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Abstract

In this paper, a dual Lorentzian closed strip { X(s), N(s)} is considered within the context of
Lorentzian 3-space, with a real parameter s, a timelike moving frame {A(s), G(s), N(s)} is
defined, which moves along the curve of this dual Lorentzian closed strip. A timelike vector
D, which is fixed in this frame, is investigated alongside the dual integral invariants (dual
angles of pitch, dual pitch) and dralls of the dual Lorentzian closed strip corresponding
to the dual Lorentzian closed curve traced by vectors A, G, N and D. Some fundamental
relations among these integral invariants of the dual Lorentzian closed strip are studied.
Furthermore, these dual results are mapped to the line-space R} and several theorems are
presented regarding the dual Lorentzian geodesic curvature K, dual Lorentzian normal
curvature Kj; and dual Lorentzian geodesic torsion Ty of the strip, accounting for the causal
characters (timelike) inherent in Lorentzian geometry.

Keywords: dual Lorentzian closed strip; integral invariants; drall; dual Lorentzian space

1. Introduction

The theory of dual numbers, introduced by Clifford [1] in 1873, has played a fun-
damental role in the development of kinematics and line geometry. Subsequently, E.
Study [2] established a one-to-one correspondence between oriented lines in Euclidean
three-dimensional space and points on the dual unit sphere, which is now known as the E.
Study mapping. This correspondence provides an effective geometric framework in which
differentiable dual spherical curves can be associated with ruled surfaces in line space.
The extension of the E. Study mapping to space-like and time-like lines in Minkowski
3-space has also been investigated, establishing a correspondence between directed lines
and ordered pairs in Lorentzian geometry [3].

Ruled surfaces and their dual representations have attracted considerable attention
due to their applications in differential geometry, kinematics, and motion theory. In this
context, Onder and Ugurlu [4] characterized normal and spherical curves in dual space and
obtained fundamental geometric relations for ruled surfaces. Later, Yapar and Sagiroglu [5]
introduced curvature motions on the dual hyperbolic unit sphere and investigated the
associated ruled surfaces and line congruences by means of E. Study’s correspondence.

Integral invariants are among the most important tools for the global analysis of
ruled surfaces. Ozyilmaz and Yayli [6] studied the integral invariants of time-like ruled
surfaces and derived relations involving dual spherical motions and dual angles of pitch.
Bektas and Senyurt [7] investigated ruled surfaces generated by closed time-like curves in
dual Lorentzian space and obtained several characterizations in terms of pitch, angle of
pitch, and drall invariants. More recently, Giir Mazlum, Senyurt, and Grilli [8] examined
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dual parallel equidistant ruled surfaces and established new relations between Gaussian
curvatures and dual integral invariants.

Recent studies have further expanded the theory of dual curves, dual frames, and their
associated ruled surfaces. Gilani et al. [9] investigated dual curves and dual focal curves in
dual Lorentzian space and established relationships between dual frames and curvature
properties. In a related study, Caliskan [10] examined dual Darboux ruled surfaces and
discussed geometric relations between dual curves and ruled surface invariants. Moreover,
investigations based on dual spherical indicatrices and E. Study correspondence have
continued to provide new perspectives for the characterization of ruled surfaces [11,12].
These studies demonstrate that dual geometric methods remain an effective approach for
analyzing the differential properties and global invariants of ruled surfaces.

Although significant progress has been achieved in the study of ruled surfaces, dual
spherical motions, and integral invariants, several aspects of dual Lorentzian closed strips
remain unexplored. In particular, while dual integral invariants such as pitch, angle of
pitch, and drall have been extensively studied in Euclidean and certain Lorentzian settings,
a unified framework for these invariants associated with dual Lorentzian closed strips
has not yet been established. Furthermore, explicit relations between the dual Darboux—
Ribaucour frame, dual integral invariants, and the corresponding Lorentzian line-space
quantities require further investigation.

Motivated by these considerations, this paper develops a systematic study of dual
Lorentzian closed strips in Lorentzian line space R3. The main contributions of this work
can be summarized as follows:

1. A dual Lorentzian closed strip together with its associated dual Darboux—Ribaucour
moving frame is introduced, and the corresponding differential characterizations are
obtained.

2. Explicit formulas for the dual integral invariants, including dual angles of pitch, dual
pitches, and dralls of the ruled surfaces generated by the frame vectors, are derived.
Moreover, fundamental relations among these invariants are established.

3. By means of E. Study’s correspondence, the obtained dual results are transferred to
Lorentzian line space R3. New expressions for the dual Lorentzian geodesic curvature,
normal curvature, and geodesic torsion are derived, extending the theory of dual
closed strips to the Lorentzian setting.

2. Preliminaries

Basic definitions and fundamental properties of dual numbers can be found in the
work of Guggenheimer [13]. The essential concepts of dual Lorentzian vectors, including
the dual Lorentzian inner product and the Lorentzian cross product, are presented in detail
by Sentiirk and Yiice [14].

A differentiable curve X(s) = x(s) + ex*(s) on the dual Lorentzian unit sphere 52 is
called a dual Lorentzian curve. Here, s denotes a real parameter, which is generally chosen
as the arc-length parameter of the indicatrix x(s). The dual arc-length of X(s) is denoted
by § = s + es* where the real part s represents the arc length of the indicatrix, while the
dual part describes the translational displacement associated with the corresponding ruled
surface in the Lorentzian line space R3. The derivative of the dual position vector with
respect to the dual arc-length parameter defines the unit dual tangent vector of the ruled
surface and plays a fundamental role in its differential geometry.

Through E. Study’s correspondence, every differentiable curve on the dual Lorentzian
unit sphere corresponds uniquely to a Lorentzian ruled surface, that is, to a differentiable
one-parameter family of oriented lines in the Lorentzian line space.
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Suppose that X : I — D3, X(s) = x(s) + ex*(s) is a dual Lorentzian closed timelike
curve parametrized by the arc length s of its indicatrix. Since x = a is a unit timelike vector
tangent to the indicatrix, we have < x’, x’ >= 1 where the prime denotes differentiation
with respect to s.

The relation p(s) A x(s) = x*(s) admits infinitely many solutions for the vector
function p(s). If po(s) is one such solution, then the general solution can be written
as p(s) = po(s) + u(s)x(s) where u(s) is an arbitrary real-valued function. Taking the
Lorentzian inner product yields

<px>=<py+ux+ux,x>=<pjx>+u (1)

Choosing u = 1g = — [ < pp, x > ensures that v(s) = po(s) + uo(s)x(s) satisfies < v/, x > =
0. Consequently, the dual Lorentzian closed curve admits the unique representation

X(s) = x(s) +€(v(s) A x(s)) ()

It should be noted that the vector function v(s) is uniquely determined by the curve X(s).
Accordingly, the dual arc length of X(s) is given by

t t s s
S*:/ ||x||dt+e/ <f,X*>dt:s+e/ <a,(x*)’>ds:s+e/ ods  (3)
t 0 0

fy

where 0 =< a, (x*) >.

Definition 1. Let us examine a Lorentz strip positioned along the dual Lorentzian closed curve
X (s) within the dual Lorentzian space D3. This structure is identified as a dual Lorentzian closed
strip. Depending on the geometric nature of the curve X within this space, the strip is classified as
follows: The strip is called a dual Lorentzian closed curvature, geodesic, or asymptotic strip if X
is a Lorentzian curvature line (Tg = 0), geodesic curve (Kg = 0), or asymptotic curve (K, = 0),
respectively.

Throughout this paper, all strips and ruled surfaces are assumed to be positively
oriented. From Equation (3), we have % = 1+ €0, or equivalently, fTi =1 —eo. More-

over, since < 4, (x*) > is equivalent to < v/ A x,a > = 0, it follows that v/ A x = —oa.
Consequently,
dX dX ds
_—= . =A=a+t+es"=at+evAa 4
ds* ds ds* + + @

Now consider the orientable dual Lorentzian closed strip X(s) = x(s) + €v(s) A
x(s),N(s) = n(s) +ev(s) An(s), where < A,N >= 0,||X|| = ||N|| = 1and N is spacelike.
Here, A = %. Defining the dual spacelike unit vector NA A = G = ¢ + €g%, it follows
immediately from Equation (4) that N = n +ev A n.

The trihedron A, G, N is called the dual timelike Darboux—Ribaucour frame associated
with the dual Lorentzian closed strip. Here, A is timelike, whereas G and N are spacelike.
By applying the principles of inner products and their respective derivatives to these
vectors, the system of differential equation governing the frame can be organized into the
following matrix representation:

0 K Ki| [A

A
—lc|=1|k, 0 T|.|C 5)
N| |Ki -T, 0] |N
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In Equation (5), the dual functions Ky = k¢ + ek:é, Ky = kn +e€ky, and Tg = to + etg
denote the dual geodesic curvature, dual normal curvature, and dual geodesic torsion of
the dual Lorentzian closed strip, respectively.

Since v/ A x = —oa, it follows that n A (v/ A x) = —cg. Hence,

v = %.(59( —0g) (6)

whereéd =< n,v' >and A = < n,x >. Using the above relation, we obtain

dA
K, =< G, i
d ds
=< G, %[ﬂ +€(U/\ﬂ)]@ >
d d
=< g+e(v/\g),£[a+e(v/\u)].£ >
€
= kg + 3.(6e1 — 0Akg) )
K, :kn+§.((5cz+a—0/\kn) 8)
and .
Ty = tg + =.(dcs — oMy) 9)

where A =< n,x >,6 =< n,v >, =< gxANa > =< nxAa > and
c3 =< n,x ANg >. Here kg, ky, and tg denote the geodesic curvature, normal curva-
ture, and geodesic torsion of the indicatrix x, respectively. Accordingly, Equations (7)—(9)
provide explicit representations of the dual geodesic curvature, dual normal curvature,
and dual geodesic torsion of the dual Lorentzian closed strip in terms of the corresponding
real geometric invariants.

By means of E. Study’s mapping, the motion of the dual Lorentzian unit sphere K
with respect to a fixed dual Lorentzian unit sphere K’ represents the spatial kinematic
relationship between the moving Lorentzian space H and the fixed Lorentzian space H'.
Consequently, the one-parameter motion H/H' generates a closed Lorentzian ruled surface
in the fixed space. The present study is based on the theory of dual Lorentzian spherical
motions and E. Study’s correspondence established in the literature, with particular em-
phasis on the characterization of dual pitch, dual angle of pitch, and the associated integral
invariants in the Lorentzian line space R3.

Definition 2. The dual Lorentzian Steiner vector of the closed motion K/K' is defined by
W= §(Ted~ KnG + KeN) (10)
_ f(tga — kng + kgn) + ef(tga* + 1 — kng* — kig + kgn +kin) (11)
which is the dual analogue of the classical Steiner vector introduced in [15].

For a closed Lorentzian ruled surface x in the Lorentzian line space R3, the real angle
of pitch is defined by

where d denotes the real part of the Steiner vector associated with the motion. Likewise,
the real pitch of the ruled surface is given by

Ly =<d*, x>+ <d,x*> (13)
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where d and d* denote the real and dual parts of the dual Lorentzian Steiner vector,
respectively [15].

Definition 3. Let X(s) = x(s) + ex*(s) be an orientable closed Lorentzian ruled surface satisfying
| X|| = 1. Using Equations (12) and (13), the dual angle of pitch of the ruled surface is defined as

Ay=—<W,X>=—-<wt+ew",x+ex* >
=—<wx>—€e(<w,x>+<wx">)
= Ay —eLy (14)

3. Dual Pitch Angles of Closed Lorentzian Ruled Surfaces Generated by
Vectors A, G, N and D

Definition 4. Using Equations (11) and (14), the dual angles of pitch of the closed Lorentzian
ruled surfaces generated in K' by the vectors A, G, and N are defined as follows:

Ng=—<W,A>

Equivalently, the real and dual components of A\, are given by
M:f%usz§ (15)

Ng=—<W,G>

For G,

Equivalently, the real and dual components of N are given by

%zf%%:—fﬁ (16)

Similarly for N,
ANy=—<W,N>

the real and dual components of A, are given by

M:—f@%:%@ (17)

Consequently, substituting Equations (15)-(17) into the definition of the dual
Lorentzian Steiner vector yields

W = AgA — AgG — AyN. (18)

Theorem 1. During the one-parameter motion of the dual Lorentzian closed strip {X(s), N(s)}
associated with the moving frame { A, G, N'}, the components of the dual Lorentzian Steiner vector
are precisely the dual angles of pitch of the closed Lorentzian ruled surfaces generated in K’ by the
vectors A, G, and N.

Next, consider a fixed dual timelike unit vector D attached to the moving frame
{A, G, N}, defined by

D = coshBcoshp A + sinhfcosh¢G + sinh¢ N (19)
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where ¢ = ¢ + e¢] and 6 = 6; + €] are fixed dual hyperbolic angles. According to
Definition 4, the dual angle of pitch of the closed Lorentzian ruled surface generated in K’
by the vector D is given by

Ag=Ag—€Ly=—<W,D> (20)

Substituting Equation (18) into Equation (20), we obtain
Ny = NgcoshBcoshd + Ngsinhbcoshp + Aysinhd (21)

Separating the real and dual parts of Equation (21) gives
Ag = AgcoshOicoshy + Agsinhbcoshdy + Aysinhgy (22)

Ly = Lacoshcoshgy + Lgsinhtcoshdy + Lysinhgy
—Aq(07sinhbicoshy + ¢y sinhgicoshby)
—Ag (07 coshbcoshey + ¢pysinhesinhd )

—An¢p coshey

(23)

Consequently, we can state the following theorem.

Theorem 2. For the one-parameter motion associated with a dual Lorentzian closed strip,
Equations (22) and (23) establish the relationships between the integral invariants of the Lorentzian
line space and the real angles of pitch and real pitches of the closed Lorentzian ruled surfaces
generated by the lines a, g, and n.

Furthermore, the distribution parameter of the closed Lorentzian ruled surface gener-
ated during the closed motion by a dual unit vector M = m + em”* is defined by
1 /, *\/
1 <, (m*) > (24)
dm <m',m >
According to Equation (24), the distribution parameters of the closed Lorentzian ruled
surfaces generated by the vectors A, G, N, and D are given by

i _ kgk§ + knky, i _ _kgk;r + tg% i _ —knky, + tgt;( i _ —Ad+ Be+Cf (25)
dg ki +ki dg —kZ+12 Tdy ~ki+1t3 'dy  —A2+BX+C?
where
A = sinhficoshrkg + sinhdrky
B = coshbicoshdrkg — sinhrtg
C = coshbcosh¢rky, + sinhOicoshrtq
d = sinhfycoshrky + sinh1k;, + ¢y coshrky + 07 coshbicoshrkg + Py sinheysinhdrkg (26)

e = coshficoshikg + 67 snhbcoshikg + ¢y sinh¢icoshbkg — sinhey te — ¢icosherts

f = coshbcosheik;, + 07sinhbcoshpik, + ¢y sinhdcoshbiky,

+ sinhfcoshs ty + 07 coshdycoshrty + ¢ysinhrsinhbtg

4. Analysis in the Plane {A, G} of the Moving Frame {A, G, N}

Assuming that the vector D lies in the plane spanned by {A, G}, Equation (21) re-
duces to
Ag = Ngcoshf + Agsinhf. 27)

https://doi.org/10.3390/sym18091475
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Separating the real and dual parts of Equation (27) gives
Ag = AgcoshOy + Agsinht 28)
Ly = Lacoshfy + Lgsinhfy — Aa07sinh6y — A¢07 coshb,
and the corresponding distribution parameter is given by
1 —dsinhbkg + ecoshfikg + f(kncoshfy + tgsinhfy) 29)
d; k2 + (kncosh6y + tgsinhfy)?

where d, e and f are formulated as Equation (26).

Special Cases

Assume that the strip is a dual Lorentzian closed curvature strip. Then T, = 0 and
consequently A, = 0. Furthermore, suppose that the vector D lies in the plane {A, G} of
the moving frame. Under these assumptions, Equations (27) and (29) reduce to

Ny = Agsinht
1 —usinhbikg + vcoshb kg + wcoshdrky (30)
d; k2 + cosh?6, k3

where,

u = sinhb1ky + ¢prkn + 07 coshbrkg
v = coshbrkg + 07 sinht kg (31)
w = coshb1k;, + 67sinhb k.

Consequently, we can state the following theorem:

Theorem 3. Let the strip be a dual Lorentzian closed curvature strip. During the one-parameter
dual spherical motion K/K', the dual angle of pitch of the closed Lorentzian ruled surface generated
in K' by the fixed timelike vector D lying in the plane { A, G} is completely determined by the dual
angle of pitch of the ruled surface generated by the vector G together with the fixed dual angle 6.

Consequently,
Ng = Agsinht

can be reformulated in the following manner:

ﬁ: = sinhf (32)

Hence, the subsequent theorem can be presented:

Theorem 4. For a dual Lorentzian closed curvature strip, the ratio of the dual angle of pitch of the
ruled surface generated by the vector D to that generated by the vector G is constant throughout the
one-parameter dual spherical motion K/K'. In particular, this ratio is independent of the motion.

The real and dual parts of Equation (32) are

A = sinht (33)
Ag
Ly = Lgsinh6 — Ag07cosh; (34)
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In the Lorentzian line space, we can establish the following theoretical principles:

Theorem 5. Consider the closed spatial motion H/H' corresponding to the one-parameter dual
spherical motion K/K' associated with a dual Lorentzian closed curvature strip. Let d be a fixed
line in the moving space H that is parallel to the plane {a, ¢}, and let this line generate a closed
Lorentzian ruled surface in the fixed space H'. Then the ratio of the real angle of pitch of this
ruled surface to that of the ruled surface generated by the line g is constant. Moreover, this ratio is
independent of the motion and is equal to sinh6.

Theorem 6. Consider the closed spatial motion H/H' corresponding to the one-parameter dual
spherical motion K /K’ associated with a dual Lorentzian closed curvature strip. Let d be a fixed line
in the moving space H, parallel to the plane {a, g}, and let it generate a closed Lorentzian ruled
surface in H'. The real pitch of this ruled surface is given by Equation (34), where Lg and A ¢ denote
the real integral invariants of the ruled surface generated by the line g, while 61 and 67 represent the
angle and the shortest distance between the lines d and g, respectively. Furthermore, the following
relation holds in the Lorentzian line space:

¥ 1
AgLg — LgAg £ 07 Ag(AF +A3)2 =0 (35)
Proof. Since cosh?0; — sinh?6; = 1, from Equation (33), we have
N B
coshf, = j:iid (36)
8

The sign is determined by the sign of A,. Substituting the expressions for sinh 6; and
cosh 0 into Equation (34), we obtain

A .
Ld:LgA—d:Fel,/A§+/\§ (37)
8

Multiplying both sides by A, and rearranging the resulting expression completes the
proof. O

Assume that the strip is a dual Lorentzian closed geodesic strip. Then K¢ = 0 and
consequently A, = 0. Suppose further that the vector D lies in the plane {A, G} of the
moving frame. Under these assumptions, Equations (27) and (28) remain valid, while the
distribution parameter reduces to

1 coshbk;, + 07 sinh1k,, + sinheltg + 0] coshbty

— 38
dg coshb1ky + sinh0:te (38)

Now assume that the strip is a dual Lorentzian closed asymptotic strip. Then K;,, = 0
and hence A¢ = 0. If the vector D lies in the plane {A, G}, Equations (27) and (29) reduce to

Ay = Aycosho (39)
and , ,
1 —psinh1kg + vcoshb kg + rsinhty
= = . (40)
dy k2 + sinh?6, 2
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where

p = sinhb1ky + 07 coshb kg
0 = coshor kg + 07 sinhf; kg 41)

r = sinhb1ty + 07 coshd; t.
This allows us to state the following theorems:

Theorem 7. Let the strip be a dual Lorentzian closed asymptotic strip. During the one-parameter
dual spherical motion K/K', the dual angle of pitch of the ruled surface generated by the fixed
timelike vector D lying in the plane { A, G} is determined by the dual angle of pitch of the ruled
surface generated by the vector A and the fixed dual angle 6.

Consequently, Equation (37) yields the following relationship:

%j = cosh6 (42)
Theorem 8. Under the assumption that the strip is a dual Lorentzian closed asymptotic strip
during the closed spherical motion K/K' in Lorentzian space, the ratio between the dual angle of
pitch of the closed Lorentzian ruled surface generated on K’ by the fixed timelike vector D lying in
the plane { A, G} of the moving frame { A, G, N} and the dual angle of pitch of the ruled surface
generated by the vector A remains constant and invariant under the motion.

Separating the real and dual parts of Equation (42), we obtain

A
Zd = coshfy (43)
Ag

Ly = Lacoshty — A,07sinht (44)

These formulations lead to the subsequent theorems within the Lorentzian line space:

Theorem 9. During the closed spatial motion H/H' corresponding to the dual closed spherical
motion K /K’ associated with a dual Lorentzian closed asymptotic strip, the ratio between the real
pitch angle of the closed Lorentzian ruled surface generated in H' by the fixed line d and that of
the ruled surface generated by the line a is constant. Here, the line d is assumed to be fixed in the
moving space H and parallel to the plane {a, g}. This ratio is independent of the motion and is
equal to coshf.

Theorem 10. Let H/H' be a closed spatial motion corresponding to the dual closed spherical
motion K /K’ associated with a dual Lorentzian closed asymptotic strip. Suppose that the line d is
fixed in the moving space H and is parallel to the plane spanned by {a, g}. Then, the real pitch of
the closed Lorentzian ruled surface generated by d in H' is determined by Equation (44). In this
formulation, A, and L, denote the real integral invariants of the closed Lorentzian ruled surface
generated by the line a in H'. Furthermore, 6, and 05 represent the angle and the shortest distance
between the lines d and a, respectively. The following relation holds in Lorentzian line space:

LAa F A0 (A2 +A2)T — LAy =0 (45)

5. Analysis in the Plane {G, N} of the Moving Frame {A, G, N}

Assume that the timelike vector D is expressed in terms of the vectors G and N of
the moving frame {A, G, N}. Let the strip be a dual Lorentzian closed curvature strip,

https://doi.org/10.3390/sym18091475
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satisfying Ty = 0 and consequently, A, = 0. Moreover, suppose that the timelike vector D
is fixed with respect to the moving frame {A, G, N}. Under these assumptions, the dual
instantaneous Pfaffian vector W reduces to

Therefore, the dual angle of pitch A; corresponding to the ruled surface generated by the
vector D can be obtained from the inner product between the dual instantaneous Pfaffian
vector and D as

Ny = — <W,D >= Agsinhficosh¢p + Aysinh¢. (47)

6. Analysis in the Plane {A, N} of the Moving Frame {A, G, N}

Consider the case in which the timelike vector D lies entirely in the plane spanned by
{A, N} of the moving frame { A, G, N}. Under this restriction, we have 6 = 0. Substituting
this condition into Equation (21), we obtain

Ny = Aqcoshdp + Aysinhg (48)
Separating the real and dual parts of the above expression gives

Ag = Agcoshpy + Aysinhey

(49
Ly = Lacosh¢y + Lysinhgy — Mgy sinhdy — Anpycoshey. )

The corresponding distribution parameter is expressed as
1 _ knky, + s(coshr ki — sinh1ty — ¢y coshte) 50)

dd k% + s2

where
s = coshikg — sinhrt,.

Special Cases

First, consider the case in which the strip is a dual Lorentzian closed curvature strip.
Hence, T; = 0, and therefore A, = 0. Assume additionally that the timelike vector D lies
in the plane { A, N'} of the moving frame {A, G, N}. Under these assumptions, we get

Ay = Aysinhe (51)
Consequently, Equation (50) reduces to

1 kak} + cosh?pikgk;
dg K2+ cosh2ik3

(52)

Therefore, we can state the following theorem:

Theorem 11. Let the strip be a dual Lorentzian closed curvature strip. During the one-parameter
dual spherical motion K/K', the dual angle of pitch of the ruled surface generated on K’ by the fixed
timelike vector D lying in the plane { A, N} is determined by the dual angle of pitch corresponding
to the vector N and the dual angle ¢.
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Thus the Equation (51) holds and it can be written by the following form:

% = sinh¢ (53)

n
Hence, the subsequent theorem can be presented:
Theorem 12. For a dual Lorentzian closed curvature strip, the ratio between the dual angle of pitch
associated with the fixed timelike vector D in the plane { A, N} and the dual angle of pitch associated

with the vector N remains constant during the one-parameter dual spherical motion K/K'. This
ratio is independent of the motion.

The real and dual components of Equation (53) are given by:

A sinh¢y (54)
An
Ly = Lysinh¢y — Ay coshgy (55)

In the Lorentzian line space, we can establish the following theoretical principles:

Theorem 13. Consider a closed spatial motion H/H' corresponding to the one-parameter dual
spherical motion K /K’ associated with a dual Lorentzian closed curvature strip. Let d be a fixed
line in the moving space H parallel to the plane {a, n}. Then, the ratio between the real pitch angle
of the ruled surface generated by d in H' and that of the ruled surface generated by the line n is
constant and equal to sinh¢y. Therefore, this ratio is invariant with respect to the motion.

Theorem 14. Under the closed spatial motion H/H' corresponding to the one-parameter dual
spherical motion K/K' of the dual Lorentzian closed curvature strip, the real pitch of the ruled
surface generated in H' by the fixed line d can be determined by Equation (55). Here, d is assumed
to be parallel to the plane {a, n} in the moving space H. The quantities A, and L, denote the real
integral invariants of the ruled surface generated by the line n, while ¢1 and ¢7 represent the angle
and the shortest distance between the lines d and n, respectively. Therefore, the following relation
holds in Lorentzian line space:

ALy — Ludg F ¢iAw (A2 + A2)% =0 (56)

Suppose that the strip is a dual Lorentzian closed geodesic strip. Then, K = 0 and
consequently A, = 0. Furthermore, assume that the timelike vector D lies in the plane
{A, N} of the moving frame {A, G, N}. Under these assumptions, Equation (48) reduces to

Ag = Nycosh. (57)
The corresponding distribution parameter is given by

1 knkj, + sinh@rtg(sinhrty + ¢jcoshesty)
-— = . . (58)
dy ks + sinh2; 13

The following theorems are obtained as a consequence.

Theorem 15. Let K/ K’ be a one-parameter dual spherical motion in Lorentzian space associated
with a dual Lorentzian closed geodesic strip. Then, the dual angle of pitch of the closed Lorentzian
ruled surface generated on K’ by the fixed timelike vector D lying in the plane { A, N} of the moving
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frame {A, G, N} is determined by the dual angle of pitch of the ruled surface generated by the
vector A as A

d
— = cosh¢.
A, cosh¢ (59)
Theorem 16. Under the condition that the strip serves as the dual geodesic strip during the closed
spherical motion K/K' in the Lorentzian space, the proportion between the dual angle of pitch of the
closed Lorentzian ruled surface generated on K' by the fixed timelike vector D in the { A, N} plane
of the moving frame { A, G, N'} and the dual angle of pitch of the closed Lorentzian ruled surface
generated on K’ by the vector A remains constant and invariant under the motion.

The real and dual components of Equation (59) can be explicitly structured as follows:

M = cosh¢, (60)
Aa
Ly = Lacoshdy — Ag¢7 sinh¢y (61)

These formulations lead to the subsequent theorems within the Lorentzian line space:

Theorem 17. Consider a closed spatial motion H/H' corresponding to the dual closed spherical
motion K /K’ associated with a dual closed geodesic strip in the Lorentzian space. Let the line d be
fixed in the space H and parallel to the plane spanned by {a, n}. Then, the ratio between the real
pitch angle of the closed Lorentzian ruled surface generated by d in H' and the real pitch angle of
the closed Lorentzian ruled surface generated by a in H' remains constant throughout the motion.
This invariant ratio is given by coshey.

Theorem 18. Let H/H' represent a closed spatial motion corresponding to the dual closed spherical
motion K/K' in the Lorentzian space associated with a dual closed geodesic strip. In the moving
space H, let d be a fixed line parallel to the plane spanned by {a,n}. The real pitch of the closed
Lorentzian ruled surface generated by the line d in H' is determined by Equation (61). Here, A,
and L, denote the real integral invariants of the closed Lorentzian ruled surface generated by the
line a in H'. Moreover, ¢p1 and ¢, represent the angle and the distance between the lines d and a,
respectively. Then, in the Lorentzian line space, the following relation holds:

1
Lira — Ladg F A (A5 —A2)2 =0 (62)

Next, consider the case where the strip is characterized as a dual Lorentzian closed
asymptotic strip, satisfying K, = 0 and Ay = 0. Assume that the fixed timelike vector
D lies in the plane spanned by {A, N} of the moving frame {A, G, N}. By combining
Equations (48)—(50), we obtain the following relations:

Ay = Agcoshgy + Aysinhg, (63)
Ly = Lacoshy + Lysinhgy — Aqy'sinhdy — An¢py coshey (64)
and ho1ky — sinhity — ¢pjcoshdqt
1  cos — sin — ¢jcos
2 g} g (Pl g‘ ¢1 ) g (65)
dg coshirkg — sinhrtg
Consequently, the relation in (25) can be reformulated as:
1 1 1 1 1 1
ekt = K2 (= 4 22 1 202 2
Kk, k”(da+dn)+tg(dg dn)+kg(da dg) (66)

https://doi.org/10.3390/sym18091475


https://doi.org/10.3390/sym18091475

Symmetry 2026, 18, 1475

13 of 14

For the case of a dual curvature strip, the above relation takes the simplified form:

1 1
2kukyy = k2.(5 + ) + K3.(

1 1
it A ?) (67)

For a dual geodesic strip, the fundamental relation reduces to:

2k ks = k%l.(l - i) +12

1 1
L ta) el o a) o

Alternatively, for a dual asymptotic strip, the following geometric relation is obtained:

tr dg—d,

77(7 dn
K2 Vdg —dy

)-(7) (69)

7. Conclusions

In this paper, a theoretical framework for dual Lorentzian closed strips was developed
within the Lorentzian line space R3. By introducing the dual Darboux-Ribaucour moving
frame associated with a dual Lorentzian closed strip, the differential properties of the strip
were characterized through the dual geodesic curvature, dual normal curvature, and dual
geodesic torsion. The obtained results provide explicit relations between these geometric
quantities and the corresponding dual integral invariants.

The dual angles of pitch, dual pitches, and drall invariants of the ruled surfaces gener-
ated by the frame vectors A, G, N, and an arbitrary fixed timelike vector D were derived.
Moreover, several relations among these invariants were established for different special
classes of dual Lorentzian closed strips, including curvature, geodesic, and asymptotic
strips. Through E. Study’s correspondence, these results were interpreted in the Lorentzian
line space, providing a geometric connection between dual spherical motions and ruled
surface invariants.

The developed theoretical framework may provide a useful geometric foundation for
applications involving spatial motions, kinematic modeling, and robotic mechanisms where
Lorentzian line geometry and dual representations are relevant. In particular, the obtained
invariant relations may contribute to the geometric description of constrained motions and
motion planning problems. Furthermore, the Lorentzian formulation may offer potential
connections with geometric models arising in relativistic settings, where the causal character
of curves and surfaces plays an essential role.

Future research may focus on the computational realization of the obtained formulas,
including numerical examples and application-oriented models. Extending the present
results to other classes of dual Lorentzian motions, investigating the behavior of invariants
under different causal conditions, and applying the developed theory to mechanical and
robotic systems constitute promising directions for further studies.
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