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On translation surfaces in 4-dimensional
Euclidean space

KADRI ARSLAN, BENGU BAYRAM, BETUL BULCA, AND GUNAY OZTURK

ABSTRACT. We consider translation surfaces in Euclidean spaces. Firstly,
we give some results of translation surfaces in the 3-dimensional
Euclidean space E3. Further, we consider translation surfaces in the
4-dimensional Euclidean space E*. We prove that a translation surface
is flat in E* if and only if it is either a hyperplane or a hypercylinder.
Finally we give necessary and sufficient condition for a quadratic trian-
gular Bézier surface in E* to become a translation surface.

1. Introduction

Surfaces of constant mean curvature, H-surfaces and those of constant
Gaussian curvature, K-surfaces in the 3-dimensional Euclidean space E3
have been studied extensively. An interesting class of surfaces in E3 is that
of translation surfaces, which can be parameterized locally as X (u,v) =
(u,v, f(u) + g(v)), where f and g are smooth functions.

From the definition, it is clear that translation surfaces are double curved
surfaces. Therefore, translation surfaces are made up of quadrilateral, that
is, four sided, facets. Because of this property, translation surfaces are used
in architecture to design and construct free-form glass roofing structures
(see [4]). Generally, these glass roofings are made up of triangular glass
facets or curved glass panes. But, since quadrangular glass elements lead to
economic advantages and more transparency compared to a triangular grid,
translation surface are used as a basis for roofings.

Scherk’s surface, obtained by H. Scherk [8], is the only non flat minimal
surface, that can be represented as a translation surface.
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Translation surfaces have been investigated from various viewpoints by
many differential geometers. L. Verstraelen et al. [10] have investigated
minimal translation surfaces in n-dimensional Euclidean spaces. H. Liu [7]
has given a classification of translation surfaces with constant mean curva-
ture or constant Gaussian curvature in the 3-dimensional Euclidean space
E3 and the 3-dimensional Minkowski space E3. In [5], W. Goemans proved
classification theorems of Weingarten translation surfaces. D. W. Yoon [11]
has studied translation surfaces in the 3-dimensional Minkowski space whose
Gauss map G satisfies the condition AG = AG, A € Mat(3,R), where A
denotes the Laplacian of the surface with respect to the induced metric and
Mat(3,R) is the set of 3 x 3 real matrices. M. I. Munteanu and A. I. Nistor
[6] have studied the second fundamental form of translation surfaces in E3.
They have given a non-existence result for polynomial translation surfaces in
E? with vanishing second Gaussian curvature Kj;. They have also classified
those translation surfaces for which Kj; and H are proportional.

In this paper, we consider translation surfaces in the 4-dimensional Eu-
clidean space E*. We prove that a translation surface is flat in E* if and only
if it is either a hyperplane or a hypercylinder. Finally, we give a necessary
and sufficient condition for a quadratic triangular Bézier surface in E* to
become a translation surface.

2. Basic concepts

Let M be a smooth surface in E™ given by a patch X (u,v), (u,v) € D C
[E2. The tangent space to M at a point p = X (u,v) of M is span {X,, X, }.
In the chart (u,v), the coefficients of the first fundamental form of M are
given by

E= <Xquu>a F = (Xva>, G = <XvaXv>,

where (,) is the Euclidean inner product. We assume that W2 = EG — F? #
0, i.e., the surface patch X (u,v) is regular. For each p € M, consider the de-
composition T,E" = T, M EBTle where TpLM is the orthogonal component
of T,M in E".

Let x(M) and x*(M) be the space of smooth vector fields tangent to M
and the space of smooth vector fields normal to M, respectively. Given any

local vector fields X, X5 tangent to M, consider the second fundamental
map h: x(M) x x(M) — x*(M),

h(Xi,X,)=Vx X, -Vx X, 1<ij<2, (2.1)

where V and V are the induced connection of M and the Riemannian con-
nection of E™, respectively. This map is well-defined, symmetric and bilinear.
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For any orthonormal frame field { Ny, Na, ..., N,_2} of M, the shape oper-
ator A : x+(M) x x(M) — x(M) is defined by

AN X =—(Vx,No)T,  Xj € x(M).
This operator is bilinear, self-adjoint and satisfies the condition

(AN, X;, Xi) = (h(Xi, X;), Ny = ¢, 1<i,j<2,1<k<n-2, (2.2)

fj are the coefficients of the second fundamental form.

The equation (2.1) is called the Gauss formula. One has

where ¢

n—2
h(Xi, Xj) =) Ny, 1<i,j<2.
k=1

Then the Gaussian curvature K of a regular patch X (u,v) is given by

1 n—2
K= w2 Z(le10§2 - (le2)2)- (2.3)
k=1
Further, the mean curvature vector of a regular patch X (u,v) is given by
1 n—2
H= 57772 2 (hG + B E = 2, F)N. (2.4)
k=1

The norm of the mean curvature vector Hﬁ” is called the mean curvature

of M. The mean curvature H and the Gaussian curvature K play the most
important roles in differential geometry for surfaces (see [1]).

Recall that a surface M is said to be flat (respectively minimal) if its
Gaussian curvature (respectively mean curvature) vanishes identically (see
[2])-

The k™ mean curvature of M is defined by
22

The surface M is said to be Hy-minimal if the k'™ mean curvature Hj, vanishes
identically.

Hy, MG+ B E—2K8,F), 1<k<n-2.

We denote by R the curvature tensor associated with V,

R(X,Y)Z =VxVyZ —VyVxZ —VxyZ.

The equations of Gauss and Ricci are given, respectively, by
(R(X,Y)Z,W) = (h(X,W),h(Y, Z)) — (WX, Z)h(Y,W)) ,

<RJ_(X7 Y)£777> = <[AE’A77]X7 Y>7

for vectors X,Y, Z, W tangent to M and £,n normal to M (see [2]).
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3. Translation surfaces in E?

Let a, 8 : R — E3 be two Euclidean space curves. Put a(u) = (f1(u),
fa(uw), f3(u)) and B(v) = (g1(v), g2(v), g3(v)). Then the sum of « and S can
be considered as a surface patch X : E?2 — [E3,

X(u,v) = a(u) + B(v), up <u<uy, vp<v<u,

which is a surface in E3, where the tangent vectors o/ and /3 must be linearly
independent for any u and v.
A basis for the tangent space is given by

XU = (fll(u)a le(u)a f3/(u))a
Xy = (gll(v)agzl(v)ag:i,(v )
The unit normal vector field N can be given by (see [3])
1
N = m (f2/93/ - fglgzla f3,g1/ - f1/ggla f1/92/ - f2,g1,) .
Definition 3.1. A surface M defined as the sum of two plane curves

a(u) = (u,0, f(u)) and B(v) = (0,v,g(v)) is called a translation surface in
[E3. So, a translation surface is defined by means of the Monge patch

X (u,v) = (u,v, f(u) + g(v)).
Example 3.1. Consider the translation surfaces in E? given by
), g(v) = sin(%) (see Figure 1(A)),
b) f(u) =sin(3u), g(v) = cos(3v) (see Figure 1(B)).

B \\\“\\\\\
Q‘\\

(A) Translation surface. (B) The egg box surface.

FIGURE 1. Translation surfaces in E3.

The following results are well known.
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Proposition 3.1 (see [7]). Let M be a translation surface in E3. Then
the Gaussian and the mean curvature of M can be given by

f//g//
1+ ()2 +(9))?

and
o 1A @A) g0+ (1))
2(1+ (f)2 + (¢)?)?

From the previous proposition, one can get the following results.

Theorem 3.1. Let M be a translation surface in E3. Then M has van-
ishing Gaussian curvature if and only if either M is a plane or a part of
a cylinder with the axis parallel to (1,0,a) or (0,1,c), where a,c are real
constants.

Theorem 3.2 (see [8]). Let M be a translation surface in E3. If M has
constant Gaussian curvature, then M is congruent to a cylinder. So, K = 0.

Corollary 3.1. Let M be a translation surface in E3. Then M is a min-
imal surface if and only if

fl/ g/l

DR RO

where a 1s a non-zero constant.

Theorem 3.3 (see [8]). Let M be a translation surface in E®. Then M is
manimal if and only if M is a surface of Scherk given by the parametrization

() =+ Tog feos(au)]
9(v) =~ log feos(av)|

where a 1s a non-zero constant.

Theorem 3.4 (see [7]). Let M be a translation surface with constant
mean curvature H # 0 in the 3-dimensional Euclidean space E3. Then M is
congruent to a surface given by the parametrization

where a < 1 is a non-zero positive constant.
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4. Translation surfaces in E*

Let o, B : R — E? be two curves in E%. Put a(u) = (f1(u), f2(u), f3(u),
fa(w)) and B(v) = (g1(v), g2(v), g3(v), ga(v)). Then the sum of o and S can
be considered as a surface patch X : E?2 — R4,

X(u,v) = a(u) + B(v), up <u<u, vp<wv<uvg,
which is a surface in E*.

Definition 4.1. A surface M defined as the sum of two space curves

a(w) = (u,0, f3(u), fa(u)) and B(v) = (0,v,g5(v), ga(v)) is called a transla-
tion surface in E*. So, a translation surface is defined by a patch

X(u,v) = (u,v, f3(u) + g3(v), fa(u) + ga(v)). (4.1)

The tangent space of M is spanned by the vector fields

Xu = (17 07 f3/(u)7 f4,(’LL)),
Xy =(0,1,95"(v), 9,/ (v)).

Hence the coefficients of the first fundamental form of the surface are

E=(Xy, Xu) =1+ (f3/)2 + (f4/)2’

F= <Xquv> = fs/gg/ + f4/g4/7

G=(Xy, Xy) =1+ (93/)2 + (94/)2’
where ( ,) is the standard scalar product in E*. Since the surface M is non-
degenerate, || X, x X,|| = VEG — F? # 0. For the later use we define a

smooth function W as W = || X, x X, .
The second partial derivatives of X (u,v) are given by

X, = (0,0, £," (w), f," (w)),
X,., =1(0,0,0,0), (4.2)
va = (070793”(?})794”(”))’

Further, the normal space of M is spanned by the orthonormal vector fields

1
Nl = —~(_f3,(u)’ _93,(1})’ 1, 0)7
VE (4.3)

1 ~ ~ ~ ~ ~ ~
N, = Ff/(u)— Ef,'(u),Fg,’(v) — Eg,’(v),—F, E),
> \/E,Wv(fg() fi'(u), Fgy'(v) — Eg,"(v) )
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where

E=1+(£)+ ()%
F=f'f+g)9.),
G=1+("+(0))
W =\/EG — F2.
Using (4.2) and (4.3), we can calculate the coefficients of the second fun-
damental form as follows:

4 f3// g 93”
11 — \/T? 22 — ="
E VE

1 _ 2 _
C1g = ¢ = 0,

2, - BRI Ff (44)
VEW

3, =29 —Fa”
VEW

Using (4.4) and (2.2), the second fundamental tensors Ay, become

f3” 0 Ef4//_ﬁf3// 0
An, = L \/E " Apn, = L \/EW _ _
1 W2 0 f;r 9 2 W2 0 Eg4”—Fgg”
E

VEW
By (4.4) together with (2.3) and (2.4), we get the following result.

Proposition 4.1. Let M be a translation surface in E*. Then the Gauss-
ian curvature and mean curvature vector field of M can be given by
K fsﬂg:’,”é o (f3/194// +93//f4//)}'71v+ f4//g4//E
W 212
and

ﬁ f3//G+93//E G(f4”E o fsuﬁ) + E(g4/,E _gguﬁ)

= — Nl + — Ng.
2V EW? o/ EW W2

From this proposition, one can get the following results.

Theorem 4.1. Let M be a translation surface in E*. Then M has van-
ishing Gaussian curvature if and only if either M is a plane or a part of a
hyper-cylinder of the form

X(u,v) = (0,v,b3 + g3(v),bs + g4(v)) + u(1,0,as,as)
or

X(u,v) = (u,0,d3 + f3(u),ds + fa(u)) +v(0,1,cs3,cq),
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where a;, b;, ci,d; (i = 3,4) are real constants, and bs, by, d3, and dy can be
taken to be 0.

Theorem 4.2 (see [3]). Let M be a translation surface in E*. Then M is
minimal if and only if either M is a plane or

fr(u) = C?),Cchi (log |cos(v/au)| + cu) + egu,

gr(v) = C:%)TC?; <— log ‘COS(\/BU)‘ + dv) +prv, k=34

where ¢, eg, P, a, b, ¢, d are real constants with a > 0 and b > 0.

For the general case of the previous theorem see [10].

Proposition 4.2. Let M be a translation surface in E* given by the sur-
face patch (4.1). If the functions fs(u) and gs(v) are linear polynomials,
then M is Hy-minimal.

Proof. The first mean curvature of the translation surface M is
Hl _ fg//GtggﬂE'
2V EW?
Suppose that f3(u) and g3(v) are linear polynomials of the form
f3(u) = a1u+az, g3(v) = b1v + bs.

Then the first mean curvature of the translation surface M vanishes identi-
cally. O

5. Bézier translation surfaces in E*

Quadratic triangular Bézier surfaces in E* can be parametrized with the
help of barycentric coordinates u, v, and t =1 — u — v as follows:

s(u,v,t) = Z ngk(uvvyt)bijky
itj+k=2

where

are basis functions and b;j;, are control points (see [9]).
A quadratic triangular Bézier surface M C E* can be parametrized with
the help of affine parameters u, v as follows:

1 1
X(u,v) = §:Eu2 + yuv + §zv2 + wu + cv + d, (5.1)

where z, y, z, w, ¢, d are constant vectors in E*.
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Furthermore, a quadratic triangular Bézier surface can be considered as
the sum of two curves

4
1
a(u) = Z §xiu2 +wiu + aj,
i=1

4
1
B(v) = Z §ziv2 + c;v + b;.
i=1

Corollary 5.1. Let M be a quadratic triangular Bézier surface in E*
given by (5.1). If

’u)l:l, xlzzlzclzdle,
62:1, x2222:w2:d220, (52)
y=0,

then M is a translation surface.
Proof. If the equalities (5.2) hold, then
X (u,v) = (u,v,7(u,v), s(u,v)),
where

1 1
r(u,v) = §x3u2 + 52302 + wsu + c3v + ds,

1 1
s(u,v) = §az4u2 + 52402 + wau + c4v + dy.
So the Bézier surface becomes a translation surface of the form
1 2 I 4
fg(’LL) = §ZE3’LL + w3u + as; 93(’0) = §Z3U + C3vU + b3,
1 1 (5.3)
fa(u) = §$4u2 + wau + ag; ga(v) = 524?12 + c4v + by,
where d; = a; + b;, i = 3,4. ]

Example 5.1. We construct a 3D geometric shape model in E? by using
the projection of the Bézier translation surface in equation (5.3), which is
given by

u?  v?

7 )
Wherexgz—l, 242—1, ZU3:ag:Z3:C3:b3:l‘4:ZU4:a4:C4:
by = 0.

X(u,v) = (u,v, —
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Furthermore, we plot the graph (see Figure 2) of the given surface by
using the Maple plotting command

plot3d([z + vy, z,w], z = a..b,y = c..d).

FIGURE 2. The projection of Bézier translation surface in E3.
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