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ABSTRACT

The theory of finite type submanifolds was introduced by the first author in late 1970s and it
has become a useful tool for investigation of submanifolds. Later, the first author and P. Piccinni
extended the notion of finite type submanifolds to finite type maps of submanifolds; in particular,
to submanifolds with finite type Gauss map. Since then, there have been rapid developments in
the theory of finite type. The simplest finite type submanifolds and submanifolds with finite type
Gauss maps are those which are of 1-type. The classes of such submanifolds constitute very special
and interesting families in the finite type theory.

The purpose of this paper is thus to provide a comprehensive survey on 1-type submanifolds and
submanifolds with 1-type Gauss maps done during the last forty years.
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1. Introduction

The main objects of studies in algebraic geometry are algebraic varieties. Since algebraic varieties were
defined via algebraic equations, one can define the degree of an algebraic variety using its algebraic structure.
On the other hand, the famous Nash imbedding theorem stated that every Riemannian manifold can be
realized as a Euclidean submanifold with sufficiently high codimension. In contrast, one lacks the notion
of “degree” for arbitrary Euclidean submanifolds. Inspired by this simple observations, the first author
introduced in the late 1970s the notions of “order” and “type” for submanifolds of Euclidean spaces. By
applying these notions, the first author was able to establish some sharp estimates of the total mean curvature
of closed Euclidean submanifolds in terms of their orders. Further, by utilizing the notion of type, he introduced
the concept of finite type submanifolds. Just like minimal submanifolds, it was shown in [45, 46] that finite type
submanifolds can be characterized by a spectral variation principle; namely as critical points of directional
deformations. It was well-known that the study of finite type submanifolds were extended to the study of
finite type maps in a natural way (see, e.g., [22, 33, 38]).
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The study of finite type submanifold and finite type maps provides a natural way to link the geometry of
Riemannian manifolds with the spectral behaviors of the Riemannian manifolds via their immersions (see, e.g.,
[22, 33, 38]). In such way, one may obtain some useful information on eigenvalues of a Riemannian manifold
which can always be isometrically imbedded in some Euclidean spaces due to Nash’s imbedding theorem. For
instance, by applying the notion of order the first author was able to provide an optimal estimate of the first
non-zero eigenvalue of Laplacian for compact homogeneous spaces in terms of his d-invariants (see [34, 36])
which extended a well-known result of T. Nagano obtained in [132].

The simplest finite type submanifolds and submanifolds with finite type Gauss maps are those which are
of 1-type. The class of such submanifolds constitute a very special and very interesting family in the finite
type theory. The purpose of this paper is thus to provide a comprehensive survey on 1-type submanifolds and
submanifolds with 1-type Gauss maps done during the last forty years.

2. Preliminaries

In the following, by a manifold we mean a connected differentiable manifold and by a closed manifold we
mean a compact manifold without boundary. Manifolds, maps, functions and vector fields are assumed to
differentiable and of class C*°. Let X(M) denote the space of all vector fields on a manifold M and F(M) be
the space of all functions on M.

2.1. Basic definitions and notations

We denote by E}* the pseudo-Euclidean m-space of index i equipped with the pseudo-Euclidean metric
given by

de + Z dxj, (2.1)

J=t+1
where (z1,...,2,,) is a rectangular coordinate system on Ej*. Let ( , ) denote the inner product on E"
associated with the metric go.
Put
S¥(c) = {x € EMY (2,2) = ! > 0}, (2.2)
&
1
H¥(c) = { Efill Hx,x) = - < O} . (2.3)

Then it is well-known that S¥(c) and H”(c) are complete pseudo-Riemannian manifolds of constant curvature
¢ with index s, which are called a pseudo-Riemannian k-sphere and a pseudo-hyperbolic k-space, respectively.

EF, Sﬁ( ) and H¥(—c) are called pseudo-Riemannian space forms. In particular, the Lorentzian manifolds
EF, S¥(c) and Hf(c) are called Minkowski, de Sitter, and anti-de Sitter space-times, respectively. These three
Lorentzian manifolds of constant curvatures are known as the Lorentzian space forms. A non-zero vector v on a
pseudo-Riemannian manifold is called space-like (respectively, time-like) if (v,v) > 0 (respectively, (v,v) < 0). A
non-zero vector v is called light-like if it satisfies (v, v) = 0 identically. A pseudo-Riemannian submanifold A of
a pseudo-Riemannian manifold is called space-like if every non-zero tangent vector on M is space-like.

2.2. Gradient, divergence and Laplacian

If (M, g) is a pseudo-Riemannian n-manifold and f € F(M), then the gradient of f, denote by V f or by grad f,
is the vector field dual to the differential df, i.e., V f is defined by

(V,X)=df(X)=Xf, VX eX(M). (24)
In terms of a local coordinate system {z,...,z,} on M, df and V f are given respectively by
df = Z dm] and Vf = Z ” (2.5)
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where 9; = a .Let X € X(M) and {e4, ..., e,} be an orthonormal local frame on M, then the divergence of X,
denoted by div X, is given by

divX = 6 (Ve X, €), (2.6)

j=1

where g(@i, 647‘) = 61‘(51‘]‘ and €; = g(ei, €i) = +1.
The Laplacian of a function f € F(M), denoted by Af, is given by

Af = —div(Vy). (2.7)
In terms of a local coordinate system {z1, ..., x,}, we have
=_ rk 2.8
Af Z {6%3% g mk} (28)
where Ffj,i, J,k=1,...,n, are the Christoffel symbols of (M, g). In terms of the metric tensor g =

Z?jzl gijdx;dz;, the Laplacian A can be expressed as

(x/ﬁg” gxi) :

% \

where (9%/) = (gre) " and g = det(g;).

2.3. Basic and Beltrami formulas

Let ¢ : M — M be an isometric immersion of an n-dimensional pseudo-Riemannian manifold into another

pseudo-Riemannian manifold. Denote by V and V the Levi-Civita connection on M and M, respectively. Then
the formulas of Gauss and Weingarten are given respectively by (cf. [36, 136])

VxY =VxY +h(X,Y), (2.9)
Vx€&=—A¢X + Dx& (2.10)

for vector fields X,Y € X(M) and a normal vector field ¢ of M, where h, A and D are the second fundamental
form, the shape operator and the normal connection. For each normal vector ¢ of M at p € M, the shape operator

A¢ is a symmetric endomorphism of the tangent space 7}, M. The mean curvature vector of M in M is given by
H = L Traceh. (2.11)
n

A submanifold is called minimal if its mean curvature vector H vanishes identically. The shape operator and
the second fundamental form are related simply by

(M(X,Y), &) = (4 X,Y). (2.12)

For an isometric immersion ¢ of a pseudo-Riemannian submanifold A/ into a pseudo-Euclidean space E}*,
we have the following formula of Beltrami (see, e.g., [36, page 41, Proposition 2.6]):

A= —nH. (2.13)

2.4. Submanifolds of Kihler manifolds

For a submanifold M of a Kahler manifold M, , there exist three important classes of submanifolds; namely
the classes of complex, totally real and slant submanifolds based on the action of the almost complex structure

J of M on the tangent bundle 7'M of M defined as follows.
A submanifold M of a Kdhler manifold M is called a complex submanifold if the tangent bundle TM of M
invariant under the action of J, i.e., J(T,M) = T,M for every p € N. A submanifold M of M is called totally real
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if 7 maps each tangent vector of M into the corresponding normal space, i.e., J(T,M) C T;-M for any point
p € M. In particular, a totally real submanifold M of M is called Lagrangian if it satisfies dimg M = dimc M. We
refer to [35] for general results on Lagrangian submanifolds.

For a non-zero vector X € T, M of a submanifold M of a Kdhler manifold M, the angle 6(X) between JX and
T, N is called the Wirtinger angle of X. According to [28, 29], a submanifold M of M is called a slant submanifold if
the Wirtinger angle §(X) is independent of the choice of X € 7,,M and also independent of p € M. In this case,
the angle 6 is called the slant angle of the slant submanifold. Obviously, complex and totally real submanifolds
are exactly slant submanifolds with slant angle 6 = 0 and 6 = 7, respectively. From .J-action points of view,
slant submanifolds (including complex and totally real submanifolds) are the simplest and the most natural
submanifolds of a Kdhler manifold.

Besides complex, totally real and slant submanifolds, there is another important class of submanifolds, called
CR-submanifolds [10]. More precisely, a submanifold M of a Kdhler manifold M is called a CR-submanifold if
there exist a holomorphic distribution D (i.e., JD = D) and a totally real distribution D+ (i.e., JD+ C T+ M) on
M such that TM = D & D+, where T+ M denotes the normal bundle of M.

3. Maps and submanifolds of finite type

We refer to the books [36, 38, 39, 40, 137] for the basic notations, definitions and formulas for submanifolds
of Riemannian and pseudo-Riemannian manifolds.

Let us recall the notions of order and finite type of submanifolds and of maps which were introduced in the
late of 1970s by the first author through his attempts to find the best possible estimates of total mean curvature
(see [20, 21, 33]).

If M is a closed Riemannian n-manifold with metric g, then the Laplacian A of M is an elliptic differential
operator acting on F(M). It is known that the eigenvalues of A form a discrete infinite sequence:

02/\0<)\1<)\2<.../‘OO.

LetV, = {f € F(M) : Af = X f} be the eigenspace of A with eigenvalue );. Then V} is 1-dimensional and each
Vi (t > 1) is finite-dimensional.
Define an inner product ( , ) on F(M) by

(/1) = /M fhav

Then }";°, V; is dense in F(M) (in L?-sense) so that we have F(M) = &, Vi, where &,_,V; (in L?-sense) is the
completion of >~,° V.

For a function f € F(M), let f; denote the projection of f onto V;. Then we have the following spectral
decomposition of f:

f= Zzoft (in L2-sense). (3.1)

Since dim V = 1 for each non-constant f € F(M), fy is a constant. Thus, there exists a natural number p such

that f, # 0 and
f=fo+) . fo

If there exist infinite many non-zero f;’s, then we simply put ¢ = co. Otherwise, there exists a natural number
q > p such that

fo#0 and f=fo+370 fi (3.2)
If we allow ¢ to be oo, then we have (3.2) in general. We call the set

T(f)={t>0:f #0} (3.3)

the order of f. The smallest element p in T'(f) is called the lower order of f and the supremum of T'(f) is called
the upper order. A function f € F(M) is said to be of finite type if T'(f) is a finite set. Otherwise, f is of infinite
type. The function f is said to be of k-type if T'(f) contains k elements. In a natural way, the above notions
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can be extended to maps ¢ : M — E™ of a closed Riemannian manifold M into a Euclidean m-space E™ or a
pseudo-Euclidean m-space E* with index m.

For a map ¢ : M — E* of a non-closed Riemannian manifold M into EJ*, we do not have the spectral
decomposition (3.1) for ¢ in general. However, in this case, a map ¢ : M — EI" is simply said to be of finite
type if ¢ can be decomposed into a finite sum of vector eigenfunctions of the Laplacian of M; namely,

p=cot+ 1+ + i, (3.4)
where ¢ is a constant vector and ¢4, .. ., ¢; are non-constant E7*-valued eigenfunctions of A. In particular, if
the eigenvalues associated with ¢4, . . ., ¢ are mutual distinct, then ¢ is said to be of k-type. In particular, if one

of the eigenvalues associated with ¢4, ..., ¢y is zero, then M is said to be of null k-type (see, e.g., [22, 38]).

Let ¢ : M — E™ be a k-type map with spectral decomposition given by (3.4). We put & = Span{¢;(z) : z €
M} cE™fori=1,...,k. Then ¢ is called linearly independent if &, ..., & are linearly independent subspaces,
ie., if

dim (Span{&; U ... U&}) =dim& + - - + dim &y

And ¢ is called orthogonal if £, . . ., £, are mutually orthogonal subspaces (see [31]). Clearly, 1-type immersions
are both orthogonal and linearly independent.
The following results were proved in [54].

Theorem 3.1. A finite type immersion ¢ : M — E™ is linearly independent if and only if it satisfies A¢p = A¢ + B for
some constant m x m matrix A and vector B € R™.

Theorem 3.2. A finite type immersion ¢ : M — E™ is orthogonal if and only if it satisfies A¢p = Ap + B for some
constant m x m symmetric matrix A and vector B € R™.

When A is a diagonal matrix, then an immersion ¢ of M into a Euclidean space is said to be of coordinate
I-type if it satisfies A¢p = A¢ (cf. [87, 64]).

4. 1-type submanifolds in Euclidean and pseudo-Euclidean spaces

T. Takahashi proved in [147] that an isometric immersion ¢ of a Riemannian manifold M into a Euclidean
space satisfies

Ad = Ao @.1)

for some constant ) if and only if ¢ is either a minimal immersion or a minimal immersion in a hypersphere. In
the same paper, T. Takahashi also proved that every irreducible compact homogeneous space admits a minimal
immersion into a hypersphere.

In terms of finite type theory, Takahashi’s theorem can be stated as follows: A submanifold of a Euclidean
space E™ is of 1-type if and only if it is either a minimal submanifold of E™ or a minimal submanifold of a
hypersphere of E™.

4.1. 1-type submanifolds in E7’

The next result of the first author classifies all 1-type submanifolds of pseudo-Euclidean spaces.

Theorem 4.1. [24] If M is a pseudo-Riemannian manifold of E*, then M is of 1-type if and only if it is one of the
following:

(a) A minimal submanifold of E*;
(b) A minimal submanifold of a pseudo-sphere S™*(c) C E™, ¢ > 0;
(c) A minimal submanifold of a pseudo-hyperbolic space H™*(c) C E7, ¢ < 0.

An isometric immersion ¢ : M — E™ of a Riemannian manifold M into Euclidean space is called biharmonic
if the immersion satisfies A2¢ = 0 identically (see, e.g., [47, 48, 137]).
The next theorem is due to I. Dimitrié [65, 68].

Theorem 4.2. The only finite type biharmonic submanifolds of E™ are minimal submanifolds; hence there are of 1-type.

9] dergipark.org.tr/en/pub/iejg
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4.2. Curves and surfaces in E3

Obviously, the simplest Euclidean submanifolds are planar curves. For planar curves we have the following.
Theorem 4.3. [21] The only closed planar curve of finite type are circles which is of 1-type.

For non-closed planar curves, we have the following results.

Theorem 4.4. [26, 43] Curves of finite type in E? are 1-type curves given by open portions of circles or open portions of
lines.

The next result shown that there exist ample examples of finite type curves in E* which are not of 1-type.
Theorem 4.5. [44] For every integer k > 2 there are infinitely many non-equivalent curves of k-type in E3.

For finite type curves of a 2-sphere in a Euclidean 3-space, we have
Theorem 4.6. [43] Every curve of finite type in a 2-sphere is a circle, which is of 1-type.

The following conjectures were made by the first author in [25, 30, 33] which remain open till now.
Conjecture 1. The only finite type closed hypersurfaces of a Euclidean space are the hyperspheres, which are of 1-type.
Conjecture 2. The only finite type surfaces in B3 are either of 1-type or open portion of circular cylinders.

The first classification result for surfaces of finite type in a Euclidean 3-space is the following which provided
a partial solution to Conjecture 2.

Theorem 4.7. [25] A tube in E3 is of finite type if and only if it is an open portion of a circular cylinder.

A surface in E? is called a spiral surface if it is generated by rotating a plane curve v about an axis L contained
in the plane of the curve v and simultaneously transforming v homothetically relative to a point of L.
The next result from [8] provided another partial support for Conjecture 2.

Theorem 4.8. A spiral surface in E? is of finite type if and only if it is a minimal surface which is of 1-type.

4.3. 1-type surfaces in B3 with respect to A/ (J = II, IIT)

S. Stamatakis and H. Al-Zoubi studied finite type surfaces M in E? via the Beltrami-Laplace operators
A7 (J =11, III') corresponding to the second and the third fundamental form respectively of a surface M in
E3. In defining the operators A" and Al on M, they assumed that the surface M consists of only of elliptic
points. Analogous to the finite type submanifolds as introduced by the first author earlier, they called a surface
M in E? is of finite J-type if the position vector of M can be decomposed as a finite sum of eigenvectors of A’
(J =Ior J =1II). Also, they proved the following three results in [145].

Theorem 4.9. A surface in E? is of II-type 1 if and only if it is an open portion of a sphere.
Theorem 4.10. A surface in E? is of null IlI-type 1 if and only if it is minimal.
Theorem 4.11. A surface in E? is of III-type 1 if and only if it is an open portion of a sphere.

5. 1-type integral submanifolds of Sasakian R?"*!(—3)

For general references to almost contact metric and Sasakian manifolds, we refer to D. E. Blair’s book [16].
An odd-dimensional manifold M is called an almost contact metric manifold if there exist a tensor field ¢ of type
(1,1), a vector field &, 1-form 7, and a metric g on M such that

¢2 =-I+ ne g, 77(5) =1, (51)

for all X,Y € X(M). The structure (¢, &, 7, g) is called an almost contact metric structure. Further, if an almost
contact metric manifold satisfies

dn(X’ Y) = g(X’ ¢Y)> (5.3)
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then M is called a contact metric manifold. The vector field ¢ on a contact metric manifold is called the
characteristic vector field. A contact metric manifold is called a Sasakian manifold if it satisfies

[¢, 6] 4 2dn ® ¢ =0,

where [¢, ¢] denotes the Nijenhuis torsion of ¢. A plane section in a tangent space T, M of M is called a ¢-section
if there exists a vector X € T,, M orthogonal to ¢ such that {X, #(X)} span the section. The sectional curvature
K(X, (X)) is called ¢-sectional curvature.

Consider R?*"*1 with Cartesian coordinates (21,1, . ., Zn, yn, z) and the contact form given by
_1 (d zn: d ) (5.4)
n= 2 z L Yiax; ). .
1=

The characteristic vector field ¢ of R"*! is given by 2.2 and its Sasakian metric and ¢ are given respectively
by

1 - 2 2
g=n®n+ ;{(dwi) + (dyi)*}, (5.5)
0 6&; 0
¢: _5ij 0 0 5 izl,...,n. (56)

It is known that with this contact metric structure (¢,&,n, g), R*"! is a Sasakian manifold with constant ¢-
sectional curvature —3, simply denoted by R*"!(-3) (see, e.g., [6, 38]). For R?"*!(-3), we have

¢€:O7 77°¢:0, ?ng _¢Xa

9(¢ X, 0Y) = g(X,Y) — n(X)n(Y), (5.7)

where V is the Levi-Civita connection. The vector fields

0 0 0 o .
6i—287yi7 ¢€1—2(87x1+yl$), 5—27 ’L—l,...,n7 (58)
form an orthonormal basis of R?"1(—3), called a ¢-basis.

Letz : M — R?*"1(—3) be an isometric immersion. We put

n

T = Z(fiei + Tptinti) + Tont1&,  enyi = Q€. (5.9)
=1
The ¢-position vector x4 of the immersion ¢ is defined by (Zi,...,Z2,). Now, since one has the spectral

decomposition for each coordinate function 74, we also have the spectral decomposition for the ¢-position
vector field as follows:

v = (z0)0 + (@01, (5.10)

t+p

where (z4)0 is a constant vector and p and ¢ denote the lower and upper orders of ¢-position vector .
Similar to what we did earlier, an immersion of z of M in R?"*!(—3) is called finite type if ¢ is finite; and it
is of k-type if there are exactly k non-zero terms in the spectral decomposition (5.10). Hence, we can also study
finite type submanifolds of R*"*!(—3) in the same way as for submanifolds in Euclidean spaces. A Riemannian
manifold M isometrically immersed in the Sasakian R?*""!(—3) is called an integral submanifold if ) restricted to
M vanishes. Further, if dim M = n, then M is called a Legendre submanifold.
Consider the following cylinder N?"(c) C R?"*1(—3) defined by

N?"(c) = {x € R T1(-3) . Z(a:l —2h)? = 402}, (5.11)

i=1

where cis a constant and ¢z € R*"T1(-3).
The next result on 1-type Legendre curves in R3(—3) was due to C. Baikoussis and D. E. Blair.
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Theorem 5.1. [6] Every Legendre curve of R3(—3) lying in N*(c) defined by (5.11) is of 1-type and it is of the form
z(t) = mo + (c1,¢2,0) + (2ccost, 2esint, —c*(2t — sin 2t) + 2ccz cost + ¢g)
for some constants ci and cs.
Baikoussis and Blair also proved the following theorem.

Theorem 5.2. [6] Let x : M — R*"T1(—3) be an r-dimensional integral closed submanifold whose ¢-position vector
field satisfies (5.10). Then M is of 1-type with order p if and only if it is a minimal submanifold of the cylinder N°"(c)
with 2 = r/ .

6. Standard imbedding of compact irreducible symmetric spaces

An isometry s of a Riemannian manifold is called involutive if s* = s o s is the identity map. A Riemannian
manifold M is called a symmetric space if, for each p € M, there is an involutive isometry s, such that p is an
isolated fixed point of s, on M. We call s, the point symmetry at p and denote by G, or by G the closure of
the group of isometries generated by {s, : p € M} in the compact-open topology. Then G is a Lie group acting
transitively on M; hence the typical isotropy subgroup K at a point o (i.e., K is the stabilizer of o) is compact
and M = G/K. A compact symmetric space is called isotropy-irreducible if the linear isotropy representation
K — O(T,M) of K is irreducible. A compact symmetric space is called an irreducible if it is isotropy-irreducible.

6.1. Standard immersions of compact symmetric spaces

Let M = G/K be a compact irreducible symmetric space. For an eigenvalue A of the Laplacian on M we
denote the corresponding eigenspace by V. Let m) be the multiplicity of X. Assume that ¢1,..., ¢, is an
orthonormal basis of the eigenspace V. Then there exists a constant ¢, > 0 such that the map ¥, : M/ — E™*

by
Ua(u) = ex(d1(u), ..., Oy (u)) (6.1)

is a minimal immersion of M into a hypersphere of a Euclidean (m)-space E™ (see, e.g., [147]). When ) is the
i-th non-zero eigenvalue of Laplacian of a compact irreducible symmetric space M, then ¥, is called the i-th
standard immersion of M. Obviously, every standard immersion of a compact irreducible symmetric space is of
1-type.

If M is an n-sphere S”, then the first standard immersion is the usual imbedding of S” in E**! as an ordinary
hypersphere. The second standard immersion of S™ is called the Veronese immersion, which is the first standard

imbedding of the real projective n-space RP™ into S ("2*)=1 ¢ E(":"). Notice that not every 1-type isometric
immersion of order {k} of a compact irreducible symmetric space in a Euclidean space is a standard immersion.
This is not true even for a 3-sphere. In fact, N. Ejiri constructed in [85] a 1-type immersion of the 3-sphere 53(4)
of radius 4 into a unit hypersphere S° of E” which is not a standard immersion.

6.2. First standard imbedding of projective spaces

Let F denote the field of R of real numbers, C of complex numbers, or Q of quaternions. Then we have the
following canonical inclusions R ¢ C C Q. Let us put d = d(F) which is equal to 1,2 or 4 according to F is R, C
or Q, respectively. For an element in Q,

z2=20+2i+ 2+ ke Q, 20,21,2,23 €R,

the conjugate z of z is given by z = zy — 211 — 22 — 2z3k. For a complex number z, the conjugate Z is the ordinary
complex conjugate of z; and if z is real, we have z = z. The column space F""*! is an d(m + 1)-dimensional
vector space over R with the usual Euclidean inner product (z,w) = Re(z*w), where z* = 27 for z € F™*1. Let
S(m+1)d=1(1) be the unit hypersphere of F""*! defined by {z € F™*1 : z*» = 1}.

For a matrix 4 over F, let AT and A denote the transpose and the conjugate of 4, respectively. Put

M(m+ 1;F) = the space of (m + 1) x (m + 1) matrices over F,
Um+1LF)={Aec M(m+1,F): A*A = I} (unitary matrices over F),
Hm+1;F)={4Ae M(m+1;F): A* = A} (Hermitian matrices over F),
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where A* = AT and I is the identity matrix. Then with the inner product:
(A,B) = %Re Tr(AB*), (6.2)

the space M (m + 1;F) is an d(m + 1)?-dimensional Euclidean space. Clearly, we have (A, B) = 1Tr(AB) for any
A,B € H(m + 1;F).

The standard way to construct the projective space FP™ is using Hopf’s fibration 7 : S(m+1d4=1(1) — FpP™,
where FP™ is obtained as the quotient space of S(m+14=1(1) c F™*! via the action group of elements in F of
norm 1 as follows: Consider the map ¢ : S(+D4=1(1) — H(m + 1;F) defined by

ZmZO Zmzl e |Zm‘2

_ lz0>  z0%1 20Zm
Yr(z) = 22" = , 2= (z) € StHDIT(1), (6.3)

Then ¢ induces a map ¢ : FP™ — (m + 1;F) defined by

Yr(n(2) = Pr(z) = 22" (6.4)

We simply denote yr(7(z)) by ¢r(2) if there is no confusion.
The following result is well-known (see, e.g., [38, 142, 146])

Theorem 6.1. The map ¢y : FP™ — H(m + 1;F) defined by (6.4) is the first standard imbedding of FP™ into
H(m + 1;F) which is equivariant and invariant under the action of U(m + 1;F). Also, r(IFP™) lies in a hypersphere

of H(m + 1;F) centered at I1/(m + 1) with radius r = \/m/2(m + 1).

7. 1-type submanifolds via projective spaces

Let ¢ : FP™ — H(m + 1;F) be the imbedding of FP™ into H(m + 1;F) defined by (6.4). If ¢ : M — FP™ is
an isometric immersion of a compact Riemannian n-manifold M into F'P™, we have the following associated
immersion:

br=1ro¢: M — H(m+ 1;F) = B+, (7.1)

The immersion given by the composition (7.1) is called the quadratic representation of ¢.
Now, we present several classification theorems for which the immersions dp: M — H(m + 1;F) = R4n+D)

is a 1-type submanifold via (6.4).
7.1. 1-type submanifolds via real projective spaces

The following result of I. Dimitri¢ [72] completely classified 1-type submanifolds of RP™.

Theorem 7.1. Let ¢r : RP™ — H(m + 1;R) be the first standard imbedding of RP™ into H(m + 1;R) via (6.4) and
¢ : M — RP™ an isometric immersion of a Riemannian n-manifold. Then the quadratic representation of ¢ : M — RP™
is of 1-type if and only if M is a totally geodesic RP™ in RP™ via ¢.

Remark 7.1. If ¢ : M — RP™ is a minimal immersion in RP™, this theorem is due to A. Ros [142].

7.2. 1-type submanifolds via complex projective spaces

Let C'P™ be the complex projective m-space equipped with the Fubini-Study metric of constant holomorphic
sectional curvature 4. Let
Ye : CP™ — B2+ — f(m 4 1,C)

be the first standard isometric imbedding of CP™(4) given by (6.4).
Submanifolds of CP™ with 1-type quadratic representations were first studied by A. Ros in [142]. More
precisely, he proved the following.

Theorem 7.2. Let M be an n-dimensional closed minimal CR-submanifold of CP™. Then the quadratic representation
of M via +c is of 1-type in H(m + 1, C) if and only if one of the following two cases occurs:
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(1) n is even and M is a totally geodesic CP% C CP™.
(2) M is a totally real minimal submanifold of a totally geodesic CP™ C CP™.

Real hypersurfaces of CP™ with 1-type quadratic representation were classified by A. Ros in [143]. The
complete classification of submanifolds of CP™ with 1-type quadratic representation was achieved by I.
Dimitri¢ in [67, 70] as the following.

Theorem 7.3. Let ¢ : M — CP™ be an isometric immersion of a Riemannian n-manifold M into CP™(4). Then the
quadratic representation of ¢ via ¢ is of 1-type if and only if one of the following three cases occurs:

(1) n is even and M is an open portion of CP™'? immersed in CP™ as a totally geodesic complex submanifold.
(2) M is a totally real minimal submanifold of a totally geodesic CP™ C CP™.
(3) nis odd and M is an open portion of the geodesic hypersphere

1 n n
(5 () <7 (Vid))
of radius r = cot™*( \/n17+2) of a canonically imbedded complex projective space CP= ") immersed in CP™(4) as
a totally geodesic submanifold, where m : S*™+1 — CP™ is the Hopf's fibration.

7.3. 1-type submanifolds via quaternion projective spaces

Assume that (M, g) is a Riemannian manifold such that there exists a rank 3-subbundle o of End(TM) with
local basis {J1, J2, J3} satisfying

g(JaX7 JaY) = g(Xa Y)a ch = _I7 and JaJOl-‘rl = - (1+1']O( = Ja+2,

for a € {1,2, 3}, where I is the identity tensor of type (1, 1) on M and the indices are taken from {1, 2, 3} modulo
3. Then (M, o, g) is called an almost quaternionic Hermitian manifold. Further, if the bundle ¢ is parallel with
respect to the Levi-Civita connection V of g, then (M, o,5) is called a quaternionic K&hler manifold.

The notion of quaternion CR-submanifolds of a quaternion Kédhler manifold was introduced in [9] as follows.
A submanifold M of a quaternionic Kéhler manifold (M, o, g) is said to be a quaternionic CR-submanifold
if there exists two orthogonal complementary distributions D and D+ on M such that D is invariant under
quaternionic structure and D+ is totally real.

The following classification result for quaternion CR-submanifolds were proved by I. Dimitri¢ in [71].

Theorem 7.4. Let ¢ : M — QP™ be an isometric immersion of a complete Riemannian n-manifold M into QP™ as a
quaternion CR-submanifold of QP™. Then the quadratic representation of ¢ via 1)q is of 1-type in H(m + 1;Q) if and
only if one of the following two cases occurs:

(1) n =0 (mod 4) and M is Q™/* which is imbedded canonically in QP™ as a totally geodesic quaternion submanifold.
(2) M is a totally real minimal submanifold of a canonically imbedded QP™ C QP™.

A submanifold of quaternion Kihler manifold (M, o, g) is called an anti-CR submanifold if its normal bundle
splits as T+ M = K @ £ with J,K C TM and J, LY C L for every a = 1,2, 3.
For anti-CR submanifolds, Dimitri¢ proved the following classification in [71].

Theorem 7.5. Let ¢ : M — QP™ (n, m > 2) be an isometric immersion of a complete Riemannian n-manifold M into
QP™ as a quaternion anti-CR submanifold of QP™. Then the quadratic representation of ¢ via 1 is a 1-type submanifold
in H(m + 1; Q) if and only if one of the following four cases occurs:

(1) n =0 (mod 4) and M is Q™/* which is imbedded canonically in QP™ as a totally geodesic quaternion submanifold.

(2) n =0 (mod 3) and M is immersed as a minimal anti-Lagrangian submanifold of a canonically imbedded QP™/3 C

QP™.

(3) n=0 (mod 4) and M is imbedded as a geodesic hypersphere of radius r = cot~*(v/3/(n +2)) of a canonical
@P(n+1)/4 c me'

(4) n =3 and M is imbedded as an arbitrary geodesic hypersphere of a canonical S*(3) C QP! C QP™.
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7.4. 1-type submanifolds via Cayley plane

Analogous to the first standard imbedding of projective spaces FP™ for F = R, C, Q into H(m + 1;F), there
exist a similar standard imbedding ¢o : OP? — H(3,0) of the Cayley projective plane OP? into the space of
3 x 3 Hermitian Cayley matrices H (3, O) (see [125]).

For real hypersurface in the Cayley projective plane OP?, I. Dimitri¢ proved the following.

Theorem 7.6. [71] Let M be a real hypersurface of the Cayley projective plane OP?. Then M has 1-type quadratic
representation via 1o if and only if M is a geodesic hypersphere of radius r = cot™' \/7/17.

8. 1-type submanifolds in Grassmann manifolds

Let U(n,F) be the group of unitary matrices of degree n over [ defined as before. Then we have
O(n) = U(n,R), U(n) = U(n,C) and Sp(n) = U(n, Q).

Let G(p, q) be the real (unoriented) Grassmann manifold O(p + ¢)/(O(p) x O(q)) and L(n) be the Lagrangian
Grassmannian U(n)/O(n). Define the mapping;:

¢:G(p,q) = U(n)/O(n), n=p+gq, (8.1)

which carries a linear p-subspace L C E" to L & L+ € C* 2 E" @ (iE™). Let S(n,C) be the vector space of
symmetric matrices of order n over the complex field C. Then S(n, C) can be identified with Cz"("+1) equipped
with the following Hermitian inner product:

(X,Y) = %Trace(X YY), X,Y € S(n,C).

The map A — AA" from U (n) into S(n, C) induces an isometric equivariant imbedding:
p:U(n)/O(n) — S(n,C). (8.2)
The composition map
p=pop:Gk,h)— Sn,C) (8.3)

is a minimal imbedding into a hypersphere of a $n(n + 1)-dimensional subspace Ez7("+1) ¢ S(n, C).
For minimal submanifolds of G(p,q) and of U(n)/O(n), C. Brada and L. Niglio proved the next two
classification results in [17].

Theorem 8.1. Let M be a minimal submanifold of the Grassmann manifold G(p,q) with n =p + q. If M is a 1-type
submanifold of E2™("+1) < S(n, C) via (8.3), then M is isometric to one of the following Riemannian products:

G(’I”Sl) X X G(rk7sk)7 (84)
where r1,...,7k, S1,. . ., S are positive integers satisfying
ri+si=-=rp+8g, ri+-+rE<p, s1+--+85p<q.

Moreover, the immersion is given in a natural way.

Theorem 8.2. Let M be a minimal submanifold of U (n)/O(n). If M is a 1-type submanifold of Ez"("*+1) < S(n,C) via
(8.3), then M is isometric to one of the following Riemannian products:

(1) G(r1,81) x -+ x G(rg, k), where r1, ..., rg, 81, ..., S are positive integers satisfying r1 + s1 = ... = r + k.
(2) U(rg)/O(ro) x G(r1,81) X - -+ X G(rg, S) where r1,...,7p,81,...,8 are positive integers satisfying ro+1 =
Lri4s1) == 1(re +sp).

Moreover, the immersion is given in a natural way.

Remark 8.1. B.-Y. Wu considered in [153], an isometric imbedding ¢ of the complex Grassmann manifold
G(p,q) =U(p+4q)/(U(p) x U(g)) into a suitable Euclidean space EV (see [125] for details). He then applied
this isometric imbedding 1 to prove that an isometric minimal immersion ¢ : M — G®(p, q) is of 1-type in EV
via ¢ if and only if the Gauss map v, of ¢ is a harmonic map.
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9. 1-type submanifolds in hyperbolic spaces

Let C7"™! denote the complex pseudo-Euclidean space with complex index one. Put
H?™ 1) = {2 = (21,22, -+ 2my1) € CT 2 (2, 2) = —1}, 9.1)

where ( , ) is the inner product on C7"™! associated with the metric of C}***. Then H"™"'(—1) is a complete
Lorentzian manifold of constant sectional curvature —1, which is known as the (2m + 1)-dimensional anti-de
Sitter spacetime.

Let us put H{ = {\ € C: A\ = 1}. Then there is a natural H{-action on H;""'(—1) which maps z + \z.
Under the identification induced from this action, the quotient space H?™!/~ becomes the complex
hyperbolic space CH™ with constant holomorphic sectional curvature —4. This gives rise to the well-known
Hopf fiberation:

7 H™ 4 (~1) - CH™. (9.2)

By identifying a complex line L = [z], z € H{""!, with the operator of the orthogonal projection P onto L,
we have an isometric imbedding (see, e.g., [38, 70, 143])

¢ :CH™ — M(m+1;C). (9.3)

Using this imbedding, O. J. Garay and A. Romero studied in 1-type real hypersurfaces of complex hyperbolic
space and obtained the following result.

Theorem 9.1. [88] There exist no real hypersurfaces of CH™ for any m > 2 which are of 1-type via (9.3).
The complete classification of 1-type submanifolds of CH™ via (9.3) was obtained by I. Dimitri¢ in [70].

Theorem 9.2. Let ¢ : M — CH™ be an isometric immersion of an n-dimensional Riemannian manifold M into complex
hyperbolic space CH™. Then M is of 1-type via (9.3) if and only if one of the following two cases occurs:

(1) n is even and M is a complex-space-form of constant holomorphic sectional curvature —4 which is immersed as a
totally geodesic complex submanifold of CH™.
(2) M is a totally real minimal submanifold of a complex totally geodesic CH™ C CH™.

10. Classical, spherical and hyperbolic Gauss maps

For a given Riemannian manifold (M, g), let V(\) denote the space of all eigenfunctions of M associated
with a given eigenvalue X of the Laplacian A as before. Then for any m elements fi,..., f,, € V()), the map
¢ =(fi,..., fm) : M — E™ is always a 1-type map. Hence, in order to study 1-type maps into Euclidean spaces,
one needs to impose some suitable conditions on the map, for instance, to study submanifolds with 1-type
Gauss map, etc.

10.1. Classical Gauss map

Consider be a linear n-subspace W of the Euclidean m-space E™. Suppose that {ei,...,e,} is an oriented
orthonormal basis of W, then the wedge product e; A --- A e, is a decomposable n-vector of norm 1. Further,
e1 A --- A ey defines an orientation of IV in a natural way. Conversely, every decomposable n-vector of norm 1
determines a unique oriented linear n-subspace of E™.

Let G(n,m — n) be the Grassmann manifold of oriented linear n-subspaces in E™. Then we may identify
the Grassmannian G(n, m —n) with the set of decomposable n-vectors of norm 1. Hence, G(n,m —n) can
be considered to be a submanifold of the unit hypersphere S()=1 in E(%) = A"E™ centered at the origin.
Therefore, we have the canonical inclusions:

¥:Gn,m—n)c St cEGR. (10.1)

For an n-dimensional submanifold of E™, the (classical) Gauss map v of M is the map:

m

v: M — Gn,m—n) c G cE) (10.2)
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which carries a point p € M to the linear n-subspace of E™ obtained from the tangent space 7),M at p via
parallel displacement. More precisely, if {e;,...,e,} is an oriented local orthonormal frame of 7'M, then the
Gauss map of M is given by

v(p) = (e1 A~ Aen)(p) €EM) pe M. (10.3)

10.2. Spherical and hyperbolic Gauss maps

An isometric immersion ¢ of an oriented Riemannian n-manifold M into a sphere S™(1) can be also
considered as an isometric immersion into a Euclidean space E™*!. Hence, the Gauss map associated with
such an immersion can be determined in the classical sense as above. On the other hand, M. Obata modified
the definition of the Gauss map in [135] to better capture the properties of the immersion into the sphere, rather
than into the Euclidean space, as follows:

Let¢: M — M be an isometric immersion from a Riemannian n-manifold M into an m-dimensional real
space form M. Then Obata defined the generalized Gauss map as a map which assigns to each = € M the totally

geodesic n-dimensional submanifold of M tangent to ¢(M) at ¢(z). In the case M= S™(1), the generalized
Gauss map carries x € M to a totally geodesic n-sphere of S™ which is uniquely determined by a linear (n + 1)-
dimensional subspace of E™*!, by intersecting S™ with this subspace. Hence, this map can be seen as a map
from M to G(n + 1,m + 1), called the spherical Gauss map of ¢. For the case M = H™(—1), the corresponding
generalized Gauss map of an isometric immersion ¢ : M — H™(—1) is called the hyperbolic Gauss map of .

10.3. Pseudo-spherical and pseudo-hyperbolic Gauss maps

The classical, generalized, spherical, and hyperbolic Gauss map can be extended naturally from Euclidean
ambient space E™ to a pseudo-Euclidean ambient space EI* as follows:

Leto: M — M . be an oriented isometric immersion from a pseudo-Riemannian n-manifold M;* with index
t into the complete pseudo-Riemannian space M™ of constant curvature. Then the classical Gauss map is a map
associated to ¢ which carries each x € M} to a the totally geodesic n-subspace of Mm™ tangent to ¢(M;) at
¢(x). In the case, M = Si*(1), the totally geodesic n-subspace of M o tangent to ¢(M;*) at ¢(x) is the pseudo-
sphere S7*(1), it gives rise to a unique oriented (n + 1)-plane containing S;*(1). Thus, the generalized Gauss
map can be extended to a map © of M;* into the Grassmann manifold G(n + 1,m + 1) in the natural way, and
the composition 7 of 7 followed by the natural inclusion of Gs(n + 1, m + 1) into a pseudo-Euclidean space E)Y,
N = (n"jl), for some integer ¢ is called the the pseudo-spherical Gauss map.

For the case M = H[*(—1), the totally geodesic n-subspace of M]" tangent to ¢(M;") at ¢(z) is the pseudo-
hyperbolic space H;*(—1). And it gives rise to a unique oriented (n + 1)-plane containing H;*(—1). Thus, the
generalized Gauss map can be extended to a map © of M;* into the Grassmann manifold G4(n+1,m +1)ina
natural way, and the composition o of © followed by the natural inclusion of Gs(n 4+ 1,m + 1) into a pseudo-
Euclidean space E)Y, N = (n’_’;l), for some integer ¢ is called the pseudo-hyperbolic Gauss map.

11. Submanifolds of E™ with 1-type Gauss maps

The study of Euclidean submanifolds with finite type Gauss map was initiated by the first author and P.
Piccinni in [55]. In particular, they characterized closed submanifolds of Euclidean space with 1-type and 2-
type Gauss maps. Further, they proved that the Gauss map of a closed submanifold of a Euclidean space is
always mass-symmetric, i.e., the center of the Gauss map is at the origin of the ambient Euclidean space.

From their definition, an oriented submanifold M of a Euclidean space E™ has 1-type Gauss map if and only
if its Gauss map v satisfies

Av=Av+C) (11.1)

for a constant A and a constant vector C.
For curves in a Euclidean space, we have the following results of the first author P. Piccinni from [55].

Theorem 11.1. Let +y be a curve in E™. Then + is of finite-type if and only if its Gauss map is of finite type. In particular,
a closed curve in E™ is of 1-type if and only its Gauss map is of 1-type.
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In contrast, for a closed submanifold M of E™ with dim M > 2, the type number of M and the type number
of its Gauss map are not necessary the same.
The following results are also proved in [55].

Theorem 11.2. Let M be a closed submanifold of E™. Then M has 1-type Gauss map if and only if it has parallel mean
curvature vector, flat normal connection, and constant scalar curvature.

Theorem 11.2 implies the following.
Corollary 11.1. Let M be an isoparametric hypersurface of a hypersphere St  E™+2. Then M has 1-type Gauss map.
Corollary 11.2. The only closed hypersurfaces of Euclidean space with 1-type Gauss map are hyperspheres.

Since hypersurfaces of a hypersphere S7*! c E"*2? have flat normal connection in E"*? automatically ,
Theorem 11.2 also implies the following.

Corollary 11.3. A hypersurface M of a hypersphere S7+1 C E"+2 has 1-type Gauss map if and only if one of the following
three cases occurs:

(1) M is a small hypersphere of STT1,
(2) M is a hypersurface of ST which is 2-type in E" 2,
(3) M is a minimal hypersurface of Si* with constant scalar curvature.
The next result also from [55] classified closed surfaces of E™ with 1-type Gauss map.
Theorem 11.3. [55] Let M be a closed surface of E™. Then M has 1-type Gauss map if and only if it is either
(1) an ordinary sphere S> C E3 C E™ or
(2) the product of two circles S*(a) x S'(b) C E* C E™.
The next result was obtained by C. Jang and K. Park in [102].

Theorem 11.4. The only surfaces with flat normal connection in E™ whose Gauss map is of 1-type are ordinary spheres,
products of two plane circles and helical cylinders (i.e. products of a straight line and a circular helix).

Remark 11.1. Without “closed” condition on the surfaces, K.-O. Jang and Y. H. Kim proved in [103] that every
2-type surface in E? with 1-type Gauss map is of null 2-type. Hence, it is an open part of a circular cylinder
according to a result given in [26]. Also, C. Jang proved in [101] that an orientable, connected surface M in E3
has 1-type Gauss map if and only if it is an open part of a sphere or an open part of a circular cylinder.

First, we mention that Theorem 11.2 was extended in [61] to the following.

Theorem 11.5. Let M be a space-like submanifold of E*. Then M has 1-type Gauss map if and only if it has parallel
mean curvature vector, ﬂat normal connection, and constant scalar curvature.

Theorem 11.3 was also extended in [61] to the following.

Theorem 11.6. Let M be a space-like surface of E7*. Then M has 1-type Gauss map if and only if it is M is locally one
of the following:

(1) a Euclidean plane E?, a hyperbolic plane H?, or a hyperbolic cylinder H* x R in E3 C E™,
(2) the product H' x H' of two hyperbolic curves in E C E™.
The following results were obtained by U. Dursun in [77].

Theorem 11.7. f M is an oriented hypersurface of the hyperbolic space H"'(—1) C E7" with at most two distinct
principal curvatures, then M has 1-type Gauss map if and only if it is congruent to one of the surfaces given by

(1) H*(=¢) c H™' (-1 with0 < ¢ <1,
(2) S™(c) C H™'(~1) withc > 1,
(3) H*(—a) x "~ *(b) with § — L = —1.
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12. Topology and submanifolds with 1-type Gauss map

The following result obtained by the first author, ].-M. Morvan and T. Nore provided a link between topology
and type number of Gauss map of a Euclidean closed submanifold.

Theorem 12.1. [50, 51] Let M be an oriented closed submanifold of E™. If the Euler class e(T+ M) of the normal bundle
of M is non-trivial, then the Gauss map v of M is of k-type with k > m/2.

In particular, Theorem 12.1 implies immediately the following.

Theorem 12.2. [50, 51] Let M be an oriented closed Lagrangian submanifold of C" with n > 2. If Gauss map of M is of
1-type, then the Euler number of M is trivial.

A result of R. K. Lashof and S. Smale [126] states that if M is an oriented closed n-dimensional submanifold of
a Euclidean 2n-space, then the Euler number of the normal bundle of M equals to twice of the self-intersection
number of M in E?". Hence, Theorem 11.2 implies the following.

Corollary 12.1. [50, 51] Let M be an n-dimensional closed submanifold of E*™ with n > 2. If the Gauss map of M is of
1-type, then M has trivial self-intersection number.

Since the self-intersection number of M in E?" is a regular homotopic invariant according to a result of S.
Smale [144], we also have the following result.

Corollary 12.2. [50, 51] Let ¢ : M — E*™ be an n-dimensional oriented closed submanifold of E*". If the Euler number
of the normal bundle is non-trivial, then ¢ cannot be deformed reqularly to an immersion with 1-type Gauss map.

Remark 12.1. The well-known Whitney immersion can be defined as follows: Let ¢ : E2"*! — E%" be the map of
E2"+1 into E*" given by
¢5(x0, o P ,l’zn) = (171, ceey Lon, 2LE(){L'1, ey 21’0.’E2n).

Then ¢ gives rise to a (non-isometric) immersion w : $?* — E*", called Whitney's immersion with a unique self-
intersection point. Although the canonical inclusion of S?" in E?"*! C E*" has 1-type Gauss map, the Whitney
immersion S5?" C E*" cannot be deformed regularly into an immersion with 1-type Gauss map according to
Corollary 12.2.

13. Submanifolds with 1-type spherical Gauss maps

The geometric behavior of classical Gauss map and spherical Gauss map are different. In fact, the concept
of spherical Gauss map is more relevant than the classical one for spherical submanifolds. For instance, the
classical Gauss map of every compact Euclidean submanifold is mass-symmetric (see [55]). In contrast, the
spherical Gauss map of a spherical closed submanifold is not mass-symmetric in general. Based on these
observations, the first author and H.-S. Lue initiated the study spherical submanifolds with finite type spherical
Gauss map in [49].

For submanifolds of S™~! ¢ E™ with 1-type spherical Gauss map, they proved the following two results.

Theorem 13.1. [49] A submanifold of S™~! has mass-symmetric 1-type spherical Gauss map if and only if it is a minimal
submanifold of S™~ with constant scalar curvature and with flat normal connection.

Theorem 13.2. [49] A non-totally geodesic surface in S™ ' has mass-symmetric 1-type spherical Gauss map if and only
if it is an open portion of the Clifford minimal torus lying fully in a totally geodesic 3-sphere S® C S™~ 1.

For non-mass-symmetric 1-type spherical Gauss map, B. Bektas and U. Dursun proved the following.

Theorem 13.3. [14] An n-dimensional submanifold M of S™~! has non-mass-symmetric 1-type spherical Gauss map if
and only if M is an open part of a small n-sphere of a totally geodesic (n + 1)-sphere S"+1 c S™~1,

14. Submanifolds with 1-type pseudo-spherical Gauss map

B. Bektas, E. O. Canfes, and U. Dursun proved the following theorems.
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Theorem 14.1.  [12] A pseudo-Riemannian submanifold M, with index t of
Sm=1(1) C E™ has 1-type pseudo-spherical Gauss map if and only if M has zero mean curvature in S™~'(1) C E™,
constant scalar curvature and flat normal connection.

The standard imbedding of S'(2) x S1(2) C S3(1) is called the Clifford torus, which is both flat and minimal
in $3(1).

Theorem 14.2. [12] A non-totally geodesic space-like surface M in S{(1) C ES has 1-type pseudo-spherical Gauss map
if and only if it is an open portion of the Clifford torus lying fully in a totally geodesic 3-sphere S3(1) C St(1).

Theorem 14.3. [12] A non—totally geodesic Lorentzian surface My in ST(1) C ES has 1-type pseudo-spherical Gauss
map if and only if it is an open portion of the pseudo-Riemannian Clifford torus lying fully in a totally geodesic pseudo-
sphere S3(1) C Si(1).

Theorem 14.4. [12] An n-dimensional pseudo-Riemannian submanifold M, with index ¢t and non-null mean curvature
vector of a pseudo-sphere S™~1(1) C E™ has 1-type pseudo-spherical Gauss map with a non-zero constant component in
its spectral decomposition if and only if M, is an open part of a non-flat, non-totally geodesic and totally umbilical pseudo-
Riemannian hypersurface of a totally geodesic pseudo-sphere S’ (1) € S™=1(1), (s* =t <sors* =t+ 1< s), that
is, it is an open portion of Sj'(c) C Sp1(1) of curvature c for ¢ > 1 or S*(c) C SN (1) of curvature ¢ for 0 < ¢ < 1 or
Hp(—c) C S;HH(1) of curvature —c for ¢ > 0.

A surface of a pseudo-sphere is called marginally trapped if its mean curvature vector is light-like at each point
of the surface.

Theorem 14.5. [12] A marginally trapped space-like surface M in the de Sitter space St(1) C E} has 1-type pseudo-
spherical Gauss map with non-zero constant component in its spectral decomposition if and only if M is congruent to an
open part of the surface of curvature one given by

d(u,v) = (1, sinu, cos u cos v, cos usinv, 1). (14.1)
The next results are due to B. Bektas, J. Van der Veken, and L. Vrancken.

Theorem 14.6. [15] Let M be a non-harmonic space-like surface in SI"*(1). Then M has 1-type pseudo-spherical Gauss
map if and only if it is an open part of the Clifford torus lying fully in a totally geodesic 3-sphere S3(1) C S™(1).

Theorem 14.7. [15] Let M be a non-harmonic Lorentzian surface in S™(1) C EL. Then M has 1-type pseudo-
spherical Gauss map if and only if it is congruent to an open part of the image of

1
d(u,v) = —2(cos u, sin u, cosh v, sinh v)

in a totally geodesic S3(1) C S™(1) C E™*1, or of
¢d(u,v) = (coshu cos v, cosh u sin v, sinh u cos v, sinh u sin v)
in a totally geodesic S3(1) C S™(1) C Em+1,

The authors of [15] also classified harmonic space-like and harmonic Lorenztian surfaces in S™(1) c Em*+!
with pseudo-spherical Gauss map.

15. Submanifolds with 1-type pseudo-hyperbolic Gauss map

R. Yegin and U. Dursun investigated pseudo-Riemannian submanifold in a pseudo-hyperbolic space with
1-type pseudo-hyperbolic Gauss map in [154]. They proved the following results.

Theorem 15.1. [154] An oriented pseudo-Riemannian submanifold M]* with index t of a pseudo-hyperbolic space
HY(—1) C E™, has a 1-type pseudo-hyperbolic Gauss map if and only if M} has vanishing mean curvature in
H™ (1), constant scalar curvature, and flat normal connection.

Then they proved the following results.
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Theorem 15.2. [154] Let M be an oriented space-like surface in a pseudo-hyperbolic space H"~*(—1) C ET" . Then
M has a 1-type pseudo-hyperbolic Gauss map if and only if M is congruent to an open part of maximal surface
H(-2) x H(-2)lyingin H}(—1) C H" *(—1) C E™, or the totally geodesic space H*(—1) C H*"'(-1) c H"™! C
]Eﬂ’), .

Theorem 15.3. [154] Let M be an oriented space-like surface in a pseudo-hyperbolic H{(—1) C E3 with zero mean
curvature vector in an anti-de Sitter space Hi(—1). Then M has a 1-type pseudo-hyperbolic Gauss map with non-zero
constant component in its spectral decomposition if and only if M is an open part of the surface defined by

o(u,v) = (1, cosh u sinh v, sinh u, cosh u cosh v, 1) (15.1)

which is of curvature —1 and totally umbilical with zero mean curvature vector.

Theorem 15.4. [154] Let M} be an n-dimensional oriented pseudo-Riemannian submanifold with index t and non-zero
mean curvature vector in a pseudo-hyperbolic space H*~'(—1) C E7. . Then M} has a 1-type pseudo-hyperbolic Gauss
map with non-zero constant component in its spectral decomposition if and only if M} is an open part of a non-flat, non-
totally geodesic and totally umbilical pseudo-Riemannian hypersurface of the totally geodesic pseudo-hyperbolic space
HIPY(—1) € HR7Y(=1) CE?, for s* =t <sor s* =t +1<s, i.e, M} is an open part of H(—c) C H{'! (—1)
of curvature —c for ¢ > 1 or H*(—c) C H"**(—1) of constant curvature —c for 0 < ¢ < 1, or SP(c) ¢ H"*'(~1) of
curvature ¢ > 0.

As easy consequences of Theorem 15.4, they obtained the following.

Corollary 15.1. A hyperbolic space H"(—c) of curvature —c for ¢ > 1 in the anti-de Sitter space H]™'(—1) Cc E5*? is
the only space-like hypersurface with 1-type pseudo-hyperbolic Gauss map which has a non-zeroconstant component in
its spectral decomposition.

Corollary 15.2. An anti-de Sitter space H"(—c) of curvature —c for ¢ > 1 in the pseudo-hyperbolic space Hyt'(—1) C
E2*2 is the only Lorentzian hypersurface with 1-type pseudo-hyperbolic Gauss map which has a non-zeroconstant
component in its spectral decomposition.

A surface in a pseudo-Riemannian is called quasi-minimal if its mean curvature vector light-like. In [150], N.
C. Turgay classified quasi-minimal surfaces in S{(1) C E} which have 1-type Gauss map as follows.

Theorem 15.5. [150] If M is a quasi-minimal surface lying in S{(1), then M has 1-type Gauss map if and only if it is
congruent to a surface congruent to one of the surfaces given by

(1) A surface defined by ¢(u,v) = (1,sinw, cosucosv,cosusinv, 1),
(2) A surface defined by ¢(u,v) = % (2u2 —1,2u? — 2, 2u, sin 2u, cos 20),
(3) A surface defined by ¢(u,v) = é (b, dcos cu, dsin cu, ccos dv, csindv), where ¢ = /2 — b and d = /2 + b with

|b| < 2,
(4) A surface defined by ¢(u,v) = L (dcosh cu, dsinh cu, ¢ cos dv, csin dv, d), where ¢ = /b — 2 and d = /b + 2 with
[b] > 2

or one of the following two type of surfaces:

(a) A surface of curvature one with constant light-like mean curvature vector which lies in K,—{(t,z2,z3,z4,t +
a)} C E3 for a constant a,
(b) A surface of curvature one lying in the light cone {(y,1) € E} : {y,y) = 0}.

16. Euclidean submanifolds with pointwise 1-type Gauss maps

Recall that a submanifold of a Euclidean space is said to have 1-type Gauss map v if its Gauss map satisfies
Av = (v + C) for some constant A and a constant vector C. On the other hand, it was known that the Laplacian
of the Gauss map of several important surfaces such as helicoid, catenoid and right cones take the following
form:

Av = f(v+C) (16.1)

for some non-constant function f and constant vector C'. For this reason, a submanifold M of a Euclidean space
is said to have pointwise 1-type Gauss map if its Gauss map satisfies (16.1) for some function f and vector C (see
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[119]). In particular, if the function f in (16.1) is non-constant, then M is said to have proper pointwise Gauss map.
Further, a submanifold with pointwise 1-type Gauss map is said to be of the first kind if the vector C in (16.1) is
the zero vector. Otherwise, the pointwise 1-type Gauss map is said to be of the second kind (see [41]).

In [105], S. M. Jung, D.-S. Kim, and Y. H. Kim proved the following two results.

Theorem 16.1. If M is a closed surface in S* C E* with non-negative Gaussian curvature, then M has a pointwise 1-type
spherical Gauss map of first kind if and only if M is a great sphere S? or the Clifford torus S*(1/v/2) x S'(1/v/2) C S3.

Theorem 16.2. Let M be a closed hypersurface of S™! without geodesic points, and suppose that M has pointwise
1-type spherical Gauss map of the second kind. Then we have:

(1) M is a small sphere if the mean curvature is constant.
(2) The function f in Av = f(v + C) is a non-vanishing function satisfying f > n and C is a constant vector.

A Salkowski curve in E? is a curve which has constant curvature but non-constant torsion. 1. Kisi and G.
Oztiirk proved the following theorems.

Theorem 16.3. [121] Let M be a tubular surface given with the parametrization
d(u,v) = (u) + 7 (M (u) cosv + Ms (u) sinv) (16.2)

in E* such that ¢1[as + a3) = 0 (ag # —as) and a; = 0. Then M has pointwise 1-type Gauss map of the first kind
if and only if the spine curve ~ is a Salkowski curve, and the Gauss map is non-proper with the constant function
A=dai+adi+ 5.

T2

Theorem 16.4. [121] There exists no tubular surface M given with the parametrization (16.2) having pointwise 1-type
Gauss map of the second kind which satisfies ¢1]az + as) = 0 (ag # —az) and a; = 0 in E*

O.Kaya and M. Onder worked the following special developable ruled surfaces with pointwise 1-type Gauss
map.

Theorem 16.5. [110] If one of the curvature functions k, T of base curve « is a non-zero constant, then the developable
general rectifying surface M has the pointwise 1-type Gauss map of the first kind if and only if o is a circular helix.

Theorem 16.6. [110] A developable generalized normal surface M has pointwise 1-type Gauss map of the first kind, that
is Av = fv where f = £? if and only if k = constant and by = 0.

Theorem 16.7. [110] A developable osculating type ruled surface M has pointwise 1-type Gauss map of first kind if and
only if M is a plane.

F. K. Aksoyak and Y. Yayli proved in [108] the following two theorems.

Theorem 16.8. Let M be the flat rotational surface given by the parameterization
@(s,t) = (z(s) cost,z(s)sint, y(s) cost,y(s)sint). (16.3)
Then M has pointwise 1-type Gauss map if and only if M is either totally geodesic or it is parameterized by

Acos(bos + d) cost
Acos(bos + d) sint
Asin(bos + d) cost

( , AN =1,
Asin(bgs + d) sint

P(s,t) =
where by, A and d are real constants.

Theorem 16.9. Let M be a non totally geodesic flat rotation surface with pointwise 1-type Gauss map given by the
parameterization (16.3) with d = 2km. Then M is a Lie group with bicomplex number product if and only if it is a Clifford
torus.

F. Kahraman Aksoyak and Y. Yayli gave the following theorem in [109] .
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Theorem 16.10. Let M be the flat rotational surface given by the parameterization

o(t,s) = <z(s) cost, %x(s) sint,y(s) cost, %y(s) sin t> , a €RT.
Then, M has pointwise 1-type Gauss map if and only if M is either totally geodesic or parameterized by one of the
following
1o cosB(s) cost
%,uo cos 0(s) sint
p(t,s) = L9 sin0(s) cost )
VB
%ﬁuo sinf(s) sint

where (s) = \/Bbos + 6 and Bb3u3 = 1, or

%f (ugee(s) + ule_e(s)) cost
%% (uge‘g(s) + ule_‘g(s)) sint

o(t,s) = ﬁ%f \/1_7/1269(5)—\/1_73#16*9(5) cost |,
36 (e - e sing

where 0(s) = —/—PBbos + & and Bb3 o = 1.
I. Kisi and G. Oztiirk proved the following theorem.
Theorem 16.11. [123] Let M be a tubular surface given with the parametrization

d(u,v) =~ (u) + 7 (b1 (u) cosv + b (u) sinv)
in E*. If M has pointwise 1-type Gauss map of the first kind, then M is one of the following surfaces in E*:

(1) circular cylinder,
(2) torus with the parametrization ¢(u,v) = (cos u,sinu, r cosv, r sinv).

D.-S. Kim and Y. H. Kim considered the relationship of the shape operator of a surface of E* with its Gauss
map of pointwise 1-type. Surfaces with constant mean curvature and right circular cones with respect to some
properties of the shape operator are characterized when their Gauss map is of pointwise 1-type and gave the
results in [113]. With the helps of [22], they gave the following.

Theorem 16.12. [113] Let M be an n-dimensional submanifold of m-dimensional Euclidean space E™. Then, the
following are equivalent:

(1) The immersion ¢ of M into E™ satisfies A¢ = f(¢ + C).
(2) M is a minimal submanifold of E™ or a minimal submanifold of a hypersphere in E™.

U. Dursun studied a class of space-like rotational surfaces in Minkowski 4-space E} with meridian curves
lying in 2-dimensional space-like planes and having pointwise 1-type Gauss map. He found all such surfaces
with pointwise 1-type Gauss map of the first kind. Then he proved the space-like rotational surface with flat
normal bundle and pointwise 1-type Gauss map of the second kind is an open part of a space-like 2-plane in
E}. He gave the following theorems.

Theorem 16.13. [78] Let M be a space-like rotational surface in E{ defined by
o(s,t) = (x(s) cos (at) , x(s) sin at, z(s) cosh bt, z(s) sinh bt). (16.4)

Then M has pointwise 1-type Gauss map of the first kind if and only if M is an open part of a space-like plane or the
surface given by

o(s,t) = <T0 cos(i) cos at, 1o cos(i) sin at, ro sin(i) cosh bt, g sin(i) sinh bt) . (16.5)
o o o o
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Moreover, the Gauss map v = ez A e4 of the rotational surface (16.5) satisfies Av = f(v + C') for C' = 0 and the function

a’b? s a

(a2 cos?(2) — b2 Sin2(ri>)2 , tanz(%) < (3)2.

2

2

f=1r"== |1+
o

Theorem 16.14. [78] A space-like rotational surface M in E} defined by (16.4) with flat normal bundle has pointwise
1-type Gauss map of the second kind if and only if M is an open part of a space-like plane in Ef.

D.-S. Kim studied generalized slant cylindrical surfaces (GSCS’s) with pointwise 1-type Gauss map of the
first and second kinds, and he gave the following results.

Proposition 16.1. [112] Let M be a GSC'S given by
o(s,1) = X(s) + Yi(2).
Then the following are equivalent.

(1) M has pointwise 1-type Gauss map v of the first kind.
(2) M has constant mean curvature.
(3) M is a surface of revolution with constant mean curvature.

Corollary 16.1. [112] Suppose that a GSC'S M has pointwise 1-type Gauss map v of the second kind. Then the following
are equivalent.

(1) M is of rational kind.
(2) M is of polynomial kind.
(3) M is a right circular cone.

U. Dursun and N. C. Turgay studied general rotational surfaces in E* with pointwise 1-type Gauss map and
proved the following result.

Theorem 16.15. [82] Let M be a general rotational surface in E* defined by
od(s,t) = (z(s) cosat, z(s) sin at, z(s) cos bt, z(s) sin bt) .
Then M has pointwise 1-type Gauss map of the first kind if and only if M is an open part of a plane or a surface given by
(s, t) = (ro cos(%) cos at, ro cos(%) sin at, g sin(%) cos bt, o sin(%) sin bt) . (16.6)
Moreover, the Gauss map v = e3 A e4 of the rotational surface (16.6) satisfies Av = f(v + C) for the function

2 a’b?
f==11+ 2
<a2 cos? = + b2 sin? i)
0 To

K. Arslan et. al. studied the tensor product surfaces of two Euclidean plane curves, and they proved the
following.

Theorem 16.16. [1] Let M be a tensor product surface of a plane circle v, centered at the origin with a Euclidean
planar curve ~(s) = (a(s), 5(s)). Then M has pointwise 1-type Gauss map if and only if M is either totally geodesic or
parameterized by

a(s) = /Cos()\ In|s + u|)ds, B(s) = /sin(/\ln |s + w])ds.

In [2], K. Arslan et. al. studied Vranceanu rotation surfaces with pointwise 1-type Gauss map in E*. They
proved the following two results.

Theorem 16.17. Let M be a flat Vranceanu surface given with the parametrization
@(s,t) = (r(s) cos scost,r(s) cos ssint, r(s) sin s cost, r(s) sin s sin t). (16.7)

If M has pointwise 1-type Gauss map v of the second kind so that Av = f(v + C), then f = 4e~2% for a constant b.
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Theorem 16.18. Let M be a non-flat Vranceanu surface given with the parametrization (16.7). If M has pointwise 1-type
Gauss map of the second kind, then up to homothety M is given by

1 1
@(s,t) = <2 sin s cost, 5 sin ssint, sin® s cost, sin? s sin t) )

K. Arslan et. al. gave necessary and sufficient conditions for the flat Ganchev-Milousheva rotational surface
to have pointwise 1-type Gauss map, and they proved the following.

Theorem 16.19. [3] Let M be a flat rotational embedded surface in Euclidean 4-space E*. Then M has pointwise 1-type
Gauss map if and only if

fi(s) = /ucos <>\ In|as + b|> ds, fa(s) = /usin (A In |as + b|> ds,
ap ap

fa(s) =as+Db,
for some constants X # 0, u > 0, a # 0 and b.

U. Dursun proved the following.

Theorem 16.20. [76] Let M be an oriented flat reqular surface in 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) aplane in E3,
(3) a cylinder given, up to a rigid motion, by

o(s,t) = :i:ﬁ (s)—i—i—d S (R
) - dOM dO 1, 2d0l€2 (5) 2 y

where dy # 0, o # 0, dv, and dy are arbitrary constants, while the function p (s) and the curvature function k (s)
of the base curve are related by
dk
p(s) = = =,
K3/ (d2 — 1) K2 + 2ok — ¢

and k (s) satisfies the differential equation

Gk = k! [(d% — 1) K2 + 2qok — qg] )

M. Choi et. al. completely classified ruled surfaces in a 3-dimensional Euclidean space with pointwise 1-type
Gauss map of the first kind and the second kind, and gave the following.

Theorem 16.21. [62] Let M be a ruled surface in E3. Then, M has pointwise 1-type Gauss map if and only if it is a part
of a plane, a circular cylinder, a helicoid, a cylinder of an infinite type satisfying

2 p—1
-1 1 2 -
sin~! Gt \/C%Jrc% <02f—§ —1) ==+ (s+k),
V3 + 63
where k is the constant of integration, or a rotational ruled surface of the first kind or the second kind.

M. Choi, D.-S. Kim, and Y. H. Kim worked helicoidal surfaces with pointwise 1-type Gauss map v, and they
proved the following.

Lemma 16.1. [57] Let M be a helicoidal surface in E3. If the Gauss map v of M satisfies the equation

Av=f(v+0C) (16.8)

for some smooth function f and a constant vector C, then either the Gauss map is harmonic, that is, Av = 0 or the
function f defined by (16.8) depends only on t and the vector C' in (16.8) is parallel to the axis of the helicoidal surface.

Theorem 16.22. [57] A rotational helicoidal surface M with pointwise 1-type Gauss map if and only if M is a part of a
circular cylinder, a right cone or an ordinary helicoid.
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Theorem 16.23. [57] Let M be a rotational helicoidal surface in E3. Then, the Gauss map v is harmonic or of pointwise
1-type if and only if M is a part of a plane, a circular cylinder, a helicoid and a right cone.

U. Dursun proved the following.

Theorem 16.24. [74] A rational hypersurface of revolution of Euclidean space E"*1 has pointwise 1-type Gauss map if
and only if it is an open portion of a hyperplane, a generalized cylinder, or a right n-cone.

B.-Y. Chen, M. Choi, and Y. H. Kim studied surfaces of revolution with pointwise 1-type Gauss map, and
proved the following.

Theorem 16.25. [41] A surface of revolution in E® has constant mean curvature if and only if it has pointwise 1-type
Gauss map of the first kind.

Theorem 16.26. [41] A surface of revolution of polynomial kind has pointwise 1-type Gauss map of the second kind if
and only if it is a right cone.

Theorem 16.27. [41] A rational surface of revolution has pointwise 1-type Gauss map if and only if it is it is an open
part of a plane, a circular cylinder, or a right cone.

A. Niang worked rotation surfaces with 1-type Gauss map, and proved the following.

Theorem 16.28. [134] A rotation surface M in B3 is pointwise 1-type Gauss map if and only if its mean curvature is a
constant.

M. Choi and Y. H. Kim characterized the helicoid as ruled surfaces with pointwise 1-type Gauss map, and
they proved the following.

Theorem 16.29. [58] A ruled surfaces in E3 with pointwise 1-type Gauss map are the open portions of the plane, the
circular cylinder and the minimal helicoid.

Y. H. Kim and D. W. Yoon studied ruled surfaces in a three-dimensional Minkowski space with pointwise
1-type Gauss map and obtained the complete classification theorems in [119]. They gave the following
characterizations.

Theorem 16.30. Let M be a space-like ruled surface in a three-dimensional Minkowski space. Then, the Gauss map is of
pointwise 1-type if and only if M is an open part of one of the following surfaces: (1) a Euclidean plane, (2) the hyperbolic
cylinder, (3) the helicoid of the 1st kind, (4) the helicoid of the 2nd kind, or (5) the conjugate of Enneper’s surface of the
2nd kind.

Theorem 16.31. [119] Let M be a space-like ruled surface in a three-dimensional Minkowski space. Then, the Gauss
map is of pointwise 1-type if and only if M is an open part of one of the following surfaces: (1) a Minkowski plane, (2) the
Lorentz circular cylinder, (3) the circular cylinder of index 1, (4) the helicoid of the 1st kind, (5) the helicoid of the 2nd
kind, (6) the helicoid of the 3rd kind, (7) the conjugate of Enneper’s surfaces of the 2nd kind, (8) a flat B-scroll if B'is
light-like, or (9) a non-flat B-scroll if B’ is non-null.

J. Qian, M. Su, and Y. H. Kim proved the following theorem.

Theorem 16.32. [141] An oriented canal surface M in E® has generalized 1-type Gauss map if and only if it is one of the
following surfaces:

(1) a surface of revolution such as
¢(s,0) = (r(s)cosp(s) + s,r(s)sing (s) cosb,r (s)sing (s)sinf),
3c? B c

where r (s) = —355 oeim where A and B are given by

1
A= 9726482 — 648c3cos — 10822 — 54c5, B = (A +v/—2916¢16 + A2) °

(2) atorus.
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Let {e1, e2, €3, e4} be the standard orthonormal frame in E4, and let S2(1) be the 2-sphere in E? spanned by
{e1,e2,e3} centered at the origin o. Consider a unit speed curve v = v(v) lying in S%(1) C E* C E* defined on
an open interval I. Put t(v) = r’(v) and consider the moving frame {t,n,~} of the curve v on $?(1). Then we
have the following formulas:

v =t, t'=kn—~, n =—rxt, (16.9)
where k(v) = (t'(v),n(v)) is the spherical curvature of +. Let f = f(u) and g = g(u) be two non-zero functions
defined on an interval J C R such that f + ¢’> = 1. Let us consider the surface M? in E* given by (see [86])

o(u,v) = flu)y(v) + g(u)eq, uweJvel (16.10)

Then this surface lies on the rotational hypersurface M? C E* obtained by the rotation of the meridian curve
a:u— (f(u),g(u)) about the eys-axis in E. This surface M? is called a meridian surface on M? since it is a
one-parameter system of meridians of M?3.

K. Arslan, B. Bulca, and V. Milousheva studied meridian surfaces in E* with pointwise 1-type Gauss map.
They obtained the following three theorems.

Theorem 16.33. [4] Let M be a meridian surface given with parametrization (16.10), and g’ # 0. Then M has pointwise
1-type Gauss map of the second kind if and only if the curve c is a circle with non-zero constant spherical curvature
and the meridian curve « is determined by f(u) = £u + a; g(u) = b, where a = const., b = const. In this case M is a
developable ruled surface lying in 3-dimensional space.

Theorem 16.34. [4] Let M be a meridian surface given with parametrization (16.10) and g’ # 0. Then M has pointwise
1-type Gauss map of the first kind if and only if one of the following two cases occurs:

(1) the curve c is a great circle on S?(1) and the meridian curve « is determined by the solutions of the following
differential equation

f/m—&—f( %{f) =0,

(2) the curve c is a circle on S*(1) with non-zero constant spherical curvature and the meridian curve « is determined
by f(u) = a; g(u) = £u+ b, where a = const., b = const. In this case M is a developable ruled surface in a 3-
dimensional space. Moreover, M is non-proper.

Theorem 16.35. [4] Let M be a meridian surface given with parametrization (16.10) and ¢’ # 0. Then M has pointwise
1-type Gauss map of the second kind if and only if one of the following holds:

(1) the curve cis a circle on S*(1) and the meridian curve o is determined by f(u) = +au + a1; g(u) = bu + by, where
a, a1, b, by are constants. In this case M is a developable ruled surface lying in a 3-dimensional space;
(2) the curve c is a great circle on S*(1) and the meridian curve o is determined by the solutions of the following

differential equation
!

<ln \/W[f(lf'Q)(ff”)”f’f”2+f’(1f'2)2]> __Jr

ff/(ff”)/(1*f/2)+f2f”2+(1*f'2)2 1 — f/2.
U. Dursun and G. G. Arsan proved the following theorems.

Theorem 16.36. [79] An oriented non-minimal surface M in Euclidean space E* has a pointwise 1-type Gauss map of
the first kind if and only if M has parallel mean curvature vector in E*.

Corollary 16.2. [79] An oriented non-minimal surface M in Euclidean space E* has pointwise 1-type Gauss map of the
first kind if and only if M is a surface in a 3-sphere S3(a) of E* with constant mean curvature.

Theorem 16.37. [79] An oriented minimal surface M in Euclidean space E* has pointwise 1-type Gauss map of the first
kind if and only if M has a flat normal bundle.

Theorem 16.38. [79] A non-planar minimal oriented surface M in Euclidean space E* has pointwise 1-type Gauss map
of the second kind if and only if, with respect to some suitable local orthonormal frame {e1, es, e3,es} on M, the shape
operators of M are given by Az =diag(p, —p) and A, =adiag(+p, +p), where p is a smooth non-zero function on M and
adiag(a,b) means a 2 x 2 anti-diagonal matrix.

Theorem 16.39. [79] Let M be an oriented surface in Euclidean space E* with non-parallel mean curvature direction,
non-zero CMC, dim(N1(M)) = 1, where N1(M) denotes the first normal space of M. Then, M has pointwise 1-type
Gauss map of the second kind if and only if M is an open portion of a helical cylinder in E*.

Remark 16.1. In a very recent article [128], Y. Li et. al. studied developable surfaces with pointwise 1-type Gauss
map of Frenet type framed base curves in E3.
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17. Submanifolds of EI*(s > 1) with pointwise 1-type Gauss maps

In [150], N. C. Turgay classified quasi-minimal surfaces in S{(1) C Ef which have pointwise 1-type Gauss
map. He obtained the following.

Theorem 17.1. [150] If M be a quasi-minimal surface lying in St (1), then M, then M has proper pointwise 1-type
Gauss map if and only if it is congruent to a surface congruent to one of the the following two type of surfaces:

(1) A surface lying in St(1) N S*(co,r?) with co # 0 and r > 0;
(2) A surface lying in S$(1) N H*(co, —7?) with co # 0 and r > 0.

D. W. Yoon et. al. classified flat surfaces with generalized 1-type Gauss map in Minkowski 3-space L? in
[159]. They proved the following.

Theorem 17.2. [159] All cylindrical surfaces in L? have generalized 1-type Gauss map.

Theorem 17.3. [159] Let M be a conical surface in Minkowski 3-space 1L3. Then, M is of generalized 1-type Gauss map
if and only if it is an open part of one of the following surfaces:

(1) a Euclidean plane,

(2) a Minkowski plane,

(3) a hyperbolic conical surface of the first kind,
(4) a hyperbolic conical surface of the second kind,
(5) an elliptic conical surface,

(6) a conical surface parameterized by

o(s,t) = ag + t5(s),

where o is a constant vector and ((s) is a unit speed pseudo-spherical curve in Q?(g) with the non-constant
geodesic curvature k, which is, for some indefinite integral F(v) of the function

¥(v) = (a1 Inw +a® + e20” + g (In v)2)71/2

with a1, ay € R, given by r4(s) = 1/F~1(+s + a3), where ag is constant.

K. Arslan and V. Milousheva studied meridian surfaces of elliptic or hyperbolic type with pointwise 1-type
Gauss map in Minkowski 4-space, and gave the following.

Theorem 17.4. [5] Let M), be a meridian surface of elliptic type, defined by
z(u,v) = fw)l(v) + glu)es, u e I, v e J. (17.1)

Then M), has pointwise 1-type Gauss map of first kind if and only if the curve c has zero spherical curvature and the
meridian curve m is determined by a solution f(u) of the following differential equation

f(\/%l)—f’ f2-1=0,

g(u) is defined by g’ (u) =/ f? — 1.

Theorem 17.5. [5] Let M), be a meridian surface of elliptic type, defined by (17.1). Then M), has pointwise 1-type Gauss
map of second kind if and only if one of the following cases holds:

(1) the curve c has non-zero constant spherical curvature k and the meridian curve m is determined by f(u) = tu + a;
g(u) = b, where a = const., b = const. In this case M}, is a developable ruled surface lying in a constant hyperplane
E3 of E.

(2) the curve ¢ has constant spherical curvature x and the meridian curve m is determined by f(u) = au+ ai;
g(u) = bu + by, where a, ay, b and by are constants, a> > 1, a®> — b*> = 1. In this case M), is either a marginally
trapped developable ruled surface (if k* = b?) or a developable ruled surface lying in a constant hyperplane E3 (if
k2 —b% > 0)or E3 (if k> — b*> < 0) of E{.
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(3) the curve c has zero spherical curvature and the meridian curve m is determined by the solutions of the following
differential equation

S e A i | 0 M A e M Ch L
n (f/2_1)2+f2f//2+ff/(f/2_1)(ff//)’ - f12 -1 .
g(u) is defined by ¢’ (u) = \/f? — 1.

They also classified the meridian surfaces of hyperbolic type with pointwise 1-type Gauss map of second
kind in [5].

B. Bektas and U. Dursun studied time-like rotational surfaces of elliptic type with pointwise 1-type Gauss
map in Minkowski 4-space, and they proved the following.

Theorem 17.6. [13] Let M; be a flat time-like rotational surface of elliptic type in Ef defined by
@(s,t) = (x(s) cost,x(s)sint, z(s),w(s)), se€l,tel0,2m).
If the profile curve a(s) = (z(s), 0, z(s), w(s)) has the non-null principal curvature vector o (s), then

(1) M, has global 1-type Gauss map of the first kind if and only if o(s) is given by

1 1
x(s) = x1, 2(s) = o cosh(k1 + qos) + 20, w(s) = ™ sinh(k1 + qos) + wo,
0 0

where qy = Lko and x1,z0,wo,k0,k1 € R with x1,k9 > 0. Moreover, Av = Z—IQ + n%) v.
1

(2) M has pointwise 1-type Gauss map of the second kind if and only if a(s) is given by a(s) = (z(s),0, z(s), w(s))
with
x(s) = xos + 1,

z(s) = y/ 22 + 1sinh(qo In (zos + z1) + 10)ds + 2o,
w(s) = \/x3 4+ 1cosh(go In (zos + x1) + 1o)ds + wo,
and the Gauss map v = ez N ey satisfies Av = f(v + C) for the function

k2 +at+1
(a3 + 1) (aos + 1)°

f(S,t) -

and for the constant vector
qo3 (:v% + 1)
Ko

C:acgeg/\&;— e1 A es,

where s > —%, qo = iz \7;27“ and Ko,x0,%1,%20, Wo,k1,%0 € R with kg > 0. The integrals given above can be
0 0

evaluated according to qo # £1, qo = 1 or go = —1. Moreover, the profile curve « is a helix.

They also obtained the similar results for hyperbolic and parabolic types with pointwise 1-type Gauss map
in Minkowski 4-space in [13].
F. Kahraman Aksoyak and Y. Yayl1 proved in [106] the following theorem.

Theorem 17.7. Let M be the marginally trapped surface given by
o(t,s) = (a1(s) cosht,aq(s)sinht, as(s), aa(s))

in Minkowski 4-space. Then M has pointwise 1-type Gauss map if and only if the profile curve is given by
ai(s) = (A = 1)? (u®(s) +A)?,
as(s) = / ()‘;'2‘733)‘) ® cosf (s)ds,
ay(s) = / (A}Lé‘ijj\’\) ® sing (s) ds,

and

1
u?41)2
0(s) =—e¢ A / ()\1:_22)\ ds,

(Al—l)%

where u(s) = ds + A3, A = %, A1,A2,A\3,a1 and as are real constants.
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U. Dursun and B. Bektas proved the following for space-like rotational surfaces of elliptic type with
pointwise 1-type Gauss map in Minkowski space E{.

Theorem 17.8. [80] Let M; be a flat space-like rotational surface of elliptic type in E{ defined by
o(s,t) = (z(s) cost,z(s)sint, z2(s),w(s)), s € I, t € [0,27).
If the profile curve a(s) = (z(s),0, z(s), w(s)) has the non-null principal curvature vector o’ (s), then
(1) M; has global 1-type Gauss map v of the first kind if and only if a(s) is given by
x(s) = x1,

1 .
z(s) = :F% sinh(k1 F kos) + 2o,

1
w(s) = :Fk—o cosh(ky F kos) + wo,

where x1,2z0,w0,ko,k1 € R with x1,kg > 0. Moreover Av = (% - k?)) v, and v is harmonic if and only if ko = zi
1 1

Also, M; is a marginally trapped surface if ko = —-
(2) M, has pointwise 1-type Gauss map of the second icmd if and only if a(s) is given by

x(s) = xos + 1,

= /x5 — 1sinh(qo In (zgs + z1) + ¥o)ds + 2o,
= /a3 — 1cosh(qgoIn (zos + 1) + ©o)ds + wy,

where s > — %L ko £x2—1,q == \/"0271 and ko,x0,21,20, Wo,%0 € R with kg > 0. The integrals given above
o Iof
can be evaluated according to qo # £1, gqo = 1 or qo = —1. Moreover, the profile curve « is a helix, and the Gauss

map v = es A ey satisfies Av = f(v + C) for the function

3 —1—k3
(22 — 1) (zos + 1)°
and for the constant vector C = xes A ey — xo+/x3 — le1 A es.

f(S,t) =

They also used similar techniques, and proved two theorems for space-like rotational surfaces of hyperbolic
and parabolic types with pointwise 1-type Gauss map in E{ in [80].

F. Kahraman Aksoyak and Y. Yayli worked general rotational surfaces with pointwise 1-type Gauss map in
pseudo-Euclidean space E3, and they proved the following theorems in [107].

Theorem 17.9. [107] Let M, be a flat rotation surface in B3 given by the parametrization
o(t, s) = (y(s) sinh ¢, 2(s) cosh t, z(s) sinh , y(s) cosht).
Then M, has pointwise 1-type Gauss map if and only if M, is either totally geodesic or parametrized by

(pgebostd — yy ebos=d) ginh ¢
e | (poembostd 4y ePos=d) cosh t 1
o(t, s) = 2| (uge=bostd 4y ebos—d)sinht |7 Hipz = B2’
(poe~bostd — yy  ebos=d) cosh ¢
where 1,12 and d are real constants.
Theorem 17.10. [107] Let M, be a flat rotation surface in Ej given by the parametrization
o(t,s) = (z(s) cost,z(s)sint, y(s) cost,y(s)sint), s € I, t € [0,2).
Then Mo has pointwise 1-type Gauss map if and only if My is either totally geodesic or parametrized by

(//[/26 b08+d+u ebos d)COSt

B € (M2€ bos+d +//L ebos d) Slnt B 1
(rb(tv 5) 9 (M2efbos+d #1€bos d) cost ;s H1p2 = b%/
(M2€7b05+d boS d) sint

where 1,0 and d are real constants.

dergipark.org.tr/en/pub/iejg


https://dergipark.org.tr/en/pub/iejg

B.-Y. Chen, E. Giiler, Y. Yayl1i& H. H. Hacisalihoglu

M. H. Jin and D. H. Pei studied time-like axis surface of revolution with pointwise 1-type Gauss map in
Minkowski 3-space in [104], and they proved the following.

Theorem 17.11. We have:

(1) Time-like axis surfaces of revolution with pointwise 1-type Gauss map of first kind coincide with surfaces of
revolution with constant mean curvature.

(2) Non light-like Lorentzian right cones are the only rational time-like axis surfaces of revolution with pointwise 1-type
Gauss map of the second kind.

In [81], U. Dursun and E. Coskun obtained the following.

Theorem 17.12. [81] Let M be a flat ruled surface in Minkowski space E3. Then, M has pointwise 1-type Gauss map of
the second kind if and only if it is a part of a plane, a right circular cone, a hyperbolic cone or an open part of the following
cylinders given by

(1) the time-like cylinder parametrized by

B (k+ko)\/R(k) (k—ko) k
¢<k,t) = (t, + (26[()116()]62 + ;Tooarctan (VTZ))) , — 2600162> ,

where R(k) = 2k% — (k — ko)® > 0,
(2) the space-like cylinder parametrized by

ok, t) = (20 (), 35, t),
(3) the space-like cylinder parametrized by

ok, 1) = (55, 20 (), t),
(4) the space-like cylinder parametrized by

P(k,t) = (:l: (%70“{7))7 fﬁ#»@(k),t),

(5) the time-like cylinder parametrized by
(6) the time-like cylinder parametrized by

(7) the time-like cylinder parametrized by

d(k,t) = (£% +0(k), = (4% —0(k)), 1),

where k4 ko)
+ Ko 2 Cp ko—k+~/c2k2+(k—ko)>
k) = 2k2 + (k — ko)® — ——In | % 0 ,
PR = k2 VR (b= ko) = i g
(k + ko) 2 Co ;| ko—ktr/(h—ko)2—c2k?
k) = k— ko) — c2k? + -1 0
¥ (k) Dealigh? (k= ko)™ — cgk? + Skg ’
with (k — ko)* — k2 > 0,
1 1 k
k)= ————1 ,
(k) 2 (k — ko) QkOD‘kko

and, pg, co and kg are nonzero constants.

M. Yildirim studied the tensor product surfaces of two Lorentzian planar, non-null curves to have pointwise
1-type Gauss map of first kind in pseudo-Euclidean 4-space E3, and he proved the following.
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Theorem 17.13. [155] Let M C E3 defined by
o(t,s) = (a(s)sinh t, 5(s) cosht, a(s)sinh t, 3(s) cosht)

be a tensor product surface of a Lorentzian plane circle v1(t) = (sinh ¢, cosh t) centered at the origin space-like or time-like
with unit speed curve y2(s) = (a(s), B(s)) in E3. Then we have the followings:

(1) Ife1 = g9, M doesn’t have pointwise 1-type Gauss map of first kind,
(2) If ey = —e9 = 1, M has pointwise 1-type Gauss map of first kind if and only if b = c = \(3? — a?)™3/2 and

I _ a2 — 2()2,
(3) If e1 = —eo = —1, M has pointwise 1-type Gauss map of first kind if and only if b = c = \(a® — 5%)%/% and
a +a? = —2b2

U. Dursun and N. C. Turgay proved the following.

Theorem 17.14. [83] Let M be an oriented space-like surface in Minkowski space E} with flat normal bundle and non-
zero constant mean curvature. Then, M has pointwise 1-type Gauss map of the second kind if and only if it is congruent
to one of the helical cylinders given by

o1(s,t) = (a8, by coss, by sins, t),
@2(s,t) = (ba cosh s, bysinh s, azs, t),
@3(s,t) = (bgsinh s, a1 s, bs cosh s, ass, t) .

U. Dursun classified hypersurfaces of a Lorentz—Minkowski space L™ ™! with pointwise 1-type Gauss map,
and he proved the following.

Theorem 17.15. [75] (Classification)

(1) A rational rotation hypersurface M, 1 of L" ™! parametrized by

or(ut, ..., up—1,t) =@(t)sinu,—10(u1,...,up—_2)

17.2
=+ gp(t) COS Up—1Mn + ¢(t)77n+1/ ( )

has pointwise 1-type Gauss map of the first kind if and only if it is an open portion of a space-like hyperplane or a
Lorentzian cylinder S*~! x L' of L™ 1.
(2) A rational rotation hypersurface M, s, of L™ ™! parametrized by

s, (U1, ..., up—1,t) =@(t)sinhu,_10(ug, ..., up_2)

17.3
+ ()N, + (t) coshuy_17n41, ( )

has pointwise 1-type Gauss map of the first kind if and only if it is an open portion of a time-like hyperplane or a
hyperbolic cylinder H" ! x R of L™,
(3) A rational rotation hypersurface M, s, of L™ parametrized by

05, (U1, ..y Un—1,t) =(t) coshu,—10(u, ..., Up—2)

17.4
+ ()N, + ©(t) sinh w1741, ( )

has pointwise 1-type Gauss map of the first kind if and only if it is an open portion of a time-like hyperplane or a
pseudo-spherical cylinder S}~ x R of L"+1,
(4) A rational rotation hypersurface M, 1, of L™+ parametrized by

r(uty - Uun1,t) =20ty 10(u1, - - - Un_2) + V20(t) 7
+ V2 ($(t) = e(t)up 1) s,
un—1 # 0, has pointwise 1-type Gauss map of the first kind if and only if it is an open portion of hyperbolic n-space
H™, de Sitter n-space ST or Enneper’s hypersurface of the second kind or the third kind. Moreover, the Enneper’s

hypersurfaces of the second kind and the third kind of L™ are the only polynomial rotation hypersurfaces of L™ +1
with proper pointwise 1-type Gauss map of the first kind.
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Theorem 17.16. [75] Let M, be one of the rotation hypersurfaces in L™+ given by (17.2), (17.3), and (17.4),
respectively. If M, is a polynomial kind rotation hypersurface, then it has proper pointwise 1-type Gauss map of the
second kind if and only if it is an open portion of a spherical n-cone, hyperbolic n-cone, or pseudo-spherical n-cone.

U-H. Ki et. al. gave a complete classification of rational surfaces of revolution with pointwise 1-type Gauss
map in Minkowski 3-space E} in [111], and they proved the following.

Theorem 17.17. [111] A rational surface of revolution of type I (i.e., the axis of revolution is a space-like line) has
pointwise 1-type Gauss map of the first kind if and only if it is an open part of a plane or a hyperbolic cylinder. A rational
surface of revolution of type Il (i.e., the axis of revolution is a time-like line) has pointwise 1-type Gauss map of the first
kind if and only if it is an open part of a plane or a circular cylinder. A rational surface of revolution of type IlI (i.e., the
axis of revolution is a light-like line) has pointwise 1-type Gauss map of the first kind if and only if it is an open part of an
Enneper’s surface of second kind, a de Sitter space or an anti-de Sitter space up to rigid motion.

Theorem 17.18. [111] Let M be a rational surface of revolution. Then, M has pointwise 1-type Gauss map of the second
kind in E3 if and only if M is part of either a right cone or a hyperbolic cone.

A. Niang studied rotation surfaces with pointwise 1-type Gauss map in three dimensional Minkowski space,
and proved the following in [133].

Theorem 17.19. [133] Let M be a connected pseudo-Riemannian surface of revolution in a 3-dimensional Minkowski
space B3 whose axis of rotation is L. Let M’ be any component of the subset of the subset M — L. Then we have M’ is
pointwise 1-type Gauss map if and only if M’ is a constant mean curvature.

E. O. Canfes and N. C. Turgay studied Gauss map of minimal Lorentzian surfaces in 4-dimensional pseudo-
Riemannian space forms They proved the following.

Theorem 17.20. [18] Let M be a minimal Lorentzian surface properly contained in semi-Euclidean space E3. Then, the
following statements are equivalent:

(1) M has pointwise 1-type Gauss map of the first kind,
(2) M has harmonic Gauss map,
(3) M is congruent to either the surface given by

o(s,t) =smo+B(t), (n,B(t) #0,

where ng is a constant light-like vector and (3 is a null curve in E7* which contains no open part of a line or the

surface given by
V2 V2 >

) = (9192 (0,5 (540, (5= 0,01 (9) + 2 1)

where ¢; : I; — R are some smooth, non-vanishing functions, and I; are some open intervals for i = 1, 2.

Theorem 17.21. [18] Let M be a minimal Lorentzian surface properly contained in semi-Euclidean space B3 with non-
harmonic Gauss map. Then M has pointwise 1-type Gauss map of the second kind if and only if it is locally congruent to
the surface given by

¢(s,t) = (1(s) + da(t), 5 + 1,5 + (cos )t + (sin )2 (t), P1(s) — (sine)t + (cos ¢)pa(t))

for some non-linear functions ¢1,¢2 and a constant ¢ € (0, 2w), where ¢ = £1. In this case, Av = f(v + C) is satisfied
for f =4K.

Theorem 17.22. [18] Let M be a connected minimal Lorentzian surface in S3(1). Then, M has a 2-type Gauss map if
and only if it has constant Gaussian curvature and non-zero constant normal curvature.

N. C. Turgay gave complete classification of minimal surfaces with pointwise 1-type Gauss map in
Minkowski 4-space E{, and he presented following two classification theorems in [151].

Theorem 17.23. [151] Let M be a Lorentzian minimal surface in E{. Also, suppose that no open part of M is contained
in a hyperplane of E{. Then, the following conditions are equivalent:

(1) M has pointwise 1-type Gauss map,
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(2) M has pointwise 1-type Gauss map of the first kind,
(3) M has degenerate relative null bundle,
(4) M is congruent to the surface given by (s, t) = sno + 3 (t) for a constant light-like vector ny € E{ and a null curve

B in Ef satisfying (no, 3 (t)) # 0.

The other theorem is for Lorentzian surfaces M with non-zero constant mean curvature and finite type
Gauss map in 4-dimensional Minkowski space, saying that M is congruent to one of five types of parametrized
surface.

Theorem 17.24. [151] Let M be a non-minimal Lorentzian surface in E{ with normal flat bundle and constant mean
curvature. Then M has pointwise 1-type Gauss map of the second kind if and only if it is congruent to one of the following
surfaces:

(1) a surface given by
o(s,t) = <s, % cos At, % sin Adt, /1 — a2t) ,0<a<,
(2) a surface given by
CL2 Cl2
¢(S’t) = (3t37 \/ia/ta §t37 5> s

(3) a surface given by

o(s,t) = < ai\_lcosh)\t,ﬁ

sinh \t, at, s> ,a>1,

(4) a surface given by

VT 1 VT 1
qS(s,t):( “; cosh A, “; sinhAt,at,s),

(5) a surface given by
o(s,t) = ( 1+ a?t, % cos \t, % sin At, s)

for a nonzero constant \.

M. Choi, Y. H. Kim, and D. W. Yoon studied ruled surfaces with pointwise 1-type Gauss map in Minkowski
3-space E3, and they proved the following in [59].

Theorem 17.25. [59] (Classification) Let M be a ruled surface in Minkowski 3-space E3 with pointwise 1-type Gauss
map. Then, M is an open part of a Euclidean plane, a Minkowski plane, a hyperbolic cylinder, a Lorentz circular cylinder,
a circular cylinder of index 1, a cylinder of an infinite type, a helicoid of the first kind, a helicoid of the second kind, a
helicoid of the third kind, the conjugate of Enneper’s surface of the second kind, a rotational ruled surface of type I or type
II, a transcendental ruled surface, or a B-scroll.

Theorem 17.26. [59] Let M be a non-cylindrical ruled surface of type ML , ML or M3 in Minkowski 3-space E3.
Suppose that M has pointwise 1-type Gauss map of the second kind. Then, M is an open part of a rotational ruled
sutrfaces of type I or type IL.

Theorem 17.27. [59] (Classification). Let M be a non-cylindrical ruled surface over a non-null base curve in Minkowski
3-space E3. Then, M has pointwise 1-type Gauss map if and only if M is an open part of a helicoid of the first kind, a
helicoid of the second kind, a helicoid of the third kind, the conjugate of Enneper’s surface of the second kind, a rotational
ruled surface of type I or II, or a transcendental ruled surface.

Theorem 17.28. [59] (Classification). Let M be a null scroll with pointwise 1-type Gauss map in Minkowski 3-space
3. Then, M is an open part of a Minkowski plane or a B-scroll.

In [152], N. C. Turgay studied the Gauss map for marginally trapped (or quasi-minimal) surfaces in all three
cases of spacetimes of constant curvature, namely, Minkowski, de Sitter and anti-de Sitter spacetimes. The
author gave complete classifications of all such surfaces, and he proved the following.

Theorem 17.29. [152] Let M be a marginally trapped surface in Minkowski space-time E}. Then, M has proper pointwise
1-type Gauss map of the first kind if and only if it is a non-flat surface lying in S3(r?) or H3 (—r?).
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Theorem 17.30. [152] Let M be a marginally trapped surface in Minkowski space-time E{. Then, M has non-harmonic
1-type Gauss map, if and only if it is congruent to the surface given by

¢(u,v) = (p(u,v), u,0,¢(u,v))
for a function ¢ : @ C R? — R satisfying Helmholtz equation: Ap + Ao = ciu + cov for some constants X # 0, c1, ca.

In [84], U. Dursun and N. C. Turgay classified space-like surfaces in Minkowski space E{, de Sitter space
S%, and hyperbolic space H* with harmonic Gauss map, and classified the following space-like surfaces with
pointwise 1-type Gauss map of the first kind.

Theorem 17.31. [84] Let M be an oriented maximal surface in Minkowski space E{. Then M has pointwise 1-type Gauss
map of the first kind if and only if M has flat normal bundle. Moreover, the Gauss map v satisfies Av = f(v + C) for
f=1h|?and C = 0.

Theorem 17.32. [84] Let M be an oriented non-maximal space-like surface in E{. Then M has pointwise 1-type Gauss
map of the first kind if and only if M has parallel mean curvature vector.

Theorem 17.33. [84] Let M be an oriented non-maximal space-like surface in E{ with space-like or time-like mean
curvature vector. Then M has pointwise 1-type Gauss map of the first kind if and only if M is a CMC surface lying
in the light cone LC C Ef, a Euclidean hyperplane E3 C E{, a Lorentzian hyperplane E3 C E{, the de Sitter space-time
53 (c?) C EY, or the hyperbolic space H? (—c?) C Ef.

Theorem 17.34. [84] Let M be an oriented non-maximal surface in Minkowski space E. Then M has (global) 1-type
Gauss map of the first kind if and only if M has parallel mean curvature vector and constant Gaussian curvature.

V. Milousheva and N. C. Turgay considered quasi-minimal Lorentz surfaces with pointwise 1-type Gauss
map in pseudo-Euclidean 4-space E3, and they proved the following in [129].

Theorem 17.35. [129] Let M} be a flat quasi-minimal surface in pseudo-Euclidean space E3. Then, M? has pointwise
1-type Gauss map v if and only if it is congruent to the surface given by

(u,v) = (9 (u,0), “J;, “;;,e (u,v)) ,

for a smooth function 0 satisfying

%6
# = (Fov)(u,v), ¥(u,v)=0(u,v)+cru+c,
where F is a non-constant function, ¢, and c, are constants. In this case,

Av=¢(v+C)
is satisfied for the smooth function ¢ = F' o 1 and the non-zero constant vector C' = c1mo A nz — cano A — 11 A 1ja.

B. Bektas, E. O. Canfes, and U. Dursun studied rotational surfaces with pointwise 1-type Gauss map in
pseudo-Euclidean spaces E{ and E3, and they proved the following in [11].

Theorem 17.36. [11] Let M be an oriented time-like surface with zero mean curvature in E}. Then M has pointwise 1-
type Gauss map of the first kind if and only if M has flat normal bundle. Hence, the Gauss map v satisfies Av = f(v + C)
for f = ||h||* and C = 0.

Theorem 17.37. [11] Let M be a time-like rotational surface in E} defined by
¢(s,t) = (z(s) cos (at) ,z(s) sin at, w(s) sinh bt, w(s) cosh bt). (17.5)

Then M has zero mean curvature vector, and its normal bundle is flat if and only if M is an open part of a time-like plane
in Ef.
Theorem 17.38. [11] A time-like rotational surface in E{ defined by (17.5) has parallel nonzero mean curvature if and

only if it is an open part of the time-like surface defined by

o(s,t) = <r0 cosh(i) cos at, 1o cosh(i) sin at, ro sinh(i) sinh bt, g sinh(i) cosh bt> (17.6)
To o o o

which has zero mean curvature in de Sitter space S? (rg?) C Ef.
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Theorem 17.39. [11] Let M be a time-like rotational surface in Ei defined by (17.5). Then M has pointwise 1-type Gauss
map of the first kind if and only if M is an open part of a time-like plane or the surface given by (17.6). Moreover, the
Gauss map v = ez A ey of the surface (17.6) satisfies Av = f(v + C) for C = 0 and the function

—2
f=Inl?= % <1 — a®b? <a2 coshz(i) + b2 sinh2(3)> > .

T'O To To

18. Other submanifolds with pointwise 1-type Gauss maps

18.1. Ly operators

Let M be a hypersurface of E"™! with xi(z),...,k,(z) as its principal curvatures. Associated with the
principal curvatures, there are n algebraic invariants given by

sk(m) = 0k(”1($)7 .- ~7Hn(x))v 1<k<n,

where g, : R" — R is the elementary symmetric function defined by

op(x1,.. . xy) = Z Ly oo Ty

1 <<l
Then the characteristic polynomial of the shape operator A of M can be expressed in terms of the s,’s as

n

Qa(t) =det(t] — A) = (—1)Fspt"*, 5o =1. (18.1)
k=0

The k-th mean curvature H;, of M is s;, = (Z) Hy, 0 < k <n.In fact, H, is the mean curvature, H}, is intrinsic for
even k, and H}, is extrinsic for odd k.

The Newton transformations Py, : X(M) — X(M) (k = 1, ..., n) are defined inductively from the shape operator
Aby
n
k

where I denotes the identity map on X(M). By applying Cayley-Hamilton’s theorem, we have P, = 0 from
(18.1). If k is even, P, does not depend on the chosen orientation, but if k is odd there is a change of sign in P;.

Associated with each Newton transformation Py, one has the linear differential operator Ly, : F(M) — F(M)
given by

POZI,...,Pk:SkI—AOPk1:< )H}CI—AOPkl, (182)

Li(f) = =Tr(Py 0 V2 ),
where V2f : X(M) — X(M) is the self-adjoint linear operator metrically equivalent to the Hessian of f and
given by
(V2F(X),Y) = (Vx(Vf),Y), XY €X(M).
Note that Ly is the linearized operator of the first variation of the (k + 1)-th mean curvature arising from the

normal variations of M for k = 2,3, ...,n — 1. In particular, L, = O is called the Cheng-Yau operator introduced
in [56].

18.2. Submanifolds with L, pointwise 1-type Gauss map

In recent years, the definition of L;-finite type hypersurface has been given by changing the Laplace operator
A in the definition of finite type hypersurfaces with the sequence of operators Lo, L1, Lo, ..., L,—; such that
Ly =—-A.

The following definition was given by Y. H. Kim and N. C. Turgay in [115].

Definition 18.1. A surface M of the Euclidean space [E3 is said to have L;-pointwise 1-type Gauss map if its
Gauss map v satisfies

L= f(v+0) (18.3)

for a function f € C* (M) and a constant vector C' € E3. More precisely, a L;-pointwise 1-type Gauss map is
said to be of the first kind if (18.3) is satisfied for C' = 0; otherwise, it is said to be of the second kind. In addition,
if (18.3) is satisfied for a constant function f, then we say that M has L,-(global) 1-type Gauss map.
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Y. H. Kim and N. C. Turgay studied surfaces in E* whose Gauss map v satisfies the equation L,v = f(v + C)
for a function f and a constant vector €, and gave the following.

Theorem 18.1. [115] An oriented surface M in E3 has Lq-pointwise 1-type Gauss map of the first kind if and only if it
has constant Gaussian curvature.

Theorem 18.2. [115] An oriented minimal surface M in E3 has L-pointwise 1-type Gauss map if and only if it is an
open part of a plane.

Theorem 18.3. [115] Let M be a surface with constant mean curvature in E3. Then M has L,-(global) 1-type Gauss
map if and only if it is an open part of a sphere, a right circular cylinder or a plane.

Theorem 18.4. [115] Let M be a surface with a constant principal curvature in E3. Then M has Ly-pointwise 1-type
Gauss map if and only if it is either a flat surface or an open part of a sphere.

Y. H. Kim and N. C. Turgay studied ruled surfaces with L;-pointwise 1-type Gauss map in 3-dimensional
Euclidean and Minkowski spaces, and proved the following two theorems in [118] .

Theorem 18.5. Let M be a non-cylindrical ruled surface in B3 whose position vector ¢ satisfies Ly¢ = div(Py(V9)).
Then, the following three statements are equivalent:

(1) M has L-pointwise 1-type Gauss map v of the second kind.
(2) The Gauss map v of M satisfies Liv = Av for a matrix A € R3%3,
(3) M is flat.

Theorem 18.6. Let M be a null scroll in E3. Then the following four conditions are equivalent.

(1) M has L,-pointwise 1-type Gauss map v.

(2) The Gauss map of M satisfies Av = Av for a constant 3 x 3-matrix A.
(3) The Gauss map of M satisfies Lyv = Av for a constant 3 x 3-matrix A.
(4) M is a B-scroll.

Y. H. Kim and N. C. Turgay studied helicoidal surfaces with L-pointwise 1-type Gauss map in E3, and they
proved the following.

Theorem 18.7. [116] Let M be a rotational surface in E3. Then, M has Ly -pointwise 1-type Gauss map of the first kind
if and only if it is congruent to the surface given by

y
F(y,t) = (/ \/ﬁdy,ycost,ysint)
To

for some constants o, k and .

Theorem 18.8. [116] Let M be a rotational surface in E3. Then, M has Li-pointwise 1-type Gauss map of the second
kind if and only if M is an open part of one of the following four types of surfaces: (1) a plane, (2) a right circular cylinder,
(3) a right circular cone, or (4) a surface which is locally congruent to the surface given by

F(y,t) = </y v/ (n~t In¢)? df,ycost,ysint) (18.4)
Yo

for some constants yo, A and ¢ # 0 where 1 is the function defined by

¥ E+c
= . 18.
n(w) /M(Agg_cgg_f_g)df (185)

Theorem 18.9. [116] Let M be a genuine helicoidal (i.e., a # 0) surface in E* given by
F(y,t) = (¢ + at,ycost,ysint),

where ¢ = ¢(y) is a smooth function defined on an open interval of R and a is a constant. Then M has Li-pointwise
1-type Gauss map if and only if its Gaussian curvature is constant.
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Theorem 18.10. [116] Let M be a helicoidal surface in E3. Then, M has L-pointwise 1-type Gauss map of the second
kind if and only if M is an open part of one of the following four types of surfaces: (1) a plane, (2) a right circular cylinder,
(3) a right circular cone, or (4) a surface which is locally congruent to the rotational surface given by (18.4) and (18.5).

Y. H. Kim and N. C. Turgay studied the following pointwise 1-type Gauss map of surfaces in E? via the
operator L, in [117].

Lemma 18.1. [117] Let M be a surface in E3. Then, its Gauss map v satisfies
Liv=-VK+2KHv,
where H and K are the mean and Gaussian curvatures of M respectively, and

. { 1, if M is Riemannian,
U —1, if M is Lorentzian.

Theorem 18.11. [117] If M is a surface in E3, then, it has Li-pointwise 1-type Gauss map of the first kind if and only if
it has constant Gaussian curvature.

Corollary 18.1. [117] A surface with diagonalizable shape operator and L,-pointwise 1-type Gauss map of the first kind
in E3 if and only if it is congruent to one of the following five surfaces:

(1) A cylinder S*(r) x Ei, where S*(r) is a circle in E? with radius r,

(2) A cylinder Si(r) x E', where S} (r) is the curve in E? given by B(s) = (rsinh s, r cosh s),
(3) A cylinder H'(r) x B!, where H' () is the curve in B2 given by B(s) = (rsinh s, r cosh s),
(4) The de-Sitter space S%(r?),

(5) The hyperbolic space H?(—r?).

J. Qian and Y. H. Kim studied canal surfaces with L -pointwise 1-type Gauss map in [140], and they gave the
following.

Theorem 18.12. [140] An oriented canal surface M given by
@(5,0) = c(s) +r(s) {singpcos N + sinpsin B + cos pT'},

where 6 € [0,2), ¢ € [0,7), —r(s) = cos ¢ for some smooth function ¢ = ¢(s), of E* has Ly-pointwise 1-type Gauss
map of the second kind if and only if it is a surface of revolution represented by

@(s,0) = (r(s) cosp + s,7(s) sinp cos B, 7(s) sin ¢ sin 6)
satisfying (k1k2)' /(K1 + k2) = L (log |Cir’ — 1|)', where the principal curvatures are given by ky = r" /(rr" 4 ' — 1)
and ko = —r~*, respectively.
18.3. Submanifolds with Ly, pointwise 1-type Gauss map

In [96], E. Giiler and N. C. Turgay studied rotational hypersurfaces in the n-dimensional Euclidean space E".
They considered the Gauss map v of rotational hypersurface in E™ with respect to the operator L, acting on
the functions defined on the hypersurfaces with some integers £ = n — 3, n > 3. They obtained the following
classification theorem.

Theorem 18.13. [96] Let M be a rotational hypersurface in E™ given by

fr) n]:[2 cos 6;
i=1

n—2
f(r)sinfy ] cosb;
i=2

3

n—2
(Z)(T, 01,05, ..., 9n72) = f (T) sin 6, 1:[3 cos 0;

f(r)sin On;g cosB,_o
f (T) sin 97172
o (r)
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where f, are the differentiable functions, r,6; € R\ {0}. Then the Gauss map v of M satisfies L,,_sv = Av for some
n x n matrix A with some integers n > 3 if and only if M is an open part of the followings: (1) a hyperplane, (2) a right
circular hypercone, (3) a circular hypercylinder, or (4) a hypersphere.

A. Mohammadpouri proved the following in [130].

Theorem 18.14. [130] An oriented hypersurface M in E"' with at most 2 distinct principal curvatures has L,,_1-
(global) 1-type Gauss map of the first kind if and only if it is either an n-minimal hypersurface or an open part of a
hypersphere, a hyperplane or a generalized cylinder.

Theorem 18.15. [130] A rotational hypersurface of rational kind of Euclidean space E"*! has Ly-pointwise 1-type Gauss
map if and only if it is an open portion of a hyperplane, a generalized cylinder, or a right n-cone.

A. Mohammadpouri gave the following in [131].

Theorem 18.16. [131] An oriented hypersurface M in E" 1 has an Ly-pointwise 1-type Gauss map of the first kind if
and only if it has a constant (k + 1)-st mean curvature.

Corollary 18.2. [131] An oriented minimal hypersurface M in E" ! with at most 2 distinct principal curvatures has an
Ly-pointwise 1-type Gauss map of the first kind if and only if it is an open domain of a hyperplane.

Proposition 18.1. [131] Let M be a connected orientable hypersurface in E"t1 with at most 2 distinct principal
curvatures. If nH1Hy41 = (n — k — 1)Hyyo, then M has an Ly-pointwise 1-type Gauss map of the second kind if and
only if it is an open domain of a hyperplane.

19. Surfaces with 1-type Gauss map in Galilean G3, G} and in Sols

19.1. Surfaces in Galilean space G3

According to F. Klein’s Erlangen Program, each geometry is associated with a group of transformations.
Hence there are as many geometries as groups of transformations. Associated with group of transformations
that in physics guarantees the invariance of many mechanical systems, so the Galilei group gave rise to the
Galilean geometry. The Galilean space Gj5 is one of the Cayley-Klein spaces endowed with the projective metric
of signature (0,0, +, +). The absolute figure of the Galilean space is the ordered triple {w, f, I}, where w is an
ideal (absolute) plane, f is a line (absolute line) in w, and I is a fixed elliptic involution of points of f.

In non-homogeneous coordinates, the group of motion of G3 has the form:

r=a +x,
Y =as+ azxr +ycosd + zsinb,
z =

a4 + asx —ysinf + zcos b,

where a1, as, a3, a4, a5, and 6 are real numbers. If the first component of a vector is not zero, then the vector
is called as non-isotropic, otherwise it is called isotropic vector (see [138]). The scalar product of two vectors
v = (v1, U2, v3) and w = (w1, we, w3) in G3 is defined by

_ V1w, if (%1 # 0or w1 7& 0,
{v,w) = { vowg + vaws, ifv; =0andw; =0.

The length of the vector v = (v1, v, v3) is given by

|| H U1, if U1 # 07
vl =
Vs + 03, ifu; =0.

The group of motion of G3 leaves invariant the Galilean length of the vector. The distance between p =
(p1,p2,p3) and ¢ = (q1, g2, g3) in G3 is defined by

d(p q): |111*p1\ if p1 # q1,
7 \/(QQ—p2)2+(QS—p3)2 ifpr = qu.

I. Kisi and G. Oztiirk studied spherical product surface having pointwise 1-type Gauss map in G3, and they
proved the following.
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Theorem 19.1. [122] Let M be a spherical product surface in G given by

¢(U, U) = (u>p(u)v>p(u)Q(v>)
Then M has pointwise 1-type Gauss map of the first kind if and only if M has the following parametrization

d(u,v) = <u,p(u)v, +p(u) \/—v2 —2c1v— 2+ o+ 03> ,

where c1, ca, c3 are constants.
In addition, they provided in [122] a theorem for pointwise 1-type Gauss map of the second kind.

Let v(s) be a curve in G} whose position vector is given by v(s) = (s,y(s), z(s)). Denote by (t(s), t(s), t(s)) be
the Frenet frame of ~(s). In [156], D. W. Yoon studied tubular surface in G3 defined by

¢(s,t) = (s) + rcos(t)n(s) + rsin(t)b(s), (19.1)
where r is a positive number. He proved the following results in [156].

Theorem 19.2. There are no harmonic tubular surface in Gg given by (19.1).

Theorem 19.3. Let M be a tubular surface given by (19.1) in Gs. If the immersion ¢ of M satisfies Ap = A¢ fora 3 x 3
matrix A, then it is parametrized by

(s, t) = (s, —cyr?sin(fs + b) + —=—=(cy cot t — dy sint) + cos + c3,

— dyr?sin(Ls +b) + ———(d1 cost + ¢, sint)ergerdg,)7

c?+d?

where ¢;,d; e R, i =1,2,3.
Theorem 19.4. There are no tubular surface given by (19.1) in Gz with harmonic Gauss map v, i.e., Av = 0.

Theorem 19.5. Let M be a tubular surface given by (19.1) in Gs. If the Gauss map v of M satisfies Av = Av fora 3 x 3
matrix A, then the following statements hold:

(1) The torsion of the curve ~y is constant.
(2) The Gauss map v is of 1-type.

Theorem 19.6. Let M be a tubular surface in Gs. If M has pointwise 1-type Gauss map of the first kind, then the Gauss
map of M is of usual 1-type.

Theorem 19.7. There is no a tubular surface in Gz with pointwise 1-type Gauss map of the second kind.

19.2. Surfaces in pseudo-Galilean space G}

The pseudo-Galilean geometry is one of the real Cayley-Klein geometries of projective signature (0,0, +, —).
The geometry of G} is similar to G, but not the same.

The absolute figure of the Galilean space is the ordered triple {w, f, I}, where w is an ideal (absolute) plane,
[ is a line (absolute line) in w, and I is a fixed hyperbolic involution of points of f. The group of motion of G}
takes the form:

Tr=a;+x,
Y = ag + azx + ycoshf + zsinh 0,
Z = a4 + asx + ysinh @ + z cosh 6,

where a1, a2,as3,a4,as, and 6 are real numbers. The scalar product of two vectors v = (v, v2,v3) and w =
(w1, w2, ws) in G} is given by

_ VW1, if’Ul #Oorwl 7&07
<VaW> = { vowg — v3ws, ifv; =0andw; =0.
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The length of the vector v = (v1, v, v3) is

|| H V1, lf U1 7& 0,
Vil =
Vs —v3, ifv; =0.

The group of motion of G} leaves invariant the pseudo-Galilean length of the vector. The distance between
p = (p1,p2,p3) and ¢ = (41, ¢z, g3) in G} is given by

d(p,q) = lg1 — p1] if p1 # q1,
7 \/(QZ —p2)2 - (93 —p3)2 ifp1 =aq1.

M. Choi and D. W. Yoon studied in [60] surfaces of revolution with pointwise 1-type Gauss map in G3, and
proved the following.

Theorem 19.8. [60] (Classification) Let M be a surface of revolution generated by an isotropic curve in G3. If M has
pointwise 1-type Gauss map of the first kind, then the Gauss map of M is of usual 1-type.

In [60], M. Choi and D. W. Yoon also gave a theorem for pointwise 1-type Gauss map of the second kind.
D. W. Yoon, Y. H. Kim, and J. S. Jung considered in [158] rotation surfaces with L;-pointwise 1-type Gauss
map in pseudo-Galilean space, and they proved the following.

Theorem 19.9. [158] Let M be a rotation surface defined by
¢(u,v) = (u, g(u) cosh v, g(u) sinh v),

where g(u) is a positive function on Gi. Then M has L-pointwise 1-Gauss map of the first kind if and only if M is an
open part of one of the following surfaces:

é1(u,v) = (u,acos(ku + b) coshv, a cos(ku + b) sinhv), ¢ = —k?,
¢a(u,v) = (u,acosh(ku + b) cosh v, a cosh(ku + b) sinhv), ¢ = k?,

where a, b, k € R.

D. W. Yoon, Y. H. Kim, and J. S. Jung also obtained in [158] a result for L,-pointwise 1-type Gauss map of the
second kind.

Let v(s) be a space-like (time-like) curve in G} whose position vector is given by
v(s) = (s,p(8),q(s)). (19.2)

Denote the Frenet frame of (s) by (t(s), n(s), b(s)). In [149], Y. Tunger, M. K. Karacan and D. W. Yoon called a
tubular surface in G} to be of type I if it is parametrized by

@°(s,t) = v(s) + rcosh(t)n(s) + rsinh(¢)b(s), (19.3)
where 7 is a positive number and

+1, if M is a space-like canal surface with space-like centered curve,
€ =
—1 if M is a time-like canal surface with space-like centered curve.

They proved in [149] the following result.
Theorem 19.10. Let M be a type-1 tubular surface in G} given by (19.3). Then:

(1) There are no type-I tubular surface given by (19.3) with harmonic Gauss map, i.e., Av = 0,
(2) All type-I tubular surfaces satisfy Av = Av with 0 # X € R,
(3) All type-I tubular surface satisfy Av = Av, where A = ;1.
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19.3. Surfaces in sol space Sols

The space Sols is a simply connected homogenous 3-dimensional manifold whose isometry group has
dimension 3 and it is one of the eight models of geometry of W. Thurston [148]. This space can be identified
with R? on which the group operation

(z,y,2) % (2,9,2) = (x + Te 7,y + §e*, 2+ 2)

and the left invariant Riemannian metric is given by g = e?*dz? + e~ ??dy? + dz?, where (z, y, z) are the standard
coordinates in R?. The corresponding Killing vector fields associated to these families of isometrics are given
by
0 0 0 g 0
L F=—, Fy=—0— +y—+ —.
or’ " oy P x8x+y8y+az
A surface M in Sols is called T;-invariant if it is invariant under the action of 1-parameter subgroup of isometric
generated by the Killing vector fields F; with i =1,2,3.

D. W. Yoon studied in [157] T}-invariant surfaces in Sol; with pointwise 1-type Gauss map. He proved the
following results.

F =

Theorem 19.11. Let M be a T'-invariant surface in Sols. Then it has pointwise 1-type Gauss map of the first kind if and
only if it is a surface given by

¢(87t) = (t7y(8)7 Z(S))>

where

y(s) = /exp (i cos(as + b)> cos(as + b)ds and z(s) = écos(as +0).

Theorem 19.12. Let M be a T\-invariant surface in Sols. Then it has pointwise 1-type Gauss map of the second kind if
and only if it is given by ¢(s,t) = (t,a,+s + b), with constant a, b.

Theorem 19.13. Let M be a Ty-invariant surface in Sols. Then it has Li-pointwise 1-type Gauss map of the first kind if
and only if it has constant Gauss curvature.

In [157], D. W. Yoon also obtained necessary and sufficient conditions for a T3 -invariant surface in Sol; having
L,-pointwise 1-type Gauss map of the second kind.

20. Some related results

In [94], E. Giiler, M. Magid, and Y. Yayli considered helicoidal hypersurfaces and their Gauss map in E*, and
they gave the following result.

Theorem 20.1. [94] Let ¢ : M3 — E* be a helicoidal hypersurface given by
d(u,v,w) = (ucosvcosw,usinv cosw, usinw, p(u) + av + bw)

with u,a,b € R\ {0} and 0 < v,w < 2m. Then A¢ = A¢ holds for some 4 x 4 matrix A if and only if M> has zero mean
curvature.

In [91], E. Giiler studied helical hypersurfaces in Minkowski geometry E{, and he proved the following.

Theorem 20.2. Let ¢ : M3 — E{ be a time-like helical hypersurface given by
d(u, v, w) = (ucos v cosw,usinv cosw, usinw, p(u) + av + bw)

with u,a,b € R\ {0} and 0 < v,w < 2. Then A¢ = A¢ holds for some 4 x 4 matrix A if and only if M3 has zero mean
curvature.

In [114], D.-S. Kim, J. R. Kim, and Y. H. Kim studied Gauss map v of surfaces of revolution in 3-dimensional
Euclidean space E? and proved the following.
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Theorem 20.3. [114] Let M be a surface of revolution given by

o(s,t) = (x(s) cost, x(s)sint, z(s)).

Then the Gauss map v of M satisfies L1v = Av for some 3 x 3 matrix A if and only if M is an open part of one of the
following surfaces: (1) a plane, (2) a right circular cone, (3) a circular cylinder, or (4) a sphere.

In [95], E. Giiler and N. C. Turgay proved the following.

Theorem 20.4. Let M be a rotational hypersurface in Euclidean four-space E* given by
d(u,v,w) = (f(u)cosvcosw, f(u)sinvcosw, f(u)sinw, p(u)),

where u € R\ {0} and 0 < v,w < 2r. Then the Gauss map v of M satisfies Liv = Av for some 4 x 4 matrix A if and
only if M is an open part of the following four types of hypersurfaces: (1) a hyperplane, (2) a right circular hypercone, (3)
a circular hypercylinder, or (4) a hypersphere.

E. Giiler also considered generalized helical hypersurfaces having time-like axis in Minkowski spacetime Ef,
and gave the following two results.

Theorem 20.5. [92] The Laplacian of the generalized helical hypersurface
d(u,v,w) = (f (u) cosvcosw, f (u)sinvcosw, f (u)sinw, g(u) + av + bw) , (20.1)

is given by A¢ = 3H v, where H, is the mean curvature and v is the Gauss map.

Theorem 20.6. [92] Let ¢ : M3 — E{ be a helicoidal hypersurface with time-like axis given by (20.1). Then A¢ = A¢
for some 4 x 4 matrix A if and only if M?> has zero mean curvature.

In [93], E. Giiler, H. H. Hacisalihoglu, and Y. H. Kim studied A" for rotational hypersurfaces. They gave the
following.

Theorem 20.7. [93] Let M be a rotational hypersurface in E* given by
d(u,v,w) = (ucosv cosw,usinv cosw,usinw, p(u)),

where u € R\ {0} and 0 < v,w < 2r. Then M satisfies Al¢, = f;¢; for some functions f; for i =1,2,3,4 and ¢ =
(¢17 e 7¢4)'

For some further results related to A’ ¢ = A¢ (J=I, 11, III), see [97, 98, 99].
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