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Abstract. We introduce new examples of maximal surfaces in Lorentz-Minkowski 3-dimensional space
by solving the Bjorling problem for cycloidal curves and vector fields determined by their normal and
the binormal vector fields. We also provide their Weierstrass representation and determine the associated
family of such surfaces. We analyze their geometric properties and show that one family of parametric
curves of surfaces from associated family are generalized helices lying on a non-degenerated quadric.
Finally, we study a Lorentzian counterpart of the Henneberg surface and show that its adjoint is a maximal
surface over a spacelike Lorentzian astroid.

1. Introduction

In differential geometry, a minimal surface is defined as a surface with zero mean curvature. The study
of minimal surfaces constitutes a prominent area of differential geometry and has applications in other
mathematical disciplines, including the calculus of variations, potential theory, and mathematical physics,
see for example [9, 12, 20, 21, 35, 36]. The term minimal originates from a variational problem, as such a
surface represents a solution to Plateau’s problem, which seeks a surface of minimal area for given boundary
conditions, [34].

Counterparts of minimal surfaces are also studied in Lorentz-Minkowski space, where a specific type
is referred to as a maximal surface. These surfaces are spacelike, meaning that the induced metric is
Riemannian, and the term maximal signifies that they maximize the surface area for given boundary
conditions. Maximal surfaces play a significant role in various problems in physics, particularly in General
relativity, [3, 6, 25, 33]. For example, in [6] they serve as a special kind of initial data surfaces for Einsteins
equations, since the vanishing mean curvature condition simplifies the structure of equations or represent
a useful tool in the proof of positivity of the gravitational mass, [33]. The geometric importance of maximal
surfaces has also been recognized, and there are many works dealing with such surfaces and their properties,
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for example [5, 8, 17-19]. One of the important results related to maximal surfaces is the Bjorling formula,
[2, 28], which, at least theoretically, provides an efficient tool for obtaining an explicit parametrization of
such surfaces. In the Lorentz-Minkowski space, the Bjorling problem consists of finding a maximal surface
containing a given regular spacelike analytic curve a: I — R}, called a core curve of a surface, and a unit
timelike analytic vector field V along a, such that @’ and V are orthogonal along I and V is the surface
normal vector field. Since functions a and V are analytic, they have holomorphic extensions a(z) and
V(z) in a simply-connected domain ) C C that contains I X {0} and the maximal surface is given by the
parametrization x: Q — R?

z

x(1,0) = Re (a(z) +i f V(w) x o (w) dw) 1)

Up

for a fixed up € I and z = u +iv € Q, where X is the Lorentzian cross product, [22]. Although the
formula seems simple, there is not a large number of examples of maximal surfaces given by an explicit
parametrization, due to challenging calculation of integrals. In [22, 29], authors use the formula to obtain
maximal surfaces whose core curve is a circle or a helix. In this paper we consider maximal surfaces whose
core curve is a cycloidal curve. The cycloidal curves are also well-known in mathematical physics. A
particular class of them, straight (ordinary) cycloids appear as a solution of the brachistochrone problem,
i.e. a problem of finding the smooth curve joining two points along which a particle will slide from the
higher to the lower point in the least possible time, [10]. In this context, maximal surfaces over straight
(ordinary) cycloids can be viewed as solutions to two combined variational problems. Generally, cycloidal
curves are generated by a point on a circle that rolls without sliding-either inside or outside another circle
(or, in the case of a straight cycloid, along a straight line). In Lorentz-Minkowski space they are studied in
[7]. We will refer to the maximal surfaces generated over such curves as cycloidal maximal surfaces.

In [14] authors analyzed global geometric properties of maximal surfaces over Euclidean cycloidal
curves, while we consider maximal surfaces over the so-called Lorentzian cycloidal curves [7] as well and
present examples of such surfaces. Next, we establish their Weierstrass representation and obtain the adjoint
surfaces and a family of the associated surfaces. Finally, we analyze some of their properties. First we
prove that u-parametric curves of the associated family of cycloidal maximal surface are generalized helices
that lie on a non-degenerate quadrics. Then, theory implies that their projections onto planes orthogonal
to helical axes are cycloidal curves, [7]. Further, we provide an explicit parametrization of the Lorentzian
counterpart of the well-known Henneberg surface and its adjoint, [13, 30], as well as of the Catalan minimal
surface, [16, 31, 32]. This can be done by using the idea of duality between maximal surfaces in R? and
minimal surfaces in IR? (e.g. [22]), which means that every maximal surface in R? can be constructed from a
minimal surface in IR® and vice versa. This concept appear as very useful. For example, Calabi [4] proved
Bernstein-type theorem for maximal surfaces by using a one-to-one correspondence between minimal and
maximal surfaces. Finally, it is also noteworthy to mention that the minimal surface in the isotropic 3-space
appears as the “intermediate surface” between minimal and maximal surface, [1].

The paper is organized as follows. In Section 2, we recall the basic concepts of Lorentz-Minkowski
3-dimensional space and revise properties of maximal surfaces. The examples of maximal surfaces over
Lorentzian, respectively Euclidean cycloidal curves are presented and analyzed in Section 3.

2. Preliminaries

The Lorentz-Minkowski 3-space R} is the real affine space IR} whose underlying vector space is endowed
with the Lorentzian pseudo-scalar product

X, ¥) = —x1y1 + X2Y2 + X3Y3,

where x = (x1,x2,x3) and y = (y1, ¥2, y3). The pseudo-norm of a vector x is defined as the real number

llxll = VKx, x)[ = 0.
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The Lorentzian cross product of vectors x, y is defined by

X XY = (X3Y2 — X2U3, X3Y1 — X1Y3, X1Y2 — X2Y1)-

A vector x in ]R? is called spacelike if (x, x) > 0 or x = 0, timelike if (x, x) < 0 and null (lightlike) if (x,x) = 0
and x # 0. The causal character of a regular curve is determined by the causal character of its velocity
vectors.

A surface in IR is called spacelike (resp. timelike, lightlike) if the induced metric is positive definite
(resp. indefinite, of rank 1). A spacelike surface with a vanishing mean curvature is called a maximal
surface.

Maximal surfaces can be given by the Weierstrass representation, which is set within a domain of
complex numbers with identification R2 = C, z = u + iv, and includes usage of holomorphic functions.
The advantages of using such a representation in IR} are not as significant as in the Euclidean space, where
it is used for the global study of complete minimal surfaces, since there is only one complete maximal
surface in R?, a spacelike plane [4, 5]. The following theorem is the adaptation of the Euclidean Weierstrass
representation theorem to spacelike surfaces, [11, 22, 26].

Theorem 2.1 (Weierstrass representation). Let ¢1, P2, 3 be complex holomorphic functions on a simply con-
nected domain U C R? = C such that

(@) —pT+ 3+ d3=0

® =[] + leall” + o] > 0
(c) functions ¢y, k = 1,2,3 have no real period on U.

Then the mapping x: U — R defined by

x(1,v) = Re f (P1, P2, P3) dz 2)

is a reqular maximal isothermal map.

The Weierstrass representation (2) can be directly obtained from the Bjorling formula which determines
the function ¢(z) = (¢1(2), P2(z), P3(z)), z = u + iv, as

P2) = (2) +1V(2) X &' (2),

where « is a regular spacelike holomorphic curve a: I — R? and V a unit timelike holomorphic vector field
along a, such that @’ and V are orthogonal along I and V is the surface normal vector field.

Next, a maximal surface can also be given by a holomorphic function w and a meromorphic function g
on U such that fg? is holomorphic, in the following way, [22]

W@ =iy )= ®

From —¢7 + ¢3 + ¢3 = 0 and formula (3) we easily obtain
i 1
¢r=gw, ¢p= 5(1 -Pw,  ¢3= 5(1 + 7w,

and a maximal surface is given by

x(u,v) = Re f(Zgw,i(l - gz)w, 1+ gz)w) dz. 4)
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For a maximal surface we can adopt the definitions of the adjoint (the conjugate) surface, respectively
the associate family of a minimal surface, [26]. Let S, S* be maximal surfaces locally parametrized by
isothermal maps x: U — S, y: U — S*.

Definition 2.2. Two maximal surfaces S, S* in RS are said to be adjoint (conjugate) if the local coordinate functions
of one of them are the harmonic conjugates of the local coordinate functions of the other one. In terms of the isothermal
parametrizations X, y it holds x,, = yu, Xo = —Yy.

Theorem 2.3. Let S be a maximal surface locally parametrized by an isothermal map x: U — S and let S* be its
adjoint surface given by y: U — S*. Then the one-parameter family (So)ocr given by

xg(u,v) := x(u,v) cos 0 + y(u,v)sin0, 0 € R,

is a family of locally isometric maximal surfaces. The family (S¢)oer is called the associated family of a surface S.

3. Cycloidal maximal surfaces

The purpose of this paper is to serve as a useful tool for studying maximal surfaces by providing
explicit parametrizations of new examples. These examples will be constructed using the Bjorling formula,
with cycloidal curves as the core curves. Consequently, we will refer to the resulting maximal surfaces as
cycloidal maximal surfaces.

The idea for the curve choice comes from [32] where the author gives an overview of different algebraic
minimal surfaces in Euclidean space and presents a new class of algebraic minimal surfaces with rational
parametrization, the so-called cycloidal minimal surfaces. In present paper we differ between two classes
of cycloidal maximal surfaces, the one, generated by Lorentzian cycloidal curves and the other, generated
by Euclidean cycloidal curves. The vector field V is the linear combination of a normal and binormal vector
field of the core curve. The idea for the vector field choice was presented in [27], where minimal surfaces
with a circle or a helix as core curve were constructed. Further, Kaya and Lépez present the analogous idea
in the Lorentz-Minkowski space, for maximal spacelike surfaces in [22] and for minimal timelike surfaces
in [15].

3.1. Maximal surfaces with a Lorentzian cycloid as a core curve
A spacelike Lorentzian cycloidal curve lying in a xz-plane is given by, [7]

a(t) = ((R + r)sinh t — rsinh (gt

R+
), 0, (R + r)cosht + rcosh (Trt», t,eR 5)
where r # 0, R > 0. Binormal vector field of a curve a(t) is

_a)xa’(t)

b(t) = m = i(o, 1,0)

In the following, without loss of generality, we will assume that b(t) = (0,1, 0). A normal vector is given by
n(t) = b(t) x t(t) = (- cosh(zﬁt), 0, sinh(Et))
r 2r
a’(t)
lle (E)II

to be unit timelike vector field along curve a(t). Since {n(t), b(t)} is an orthonormal basis of a timelike plane
[{a’(H)}]*, a vector field V(t) can be chosen as

V(t) = cosh @(t)n(t) + sinh ¢(f)b(t),

where the tangent field is given by t(t) = . Following the Bjorling formula (1), vector field V(t) needs
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where ¢(t) is an arbitrary function. In order to obtain integral in (1) explicitly, our choices for ¢(t) will be:
e=0,pt)=a,aecR,a+#0and ¢(t) =at+b,a,be R, a+0. Also, to obtain an explicit parametrization, we
will use the following identities

cos (u + iv) = cosu coshv —isinu sinh v

sin (1 + iv) = sinu cosh v +icosusinh v

6
cosh (1 + iv) = cosh 1 cosv + isinh u sinv (©)
sinh (1 + iv) = sinh u cos v + i cosh u sin v.
Case 1. For ¢ = 0, vector field V(t) corresponds to n(t) and the following holds.
Theorem 3.1. Cycloidal maximal surfaces with a core curve (5) and unit normal vector field
R . R
V() = (— cosh(;t), 0, smh(;t))
are given by
(R+r)sinhucosv - rsinh(R : ru) cos (R: rv)
4r(R+71) . R+2r \ . (R+2r
J0) = - . 7
f(u,v) R smh( P u)sm( o v) ()

(R+7r)coshucosv + rcosh(R :- ru) cos(R:rv)

These surfaces are algebraic and allow rational parametrization. The core curve is a geodesic curve of such surfaces.

Proof. In order to apply (1), first we calculate

R +2r

V(t)x a'(t) = (0,2(R + r)sinh ( t),0),

4r(R + 1) h(R+2r
R+2r My,

¢
f V() x o’ (t)dt = (0, £),0). 8)
By inserting (5) and (8) into (1), then replacing the parameter ¢t with a complex number z = u + iv, using
formulas (6), and extracting the real part, we obtain the required parametrization.

Next, since the parametrization (7) includes only trigonometric and hyperbolic functions, we can sub-
stitute them with their rational expressions in order to obtain a rational parametrization. Now from the
rational parametrization by the parameter elimination, we obtain the algebraic equation of the surface.

The curve c is a geodesic curve due to the choice of a normal vector field of a surface. [

Corollary 3.2. Parametrization (7) is an isothermal parametrization.

Proof. A parametrization is an isothermal if and only if for the coefficients of the first fundamental form
holds E = G and F = 0. By a simple computation, we obtain

+7r R +2r

E=G= _%(RJ”’)Z(COS(ZU) + cos (ZR v)+2cos( v)—Z(l +Cos(§v)cosh(R+zr)u)
F=0

and the statement follows. [
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Let us now obtain the Weierstrass representation of the surface (7). The required holomorphic functions
are:

R+r

1 =R+ r)(coshz - Cosh(
R+2r

z)) dz = %(e’Z e —e o e@Z)(R +r)dz,

¢2 = 2i (R +r)sinh ( > 2)dz = ie 2 (1) R+ 1) dz,
¢3=(R+ r)(sinhz + sinh(R :_ 7’z)) dz = % (—e_z I eyz)(R +r)dz.

The Weierstrass representation of the surface (7) is

R +2r

z) cosh? (4%2)

R+2r R+2r Rtr

= %(R + r)(Ze_ 2r Z(e rE— 1) T e ez) dz

w(z) = 4(R + r)sinh

):_ji;L
(b= +1)"

Theorem 3.3. Let f*(u,v) be the adjoint surface of a surface f(u,v) given by (7) and let

g(z) = —tanh (%z

F(u,v,¢) = f(u,v)cos @ + f*(u,v)sing, )

be its associated family of maximal surfaces. The u-parametric curves (v = 0) of a surface (9) are generalized helices
(curves of constant slope) that lie on non-degenerate surfaces of the second order

(R+2r)?cot? g ,

—x? 2 _ p2 .2
TR+ 1) Yy +z° =R cos” . (10)

Proof. The adjoint surface of the surface (7) has the parametrization

(R+r)coshusinv—rcosh(R:ru)sin(R:rv)
4r(R + 1) R+2r R+2r
t(u,v) = h . 11
f(u,0) R o, <0 ( > 1) cos ( > ) (11)

+ R+
(R + r)sinh usinv + rsinh ( . ru)sin( . rv)

Since the surface (7) is a maximal surface with an isothermal parametrization, its adjoint surface (11) can
be simply determined from the conditions f(u,v), = f*(u,v), and f(u,v), = —f*(u,v), (Definition 2.2).
Therefore, it is obtained from (7) simply by replacing function sinv with — cos v, function cos v with sin o,
and interchanging functions sinhu and coshu, since in this way parametrizations f, f* are harmonic
conjugates. By inserting (7) and (11) in (9), we obtain that a parametrization of the associated family whose
u-parametric curve (v = 0) is given by

R+ ru)
R+2r
cosh ( > ru) sin @ . (12)
R+r
u)
r

cos (p((R + r)sinh u — rsinh (

4r(R + 1)
R+2r

cos (p((R +r)coshu + rcosh (

c(u) =

A straightforward computation shows that curve c(u) is a generalized helix with axis g = (0, 1,0)

9

lle’l

= £sing
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that lie on non-degenerate surface of the second order

R + 2r)? cot?
- 2——( 4r(R)+r) goy2+22=R2cos2(p.

The next corollary is a direct consequence of the previous theorem, as shown in [7]:

Corollary 3.4. Orthogonal projection of the parametric curves (12) of the associated family of maximal surfaces onto
a plane orthogonal to a helical axis of c(u) is a cycloidal curve.

See Figure 1 as an example.

Figure 1: A special case of a general helix from the family (12) that lies on a pseudo-sphere with its projection, obtained for R =1,
r= —%(2 + \/E) and ¢ = /4.

Case 2. For ¢(t) =a € R, a # 0, we have V(t) = cosh(a) n(t) + sinh(a) b(f) and obtain the following results.

Theorem 3.5. Cycloidal maximal surfaces with a core curve (5) and unit normal vector field V(t) = cosh(a) n(t) +
sinh(a) b(t) where a € R\{0}, are given by:

(R+7)sinhu A+ rsinh(%u)B
f(u,v) = —43(5;:) cosha sin (%0) sinh (%u) (13)
(R+7r)coshu A - rcosh(%u)B

where A = cosv + sinvsinha and B = — cos (@v) + sin (@v) sinha. These surfaces are algebraic and allow
rational parametrization.

The proof of this theorem, as well as proofs of the following theorems are analogous to the proof of Theorem
(3.1), therefore it will all be omitted.
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Holomorphic functions for the Weierstrass representation are:

+2r

¢1 = —2(R +r)sinh ( z)( sinh (252) + isinha cosh (%z)) dz

Z_LAm+r—%f« i)Yot 4+ (¢ +1) ) dz,
+2r)

P2 = 21(R+r)coshasmh(

_ R+2r

= EiA(R+r)(eZ“ +1)e" 5 dg,

3 = 2(R +7) sinh(Rzzr

2)(cosh (5,2) + 1 sinhasinh (3 z)) dz
= AR+ e (¢ i) et — (¢ +1)) dz,
and the representation is
w(z) = AR+ e~ *( cosh(a) + cosh (%z) + i sinh(a) sinh (%z)) dz

= —1A(R+r)e ((e - )e%‘z—ie”+1)2dz,
smh(§ - Ez) —-i sinh(%(Za + %z))

"7 (s ) vieosn (1o 52)
2
= —]_ + . R,
Y=

R+2r

where A=¢ 7 *-1.

Case 3. Now we choose ¢(t) = at + b, a € R\{0} and without loss of generality, we can assume b = 0. For
different choice of the parameter b we obtain the same surface, only rotated around x-axis.Then
V(t) = cosh(at)n(t) + sinh(a t) b(f) and we obtain the following results.

Theorem 3.6. Cycloidal maximal surfaces with a core curve (5) and unit normal vector field V(t) = cosh (at) n(t) +
sinh (a t) b(t) where a € R\{0}, are parametrized by

flu,0) = (x(u, ), y(u, ), (1, ) (14)
where:
1 ar+R+r . ar+R+r
x(u,v) = @D (@=1)r=Rar+r+ R ((a2 —Dr(r+ R)(a — 1)r — R) cosh(fu) sm(fu)

+ (ar + 7+ R)(Z((a - 1r- R)((r + R) sinh u((a2 — 1) cos v + sinh(au)(a cos v sin(av) — sinv cos(av)))

B (az B 1)7 sinh(R : r”) COS(R : rv)) — (@ - 1)r(r +R) cosh(ar — : — Ru) sin(ar — : — Rv))

+ 2(r + R) cosh u((a — 1)r — R)(ar + r + R) cosh(au)(a sin v cos(av) — cos v sin(av)))

2r _ 2r
2(a—-1)r—-R 2@+ 1)r+R

nh ZaV—R—Zru sin Zar—R—ZrU sinh 2ur+R+2ru sin 2ar+R+2rv
J(ut,0) =2r(r+R)( ( ) sin(¥5,==0) (F5 ) sin(S55 5 ))
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1
2(a2 —1)(a — 1)r = R)(ar + r + R)

+ 2(r + R) cosh u((a — 1)r — R)(ar + r + R)((a2 — 1) cos v + sinh(au)(a cos v sin(av) — sinv cos(av)))

z(u,v) = (Z(a2 —Dr(a—1)r —R)(ar +r+R) cosh(R : ru) cos (R: rv)

+(r+ R)(@ — Dr((=ar + 7 +R) sinh(Lf”u) sin(ww —@r+r+R) sinh(@u)
sin(@v)) + 2sinh u(a — 1)r — R)(ar + r + R) cosh(au)(a sin v cos(av) — cos v sin(av)))).

These surfaces are algebraic and allow rational parametrization.

Holomorphic functions for the Weierstrass representation are:

R+r
z
r

1 =R+ r)( cosh(z) — cosh( ) —1i sinh(az)( sinh(z) + sinh (R : rz))) dz

= %(R + r)(B - % i(e”Z - e_”z) C) dz,

¢2 = 21(R + r) cosh (az) sinh (R ;—r2r z) dz

= SR (L ) (¢ - 1) R + 1),

R+r
z
;

¢3 = (R +1)( sinh(z) + sinh ( )~ i sinh(az)( cosh(z) - cosh (R : '2)) dz
- %(R +n(c- %i(e“z —¢™™)B)dz,

and the representation is

w(z) = 2i(R + r) sinh (R * 2rz>( cosh (2{11’4:- Rz) —1i cosh (Zar _ Rz))2 dz

2r 4r
_ 1 1 . 0z —az 20z l\‘+A2rZ 72ar+2r+l{z
—E(R+r)(—§1(e —e )B+(e +1)(e ; —1)e o +C)dz,
sinh(az) cosh(£z) — i sinh(Xz
oy < Sh@)cosh(E2) ~isinh(F2)

(cosh (%z) +1i cosh (%z))z
B - %i(e“Z —e ™) C

R+2r 2ar+2r+R , 4
2r

r i =1)e”

C—LiB(em - e7) + (2= + 1)(e

41 1 1
whereAzeRTZ,B:—A—Z+e_z+ezandC=A—Z—e_Z+ez.

3.1.1. Lorentzian Henneberg surface

In the following we are going to analyze the spacelike counterpart of the Henneberg surface in Lorentz-
Minkowski space. In Euclidean space, the Henneberg surface is a minimal surface obtained by a Bjorling
formula with the Neile parabola (a semicubic parabola) as the core curve, therefore having it as a planar
geodesic, [11, 13, 30]. It can be parametrized by

2cosvsinhu — % cos 3vsinh 3u
flu,v) = 2 cos2v cosh 2u . (15)

2sinvsinhu + % sin 3v sinh 3u
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Figure 2: Cycloidal maximal surfaces. The left is the surface (13) for R = 8, r = 4 and 2 = 0.1 and the right is the surface (14) for
R =4,r=1anda = 0.2. The black curves are the core curves.

For v = 0 we have the Neile parabola, since
2
f(u,0) = (2sinhu - 3 sinh 3u, 2 cosh 2u, 0)

satisfies the equation
92 =(y-2)7° z=0

Its (Euclidean) adjoint surface is given by

2sinvcoshu — % sin 3v cosh 3u
fru0) = 2sin2vsinh 2u . (16)

—2cosvcoshu — % cos 3v cosh 3u

In this paper we will call the surface (16) the adjoint Henneberg surface. We can notice that the adjoint
Henneberg surface is a surface generated by a curve with u =0

2 2
£+(0,v) = 2sinv — 3 sin3v,0, -2 cosv — 3 cos 30)
= (g sinv,0, —g cos® v),

which is a Euclidean asteroid in the y = 0 plane.
To obtain Lorentzian counterparts of these surfaces, we consider the well-known idea of duality between
minimal surfaces in R® and maximal surfaces in ]R?, [23, 24]. If (¢1, @2, P3) are holomorphic function of a

minimal surface in R3, then (Y1, Y2, P3) = (id1, 2, P3) are holomorphic functions of a maximal surface in
R3.
1
Therefore, the Lorentzian dual surface of the Henneberg surfaces is parametrized by

2sinvcoshu — % sin 3v cosh 3u
fr(u,v) = 2 cos2v cosh 2u

2sinvsinhu + % sin 3v sinh 3u
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In this paper we will call this surface Lorentzian Henneberg surface. Its first coordinate function matches
that of surface (16), while the second and third coordinate functions correspond to those of surface (15).

Theorem 3.7. Lorentzian Henneberg surface is a spacelike surface generated by the Bjorling formula over the Neile
parabola (u = 0)

2
f1.(0,0) = 2sinv — 3 sin 3v,2 cos 2v, 0)

which satisfies the equation 9x*> = —(y — 2)%, z = 0.

The Lorentzian dual of the adjoint Henneberg surface is parametrized by

—2cosvsinhu + g cos 3vsinh 3u
fir(w,0) = 2 sin 2v sinh 2u . (17)

2
—2cosvcoshu — 3 cos 3v cosh 3u

This surface is the adjoint of the Lorentzian Henneberg surface, and we will refer to it as the adjoint
Lorentzian Henneberg surface.

Theorem 3.8. The adjoint Lorentzian Henneberg surface is a maximal surface with a Lorentzian astroid in y = 0
plane as a planar geodesic (Figure 4)

—2sinhu + % sinh 3u g sinh® u
le(u, 0) = 0 0 . (18)

2
—2coshu — 3 cosh 3u —g cosh® u

Proof. The parametric u-curve

a(u) = fi-(u,0) = ( —2sinhu + % sinh 3u,0, —2 coshu — % cosh Su) = (g sinh’®v,0, —g cosh®v),

is a spacelike curve in a Minkowski plane y = 0, with
o' (1) = (8 cosh u sinh? 1, 0, =8 cosh 2 sinh 1) = 4 sinh(2u)(sinh u, 0, — cosh 1)

and (&'(u),a’ (1)) = 16 sinh?2u. Tt represents a Lorentzian counterpart of a Euclidean astroid, [7]. Now,
using the formula (1) we obtain the adjoint Lorentzian Henneberg surface (17).
The tangent, resp. binormal and normal vector field of a curve a(u) are

t= & (sinhu,0,—coshu), b= axa (0,-1,0), n=bxt=(—coshu,0,sinhu).
ll’ll lla x a”|]
In order to apply (1), we calculate
n X a’ = (0, -4 sinh (2u), 0),
f n X a’ du = (0, -2 cosh (2u), 0). (19)

Furthermore, by inserting (18) and (19) into (1), then by replacing the parameter 1 with a complex number
z = u +iv, and extracting the real part, we obtain the required parametrization (17). O
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Figure 3: The adjoint Lorentzian Henneberg surface is a cycloidal maximal surface over the Lorentzian astroid.

Euclidean space R® Lorentz-Minkowski space R}
Henneberg surface Lorentzian Henneberg surface
2cosvsinhu — 2 cos 3vsinh 3u Dual 2sinvcoshu — 2 sin 3v cosh 3u
2 cos 2v cosh2u p—— 2 cos2vcosh2u
2 2
Zsinvsinhu+§sin3vsinh3u 25invsinhu+§sin3vsinh3u
Adjoint Adjoint
. 2 . . 2 .
2sinvcoshu — 3 sin 3v cosh 3u Dual —2cosvsinhu + 3 Cos 3vsinh 3u
2sin2vsinh 2u P — 2sin2vsinh 2u
2 2
—2cosvcoshu — 3 cos 3v cosh 3u —2cosvcoshu — 3 cos 3v cosh 3u
‘ Adjoint Henneberg surface ‘ ‘ Adjoint Lorentzian Henneberg surface

4 2
Remark. Surface (17) is obtained from (7) for R = -3 and r = -3

3.1.2. Lorentzian Catalan surface

Another well-known example of a minimal surface is the Catalan minimal surface [16, 31, 32], a minimal
surface generated over a straight (ordinary) cycloid (a curve obtained by a rolling a curve along a line). In
this work, we examine its Lorentzian counterpart, which we call the Lorentzian Catalan maximal surface.

Theorem 3.9. The Lorentzian Catalan surface is a maximal surface with a straight cycloid in y = 0 plane as a planar
geodesic

a(t) = (sinht —t,0,1 — cosht). (20)
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Proof. The straight cycloid (20) is a spacelike curve whose tangent, resp. binormal and normal vector fields
are

Lt t t ot
t(t) = (sinh 5/0,—cosh E)' b() = (0,1,0), n(t) = (cosh 5/0,=sinh E)'
In order to apply (1), we calculate
ooy (o oy t
n(t) x o (t) = (0,2sinh 5 0),
! t
f n(t) x o () dt = (0,4 cosh 5 0). 1)

Further, by inserting (20) and (21) into (1), then by replacing the parameter t with a z = u +iv, and extracting
the real part, we obtain the parametrization of Lorentzian Catalan maximal surface

sinhucosv —u

feu(u,v) = | —4 sinh % sin g : (22)
1 - coshucosv

Figure 4: Lorentzian Catalan’s surface is a maximal surface over a Lorentzian straight cycloid

Corollary 3.10. Parametrization (22) is an isothermal parametrization.
Proof. By a simple calculation, we obtain
2 v
E=G=2cos (E)(cosh(u) —cos(v), F=0,

and the statement follows. [J

Let us now obtain the Weierstrass representation of the surface (22). The required holomorphic functions
are:

¢1=(coshz—1)dz, ¢ = Zisinhgdz, ¢3 = —sinhzdz.
The Weierstrass representation of the surface (7) is

w(z) = (2 sinhg —sinhz)dz, g(z) = —coth Z
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Surface (22) is a dual surface of the Catalan minimal surface, [11].

Euclidean space R3 Lorentz-Minkowski space R?
Catalan surface ‘ ‘ Lorentzian Catalan surface
u — sinu cosh v —v + cos u sinh v
u v Dual u v
—4 sin 5 sinh 5 ————— | —4sin 5 sinh 5
1 —cosucoshv 1—cosucoshv
Adjoint Adjoint
—v + cosusinh v —u + sinu coshv
u v Dual u v
4 cos 5 cosh > ——| 4cos 3 cosh 5
1 —sinusinhv 1 —sinusinhv
‘ Adjoint Catalan surface ‘ ‘ Adjoint Lorentzian Catalan surface

3.2. Maximal surfaces with a Euclidean cycloid as a core curve

Euclidean cycloidal curves that lie in xz-plane are not a proper choice for a core curves since they are
spacelike curves only locally. Therefore, we embed these curves in a spacelike yz-plane. A spacelike
Euclidean cycloidal curve in yz-plane is given by (see [7])

+r

a(t) = (O, (R+r)sint —rsin (gt), (R+r)cost —rcos (R t)), teR (23)

and normal, resp. binormal vector field of a curve a(t) are

R+r
r

1 R+
n(t) = —R(O’ sint — sin (Trt), cost — cos (
ZSin(—t
2r

b(t) = (1,0,0).

1),

Again the vector field V(t) is chosen as V(t) = sinh ¢(t) n(t) + cosh ¢(t) b(t), where ¢(t) is an arbitrary function
and choices for ¢(t) are the same as for surfaces with Lorentzian cycloids.

Case 1. If ¢ =0, then V(t) = b(t) and the obtained surface is yz-plane.

Case 2. If p(t) =a € R, a # 0, then V() = sinh(a) n(t) + cosh(a) b(t) and we obtain the following results.

Theorem 3.11. Cycloidal maximal surfaces with a core curve (23) and normal unit vector V(t) = sinh(a)n(t) +
cosh(a) b(t) where a € R\{0}, are parametrized by

R
f(u,v) = (R +7r)coshvsinu —rcosh (@v) sin(T’u) —cosha A (24)

(R + 1) cos u coshv — r cos (@u) cosh (@v) — cosha B

_ 4R+ sin(%u) sinha sinh(%v)
R+
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where A and B are given by

. R
Al ru) smh( : rv)

R+ 7’0)'

R
A= (R+r)sinusinhv—rsin(

+7r

u) sinh (

R
B= (R+r)cosusinhv—rcos(

These surfaces are algebraic and allow rational parametrization.

Holomorphic functions for the Weierstrass representation are:

¢1=2i(R+r)sin (%z) sinhadz

= %e‘”‘% (—1 + 62”) (—1 + eiRTZ) (R+71)dz,

P2 = (R+1’)(cosz—cos(RH

i rz))) dz

i(2r+R)z i2r+R)z

1 iwene iRz i(2r+R)z
=-7¢" (—1 +e vz)(C+e o207 e )(R+r)dz,

il rz)) dz

i2r+R)z

+ o2 )(R +7)dz

z) + icosha( sinz — sin (R

¢3 =R+ r)(i( COSZ — COS (R A rz)) cosha —sinz + sin(R

1 i(2r+R)z

. iRz iRe
=—Zle“ v (—1+ev2)(—C+e 426"

i(2r+R)z
r

and the representation is
_i(R+1)z

w(z) = %ie‘” T (-1 + ) (—1 + eiRTz)(R +7r)dz

. i@r+R)z

_iew (1+¢
-1+

9(z) =
where C =1 — 2¢7 + ¢%°.

Case 3. Next, we choose ¢(t) = at + b, a € R\{0} and again, without loss of generality, we assume b = 0. Then
V(t) = cosh(at) n(t) + sinh(a t) b(f) and we obtain the following results.

Theorem 3.12. Cycloidal maximal surfaces with a core curve (23) and normal unit vector field V(t) = sinh(a t) n(t)+
cosh(a t) b(t) where a € R\{0}, are parametrized by

fu,0) = (x(u,v), y(u, ), 2(u, v)) (25)
where:
_ 4r(r+R) R R \ . ) R
x(u,v) =— 2R RE (cos (Zu) cosh au( —R cosh (;v) sin av+2ar cos av sinh (Z_rv))
. (R \ . R \ . . R
+ sin (Z’ u) sinh au(2ar cosh (Zv) sinav + R cos av sinh (Zv)),
y(u,v) :m(ﬂi + r)A cosh v( sinu(1 + a® — a cosh au sin av) + cos u sinav sinh au)

R+ R+
+(1+a?)r cosh(TrvX sin (Tru)(—A +ar(r + R) cosh au sin av)
5 R+r \ . . . . .
—(r+R) cos(Tu) sin av sinh au)+ (r + R) cos av( — A (cosh au sin u+a cos u sinh au) sinh v

+(1+ az)r((r + R) coshau sin(gu) +ar cos(@u) sinh au) sinh(gv))),
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z(u,v) :m((l +a%)r cosh (gv)(cos (gu)(—A + ar(R+r) cosh au sin av)

R+
+ (R +r)*sin ( ru) sinav sinh au) + (R +r)Acosh v((l + a%) cos u — sin av(a cos u cosh au

+ sin u sinh au)) + (R +7) cos av(A(— cos 1 cosh au + a sin u sinh au) sinh v

“L ) sinhau) sinh (<o)

+(1+ az)r((R + 1) cos (R Al ru) coshau —ar sin(R

where A is given by A = 1* + a*r* + 2rR + R2. These surfaces are algebraic and allow rational parametrization.

Holomorphic functions for the Weierstrass representation are

P1=2i(R+71) sin(z%z) sinhaz dz

= %e_“z‘% (—1 + 62“2) (—1 + eg) (R+7r)dz,

P2 = (R+r)(cosz—cos(R+r

i rz))) dz

- _ie‘(’”@)z(—l + eiRTZ)(B o g eleri( )z 4 e(2”+i(2+§))z)(r+R)dz,
R
¢3=(R+ r)(i(cosz - cos( T

+7r
z)) dz
1. _(,, iR iQ2r+R)z

= Jie (¢I+T)z(_1 + e”%l)(g _ R o (a2 ) _ e(2a+i(2+§))z)(r +R)dz

z) +1 coshaz( sinz — sim(R

z)) coshaz — sinz + sin (R

and the representation is

1 iR+ R
w(z) = Eie-(“+¥)z (147 (-1 +e%)R+1)dz

i(2r+R)z

e 1 +e%)
=1+ e

9(z) =

where B = 1 — 26 + 27,

Figure 5: Cycloidal maximal surfaces (24) where the core curve is euclidean astroid (R = -4, r =1, a = 1), cardioid (R =1, r=1,a=1)
and nodoid (R=2,r=1,a =2).
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Figure 6: Cycloidal maximal surfaces(25) where the core curve is euclidean astroid (R = =4, ¥ =1, 2 = 0.5), nodoid R =2, r=1,a=1)
and epicycloid (R=3,r=1,a=1)
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