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Abstract

In this study, we consider the Lorentzian rotation about a lightlike axis. First, we introduce
a geometric characterization for the rotation angle between two vectors that can overlap
each other under a Lorentzian rotation about a lightlike axis. Then, we give a definition for
the angle measurement between two spacelike vectors whose vector product is lightlike.
Later, we generalize the Lorentzian rotation about a lightlike axis, and determine matrices
of these transformations using the Cartan frame and the well-known Rodrigues formula,
then using the Cayley map, and finally using the generalized split quaternions. We see
that such transformations give parabolic rotational motions on general cones or general
hyperboloids of one or two sheets, while they also give linear rotational motions on general
hyperboloids of one sheet.

Keywords: Lorentzian scalar product; generalized Lorentzian rotation matrix; Cartan’s
frame; Rodrigues rotation formula; Cayley map; split quaternion

MSC: 15A63; 15A66; 53A17; 53A35; 53B30; 70B05; 70B10; 70E17

1. Introduction

As a ubiquitous phenomenon, Euclidean rotational motions serve as a bridge between
theoretical abstraction and practical applications. They are linear transformations that
can be expressed by the orthogonal matrices whose determinants are 1, forming a non-
Abelian group denoted by SO(3). Rotation matrices have attracted the attention of many
researchers, as they play an important role in many application areas in many fields such as
robotics [1,2], and differential geometry [3]. Some well-known methods to obtain rotation
matrices are the Rodrigues formula, the Cayley map, and quaternion multiplication.

Rotation transformations and their matrices can be defined for other scalar product
spaces, and these new rotation transformations can create new fields of study. One of those
spaces is the Minkowski 3-space [4-6], which is a geometric framework that is used to study
the structure of spacetime in special relativity. Rotation transformations of Minkowski
3-space are a crucial component of the three-dimensional Lorentz group, and their mathe-
matical properties and the simplified physical scenarios they govern make them a valuable
tool for theoretical physicists and mathematicians to explore fundamental concepts in rela-
tivity, quantum mechanics, and field theory. On the other hand, rotation transformations
of the Minkowski spacetime finds diverse applications, including analyzing lens optics or
laser cavity kinematics [7], deriving robot manipulator equations of motion [8], facilitating
motion interpolations [9], and modeling ideal fluid hydrodynamics [10]. There are many
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studies on generating or generalizing the rotation matrices of the Minkowski 3-space, which
have spacelike, timelike, or lightlike axes of rotation [11-14]. The rotation matrices of the
generalized Minkowski 3-space that have spacelike or timelike axes are given in [15,16].
However, the rotation matrices that have generalized lightlike axes are not given yet.

The main aim of our study is to give generalized Lorentzian rotation matrices with gen-
eralized lightlike axes, which provide parabolic motions on general cones or hyperboloids
of one or two sheets, while they also give linear motions on hyperboloids of one sheet,
using the well-known classical methods of the Rodrigues formula, the Cayley map, and
quaternion multiplication. Here, we have established that the generalized Lorentz rotation
formulas are identical to the standard Lorentz rotation formulas, with the exception of
skew-symmetric matrices. In addition, we consider the angle of a Lorentzian rotation about
a lightlike axis in the Minkowski 3-space, and we introduce a geometric characterization
for it, using the region swept by the rotated vector as in the classical geometries. Moreover,
we provide a definition not found in the literature for measuring the angle between two
spacelike vectors whose vector product is lightlike. We also adapt this characterization to
the generalized Minkowski 3-space.

This paper is organized as follows: First, we give a brief introduction to the generalized
Minkowski 3-space and the related number system. Then, we consider the Lorentzian
rotation about a lightlike axis, and introduce the geometric meaning for the rotation angles,
giving a definition of angle between two spacelike vectors on the same pseudosphere,
whose vector product is lightlike. Finally, we generate the generalized Lorentzian rotation
matrices which determine parabolic and linear rotational motions in the space, using the
Rodrigues formula, the Cayley map, and the generalized split quaternion methods in the
generalized Minkowski 3-space.

2. Preliminaries

The generalized Minkowski 3-space R?, derived by the standard Minkowski 3-space
R? of signature (—, +, +), and its associated number system Hq,, which is the generalized
split quaternion, were introduced in [15]. Accordingly, R, is the real vector space R? with
the three-dimensional generalized Lorentzian scalar product or ()-scalar product defined

by a real symmetric matrix
A D E
Q=|D B F (1)

E F C

with a negative determinant whose eigenvalues are not all of the same sign, which can be
written as

(xy)q =x"Qy
= Axqy1 + Bxoys + Cxzys + D(x1y2 + x2y1) + E(x1y3 + x3y1) + F(x2y3 + X3Y2) ()

for vectors x = (x1,x2,%3), ¥ = (y1,¥2,¥3) € R3, while the standard Lorentzian scalar
product is

(xy) =x"T"y (3)

where I* = diag(—1,1,1). The matrix Q) is the associated matrix of the bilinear form, and

A =/|detQ| = \/|ABC + 2FDE — AF? - CD? — BE?| @)

is called the constant of the matrix (). A nonzero vector x is called ()-spacelike, ()-timelike
and Q-lightlike (or Q-null), if “x = 0 or (x,x)5 > 07, (x,x) < 0, and “x # 0 and
(x,x)q = 07, respectively. The Q-norm of the vector x is given by
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|x]|q = \/\<x,x>0| = \/|Ax% + Bx3 4 Cx3 + 2Dxqx + 2Ex1x3 4 2Fx5x3]. (5)

For r € RT, spheres of the generalized Minkowski 3-space or Q)-spheres with a center at
the origin and radius r are the sets

S3(r) = {x ER®: (x,x)q = 1,2} and HA(r) = {x ER%: (x,x)q = —rz} (6)

which is called an Q-pseudosphere, which is a general hyperboloid of one sheet and
an O-hyperbolic sphere which is a general hyperboloid of two sheets. In addition, the
QO-sphere with its center at the origin and radius 0 is

La= {x €R3: (x,x)q = 0} (7)

which is called ()-light cone, which is a general cone.

A 3 x 3 matrix S is defined as ()-skew-symmetric if it satisfies the equation
STO = —Q8S, and for a given vector x = (x1,xp,X3) € R3, the )-skew-symmetric matrix
related to the vector x has the form of

Aseg N5 NG,
Sx=|Asx ALy Afg 8)
Mg Ag; A5

where A;; = Ajxy — Ajxs, Agj = Ajxz — Ajxq, Af’]« = Aix; — Ajxp and Ay = (AB — D?)/A,
Ay = (AC—E?)/A, A3 = (BC — F?)/A, Ay = (DE — AF)/A, As = (DF — BE)/A

and Ag = (EF — CD)/A. Using this notion, the generalized Lorentzian vector product of
vectors x,y € R3 is given as follows:

X Xy = Sxy. )

In addition, for vectors x,y,z € R3, the following equation is satisfied:

xXq (yxaz)=(Xy)qz— (X,2)qy. (10)
The ()-measure 6 of the angle between linearly independent ()-spacelike vectors x and

y is defined as follows [16]:

(i) Ifx xqyis Q-spacelikeand (x,y), > 0, which are equivalent to (x,y) > |x||q ¥l
then

x¥)a = Ixllallyllq coshé. (11)
(i) If x xqy is O-timelike, which is equivalent to (x,y)q < ||x||q|ly]lq, then

x¥)a = [Ix[lallyllq cose. (12)

The ()-measure 6 of the angle between linearly independent ()-timelike vectors x and y
satisfying (x,y)n < 0 is defined as

x¥y)a = ~lxlallyllqcoshé. (13)

Additionally, if (x,y)q = 0, then x and y are called Q-orthogonal; in addition, if the
(-norms of them are 1, then they are called (-orthonormal.

On the other hand, for the real numbers A, B, C, D, E, F which are the entries of the
matrix (), and for the base elements i, j, k satisfying the following equalities
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i’ = AjP=BK=C
ij = D—iAs—jAs—kN
ji = D+iAs+jAy+ ki
jk = E—iA3;—jA¢—kAs (14)
ki = E+iAz+jAs+kAs
ki = F—iAg—jAr—kAy
ik = F+4+iAg+jAr+KkAy,
each element of the set
Ho = {90 + i + q2j + g3k : g0, 91, 92, 93 € R} (15)

is called a generalized split quaternion or an ()-split quaternion. The set H with its sum
and multiplication operations is a non-commutative, non-division, and associative ring.
For an O)-split quaternion q = qo + q1i + 92j + g3k = qo + vy, the real number g and the
vector v; = g1i + q2j + g3k are called the scalar part and the vector part of q, respectively.
A pure ()-split quaternion is defined as an ()-split quaternion with a zero scalar part. So,
the vectors of R3 can be thought of as pure Q-split quaternions. For any two Q-split
quaternions p = pg + vy and q = qo + v,, the multiplication of them is given by

Pq = pogo + <vp, Vq>0 + povg +qovp +Vp X vy (16)
Then for two pure ()-split quaternions p and q, the following equation is satisfied:

Pqa=(P.9)q TP Xaq- (17)

In addition, left and right multiplications of ()-split quaternions can be computed

as follows:

_PO Ap1+Dpy+Eps Dpy+Bpy+ Fps Ep1+Fp2+Cp3_ _qo_

Lo(q)=pq = |/t PoTP2hs—pshe  pshs—pids Pide —p2Bs | M (18)
P p2 P28y — p3i2 po + p3le — P14 P12 — P2l 92
| P3 p281 — p3lds p3Qs — p1dq po+ P18 — p2As| [ g3]
[po Apr+Dpy+Eps Dpi+Bpy+Fps  Epi+Fpa+Cps] [g0]

Lo(q)=qp = P1 Po+ p3le — p2As p1ls — p3fA3 p2As3 — p1is q| (19)
p2 P32 — paly Po + p1ds — p3hs p2h6 — P12 g2
| P3 p3lg — p2dy —p1D1 — p3Ds  po+ p2Bs — p1Bs] 93]

For an ()-split quaternion q = qo + v, the conjugate, norm and inverse of q are defined
as follows:

q = qJo—Vq
Ny = /1dal=/laal = y/|g; - (va. vy 20)
q! = Ig' for I; #0 where [; = q% —(vg, Vq>0.

q

If Ng = 1 then q is called a unit Q)-split quaternion. Generalized split quaternions, like
ordinary split quaternions, can be classified as follows: an ()-split quaternion is called
spacelike, timelike and lightlike (or null), if [; < 0, [; > 0 and I; = 0, respectively.
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3. On the Lorentzian Rotation About a Lightlike Axis

In [17], Sodsiri, using an elementary approach, determined the rotation matrices in the
Minkowski 3-space R about the lightlike axis £/ = {(s,s,0) : s € R} by the angle v € R, as

%n2'yz +1 —%nz'yz ny
R'=| gn**  1—3n** ny (21)
ny —ny 1

for each n € R — {0}. Itis easy to see that for each value of n, a different Lorentzian
rotation matrix is obtained, which fixes the axis ¢’ pointwise. Then, using the vectorial
representation of the spherical rotations, the rotation about a general lightlike axis £ spanned
by a lightlike vector n as a geodesic was given as

ay(x) =x+9n (22)

for the unit vector x, in [18]. Later, NeSovi¢ determined the rotation matrix R about a
general axis ¢ spanned by a lightlike vector n by the angle y using Cartan’s frame [19].

Cartan’s frame in R? is a pseudo-orthonormal frame {c, t,n} satisfying the follow-
ing conditions:

(c,q)p = (mmn)p = (¢ t), = (nt), =0,
(tt), = (c,n); =1, (23)

cXpt=c¢c,tXxyn=nnxpc=+t

In this frame, t is on the pseudosphere with radius 1, and linearly independent lightlike
vectors ¢ and n are always on different naps of the light cone, since two lightlike linearly
independent vectors lie in the same nap of the light cone if and only if their Lorentzian
scalar product is less than 0 [20]. In addition, the frame is positively oriented, since the
frame conditions give the result det(c,t,n) = 1 > 0. In particular, if n’ = (n,n,0) and
t' = (t,t,1) for real numbers n # 0 and ¢ in Cartan’s frame {c¢/,t’,n’}, then it is possible to
see with some calculations that

o = s D s B
- 2n 2n 7 n )

Hence, using the matrix (21) and the frame coordinates or using Equation (22), one can

easily see the equation
(RU(¥), <)y = (24)

which determines the angle of the Lorentzian rotation matrix R’. On the other hand, the
most general form of this frame can be written as {c,t,n} where n = Ry(n’), t = Ry(t'),
¢ = Ry(c’) for the following Euclidean rotation about the x-axis by the angle 0

1 0 0
Ry= 10 cosf® —sinf|, (25)
0 sinf cosf

which is also a Lorentzian rotation, and RgR’R _g is the Lorentzian rotation about the general
lightlike axis ¢ spanned by the lightlike vector n, since the multiplication of two Lorentzian
rotations is also a Lorentzian rotation and

RQR/R,Q(H) = RQR/ (n’) = Rg (n/) = n. (26)
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In addition, since the Lorentzian rotations preserve the Lorentzian scalar product, one gets

(R(t), €)= 7- (27)

So, the rotation angle of R = RgR'R_j is also 7.
Using this fact, NeSovi¢ determined the rotation matrix R about the axis ¢ spanned by
the lightlike vector n = (11, 1, n3) by the angle y as

2
R=Ry, =I5~ 5.+ %sﬁ (28)
where
0 nz —np
Sn=| n3 0 —m (29)
—ny m 0

which is the semi-skew-symmetric matrix with respect to n. However, in these studies, the
rotation angle 7y has no geometric meaning. In the next section, we introduce a geometric
meaning for this value, and this meaning gives a new definition for the angle between
two spacelike vectors on the same pseudosphere in R?, whose vector product is lightlike.

4. Geometric Meaning of the Angle for Rotations About a Lightlike Axis

In this section, we introduce a geometric characterization of the rotation angle «y
between two linearly independent vectors on the same three-dimensional Lorentzian
sphere, such that one of the vectors is rotated on to the other one by the Lorentzian rotation
matrix (28) about the lightlike axis with direction vector n by the angle vy. Since all structure
is invariant under the transformation Ry, we only consider the vector n = (1,1,0) where
n # 0. Notice that for two different linear dependent different lightlike vectors n; and
ny, the Lorentzian rotation matrices about the axis ¢ with direction vector n; or ny by the
angle v are different. So, the representation R, , may be a cause of confusion. To avoid this
confusion, Ry, is a more suitable representation than R 0y for the rotation transformation,
and n is a more suitable representation than ¢ for the rotation axis. For this reason, from
now on, we only use the R, , notation for the Lorentzian rotation around the axis n by
the angle . But one can also prefer to call it the Lorentzian rotation about the axis ¢ with
respect to the vector n, by the angle 1.

It is known that any nonzero vector x € R} and Ry, (x) are in the same casual
character, and the endpoint of the rotated vector Ry ,(x) is on the plane I, x which passes
through the endpoint of x and Lorentzian orthogonal to n. So, the trajectory of the motion
of the endpoint of the vector x under the rotation Ry, is either a line or a parabola since
the intersection of the Lorentzian sphere and the plane I, x is either two parallel lines
or a parabola. More clearly, the trajectory is a parabola when the endpoint of x is on a
hyperbolic sphere or a light cone, while the trajectory is either a line or a parabola when
the endpoint is on a pseudosphere; in particular, the trajectory is a line when the endpoint
of x is on the plane I'l, which passes through the origin and Lorentzian orthogonal to n,
and the trajectory is a parabola when the endpoint of x is not on the plane I,.

Let x be any nonzero vector linearly independent from n. Then, either the vector x lies
in the plane I, or it does not; in other words, either (x,n); =0, or (x,n); # 0.

(1) First, let x lie in the plane I1,. In this case, x is a spacelike vector that can be written
in general form as x = (x, x,7), and its endpoint is on the Lorentz space circle ||x||; = |r],
which consists of a pair of parallel lines. Then, one can see that

Rp,y(x) = x+ 9rn, (30)
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and so the rotation occurs in the plane Il,, which is a tangent to the light cone along the
line with direction vector n. Moreover, if |n||; = 1, then the directed area of the vector x
swept under the rotation Ry, is 7r%/2 (see Figure 1). Therefore, in accordance with the
classical geometries, the measurement <y of the directed angle of the rotation with the axis n
form x to Rp,(x) corresponds to the directed area yr?/2. In addition, if ||n||; # 1, then the
corresponding area increases ||n|| .-fold. Consequently, for two given vectors x = (x1,x1,7)
and y = (y1,y1,7) such that Ry o(x) = y where n = (n,n,0), the directed angle -y of the

rotation can be computed by
2§

=—7— (31)
2
Xzl

v
where S is equal to the directed area of the triangle determined by the vectors x and y.

Notice that, since the Lorentzian vector product of x and y is in the same direction as
n in this case, one can define the angle between them by the angle of the rotation with the
standard lightlike axis n = (1,1,0), which transforms x to y, as follows

V28

¥ =—7. (32)
Ix[I7

Clearly, this definition completes the angle definition between spacelike vectors given in
the preliminary section.

z
ry X I"/
Roy(x).
x<—
e
<

Figure 1. Area of the region swept by x under Ry, 4, where ||n||; = 1and (x,n); =0.

(2) For the other cases, let us consider a nonzero vector x which does not lie in the
plane I1,. In this case, x can be a spacelike, timelike or lightlike vector, and the rotation
occurs in the plane I1, x, which is parallel to I1,. Then, one can see that the plane I x
can be written in general form as —x +y +d V2 = 0 for a nonzero real number d, such
that |d| is equal to the Euclidean distance from the origin to the plane I, x. So, x can be
written in general form as x = (x1,x; — dv/2,x3) for x1,x3 € R. Using the matrix of the
Lorentzian rotation (21) about the axis n with ||n||; = 1 by the angle v, one finds that the
difference of the third component of the coordinates of x and Ry, (x) is yd. In addition,
the Euclidean length of the Euclidean orthogonal projection of the vector x to the plane
T1E, which passes through the origin and Euclidean orthogonal to n, is |d|. Therefore,
when x completes its movement under the transformation Ry, , the area of the Euclidean
orthogonal projection of the triangle scanned by x onto the plane Euclidean orthogonal
to n is yd? /2 (see Figure 2). Therefore, in accordance with the classical geometries again,
the measurement 7y of the directed angle of the rotation with the axis n from x to Ry , (x)
corresponds to the directed area yd?/2, where |d|, acting like a radius, is the Euclidean
distance from the origin to the plane I, x. In addition, if |n|| # 1, then the corresponding
area and the difference of the third components increases |n|| ;-fold. Consequently, for
two given vectors x = (x1, xp, x3) and y = (y1, 2, ¥3) such that R, o (x) =y, the directed
angle 7 can be computed by
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2§

V= (33)
@[|n]|

where S is equal to the directed area of the Euclidean orthogonal projection of the triangle
defined by vectors x and y onto the plane I1%. Notice that in this case, the rotation angle
from x to Ry, (x) cannot be equal to the angle between them, since their Lorentzian vector

product cannot be in the same direction as n.

Figure 2. Area of the Euclidean orthogonal projection of the region swept by x under Ry, o, where
In|lz = 1and (x,n); # 0.

Example 1. Let us take two spacelike vectors x = (1,1,3) and y = (2,2,3) whose Lorentzian
vector product is lightlike. Then one can obtain the angle between x and y as

_vas _V(F)
Ix[|7 9 3

where S = 3+/2/2 is the area of the triangle determined by the vectors x and y. One can check that
for the Lorentzian rotation Ry (x) about the axis n = (1,1,0) by the angle v = 1/3,

&=

Ri11.0,1(0) =

— QW=

1
1| =vy.
3

(=

w55l
—
L'\,M_\OO N

Notice that the trajectory in this example is a line. In addition to this example, the measurement of
the angle of the rotation about another lightlike axis n = (2,2,0) from x to y can be computed as

_ s 2(%) 1
T kBl 9)(2v2) 6

It is easy to check that

&=

Riop01(¥) =

UV Y
W=l —5s
_
N =
— Gl

1
1| =y.
3

[y
[

Example 2. Let us take a timelike vector x = (3,0, 1) to rotate by the Lorentzian rotation about
the lightlike axis n = (2, V2, ﬁ) by the angle v = 1. Then the rotation matrix can be found as

3 —2v2 0
R(Z,\/E,\/E),l = O 0 1
2v2 =3 0

and we get



Axioms 2025, 14, 612

90f19

Re1/21/20)2(x) = (9, 1, 6\6) —y.
One can verify the rotation angle y by the formula as

25 2(v2-3)

R () )

whered = 6;\/? is the Euclidean distance from the origin to the plane I'ln x : —2x + \@y +v2z —

V2+6 =0, and S is equal to the area of the Euclidean orthogonal projection of the triangle defined
by vectors x and y onto the plane T1E : 2x + /2y + \/2z = 0 which passes through the origin and
Euclidean orthogonal to n. Notice that the trajectory in this case is a parabola.

5. (3-Rotation About an ()-Lightlike Axis

It is known that any given general hyperboloid of one or two sheets or general cones,
which are ()-spheres, can be transformed to their standard forms, which are Lorentzian
spheres, by an affine transformation. So, if g7 (v) = v I*v and gq(v) = vI Qv are the
quadratic forms associated with the Lorentzian and ()-scalar products, respectively, and A is
a linear transformation that transforms the ()-spheres to the standard Lorentz spheres, then

qL(v) = qa(Av) (34)
for every vector v € R3, and one gets
ATOA=T"or O = (AI*AT)™! (35)

and
(xy)L = (Ax, Ay)q. (36)

Therefore, the geometric structure of the ()-space R?) is the same as the standard Lorentzian
space R3. In other words, orthogonality, parallelism, and tangency are preserved.

For example, if n is Q-lightlike vector, then the plane IS which passes through
the origin and ()-orthogonal to n is the tangent plane to the ()-light cone along the line
with direction vector n; the intersection of the plane IS with the Q-pseudo spheres is
two parallel lines. Likewise, Cartan’s ()-frame is a ()-pseudo-orthonormal positively
oriented frame {c, t,n} formed by linearly independent Q)-lightlike vectors ¢ and n which
are on the ()-light cone, and a unit ()-spacelike vector t which is on the ()-pseudosphere
with radius 1, satisfying the following conditions:

(c,c)q = (n,n)q = (c,t)q = (n,t)q =0,
(tthg =(en)g=1, (37)
cXot=c¢tXgn=n nXxXpc=t

A real matrix O is Q-orthogonal if and only if OTQO = ), and the set of all Q-orthogonal
matrices whose determinants are equal to 1 gives the generalized Lorentzian group consists

of all O-rotation matrices of ]R“;’). For any vector x € R3, if R is an Q-rotation matrix,
the endpoint of R(x) is on the plane I1Q, which passes through the endpoint of x and
(-orthogonal to n, since

{(x = R(x),m)q = (x,n)q — (R(x),R(n))q = 0. (38)

S0, as in the standard Lorentzian case, the trajectory of motion of the endpoint of a vector
under ()-rotation is either a line or a parabola since the intersection of the ()-Lorentzian
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spheres and such a plane whose (2-normal is ()-lightlike vector is either two parallel lines
or a parabola. If R is an ()-rotation matrix, then one of the eigenvalues of R is 1, and the
eigenvector n corresponding to 1 determines the axis of rotation. In addition, in analogy
with the standard Lorentzian geometry, if Ry, is an ()-rotation matrix about the axis n, we
define the angle <y as the ()-measurement of the rotation angle if

(Ra(t),¢)q =7 (39)

is satisfied for Cartan’s ()-frame {c, t,n}, and denoted as R, with the angle v by Ry ,.

However, the geometric meaning of ()-measurement of the angle -y slightly changes,
since one needs to use the generalization of the Euclidean norm by the same linear transfor-
mation A in the corresponding angle formula. One can obtain that

(x,y)p = (Ax, Ay)q, (40)

for
QO = Q(ATFA™Y) (41)

which gives the generalization of the Euclidean norm with respect to the linear transforma-
tion A. So, for two given vectors x and y such that Ry, (x) = y where Ry, 4 is an Q-rotation
matrix about the axis n by the angle -, the directed angle - can be computed by the formula

250,

il S (42)
2
Ixllalnllq,

’Y:

if (x,n) = 0 in which x can only be an Q-spacelike vector in the plane T1, and by

the formula
250,

S RETNTI (43)
dg,, Inllq,

’)/ =
if (x,n) # 0 in which x can be any vector not in the plane 1}, where dq, is the
Q-distance from the origin to the plane HS %, and Sq_ is the directed (-area of the
Qg-orthogonal projection of the triangle defined by vectors x and y onto the plane TS

Here, one can derive the matrix A using the Euclidean orthogonal diagonalization
of the matrix () as follows: Let P be the Euclidean-normalized orthogonal matrix with
the first column determined by the negative eigenvalue of the matrix (), which has one
negative and two positive eigenvalues. And let D be the diagonal matrix determined by the
eigenvalues corresponding to the columns of P. Then we have Q = PDPT or PTQP = D.
If N2 = DI* then A = PN~I* gives the linear transformation A, since

T
(Ax, Ay), = xT(PN_ll*) Q(PN_ll*)y
= x'I'N"'DN"'I'y
= X'I'I'I'y =x"T'y = (x,y),.

In the next sections, we determine the matrix of ()-rotation about an ()-lightlike
axis, and the rotation angle of a given ()-rotation matrix, using the Rodrigues and Cayley
methods and ()-split quaternions, by the following five theorems. These theorems are
actually well-known results for the standard Minkowski 3-space. We just use the ()-scalar
product in the proofs instead of the standard Lorentzian scalar product, and we see that
the generalized Lorentz rotation formulas are identical to the standard Lorentzian rotation
formulas with the exception of skew-symmetric matrices.
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6. (2-Rotation Formula by the Rodrigues Formula

Here, we determine the matrix of the ()-rotation around an ()-lightlike vector n by an
angle v, using the Rodrigues formula and Cartan’s ()-frame. Note that the characteristic
polynomial of Sy, is

P(x) = x* — (n,n)qx, (44)

and so one gets
$2=0 (45)

for the O)-lightlike vector n.

Theorem 1. Let us take an Q)-lightlike vector n, and angle v € R. Then, for the Q-skew-symmetric
matrix Sp, the matrix exponential function

e = I — S+ 553 (46)

is the matrix Ry, of the Q-rotation about the vector n by the angle «y. In addition, Ry, can be
written as follows:

1.2/ / 1,21 " 1.2 .11 "
=570y, —YA56+1 =270, — 1035 =270 — 163
_ 1.2/ ! 1.2, " 1.2 11 "
Rpqy = =270, — YNy, =3V O, — Y4+ 1 =270, — Y\ (47)
1,2,/ ! 1.2, " 1.2 .1 "
—2770u; — 1M1 =20, —YN51 27 0u; — YA+

where 17;1,» =n;(Any + Dny + Eng), a;l’i =n;(Dny + Bny + Fn3), ‘71/1/1'/ — 1 (Eny + Frip + Cniz),
A;,j:(AiTlZ - AjnS) A;;:(Aﬂl:’, - A]'Tll) and A:f]/:(Alnl — A]‘le).

Proof. Let Ryn,(x) = x’ for a nonzero vector x. The vector x can be written in Cartan’s
QO-frame {c, t,n} as x = xc + yt + zn where x, y,z € R. Using the linearity, we get

X' = xRn,y(¢) + YRn,y (t) + zn.
The vectors Ry, (¢) and Ry (t) can also be written in Cartan’s Q-frame as

Rpy(c) = xic+yit+zin
Rnl7(t) = Xxpc+y2t+2zon

where x1, X2, Y1, Y2, 21,22 € R. Then considering Cartan’s ()-frame conditions, one gets

<Rn/7(c)’ n>Q = xl
(Rnqy(t),m)q = xo.
In addition, since we have
<Rrw(c),n>0 = (emn)g=1
<Rnﬁ(t)rn>g = (tn)q =0,

we get x; = 1 and xp = 0. In addition, one can obtain the followings:

0 = (ct)g=(Rnqy(c),Rny(t)q=22+1112
0 = (¢,¢)q = (Rny(c),Ray(c))q =yi+221
1 = (tt)g = (Ray(t),Ray (), = v5.

Then, it follows that
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2
-
Z1 = 5
=1
2 = —hn
and so we get
}/2
Rpq(c) = c+yit—=n
Rn,(t) = t—yin.

Moreover, since we have that

we get

2
Rny(e) = c+t—Ln
t+yn

=
2
Y
—

-
N—

I

and so have ,
x = x(c+’yt— 7Tn) +y(t+9n) +zn.

Differentiating this equation for the variable vy, we get
a
dy

On the other hand, considering again Cartan’s ()-frame conditions, we derive that

= —xRp,,(t) +yn.

nxaox = x(nxqRny(c))+y(nxRny(t))
x(n X0 (c—l—'yt— %Zn>) +y(nxq (t+9n))
= x(t—9n) —yn = xRy, (t) —yn

and we obtain

Integrating this equation, we get

and

Rny(x) = e 5n,
By using the Taylor power series expansion of e~ 75 and S} = 0 (see [21,22] for the
exponential of semi-skew matrices), we obtain the Rodrigues rotation formula as

2
Ruy = e 750 = Iy — 9Sn + 5 S7.

Substituting the matrix (8) into this equation, one derives the matrix (47). One can see that
the determinant of the matrix (47) is 1. In addition, using the ()-skew-symmetric matrix
property, one gets the ()-orthogonality of Ry, , as follows:

2 T
RiyORny = (B=7Sa+%5%) ORny

(13 908,071 + %Qsﬁ@*l)mm

(Q F90Sq + 7720531) (13 —ASn+ 772551)

2 2
Q+ 5082 - 92082+ LOSs2 = Q.
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Thus, Ry, is the Q)-rotation matrix about the ()-lightlike axis n by the angle y. Notice that
the matrix (47) has eigenvalues x; = x; = x3 =1. O

If R is an Q)-rotation matrix whose axis and angle are unknown, then while its axis can
be determined by the eigenvector corresponding to the eigenvalue 1, its angle can be found
by the following theorem.

Theorem 2. Let R be an Q-rotation matrix. If n is the axis of the Q-rotation R, then the angle -y
can be computed by the formula

YO8y = %(RTQ - QR). (48)

Proof. By using Formula (46), and the Q)-skew-symmetric matrix property SIQ = —QS,,,
one obtains that

T
RT0 = 0-9st0+%(s2) 0

7’ 02
= 04905, + %082
= QR +2906S,.

which gives Equation (48). O

Example 3. Given a general cone, two general hyperboloids with the equations

X4+ 3y*+4zy = 0
P43y tdzy = —4
X243y +dzy = 4,

which are the Q-light cone, the Q-hyperbolic sphere, and the Q-pseudosphere with centers at the
origin, for the matrix

1
Q=10
0

N W O
o N O
~

respectively. Let us consider an Q-lightlike vector n = (—3/2,—1/2,3/2). Using the
Equation (47), one can calculate Ry, ,, for the angle -y = 4 as follows:

-17 30 -8
Ri_z/2-1/23/24= | =8 13 —4|.
15 =27 7

Consider an Q-lightlike vector x; = (1,—1,1), Q-timelike vector x, = (1,2,-3), and
two O)-spacelike vectors x3 = (1,2,0) and x4 = (2,1, —-3/2) such that (x4,n)q = 0, and
rotate them about the vector n by the angle 4. One can derive the following results:

R(_3/2,-1/23/2)4(x1) (—55,—-25,49)
R(_3/2,-1/23/2)4(x2) = (67,30,—60)
R(_3/2,-1/23/2)4(x3) = (43,18,-39)
R(_3/2,-1/23/2)4(x4) = (8,3,—-15/2).

Under the Q)-rotation about n, the trajectories of the endpoints of X1, X2, X3 are parabolas on the planes
passing through the endpoint of X1, X, x3, and Q-orthogonal to the vector n, which are the intersection
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of the Q-light cone with the plane TT) x, 1 3x — 3y + 2z = 8, the O:-hyperbolic sphere with the plane

I x, 03X — 3y + 2z = —9, and the Q)-pseudosphere with the plane I1$ Xy 1 OX—3y+2z = -3,
respectively. In addition, since xy is on the plane TS : 3x — 3y + 2z = 0, the trajectory of the endpoint
of x4 is a line which is a part of the intersection of the Q-pseudosphere and T1<). Using the matrix Qp
determined by the positive affine transformation A and Q), we can check the angle «y from Formula (31).
For the matrix Q), one can obtain that

QO = pDPT
where 0 0 1 10 o
P=|-7% % 0ladD=|0 4 0
2 1
E 0 0 01
Then one derives that
0 0 1]
A=PNI'=| 5z 5 0
2 1
V5o 2v6
where N> = DI*, and get
1 0 0]
O = Q(AI'A Y = |0 7 s
o & 8
5 5]

One can check for x4 = (2,1, —3/2) and R(_3/2,_1/2,3/2),4(Xa) = ya that

250,

LT T
sl [l

7

\/T—O and

2
where [[x4lj = 1, [Inlq, =

1 /2 72
Sap = §(<X4rx4>QE (Yo y4)qp — (Xa, ya) o (Xa, Y4>QE> =5

7. Q3-Rotation Formula by the Cayley Map

For the ()-skew-symmetric matrix S, (8) where n is an ()-lightlike vector, one can
derive by lengthy calculations that the determinant of I3 4 Sy, is equal to 1. So, I3 + Sa is an
invertible matrix, and the well-known Cayley map can be given as

Cay(Sn) = (Is — Sn) (I3 + Sn) " (49)
Then, it is not difficult to see that

(5+5.)TQ = QI3 — Sq) (50)
(L—5,)"Q = QI3+ Sq) (51)

using the fact that SITl O = —0S,. Hence, one can obtain that
T 1\T 1
CayT (Sa)QCay(Sn) = ((13 — Sa)(Is + Sa) ) QI — Sn)(Is + Sn)
( I3 + Sn) ) (Is — S0) (I + Sn) " (5 — Sn)
= ( I3+Sn ) (I3—Sn)

(Is + Sn) ) (I1+Sa) Q= Q.
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In addition, since we have det(I3 4 Sp) ' = det(I3 — Sp) = 1, we get that det Cay(Sy) = 1.
Thus, Cay(Sy) is an Q-rotation matrix since it is Q-orthogonal and its determinant is equal
to 1. By the following theorem, the ()-rotation matrix about the Q-lightlike axis n by the
angle v can be obtained using the Cayley map:

Theorem 3. Let n be an Q)-lightlike vector, and v € R. For the O)-skew-symmetric matrix Sy,
the matrix
-1
Cay(§5a) = (s~ §Su) (1 + 3S0) 62)

gives the Q-rotation about the axis n by the angle <y, that is Ry, .
Proof. Clearly, for all k € R — {0}, kSp, is an Q)-skew-symmetric matrix. Therefore
Cay(kSn) = (I3 — kSn)(I3 + kSa) ™!

is the matrix of an Q-rotation. If Cay(kSn) = Ry,y, multiplying it by (I3 4+ kSyn) on the right,
then one gets
Ru,fy(I:; + kSn) =1I;— kSy.

In addition, by Formula (46), one has
7 g2
Ru,7(13 + ksn) = (I3 - ')/Sn + 75n> (13 + ksn)'

So,
2
B+ (k= 7)Sn+ (% — 7k)S2 = Is — kSn.

This equation implies that
2
k—y=—-kand L —9k=0
which results in k = 7. Substituting this value into Cay(kSy), one obtains
Cay(35n) = (= 35u) (l+ 35) " = Ray.
O

Since one has

R=(I-S)(I+S) '=R+RS=1-S=(I+R)S=I-R=S=(I+R)"YI—-R), (53)

one can express Equation (52) as
Cay ' (Rnjy) = (I + Ray) "' (I = Ruy) = §5n. (54)

It is obvious that it is well defined for 7y # 0, since we have
T ~-1(pt
Sn = 5.0 (RMQ - QRM) (55)

by Theorem 2. For a given ()-rotation matrix R, if the rotation axis is n, then one can also
find the rotation angle y with the help of the following theorem instead of Theorem 2.

Theorem 4. Let R be an Q-rotation matrix. If n is the axis of the Q-rotation R, then the angle
can be computed by the formula

1Sy = (I +R) (I3 — R). (56)
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Proof. By Theorem 3, we have
Cay(%Sa) = (I = 35a) (5 + 35a) ' =R
for the O)-rotation matrix R. Considering the inverse of the Cayley function (54), we get
Cay'(R) = (I +R)"'(Is = R) = §Sn.
O
Example 4. Let us take a general cone with the equation
2y +42% + 2xy +4yz = 0,

which is the Q-light cone for

Q:

o = O

1
2
2

= N O

Let us consider an Q-lightlike vector as n = (1,0,0). The Q-skew-symmetric matrix with respect
ton is

0 -1 -2
Sn=10 0 0
0 1+ 0

Thus, one can obtain the Q-rotation matrix for the Q-lightlike axis n and the angle <y as follows:

Rny = Cay(3Sa)
0 -1 -2 0o -1 2]\ "
= |B—20 0 of||B+2l0 0 o0
0 3 0 0 3 0
(1 =17 2v
= |0 1 0
0 —%’y 1
This matrix can be checked by the Rodrigues Formula (47) as follows:
r 2
10 0 0 -1 -2 ,[0 -1 -2
Rog = (01 0[=7[0 0 o|+T|o 0 o0
0 0 1 0 3 0 0 3 0
[1 y=37% 2v
= |0 1 0
0 —3r 1

1 4
R=1|0 1 0
0 -1 1
where
010
Q=11 2 2]|.
0 2 4
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Let us find the axis and the angle of the Q)-rotation. The form of eigenvectors of R associated with the
eigenvalue of 1 isn = k(1,0,0) for k € R — {0}, which are O-lightlike vectors. If n = (1,0,0),
then the Q)-skew-symmetric matrix corresponding to n is derived as

0 -1 -2
Sn=10 0 0
0 3 0

Then, using Equation (48) or (56), one can obtain the angle as v = 2. We can verify that the matrix
of the Q-rotation for v = 2 in the previous example gives the matrix R.

8. ()-Rotation Formula by the ()-Split Quaternions

Like the ordinary split quaternions, ()-split quaternions can be used to produce
Q-rotations in R3,. In this section, we use the Q-split quaternions with their multiplication
in the R}, to generate an ()-rotation matrix about an Q-lightlike axis n. One can see that

for every Q-lightlike vector n, ¢ = 1 — 7n is a unit timelike Q-split quaternion. For a unit
timelike Q-split quaternion q = 1 — ¥n, the Q-rotation operator R9 can be defined as
Ri(v) = qvq (57)

where v is a pure ()-split quaternion which can be considered a vector to be rotated. The
following theorem shows that this operator ()-rotates v about the ()-lightlike axis n by the
angle 7

Theorem 5. For a unit timelike Q)-split quaternion
q=1- %n (58)

where n is a Q-lightlike vector and «y € R, and for any pure Q)-split quaternion v, the transformation

Ri(v) = qvq (59)
gives an Q-rotation about the O)-lightlike axis n by the angle «y.
Proof. Since n is ()-lightlike, one gets

nxg(vxon)=—(nv)on

by Equation (10). Then, using the relations (16) and (17), one obtains

RI(v) = (1-

= (1_

n)v(l—l— X )
n)(v+ )a+ 3V xan)

NN

2 2
+ 3 (v,n)q + Vxanjnvf%W,n)an%n(vxnn)
l
2

(
2
= v+ 3(v,n)g+3vxgn—I(v,n)qg—Inxgv—2(v,n)on

2 2
- %(n,v Xan)g — nxa (vxan)

V—nxqv-— %(v n)on+ - <n n)v.

In addition, since n X v = S,v, one has
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R4(v) vV —9n XQV—%z(v,n>Qn

= v—79Syv+ %znxQ(n XQV)

Vv —9Sav+ %ZSIZIV

(13 —YSa+ 772>v

which equals to Ry, (v) by Theorem 1. Then, R9 is an Q-rotation about the Q)-lightlike axis
n by the angle y. O

Example 6. Given a Q)-lightlike vector n = (1, 0,— %) for

0
Q= 1
1

N © =
== N

Let us Q-rotate the vector v = (1,3,2) € R3 about the vector n by the angle v = 1. Using the
unit timelike Q)-split quaternion

q=1-4n= 1f%i+%k,
one obtains the Q)-rotation operator
Ri(v) = qvq

considering the vector v as a pure Q-split quaternion. Then, using the Q-split quaternion multipli-
cation, we get
Ri(v) = =i +3j+ Bk

which can be considered as the rotated vector v/ = (—14—9, 3, %) One can easily check this result

using Theorem 1, to generate the Q-rotation matrix Ry, with the axis n = (1, 0, —%) and the
angle y =1, as

0o -1 -2[]1 -2
Rpp=|0 1 0[[3/=]3

1 1 33

2 "8 2][2 s

9. Conclusions

In this study, we gave a geometric characterization with the notion of the area for the
angle of Lorentzian rotations about a lightlike axis, and we gave a definition not found in the
literature for the angle measurement between two spacelike vectors whose vector product
is lightlike, in the Minkowski 3-space. Then, we established the affine relation between the
standard and generalized Minkowski 3-spaces, and we generalized the Lorentzian rotations
about a lightlike axis, determining them in the generalized Minkowski 3-space with the
angle measurement characterized similarly, using the well-known Rodrigues and Cayley
maps, and the generalized split quaternions. We showed that the generalized Lorentzian
rotations about a generalized lightlike axis give parabolic and linear rotational motions on
general hyperboloids of one or two sheets or cones, and their formulas are identical to the
standard Lorentz rotation formulas with the exception of skew-symmetric matrices.
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