) = ag +t6(s), t#0,
where (6(s),5(s)) = 1 and (8'(s),['(s)) = 1, while ag is a constant vector. The
coordinate vector fields x5 = t3'(s) and x; = ((s) are orthogonal as (5(s), 8(s)) = 1.
So we take the orthonormal tangent frame {e;,e2} on M such that e; = %% and
€o = %. The Gauss map of M is given by G = e; X ea = '(s) x [(s).
By calculation we obtain

~ 1 k
v6161 = _EGQ - QIES)

where k4(s) = (B(s), 8 (s) x 8”(s)) # 0 which is the geodesic curvature of § in the
unit sphere S?(1). All these relations imply that

~ 1 -
G? vele2 - Eelv vezel = v6262 = 07

1 k,(s
W%(el) = s W%(e2) =0, hi1 = — gi ), hi2 = ha1 = haa = 0.

. . k2
Thus, e1, eo are principal vectors of the surface, H = —kg(ts), and ||Ag|* = %

Now (3.5)—(3.7) imply that C;,C5, and Cs are functions of s, and equations
(3.2)—(3.4) become

(3.13) C1(s) + Ca(s) + ky(s)C3(s) =0,
(3.14) Ci(s) — Cu(s) =0,
(3.15) C5(s) — kg(s)Ci(s) = 0.

On the other hand, we have from (3.10), (3.11), and (3.12),

2
(3.16) ’“gtf) — f(1+Cy),
1 dk,

(3.17) L) e,
(3.18) ’“gtf) = £ C.
It follows from (3.18) that Cy # 0. Also, (3.16) and (3.18) give
(3.19) kg(s)Ca(s) — Cs(s) =1

from which by taking derivative with respect to s we get
(3.20) kg (s)Ca(s) + ky(s)Co(s) = Cs(s)

which equals k7 (s)C2(s) = 0 in view of (3.14) and (3.15). Hence we obtain k;(s) = 0
as Co # 0, that is, k4(s) is a nonzero constant. It is well-known that a spherical
curve in S? is completely determined by its geodesic curvature, in particular, if k,, is
a nonzero constant, then it is a small circle of S2. Therefore, § is a part of a small
circle in the unit sphere. As a result, M is an open part of a right circular cone.
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Moreover we have C; = 0 from (3.17), and C} = 0 and C4§ = 0 from (3.14) and
(3.15), respectively. That is, Co and C3 are constants, and thus, from (3.13) and
(3.19) we get

k 1
Cy = —%—, 3= -5
L+ k2 1+ k2
2
Also, we have from (3.18) f = L:f 2. Therefore M has pointwise 1-type Gauss map

14+k2
T and for the constant

of the second kind, that is, equation (1.1) holds for f =

_ kg 1
vector C' = @62 @G

Case 2. M is an open part of a cylinder. Locally it can be parametrized by
(3.21) x(s,t) = a(s) + 4,

where «(s) is a base curve of the cylinder parametrized by arc length that lies in
a plane with unit normal vector § which is the director of the cylinder. By an
appropriate rigid motion, we may assume that a(s) = (a1(s),@2(s),0) and 8 =
(0,0,1) without lose of generality.

If the curvature k(s) of a(s) is zero, then « is a line, and the cylinder M is a plane
which has pointwise 1-type Gauss map of the second kind by choosing C = —G for
any nonzero smooth function f. This proves the part 2 of Theorem 3.1. We then
assume that k is a nonconstant function because if k(s) were a nonzero constant,
then M would be a circular cylinder which has pointwise 1-type Gauss map of the
first kind.

Now we take an orthonormal tangent frame {e;, ea} on M such that e; = % and
€2 = % since (a/(s),d/(s)) =1, (8,6) =1 and (a/(s), 8) = 0. Thus the Gauss map
is G=-ey X ea. N B B N

By a direct calculation we obtain V.,e; = V., eqs = Vg,e1 = 0 and Ve =
k(s)G, where k(s) is the curvature of a(s). All these imply that wi(e1) = wi(ez) = 0,
hi1 = hia = ha1 = 0, and hgs = k(s). Therefore e; and es are the principal vectors
of the surface, H = k(s)/2 which is the function of s, and ||Ag||* = k?(s). Hence
(3.11) and (3.12) give, respectively, C; = 0 and Cs # 0.

On the other hand it follows from (3.2)-(3.4) that Cy,Csy, and C3 are functions
of s, and equations (3.6) and (3.7) give, respectively

(3.22) Cy(s) — k(s)C3(s) =0

and

(3.23) C4(s) + k(s) Ca(s) =0

which yield C3(s) + C3(s) = d?, where dy is a nonzero constant. We may put
(3.24) Cy(s) = dpsinA(s), Cs5(s) = dycosA(s)

which implies equations (3.22) and (3.23) if A(s) = ko + [ k(s)ds, where kg is an
integration constant.
If we make use of (3.10) and (3.12) together with (3.24) we obtain

K'(s) dp sin A(s)

k2(s) 14 dgcosA(s)
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from which by the integration we obtain

(3.25) dg cos A\(s) = % -1,

where qq is a nonzero constant. By the last two equations we have
. qok’(s)

(3.26) dpsin A\(s) = EIBRE

Now, by (3.25) and (3.26) the equation C3(s) + C3(s) = d2 yields the differential
equation

(3.27) @K® = k*(d2 — 1)k + 2q0k — 2.

One can obtain the solution of the differential equation which defines k£ implicitly as
a function s.

Also, from (3.10) and (3.25) we get f = Z—j. Therefore, M has pointwise 1-type

Gauss map of the second kind, that is, equation (1.1) holds for f = ’;—z and for the
constant vector C' = q,‘;’;l ez + (£ — 1)G = (0,dp,0) if the curvature k(s) satisfies
(3.27).

It is well-known that given a differentiable function k(s), a parametrized plane
curve having k(s) as curvature is determined uniquely, up to a rigid motion, by

(/cos/\(s)ds—l-dl,/sin/\(s)d3+d2) ;

where A(s) = [ k(s)ds+ko and s is the arc length parameter of the curve. Therefore,
we can write the base curve «(s) of the cylinder by considering (3.25) and (3.26) as
follows

) ds s q@ [ K(s)
3.28 =\ ——=—-——+d1, — ds+d2,0 | .
29 el - (B[ 2 a2 [
When we evaluate the integral in the second component of a(s) we have
k' (s)d 1
(3.29) (s)ds _

k3(s) — 2k%(s)’
Also, using (3.27) we write the integral in the first component of a(s) as
ds / dk
3.30 — ==
(3:30) R(s) k3/(d2 — 1)k2 + 2q0k — ¢2

which can be evaluated in terms of elementary functions. Therefore, we have (3.8)
from (3.21), (3.28), (3.29), and (3.30).

Case 3. M is an open part of a tangent developable surface. We will show that
there is no tangent developable surface in E3 with pointwise 1-type Gauss map of
the second kind. The surface M is locally parametrized by

z(s,t) = a(s) +ta'(s), t#0,

where a(s) is a unit speed curve with nonzero curvature k(s) in E3. We assume that
the torsion 7(s) of «(s) is nonzero. If 7 = 0, then the tangent surface is a part of a
plane which has no pointwise 1-type Gauss map of the second kind.
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Let T, N and B denote the unit tangent vector, principal normal vector and
binormal vector of the curve «, respectively. The coordinate vector fields are zs =
a/(s) + ta’(s) = T + tk(s)N and z; = o/(s) = T which are not orthogonal. The
parametrization x is regular if tk # 0. We take the orthonormal tangent frame
{e1,e2} on M such that e; = % and ey = %(% — %). It is seen that e; = T and
e = N. Then the Gauss map of M is given by G =e; X ea =T x N = B.

By a direct calculation we obtain

~ ~ 1 T
Velel = Veleg =0, Vezel = ;62, Vezeg = —;61 + %G

These relations imply that wi(e;) = 0, w?(eg) = %, hi1 = h1a = ho1 = 0 and hoy =
Z. Therefore ey, e; are principal vectors of the surface, H = 5, and [|Ag||* = (%)

Now, it follows from (3.2)—(3.4) that Cy,Cy and Cj are functions of s, and thus
equations (3.5)—(3.7) become

(3.31) Ci(s) — k(s)Ca(s) =0,
(3.32) Ch(s) + k(s)C1(s) — 7(s)C3(s) = 0,
(3.33) Ci(s) +7(5)Ca(s) = 0.

On the other hand, we have from (3.10), (3.11) and (3.12)

72

(3.34) 22 F(1+C3),
(3.35) —or =10,
1 d /7 T

Equation (3.35) implies that Cy # 0 as 7 # 0. So, by the equations (3.34) and (3.35)
we obtain

(3.37) 7(5)C1(8) + k(s)C3(s) = —k(s)

from which by taking derivative with respect to s we get

(3.38) 7'(5)C1(s) + 7(5)C1(5) + k' (5)C5(s) + k(s)C5(s) = —K'(s).

In view of (3.31) and (3.33), the equation (3.38) turns into

(3.39) 7'(5)C1(s) + K'(s5)C5(s) = —K/(s).

If 7/(s)k(s) — K'(s)7(s) # 0, then equations (3.37) and (3.39) give C; = 0 and
C3 = —1. Hence, we have 7 = 0 from (3.34) or (3.35) which is a contradiction.

Now suppose that 7/(s)k(s)—k'(s)7(s) = 0 which means that 7 = r¢ is a constant.
In this case, by (3.35) and (3.36) we get tk(s)Ca(s) + C1(s) = 0 which implies that
Cy1 = Cy =0, that is, 7 = 0 by (3.35). This is a contradiction. Therefore the torsion
T is zero, and there is no tangent developable surface with pointwise 1-type Gauss
map of the second kind.

The converse of the proof follows from a straightforward calculation. 1

We then have the following:
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Corollary 3.1. A right circular cone in the Euclidean space E2 is the only cone
with pointwise 1-type Gauss map of the second kind.

Corollary 3.2. There is no tangent developable surface in the Fuclidean space E3
with pointwise 1-type Gauss map of the second kind.

Example 3.1. Let dy = ¢o = 1 and d; = d2 = 0 in (3.8). Solving the differential
equation (3.27) we obtain

dk V2k -1
(3.40) s = / = + 2arctan v2k — 1 + kq,
k22K —1 k

where ki is an integration constant. Now, if we evaluate the integral defining the
function u(s) in the second part of Theorem 3.1, then we obtain

(3.41) p(s) = (1“‘3]“2# + 3arctan vV2k — 1 + ks.

By taking the integration constants k; and ks zero and using (3.40) we get
3s  V2k—-1
Therefore the cylinder with pointwise 1-type Gauss map of the second kind with
(3.8) is in this case parametrized by
s 2k(s) —1 1

(3.42) z(s,t) = | 5+ 262(s)  2k%(s)

], k>1/2,

where k satisfies 2k — 1 + 2k arctan/2k — 1 — sk = 0. Using this equation we can
parametrize (3.42) in terms of k and t.
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