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Abstract: In this paper we developed an algebraic and geometric study of Fibonacci — Cartan numbers
and Fibonacci Pauli—Cartan numbers by integrating Fibonacci sequences with the algebraic structure of
Cartan numbers in pseudo—Euclidean spaces. Building on the concept of Fibonacci—Cartan numbers,
we investigated their fundamental algebraic and geometric properties, including conjugation, character,
norm, and causal classification, proving that they are spacelike elements and establishing their geometric
interpretation within a Minkowski—type framework. Matrix, polar, and exponential representations
were obtained, enabling the derivation of De Moivre-type identities, formulas for powers and roots,
and characterizations in terms of the determinant and trace of real 2 X 2 matrices. In addition, the
powers of Fibonacci—Cartan numbers were represented in terms of Chebyshev polynomials of the
first and second kinds, yielding explicit polynomial expressions for their scalar and vector parts.
Scalar and vector products were also analyzed, providing a consistent geometric interpretation in a
three—dimensional Cartan space. Furthermore, Fibonacci Pauli—-Cartan numbers were defined and
studied through recurrence relations, Binet formulas, ordinary and exponential generating functions,
summation formulas, and real matrix representations. Finally, rotational properties associated with
lightlike directions were examined, showing that parabolic rotations degenerate into linear trajectories
within the Cartan geometric framework.
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1. Introduction

Pseudo-Euclidean spaces equipped with indefinite or degenerate metrics play a fundamental role in
differential geometry, relativity theory, and algebraic structures related to non—Euclidean kinematics [1, 2].
In particular, Cartan—type geometries provide a natural framework for studying algebraic numbers
and geometric motions in spaces where the norm is not positive definite [3,4]. Let R] denote the
three—dimensional real vector space endowed with a Cartan metric, defined via a symmetric bilinear
form ¢, -).

For a vector v € R?, the causal character is determined by

> (0, if vis spacelike,
(v,v):1< 0, ifvistimelike,
=0, ifvis lightlike (null),

a classification that has no analogue in Euclidean geometry. In particular, lightlike vectors may be
nonzero while having zero norm, which leads to degeneracies in both geometric constructions and
algebraic representations [5, 6].
Cartan numbers arise as algebraic objects compatible with this metric structure. A Cartan number
can be written in the form
P=a+bi+cj+dk,

where a, b, ¢, d € R are real coefficients and i, j, k denote the basis elements of the Cartan algebra, whose
multiplication rules are recalled below. Additionaly, the multiplication rules of the basis elements reflect
the underlying Cartan metric. Similar to split—quaternions and hyperbolic numbers, the norm of a
Cartan number is defined by a quadratic form that may vanish for nonzero elements, particularly in the
presence of lightlike components [7, 8].

Cartan numbers provide an algebraic framework compatible with this pseudo—Euclidean setting.
Their indefinite character underlies the spacelike, timelike, and lightlike cases considered in the sequel.
A precise algebraic definition together with the corresponding multiplication rules is given below.
Non-lightlike Cartan numbers admit hyperbolic polar and exponential representations. More precisely,
a spacelike or timelike Cartan number P can be expressed as

P =||P||(coshg + Usinhg) or P =||P| (sinh¢ + U coshy),

where U is a unit Cartan vector satisfying U?> = 1 and ¢ is a hyperbolic angle. Such representations
generalize the classical polar form of complex numbers and have been widely used in the study of
Lorentzian rotations and hyperbolic kinematics [9, 10].

From a geometric point of view, the causal character of vectors has a decisive influence on the
theory of curves. While spacelike and timelike curves admit Frenet frames analogous to the Euclidean
case, null and pseudo—null curves require modified Frenet constructions due to the degeneracy of the
metric [11]. In particular, rotations about lightlike directions do not generate circular orbits; instead,
the corresponding trajectories degenerate into straight lines, reflecting the parabolic nature of such
rotations [12].

The algebraic framework of Cartan numbers provides an effective tool for describing these
degenerate rotations. Exponential Cartan numbers associated with lightlike vectors naturally encode
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parabolic rotations and yield explicit formulas for powers and roots. For a Cartan number written in
exponential form
P =||Plle*”,

generalized de Moivre—type identities can be derived, leading to distinct root structures for even and
odd powers depending on the causal character of P [13].

Our aim of this paper is to establish a unified algebraic and geometric approach to Cartan numbers
and their applications to rotations in R?. After introducing matrix, polar, and exponential representations
of Cartan numbers, we investigate their root structures and rotational properties. Special attention is
devoted to rotations about lightlike directions and their interpretation within the Frenet frame theory of
null and pseudo—null curves.

Let C be the set of complex numbers z of the form z = a + bi, where a,b € R and iZ = —1. The
sets of dual numbers D and hyperbolic numbers H are defined as D = {a + ce : a,c € R, g2 =0},
H = {a+dh :a,d € R,h* = 1}, respectively. Moreover, units of dual and hyperbolic numbers satisfy
relations € # 0, h # +£1. There are many extensions and combinations of complex, dual, and hyperbolic
numbers, e.g., bicomplex numbers, bihyperbolic numbers, dual-complex numbers, dual-hyperbolic
numbers, etc.

Following [14], let S denote the set of Cartan numbers. A Cartan number is an element of the form

Y=a+bi+cj+dk,

where a,b,c,d € R, 1 is the multiplicative identity, and i, j, k are the basis elements of the Cartan
algebra satisfying
2=1, *=0, k> =0, (1.1)

and
Jjk=1+1, kj=1-1. (1.2)

These relations are sufficient to determine the multiplication in the Cartan algebra, provided that the
algebra is associative and 1 is its multiplicative identity. Indeed, the remaining products follow from
Egs (1.1) and (1.2) as

ij=J Ji=—J, ik = —k, ki = k.

Thus, Table 1 does not introduce additional defining relations; it summarizes the complete
multiplication table resulting from Eqs (1.1) and (1.2).

The complete multiplication rules for the basis elements i, j, k are summarized in Table 1.

Table 1. The Cartan number multiplication.

: i j k
i 1 j “k
j —j 0 1+i
k k 1—i 0

In particular, besides Eqs (1.1) and (1.2),
ij=], Ji=—], ik = —k, ki = k.
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The conjugate of Y is defined by
Y =a-bi-cj-dk,
and the real-valued character of Y is
CY)=YY =YY =d*>—-b*—2cd.

The Cartan matrices that have been introduced by Oztiirk form a set of 2 x 2 matrices as follows [14]:

(1o {01 (1 -1 ~ !
o 1) T\ o) 2T ) BT\ )

where the following relations hold:

=

pi=1, @=¢5=0, @p3=1+¢, @pr=1-0. (1.3)

These 2 X 2 real matrices provide a matrix representation of the Cartan basis elements and reproduce
the corresponding Cartan multiplication rules [15].

Cartan numbers were defined in [14], providing the properties of the set of Cartan numbers and
some geometric definitions, theorems, and applications. Fibonacci Cartan and Lucas Cartan numbers
were introduced in [16]. The authors gave some algebraic properties of the Fibonacci Cartan and Lucas
Cartan numbers, including generating functions, Binet’s formula, summation formulas, and Catalan’s
and Cassini’s identities. The purpose of the study [17] was to present a few geometric characteristics
of dual Cartan numbers. It was demonstrated that the unit dual Cartan number with a lightlike dual
vector also corresponds to a parabolic rotation and a translation transformation in the Cartan frame, as a
unit timelike Cartan number with a lightlike vector portion corresponds to a parabolic rotation around a
lightlike axis.

The Pauli matrices that have been introduced by Wolfgang Pauli form a set of 2 X 2 matrices
as follows:

(10 (01 (0 i (1 0
o 1) ' Tlioo) 2T\ o) 270 -1)

The multiplication rules are given by o = 05 = 03 = 1, 07107 = =007 = (073, 02073 = =030 =
ioy,and 030 = —0 103 = i0,. These matrices are Hermitian and unitary. These 2 X2 types of Hermitian

matrices form a basis for the real vector space and the span of {/,io, io,, io3} is isomorphic to the
real algebra of Quaternions. Then, Kim [18] presented a representation of de Moivre’s formula over
Pauli quaternions. Aydin [19] investigated the Pauli—Fibonacci quaternions. Isbilir et al. [20] examined
Pauli-Leonardo quaternions. Azak [21] obtained Pauli Gaussian Fibonacci and Pauli Gaussian Lucas
quaternions. Yilmaz et al. [22] introduced generalized Pauli Fibonacci polynomial quaternions.

The Fibonacci sequence, which has the following recurrence relation, is obtained [23]:

F,=F,1+F,,, (14)

with Fy = 0 and F; = 1. The characteristic equation of the Fibonacci sequence is 6> — 6 — 1 = 0, and the
roots of this equation can be given as: §; = ”T‘B and 9, = 1_T\6 Additionaly, the Fibonacci sequence
can be extended to negative subscripts and has the following recurrence relation:

F(—n) = F—(n—2) - F—(n—l)' (15)
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The Binet’s formula of the Fibonacci sequence is written as [24]:

F= 7% (1.6)
n - 61 _ 62 . .
The following matrix is called the Fibonacci Q-matrix and is given as follows [25]:
01
[ 11 ] . (1.7)

The Q-matrix provides a matrix representation of the Fibonacci recurrence. Indeed,
Q(FFn ) _ (?H)’
n+1 n+2

n_Fn—l Fn
Q ‘(Fn F,m)'

and consequently, forn > 1,

Thus, successive powers of Q encode consecutive Fibonacci numbers and provide a compact matrix
formulation of the recurrence relation.

In the literature, we can find generalizations of the Fibonacci numbers with respect to one or more
parameters and applications of the Fibonacci numbers in different number systems. A list of many
generalizations of Fibonacci numbers can be found in [26]. In [27], further generalizations of Fibonacci
numbers and applications of these numbers in the theory of hypercomplex numbers were presented,
such as, complex Fibonacci numbers (introduced in [8]), Fibonacci quaternions [28—30], and bicomplex
Fibonacci numbers [31]. Fibonacci hybrid numbers were examined in [32]. Another generalization of
Fibonacci numbers is Fibonacci polynomials. The polygon structure of Fibonacci polynomials was
studied in [33]. Related analytical and computational techniques have also been successfully employed
in the mathematical investigation of complex models in different applied settings [34-36].

Our motivation for this study arises from the interaction between recurrence-based number systems
and the algebraic and geometric structure of Cartan numbers. Fibonacci numbers possess a simple
recursive structure, whereas Cartan numbers provide a noncommutative algebraic framework equipped
with an indefinite geometric character. Combining these two structures makes it possible to investigate
how the classical properties of the Fibonacci sequence are reflected in Cartan algebra and, conversely,
how the Cartan framework enriches Fibonacci-type constructions with geometric notions such as causal
classification, polar and exponential representations, and rotations. This interaction motivates the study
of Fibonacci-Cartan numbers from both algebraic and geometric viewpoints and provides a natural basis
for their matrix and Pauli-type representations.

The three main ingredients of this study, Fibonacci numbers, Cartan numbers, and Pauli matrices, are
connected through their complementary algebraic roles. The Fibonacci sequence provides the recursive
scalar coefficients, while the Cartan basis embeds these coefficients into a noncommutative algebraic
structure endowed with a pseudo-Euclidean geometric interpretation. In this setting, a Fibonacci-Cartan
number combines consecutive Fibonacci numbers as its components, thereby transferring the recurrence
structure of the Fibonacci sequence to the Cartan algebra. On the other hand, matrix representations
provide a natural bridge between the abstract Cartan algebra and linear algebra. In particular, the
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Pauli-type representation enables the corresponding Fibonacci components to be encoded in matrix
form and leads naturally to the Fibonacci Pauli-Cartan construction. Thus, the Fibonacci sequence
supplies the recursive structure, Cartan algebra supplies the geometric framework, and the Pauli-matrix
approach supplies a matrix realization of the resulting algebraic objects.

The main contributions of this paper can be summarized as follows: First, building on the existing
definition of Fibonacci—Cartan numbers, we develop their geometric structure by examining their
character, norm, and causal classification and by interpreting the associated vectors in a
pseudo—Euclidean framework. Second, we establish matrix-based characterizations of
Fibonacci—Cartan numbers and relate their algebraic and geometric quantities to the determinant, trace,
and discriminant of the corresponding real matrices. Third, polar and exponential representations are
developed and used to obtain De Moivre-type relations and to investigate the corresponding power and
root structures. Building on this power structure, we further derive a Chebyshev polynomial
representation of Fibonacci—Cartan powers in terms of Chebyshev polynomials of the first and second
kinds. This representation provides explicit polynomial expressions for the scalar and vector parts of
P and establishes a direct connection between the De Moivre—type structure of Fibonacci—Cartan
numbers and the recurrence framework of Chebyshev polynomials. Fourth, scalar and vector products
are introduced to provide a geometric interpretation of Fibonacci—Cartan numbers in a
three-dimensional Cartan space, and rotations associated with lightlike directions are analyzed, showing
how the corresponding parabolic rotations lead to linear trajectories. Finally, Fibonacci Pauli—Cartan
numbers are studied through their recurrence relations, Binet-type representation, ordinary and
exponential generating functions, summation formulas, determinant representations, and associated real
linear transformations. Thus, rather than redefining the previously introduced Fibonacci—Cartan
numbers, we extend their study toward a unified algebraic, matrix-based, and geometric framework.

2. Fibonacci Cartan numbers

Definition 1. For n > 0, the nth Fibonacci—Cartan number is defined by
Pn:Fn+Fn+1i+Fn+2j+Fn+3k, 2.1

where F, denotes the nth Fibonacci number and 1,1, j, k are the basis elements of the associative
unital Cartan algebra satisfying the defining relations (1.1) and (1.2), with the resulting complete
multiplication rules summarized in Table 1.

On the other hand, Fibonacci—Cartan numbers can be expressed in terms of the Cartan basis units

as follows:
F, & (F,,0,0,0),

Fn+1i < (09 Fn+1705 0)9
Fn+2j « (0’ 09 Fn+2’ O)’ ‘
Fl’l+3k < (07 0’ 07 Fn+3)

P, =

Equivalently, P, can be written as
Pn = Fn(190’ 0, O) + Fn+l(05 1903 0) + Fn+2(0’ 0’ 190) + Fn+3(0, 0, 09 l)a
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where (1,0, 0,0), (0,1,0,0), (0,0, 1,0), and (0, 0,0, 1) denote the Cartan units corresponding to 1, i, j,
and k, respectively.
Furthermore, by defining
P, :Fn+Fn+1i+Fn+2j+Fn+3ka

the term F), is called the scalar part of P,, while
Fn+li + Fn+2j + Fn+3k

is referred to as the vector part of P,,.

2.1. Norm and classification of the Fibonacci Cartan numbers

Definition 2. Let
Pn:Fn+Fn+li+Fn+2j+Fn+3k

be a Fibonacci—Cartan number. The conjugate of P, is defined by
P, = F, = Fyii — Fruaj — Fusk.
Moreover, the product of a Fibonacci—Cartan number and its conjugate is commutative and given by

C(Pn):PnP_n:P_nPn
:(Fn+Fn+li+Fn+2j+Fn+3k)(Fn_Fn+li_Fn+2j_Fn+3k)
:Fﬁ_FrZHI = 2F2F 3.

The quantity C(P,) is called the character of the Fibonacci—Cartan number P,,.

Definition 3. For the Fibonacci—Cartan number
Pn :Fn+Fn+1i+Fn+2j+Fn+3ka

the vector
Fn+2_Fn+3 Fn+2+Fn+3)

VP,, = (F,,, s 'pyds
V2 ' V2
F, F,
= (Fn’ __+1’ Fn+19 _+4)

V2 V2

is called the Fibonacci—Cartan vector associated with P,,.

Furthermore, the character of P, can be expressed as

C(Pn) = —<VPH, VPn>E‘2‘

:Fi_Fr21+l_2Fn+2Fn+3
=F2-F? +1(F2 —F,)<0
—n n+1 2 n+l n+4 .

Indeed, by the Fibonacci recurrence,

Frpigs — Fpop = 2F 40, Fpa+ Fppy = 2F 3,
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and therefore

FZ+4 - Fﬁ+l = 4F 0 F 3.
Hence, .
~2FyaF s = 5 (Fiy = Fla).

which gives

1
C(Pn):Frzz_Fr%H+§(F2+1_F5+4)'

For n > 0, the Fibonacci sequence satisfies F,.; > F, and F,,4 > F,.,. Consequently,

F? - F?

n+l

<0

and

— F?

l(F2 n+4) <0.

2 n+1
Thus,
CP,) <0 for every n > 0.

Therefore, according to the adopted causal classification, every Fibonacci—Cartan number P,
is spacelike.
The real number

— F?

1P, = NIC(P)| = \/ 24)

is called the norm of the Fibonacci—Cartan number P,,.

1
F2-F2, +~(F?
" 2

n+l n+l1

Definition 4. Let
Pn:Fn+Fn+li+Fn+2j+Fn+3k

be a Fibonacci—Cartan number. The vector

U» = Fn+2_Fn+3 Fn+2+Fn+3
P, — Ta n+l» T
_ ( Fn+1 Fn+4)
= |\77 = 'n+ly — —
V2T A2

is called the vector of the Fibonacci—Cartan number P,. This vector is regarded as an element of the
Minkowski 3—space Ef

For the vector Up,, we define

1 1
Cy(Py) = _EFI’21+1 + Fr21+l + EFr2;+4

:%(F5+1+Fr2z+4)'

Since Cy(P,) > 0, the Fibonacci—Cartan vector P, is said to be spacelike. The real number

1
1Up,Il = VICu(Py)] = \/5 (F2,, + F2,,)
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is called the norm of the Fibonacci—Cartan vector.

Each Fibonacci—Cartan number admits a planar interpretation in a two—dimensional setting, in a
manner reminiscent of, but not identical to, the classical Cartesian framework. Within this representation,
one axis is associated with the scalar component of the Fibonacci—Cartan number and will be referred to
as the scalar axis. The second axis, termed the Fibonacci—Cartan axis, is determined by the magnitude
IUp, || of the corresponding Cartan vector component. Accordingly, the scalar part of a Fibonacci—Cartan
number determines its horizontal coordinate, while the value ||Up, || specifies its vertical coordinate in
this plane.

Therefore, a Fibonacci—Cartan number can be expressed in the coordinate system as

)

The Fibonacci-Cartan plane may be regarded as a subspace of the pseudo—Euclidean space E;.

1
P, = (x,)’) = (Fn’ ||UPn||) = (F”’ \/'E (FY21+1 + Fr21+4)

Example 5. Let n = 4. Then
Py=F4s+ Fsi+ Fej+ F7k=3+5i+8j+ 13k.

In Fibonacci—Cartan coordinates, we have
1
P, = [3, ‘5(25 + 441)‘) = (3, V233).

In this case, the Fibonacci—Cartan axis is determined by the unit Fibonacci—Cartan vector
U= Si+8j+ 13k
V233

Definition 6. Let
Pn:Fn+Fn+li+Fn+2j+Fn+3ka ”Pn”¢0

The inverse of the Fibonacci—Cartan number P, is defined by

-1 _ Pn
Oy

where C(P,) # 0.
Corollary 7. For every n > 0, the Fibonacci—Cartan number P, is invertible.

Proof. As established above,
C(P,) <0

for every n > 0. Hence, C(P,) # 0 for all n > 0. Therefore, the inverse

Pl = P
"GPy

exists for every non-negative integer n. O
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Example 8. Consider the Fibonacci—Cartan number
P4:F4+F5i+F6j+F7k:3+5i+8j+13k.
Its inverse is given by

o P 3-5i-8j-13k
1= -
C(Py) ~ F2-F24+1(F2- F2)
_ 3-5i-8j-13k _3-5i-8j-13k
C9-25+1(25-441) —224

Remark 9. The set
S ={P,:n>0}

of Fibonacci—Cartan numbers is not, in general, closed under multiplication and therefore does not
form a ring. Products such as P,P,, are taken in the ambient Cartan algebra.

2.2. Geometric interpretation of scalar and vector products in Fibonacci-Cartan numbers

The scalar product on the set of Fibonacci—Cartan numbers is defined by

<"'>S S XS _)Ra

Par Puds = 5 (PP + PP (22)

= FnFm - Fn+1Fm+1 - Fn+2Fm+3 - Fn+3Fm+2-

where
Pn:Fn+Fn+1i+Fn+2j+Fn+3k and Pm:Fm+Fm+]i+Fm+2j+Fm+3k.

This scalar product is a symmetric, bilinear, and non-degenerate indefinite form, and hence defines a
pseudo-inner product structure. Moreover, the scalar product admits the following matrix representation:

F,Y(1 0 0 0\Y(F,

1
Fn+1 0 -1 0 0 Fm+1
Fn+2 0 O 0 -1 Fm+2 '

(Pp, Pn)s = 2.3)

Let
V = spangli, j, k}

denote the pure vector subspace of the ambient Cartan algebra. For P,, P,, € S, the vector product is
defined by
Xg : S XS — YV,

1
PnXSPmZE(Pan_PmPn)-

Thus, P, Xs P,, is a pure Cartan vector and need not itself be a Fibonacci—Cartan number belonging
to S.
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which yields
P, Xs P, :(0’ FoiFp— FpFu — Fm+2Fn+3 + Fm+3Fn+2,

Fm+2Fn - Fan+2 - Fm+1Fn+3 + Fm+3Fn+l,
FnFm+3 - Fan+3 + Fm+1Fn+2 - Fm+2Fn+l)-

Finally, the Cartan product of two Fibonacci—Cartan numbers decomposes as
PnP_m:<anPm>S+anS P,,.

The scalar and vector products introduced above provide a natural geometric interpretation of
Fibonacci—Cartan numbers within an indefinite metric framework. In particular, the scalar product
(-, )s induces a pseudo—inner product structure compatible with Lorentzian geometry, while the vector
product Xg encodes directional information analogous to the cross product in Minkowski spaces. This
decomposition reveals a clear separation between magnitude and direction, enabling Fibonacci—Cartan
numbers to be interpreted as geometric objects.

Consequently, the space of Fibonacci—Cartan numbers can be regarded as a geometric model closely
related to Minkowski space, in which spacelike, timelike, and lightlike elements arise naturally. This
viewpoint establishes a direct bridge between the algebraic structure developed here and the geometric
analysis of curves and transformations in pseudo—Euclidean spaces, which will be explored in the
following section through rotational transformations and Frenet frame formulations.

3. An algebraic framework for Fibonacci Cartan numbers

In what follows, Cartan numbers are examined through their matrix, polar, and exponential
representations, each organized according to the underlying character and type. These formulations
serve as the principal tools for establishing a de Moivre—type identity and for determining the roots of
Cartan numbers. Furthermore, they form the geometric and algebraic basis required for the
development of the rotation formula, which is treated in the subsequent section.

3.1. Matrix-based characterization of Fibonacci Cartan numbers

A faithful real 2 X 2 matrix representation of Fibonacci—Cartan numbers is established in this
subsection. This representation provides a convenient matrix framework for studying their algebraic and
geometric properties. This correspondence provides a rigorous framework for defining multiplication on
Fibonacci—Cartan numbers and for deriving their fundamental algebraic properties. Moreover, Cartan
numbers are classified via the determinants and discriminants of the characteristic equations associated
with their corresponding matrix representations.

Theorem 10. Let
P, :Fn+Fn+li+Fn+2j+Fn+3k

be a Fibonacci—Cartan number. Then the mapping
1 1
Fn+Fn+2+§Fn+3 Fn+1_Fn+2+_Fn+3

W(P,) = 2 (3.1)

1
Fn+l+Fn+2_§Fn+3 Fn_Fn+2_§Fn+3
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gives a faithful real 2 X 2 matrix representation of Fibonacci—Cartan numbers. Moreover, for any
Fibonacci—Cartan numbers P, and P,,,

lﬁ(Pn + Pm) = w(Pn) + w(Pm)

and
Y(PpPpn) = Y(P)Y(Pp),

where the sum and product on the left-hand sides are taken in the ambient Cartan algebra.

Proof. The Cartan algebra admits the matrix representation

d d
at+c+—= b-c+ =

Y(a+bi+cj+dk) = 621 621 .
b+c—§ a-c-3

Taking
a:Fn’ b:Fn+l’ C:Fn+2, d:Fn+39

gives the stated matrix representation of P,,.

Since the matrices corresponding to the Cartan basis elements satisfy the same multiplication rules
as 1,1, j, k, the mapping preserves addition and multiplication in the ambient Cartan algebra. Hence, for
Fibonacci—Cartan numbers P, and P,,,

Y(Py + Pp) = Y(Py) + Y(Py)

and
Y(PuPp) = Y(P)Y(Ppy).
Finally, if
Y(Py) = Y(Py),

then the corresponding Cartan coefficients are equal, so that
F,=F,, Foi = Foi, Frio = Fpio, Fni3 = Fpus,
and consequently P, = P,,. Thus, the representation is faithful. m|

The following result should be understood as the specialization of the general matrix identities for
Cartan numbers to the Fibonacci—Cartan case. Indeed, for a general Cartan number Y = a + bi + c¢j + dk,
its matrix representation satisfies

dety(Y) = a* — b* = 2cd = C(Y).

Thus, the determinant and norm identities below follow by takinga = F,, b = F,;;, ¢ = F,,,, and
d = F,.3. The Fibonacci structure becomes relevant in expressing the vector character in terms of
consecutive Fibonacci numbers.
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Theorem 11. Let E € M>,;(R) be the matrix corresponding to a Fibonacci—Cartan number P,. Then
the following relations hold:

C(Py,) = detE, IPall = vldet E],

and
(trE)> —4detE

4

Cy(Py) =

Proof. Let
Pn:Fn+Fn+1i+Fn+2j+Fn+3k

be a Fibonacci—Cartan number, and let £ = y/(P,). Using the matrix representation of the Cartan basis
elements, we obtain Then

1 1
Fn+Fn+2+_Fn+3 Fn+1_Fn+2+_Fn+3

— 2 2

E= I I
Fn+1+Fn+2_§Fn+3 Fn_Fn+2_§Fn+3

A direct computation gives

1 1
detE = (Fn+Fn+2 + EFn+3)(Fn —Fp— EFn+3)

1 1
- (Fn+1 - Fpn+ EFn+3) (Fn+l + Fp — §Fn+3)

:Frzl_F13+l_2Fn+2Fn+3

=C(P),).
Consequently,
1Pl = VIC(P)| = Vi det E].
Moreover,
1 1
trE:Fn+Fn+2+EFn+3+Fn_Fn+2_§Fn+3
=2F,.
Therefore,
(tr E)?> —4detE
7 = Fy = (F} = Fl, = 2FpaF3)
= F3+1 + 2Fn+2Fn+3'
Since
Fn+3 :Fn+1+Fn+2
and

Fpio=Fpo+ Fos =Fu +2F,,
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we have
F5+1 +2F, 2 F 3 = F2+1 + 2F0(Fpi1 + Fuyo)
= 2 (Fr21+1 + Fr21+4)
= CU(Pn)
Hence,
(trE)> —4detE
Cy(Py) = ) :
This completes the proof. O

Corollary 12. Let
Ap = (trE)? —4detE

denote the discriminant of the characteristic polynomial of the real 2 X 2 matrix E. Then

A
Cy(P,) = TE

3.2. Polar analysis of Fibonacci Cartan numbers

In this section, the polar form of a Cartan number is developed in accordance with its character
and classification. Because the polar representation is jointly determined by the causal nature of the
corresponding Cartan vector and the inherent character of the Cartan number, the resulting expressions
are derived through the theorems presented below.

Theorem 13. Since Fibonacci—Cartan numbers are of spacelike type, every Fibonacci—Cartan number
can be expressed in the polar form

P, =||P,]| (sinh¢ + U cosh ¢). 3.2)
where
NOIERE =
. h(p _ Fn Cosh(p _ 2 n+l n+4
sinh ¢ = , = )
1Pl 1Pl
and _ '
U2=1 U:Fn+ll+Fn+2]+Fn+3k
\/% (Fr21+1 + F2+4)
Proof. Let

Pn:Fn+Fn+1i+Fn+2j+Fn+3k

be a spacelike Fibonacci—Cartan number. Then its character satisfies

1
C(P)=F,-Fp,+=(F

y \" ol - F2+4) <0,
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and the norm of P, is given by

1
_ 2 2 2
1Pl = \/_Frzl + Fn+l - E (Fn+1 - Fn+4)'
Moreover, the associated Fibonacci—Cartan vector
UP,l = (Fn+l’Fn+2’Fn+3)

is spacelike, since

Cy(P,) = 5 (Fp,y + Fiy) > 0.

| =

Consequently,

— F?

n+4) ’

1
0<F:<F? (F2

n+l 5 n+l1
which enables P, to be written in the form

P, =||P,|| (sinh ¢ + U cosh ¢),

where

F, co _ ”UP,IH _ Fpai+ Fn+2j + Fn+3k

sinh ¢ = , she = ) =
(1P|l (1Pl U,

This completes the proof.
Example 14. Let n = 3. Then
P5 :F3+F4i+F5j+F6k:2+3i+5j+8k.

The character of Ps is
C(P;) =F:-F2+ %(Fi ~F3)=-85<0,
which shows that Ps is spacelike. Furthermore,
Cy(P3) = %(Ff + F%) =89 >0,

so that the corresponding Fibonacci—Cartan vector is also spacelike.
Hence, the polar form of P is given by

P53 = V85 (sinh¢ + U cosh ),

where

2 ] ] k
mho = 2 coshp= VB o 3#SiABk

V85’ V85’ V89

, U?>=1.
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Corollary 15. The argument of a spacelike Fibonacci—Cartan number
Pn:Fn+Fn+li+Fn+2j+Fn+3k

is defined by . U
:m(' Aka| P,,u)'
1P|

Example 16. For n = 3, we have
Py=2+3i+5j+8k  |IPsll= V85,  ||Upll = V89.
Thus, the argument of Ps is
h{Z + \/@]
¢ =In| ——1|.
V85
3.3. Logarithmic analysis of Fibonacci Cartan numbers

Let P, be a spacelike Fibonacci—Cartan number. Assume that F,, > 0 and set s = ||P,]||. Let

Fn+1i + Fn+2j + Fn+3k

U =
\Up,|l

denote the corresponding unit Cartan vector. Then U? = 1, and the polar representation of P, is
P, = s(sinh¢ + U coshy).
Since U is fixed for a given Fibonacci—Cartan number, differentiating with respect to s and ¢ gives

dP, = (sinhg + U cosh¢) ds + s(cosh¢ + U sinh ¢) dg
ds

=P,— + P,Udy
S

=P, (@ +U dgo) ,
s
where we have used U? = 1 and
P,U = s(cosh¢ + U sinh ¢) .
On the other hand, since U? = 1, the exponential of Uy satisfies
eY¢ = cosh ¢ + U sinh ¢.
Multiplying this identity by U, we obtain
UeY% = U cosh ¢ + U?sinh ¢ = sinh ¢ + U cosh .
Therefore, the correct exponential representation of P, is
P, = sUeY%.
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Equivalently,
UP, = se¥%,

because U? = 1.

Since UP, belongs to the commutative subalgebra generated by 1 and U, its logarithmic
representation may be written as

In(UP,) =Ins + Ug.
Thus, the logarithmic and exponential representations associated with the spacelike polar form are
In(UP,) = In||P,|| + Uy

and
P, = ||IP,Jl Ue®.

Example 17. Let
P;=2+3i+5j+ 8k

From the previous computations,

IPsll = V85,  |[Up,ll = V89,

and hence
3i+5j+ 8k
U = L, U? = 1.
V89
Moreover;

fee)

Therefore, the exponential representation of Ps is

3i+5j+ 8k
P; = V85 PO/ exp
V89

3i+5j+ 8k ln(2+ x/@)l
V89 V8s I

Equivalently,

UP; = V85 exp

3i+5)+8k ln(2+ x/@ﬂ
V89 V85 )|

4. De Moivre-type relations and root structure of Fibonacci Cartan numbers
In this section, we investigate the power and root structures of Fibonacci—Cartan numbers by means
of their polar representations. We first establish a De Moivre—type formula and then use it to derive the

corresponding root representations.
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4.1. De Moivre relations in the Fibonacci Cartan setting

The introduction of the Fibonacci—Cartan spacelike sphere is motivated by the pseudo-Euclidean
geometry induced by the bilinear form considered above. In this setting, the level sets of the associated
quadratic form provide the natural geometric loci on which the causal character of Fibonacci—Cartan
vectors can be studied. In particular, the spacelike sphere represents a constant pseudo-norm surface for
spacelike vectors and therefore provides a geometric setting for describing their directional behavior.

This construction is also closely related to the rotational properties considered below. Indeed, the
rotations studied in the Fibonacci—Cartan space are transformations adapted to the underlying indefinite
metric, and hence their geometric interpretation is naturally expressed in terms of the corresponding
pseudo-Euclidean level surfaces. Thus, the Fibonacci—Cartan spacelike sphere is introduced not as an
independent geometric object, but as a natural geometric framework connecting the metric structure of
the space with the rotational transformations investigated in the subsequent results.

Theorem 18 (De Moivre-type formula for Fibonacci—Cartan numbers). Let P, be a spacelike Fibonacci—
Cartan number with polar representation

P, = ||P,|(sinh ¢ + U cosh ¢), U*=1.
Then, for every positive integer m,

|1P,|I" (sinh(m¢) + U cosh(me)), m is odd, A
Py = (4.1
|1P,|I"(cosh(me) + U sinh(me)), m is even.

Proof. We proceed by mathematical induction on m. For m = 1, the result follows immediately from
the polar representation
P, = ||P,|l(sinh ¢ + U cosh ¢).

For m = 2, using U? = 1, we obtain
P? = ||P,|*(sinh ¢ + U cosh ¢)’
= ||P,|* (sinh ¢ + cosh® ¢ + 2U sinh ¢ cosh ¢)
= ||P.l*(cosh(2¢) + U sinh(2¢)),

which is the required formula for the even case. Now suppose that the formula holds for some positive
integer m. First, assume that m is even. Then

P! = ||P,|I"(cosh(m¢) + U sinh(mg)).
Multiplying by P,, we obtain

Pl =prp,
= ||P,|I"*" (cosh(m¢) + U sinh(mg))(sinh ¢ + U cosh ¢)
= [|P,|["*!|cosh(mg) sinh ¢ + sinh(me) cosh ¢
+ U(cosh(mg) cosh ¢ + sinh(m¢) sinh qb)]
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= ||P,|I"* ! (sinh((m + 1)¢) + U cosh((m + 1)¢)).

Since m + 1 is odd, this is precisely the required odd-power formula. Next, assume that m is
odd. Then

P = ||P,|I"(sinh(mg) + U cosh(mg)).
Therefore,
Pl =prp,
= ||P,|I"*" (sinh(m¢) + U cosh(me))(sinh ¢ + U cosh ¢)
= ||P,||"*! [sinh(mqb) sinh ¢ + cosh(m¢) cosh ¢
+ U(sinh(me) cosh ¢ + cosh(me) sinh ¢)]
= |IPJI"* (cosh((m + 1)¢) + U sinh((m + 1)¢)).

Since m + 1 is even, this is the required even-power formula. Thus, both parity cases follow by
induction, and the proof is complete. O

Example 19. Ler
P3;=2+3i+5j+ 8k.

From the previous computations, we have

3i+5j+ 8k
IPsl = V85,  U==""22T%
V89
and
2 89
sinh¢ = ——, coshgp = —.
V85 85
Hence,
(2+ \/@)
¢=1In .
V85

Since m = 3 is odd, Theorem 18 gives
P} = (V85)’ (sinh(3¢) + U cosh(3¢)) .
Using the triple-angle identities
sinh(3¢) = 3 sinh ¢ + 4 sinh® ¢

and
cosh(3¢) = 4 cosh® ¢ — 3 cosh ¢,

2 2V 542
inh(3¢) = 3[——]+4 - ,
Sinh(3¢) (\/85)+ (\/85) 8585
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and
«/@)3 (\/@] 101 V89
h(3¢) =4|—| -3 = .
cosh39) [@ V&) Ve
Therefore,

542 3i+5j+8k101V89
P§=85\/§[ Lro) \/_l

+
8585 V89  854/85
= 542 + 303i + 505 j + 808k.

4.2. Root structure of Fibonacci Cartan numbers

Theorem 20. Let
P, :Fn+Fn+li+Fn+2j+Fn+3k,

be a Fibonacci—Cartan number. Then the mth roots of P, are given as follows.

(i) If
P, = ||P,|l(cosh ¢ + U sinh ¢),

then its mth roots are of the form
5 = [P (coshf + Usinh f).
m m

(ii) If
P, = ||P,|l(sinh ¢ + U cosh ¢),

then for odd m, its mth roots are given by

s =[P, (sinh ¥ 4+ Ucosh f).
m m

(iii) If m is even, then the Fibonacci—Cartan number
P, = ||P,|l(sinh ¢ + U cosh ¢)

has no mth roots.
On the other hand, if

P,=F,(1+U),
then its roots are given by
m 2Fn
S| = > (1+0), m odd,
and
m 2Fn
Sy =+ > (1+0), m even.
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Proof. (i) Let
s = ||s]|(cosh B + U sinh ),

be an mth root of P,, thatis, s = P,. By Theorem 18, we obtain
s™ = ||s|I"(cosh(mB) + U sinh(mpB)).
Comparing this expression with
P, = ||P,|l(cosh ¢ + U sinh ¢),

we find
lIsI™ = 1IP.ll, mp = ¢.
Hence,

5= [P, (coshf + Usinh f).
m m

(ii) The proof follows analogously to part (i) by using the second form of Theorem 18 for odd m.

(iii) Let
s=s"(1+¢&l)

be a root of the equation s = P,, where m is odd and s* € R denotes the scalar coefficient to be

determined. Using Theorem 18, we have
Fo(1+0U) = (s)2"'(1 + &l).

Solving for s* yields for m is odd

If m is even, the roots occur in pairs, giving

m
n

Sy =+ (1+U).
This completes the proof.

5. The geometry of the Fibonacci Cartan number

Our purpose of this section is to provide a geometric framework for the Fibonacci—Cartan structures
introduced in the preceding sections. To this end, we first describe the underlying three-dimensional
space and its associated indefinite bilinear form, and then consider the Fibonacci vectors as a
distinguished family in this space. The subsequent geometric constructions are introduced in order to
examine the metric and rotational behavior of these vectors within the corresponding pseudo-Euclidean
setting. In particular, the notions introduced below provide the geometric background for the spacelike
sphere and the rotational transformations studied later in the section. Thus, the definitions in this
section are intended to connect the algebraic structure of Fibonacci—Cartan numbers with their

geometric interpretation.
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In the final part of this work, we analyze the rotational properties of null and pseudo—null curves by
means of the Frenet frame formalism. Owing to the fact that the Cartan number system is formulated
on vectors in R? equipped with a modified metric, the construction of a suitable metric space becomes
essential. Following the introduction of the basic geometric concepts related to this space, we concentrate
on the study of rotations generated along lightlike directions.

Throughout the remainder of the paper, a vector

m = (Fy, Fyu1, Fu2) € R,
will be identified with the corresponding pure Cartan number
Fui+ Fyj + Fuok.
Accordingly, the Cartan scalar product of the Cartan vectors
m = (Fy, Fypi1, Fre2)  and - n= (Fy, Fpiy, Faio)

is defined by
<m’ n> = Fan + Fn+1Fm+2 + Fn+2Fm+l-

For the geometric analysis in the three-dimensional Cartan space, we adopt the sign-reversed
restriction of the pseudo-inner product introduced in Section 2.2 to the pure Cartan vector part. More
precisely, if

V =bi+ cj+ dk, W = fi+gj+ hk,

then
(V,W); = «(V,W)s =bf +ch+dg.

This sign convention is adopted throughout this section and determines the corresponding causal
classification.

Definition 21 (Fibonacci—Cartan 3-space). Let
Ry = {X = (x1, %2, X%3) : X1, %2, X3 € R}.

For arbitrary vectors
X = (.XI, X2, -x3)’ Y = ()’I,YZay3) € Rg"

we define the bilinear form
(X, Y)c = x1iy1 + x2y3 + X3)2.

Equivalently,
1 00
X, V) = X'GY, G=|0 0 1}.
010
Since

detG = -1 #0,
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this bilinear form is non-degenerate. Moreover, the eigenvalues of G are 1,1, —1; hence, the form is
indefinite and has signature (2, 1). The vectors

F, = (Fy, Fni1, Fui2), n =0,
form a distinguished family of vectors in RSC. For two such vectors
Fu = (Fus Frsts Fui2)  and B, = (Fy, Fyip, Fuio),
the bilinear form becomes
(Fun, Fi)e = FunFy + Fri1Fpio + FaFo.

We refer to Rg endowed with this bilinear form, together with the distinguished family {F,},>o, as
the Fibonacci—Cartan 3-space.

For vectors
F = (Fm’Fm+]aFm+2) and F* = (Fan+laFn+2)a

a Fibonacci—Cartan number will be regarded as a vector in the Cartan 3—space throughout the paper.
Moreover, since
A(U) = F; + 2F 1 Fpu2 > 0,

the vector U is spacelike. When negative Fibonacci indices are considered, including both Fibonacci—
Cartan numbers and their negative counterparts, it may occur that

(F,F*) = 0.

In this case, the vectors F and F* are said to be pseudo—orthogonal.

Definition 22. The vector product in the Cartan 3—space is defined by
i j k
FxF' =|F, F,1 Fuol.
Fu Fua Fueo
Hence, the Fibonacci—Cartan product of
P,=SP,)+V(P,) and P, =SSP, +V(P,)
can be written as
PyPy = S(Py)S(Py) +S(P)V(Py) +S(Pp)V(Py) +(V(Py), V(Py)) + V(Py) X V(Pp).
Consequently, the vector triple product satisfies
Fx(F" xF”*)=(FF)F* —(F F)F,

where
F* = (Fy, Frv1, Fre2),

and F; denotes the kth Fibonacci number and F** = (F, Fy.1, Fry2) denotes the third Fibonacci—Cartan
vector in the vector triple product, and F denotes the kth Fibonacci number.
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Definition 23. The Fibonacci—Cartan spacelike sphere is defined as the set
S={(Fs.Fy.F.) €R® : F2+2F,F. >0} U{(0,0,0)},

where F,, Fp, and F. denote the ath, bth, and cth Fibonacci numbers, respectively.

Having established the algebraic and geometric structure of the Fibonacci—Cartan 3—space, we are
now in a position to investigate rotational transformations within this framework. In particular, the
classification of vectors into spacelike, lightlike, and pseudo—null types enables a precise formulation of
rotations adapted to the underlying indefinite metric. In the following section, we focus on rotations
generated about a lightlike direction, which play a fundamental role in the geometry of null and pseudo—
null curves. These rotations are formulated in terms of Fibonacci—Cartan numbers and are analyzed
through their action on Frenet frames, leading to explicit rotation formulas specific to the Cartan setting.

5.1. Rotation on the line

Throughout this study, the notations P, and Py; will be used to denote planes in the Fibonacci—Cartan
3—space. The planes

Py =span{0,U} and Py

are mutually pseudo—orthogonal. In this part, we demonstrate that if the position vector of a point
undergoing rotation is pseudo—orthogonal to the corresponding rotation axis, then the usual rotation
circle collapses into a linear trajectory. In the setting of Cartan 3—space, the subspaces span{i, j} and
span{i, k} form a dual pair of planes. In this context, the vector j is pseudo—orthogonal to the plane
span{i, j}, whereas vector k is pseudo—orthogonal to the plane span{i, k}.

Elements belonging to these dual planes can be described by ordered pairs (x, y), where x denotes
the spacelike component and y corresponds to the lightlike component. For such a point (x,y), the
argument in the sense of dual numbers is given by the ratio y/x. Exploiting these structural features of
Cartan 3—space, we proceed to examine rotation transformations generated by the lightlike directions j
and k.

Theorem 24. Let
P,=1+¢j

and
F*:Fmi+Fm+1jePJ+, F,+0,

and define the mapping
Lp, : P — Pj, F* v+ Lp (F*) = P,F".

Then Lp, (F™) represents a parabolic rotation of F* with angle —¢ in the plane Pj. The corresponding
trajectory lies on the straight line

() =Fui+ Fpj+t),

and the radius of rotation is |F,,|.
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Proof. Using the Cartan multiplication rules ji = —j and ;> = 0, we obtain

Lp,(F") = (1 + 9 )(Fni + Frs1))
= le + Fm+1.j+ QOFm]l + ‘10Fm+1j2
= Fmi+(Fm+1 _Fm‘p)]

Hence, Lp, (F*) € Pj. Since Pj+ is identified with the dual-number plane, the argument of F* is

Fuy,

whereas

1= Fm‘ﬁ — Fm+1 _

F,, F,,

Therefore, the argument changes by —¢, which gives the stated parabolic rotation.
Moreover, since j* = 0,

Foy
arg(Lp,(F")) =

(L+@)j) =1+rpj
for every positive integer r. Thus,

Lp (F") = Fui+ (Fui1 = rFu@) J,

so the iterates lie on
() =Fui+ Fpj+t).

Finally, the coefficient of the spacelike component i remains F,,; equivalently,
C(F*) = C(Lp,(F*)) = —F2.

Hence, the radius is preserved and is equal to |F,,|. O

Theorem 25. Let
P,=1-¢jeP; and F*:Fmi+Fm+1jeP]+,

and define the mappings

Mp,: P¥— PY, F'v> Mp(F") = P,F",
Np,: P > Pf,  F' Np(F)=F'P,

Then:

(i) Mp, rotates F* by the parabolic angle ¢ in the plane Pj.
(ii) Np, rotates F* by the angle —¢ in the plane Pj*.

In both cases, the rotation circle degenerates into the straight line
)= Fui+ Fpj+tj,

with radius |F ).
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Proof. (i) Let F* = Fi + F,.1j € P+. Then
Mp,(F*) = P,F* = Fpi + (Fyup + Fyui1)j € P

The argument of F™* is F,./F,,, while

Fpa +Fy
arg(Mp, (F7)) = Dot T 7mf
Fy,
Thus, F* is rotated by ¢ about the lightlike direction j. Iterating Mp, gives
M;C?n(F*) = le + (Fm+1 + XFmQD)]a

which lies on the straight line £(7).
(i1) Consider the right multiplication

NP,,(F*) = F*Pn»

where
F*=Fpi+ Fpuj, P,=1-¢j.

Using the Cartan multiplication rules

we obtain
Np,(F*) = (Fyi+ Fp )(1 =)
= Fui + Fopy1j = $Fnij = ¢F s J*
= le+ (Fm+1 - Fm¢).]
Hence,

Fm+l _Fm¢ — Fm+1

Np (F)) =
arg(Np,(F")) P P

— .

Therefore, right multiplication by P, produces a parabolic rotation through the angle —¢. Moreover,
after x iterations,

Nj):n(F*) = le + (Fm+l - XFm¢)j’

which lies on the straight line
() =Fui+ Fpj+tj.

Thus, in both the left- and right-multiplication cases, the parabolic rotation degenerates into a linear
trajectory, while the direction of the rotation is determined by the sign of the angle. O
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6. Fibonacci Pauli Cartan numbers

In this section, Fibonacci Pauli—Cartan numbers with non-negative and negative indices are
investigated. We derive their recurrence relations, Binet-type formula, ordinary and exponential
generating functions, summation identities, and matrix representations. A numerical example is also
provided to illustrate the determinant representations, followed by real linear transformations associated
with left and right multiplication.

Definition 26. Let n € Ny = {0, 1,2,...}. The nth Fibonacci Pauli—Cartan number is defined by

Sn=F,1 + Fp01 + Frpoy + Fusos. (6.1)

Here, F,, denotes the nth Fibonacci number, and o1, 0, 073 are the basis elements introduced above,
satisfy Pauli multiplication rules stated in Section 1.

Definition 27. Let n € Ny \ {0}. The Fibonacci Pauli—Cartan number with index —n is defined by
Fn=F 1+ F 01+ F_ 200+ F 303 (62)

Here, F_, denotes the Fibonacci number with negative index, and o,0,,03 satisfy Pauli
multiplication rules stated in Section 1, given in Eq. (1.3).

Corollary 28. Let , be the nth term of the Fibonacci Pauli Cartan and §_, be the —nth term of the
Fibonacci Pauli Cartan. The following recurrence relations hold:

Sn2 = Sne1 + Ens (6.3)

and

C(T)'—n = _g’—n+l + 3—n+2- (64)
Proof. Using Egs (1.4) and (2.1), we obtain:

St + &n = Fpp1 + Frppoy + Fr302 + Frg03
+F, 1+ F, 01+ Fhp0y+ F303
= (Fp + F)1+ (Fp + Fri))o + (Fuas
+ Fu2)02 + (Fupg + Fry3)os
= Fpol + Fy301 + Frpa03 + Fui503 = S

For the negative-index recurrence, using
F—n = _F—n+1 + F—n+2a
we obtain

San=F_ 1+ F_ 0+ F_ 00+ F 303

= _%—n+1 + g'—n+2-

O
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Theorem 29. Let i, be the nth term of the Fibonacci Pauli Cartan. The following Binet’s formula is
satisfied for the Fibonacci Pauli Cartans:

58y — 616,

L= 6.5
53, (6.5)

where 6, = “2‘5, 6 =15 2,81 = 146,01 + 6202 + 6303, 8 = 1 + 6201 + 6302 + 63073, and 01, 0, T3
satisfy the Pauli multiplication rules stated in Section 1.

Proof. Using the Binet formula

51— "
Fo= g
we obtain
Sn = Ful+ Fopoy + Frp0a + Fruyso;
81 (1+ 610y + 830y + 83073) = 3 (1 + 6,071 + 62072 + 63073)
01— '
Therefore, _ _
_ 0101 — 050,
ST e e,
which proves the result. O

Theorem 30. Let ¥, be the nth term of the Fibonacci Pauli Cartan. The following generating function
is satisfied for the Fibonacci Pauli Cartans:

Z % = a(F — o) + %o. 6.6)

_ 2
oy l-a-a

Proof. Let m(a) be the generating function for the Fibonacci Pauli Cartan numbers as ), &,a". We get
the following equations, am(a) = Yoo, &,a"' and a*m(a) = Yoo, Fa.a">. After the needed calculations,
the generating function for the Fibonacci Pauli Cartan numbers is obtained as

ig s a(d —(’Yo)‘i'g’o.

1—-a-a?
O

Theorem 31. Let i, be the nth term of the Fibonacci Pauli Cartan. The exponential generating function
is satisfied for the Fibonacci Pauli Cartans:

A~

N 1" (SAI 51t 62 5ot
- " . 6.7
2B (5]-52)6 (61—-62)6 ©7

n=0
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Proof. Using Eq (6.5), we obtain

S (1) — 816

A

_ | Z"’: g b i st
61 —52 n! 61 —52 =0 n!

O

Theorem 32. Let &, be the nth term of the Fibonacci Pauli Cartan. The following summation formulas
are satisfied:

i c&m = ?fn+2 - 8’15
m=0
Zn: Fom = Bone1 — &1 + Bos
m=0

> Famet = Fanz = o.
m=0
Proof. According to the recurrence relation in Eq (6.3), we can get the following:
&2 = &1 + So,
&3 = &2 + &1,

%n+2 = $n+l + gn

If we add both of sides of the identities above, we obtain,

S B = B2 = B

m=0
The other equalities can be proved in a similar way. O

Theorem 33. Let &, be the nth term of the Fibonacci Pauli Cartan and -, be the —nth term of the
Fibonacci Pauli Cartan. These determinant matrices are constructed directly from the recurrence
relations (6.3) and (6.4), namely

3’n+2 = %n+1 + g’n

and
C&—n = _8—n+1 + g—n+2’

respectively.
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The following equations are satisfied:

8o

81

0

0

gn = 0
0

0

a1 -1
2 0
0 1

0O O
Ci(i'—(n+1) = 0 0
0O O

0 O

-1

S O = O

0
0

0
-1

O =

0
-1
-1

1

0
0

0
0

-1

0
0

-1
-1

0
0

SO O OO

where F, is the nth term of Fibonacci number.

=il oo N

S O O o O

o O o OO

(n+1)x(n+1)

(n+1)x(n+1)

= anl + Fn—l%Oa

=(=D"F.18-1 — (1)'"F,§.

Proof. The proof follows by mathematical induction, using recurrence relation (6.3) for the first equality
and recurrence relation (6.4) for the second equality.

O

Example 34. Consider n = 5. We illustrate the determinant representations given in the preceding

theorem.

e First, let us compute the fifth Fibonacci Pauli—Cartan number. We have

&s

o

&1
0

0
0
0

-1

el ool =

0
-1

1
1
0
0

0
0
-1

0
0
0
-1

0
0
0

6x6

Expanding the determinant along the first column, only the first two entries contribute. The
corresponding cofactors are Fy = 3 and Fs = 5, respectively. Hence,

Using

and

Networks and Heterogeneous Media

&8s = Fu§o + F551.

%020'14'0'24-20'3

$1=1+0'1+20'2+30'3,
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we obtain

8’5:3(0'1+O'2+2O'3)+5(1+O'1+20’2+30'3)
=5+ 80 + 1305 + 210;.

e Next, let us compute the (—6)th Fibonacci Pauli—Cartan number. We have

F, -1 0 0 0 0
Fo 0 -1 0 0 O
1o 1 -1 -1 0 0
56=1 0 0 1 -1 -1 0
0 0 0 1 -1 -1

0O 0 0 0 1 -1

6x6

Again, expanding along the first column, only the first two entries contribute. The corresponding
cofactors give

Fo = (C1PFaFoy — (1) F5F 2,
and therefore
-6 = =381 +552.
Since
Gy=1+0,+ 3
and
%_2 = —1+O'1 + O3,

it follows that

F6=-30+0r+03)+5(-1+0; +03)
:—8+50’1—30'2+20'3.

Let ., &, € & to construct the matrix representation of the R-linear transformations representing
the left and right product in ¥ using de Moivre’s formula.

{15, 18— 8

where {7 1s written as:

g’a C&a-#l ga+3 C&a+2
C(T)'a+l %a _?)’a+3 C&a+2
Al = ,
U= Forr ~Farr Fat Bt O

C&a+3 ga+3 0 C&a - ga+1
and
{Rga : % — 8

where g, is written as:
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%a %a+l 8a+3 c1:():a+2
§a+l g’a 8a+3 _g'a+2
%a+2 (&a+2 C&a - g'a+1 0
%a+3 _(I}a+3 0 ga + %a+l
Let A denote the ambient algebra generated by 1, 07, 0, 073, and let X € ‘A. For a fixed Fibonacci
Pauli—Cartan number ,, define the left- and right-multiplication operators by

LX) =8.X & X =XF.

The matrices displayed above are the matrix representations of these operators with respect to the
chosen basis.
Forall X,Y € A and A € R, the left- and right-multiplication operators satisfy

L X+Y) = (X)) +45.(Y),
GX+Y) =5 (X)) + & (D),

Alg, =

and
£5,(AX) = a5 (X), g5, (AX) = AL (X).
Hence, both operators are R-linear. Moreover, associativity of the ambient algebra gives
géa °© élgh = ggb °© {ga'
Indeed, for every X € A,
(X)) = (5. X)Gp-
The left-multiplication operators satisfy
L _ 4L _ 4L
o = 65 © S
whereas the right-multiplication operators satisfy
ggagb = ggb °© é’ga'
Consequently, at the matrix level,
AL o = AL AL

aSp — T8
while
R _ AR 4R
AEaE’b - AgbAg'a'

Thus, the left multiplication gives a matrix representation, whereas the right multiplication has the
corresponding anti-representation property. In particular, no claim is made that these representations are
surjective onto the full matrix algebra M x4 (R).

Remark 35. The formulas developed in this paper may provide useful tools for further investigations
involving recurrence-based algebraic systems and their matrix and geometric representations. In
particular, the matrix representations enable Fibonacci—Cartan numbers to be studied by means of
standard linear algebraic techniques, while the polar and exponential forms, together with the De
Moivre-type formulas, facilitate the computation of powers and roots. Moreover, the parabolic rotation
formulas may be useful in the geometric analysis of transformations associated with lightlike directions.
These results may also serve as a basis for extending this framework to other recursive sequences and
related Cartan-type number systems.
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7. An application of Chebyshev polynomials to Fibonacci Cartan powers

Chebyshev polynomials provide a natural polynomial framework for multiple-angle identities and
therefore fit naturally with the De Moivre—type structure developed for Fibonacci—Cartan numbers.
Direct connections between Fibonacci and Chebyshev polynomials have been established through
connection formulas and generating-function methods [37,38]. In particular, finite products involving
Chebyshev polynomials of the second kind and Fibonacci polynomials were investigated in [39], while
generalized Chebyshev polynomials and their connections with classical polynomial sequences were
studied in [40]. Related recurrence- and matrix-based approaches include augmented Pascal-type
matrix constructions with connections to Fibonacci matrices [41] and Euler—Seidel matrix methods for
recurrence-based sequences [42].

Motivated by these connections, we express the powers of Fibonacci—Cartan numbers in terms
of Chebyshev polynomials. This provides an alternative polynomial formulation of the hyperbolic
multiple-angle functions occurring in the De Moivre—type formula established above. Recall that the
Chebyshev polynomials of the first kind 7,,(x) and the second kind U,,(x) are defined by

To(x) =1, Ti(x) = x,

Tyar (%) = 2xT(x) = Ty (%), m21,

and
Uop(x) =1, Ui(x) = 2x,

U1 (%) = 2xUp(x) = Uy (1), m>1.

For x = cosh ¢, the corresponding hyperbolic identities are
T,,(cosh ¢) = cosh(my)

and
sinh(myp) = sinh ¢ U,,_;(cosh ¢), m2> 1.

To avoid confusion between the Chebyshev polynomial U,, and the unit Cartan vector used in the
preceding sections, we denote the latter by
E _ Fn+li+Fn+2j+Fn+3k
! Ul

Then
U?=1.

Theorem 36. Let
Pn:Fn+Fn+1i+Fn+2j+Fn+3ka n >0,

be a spacelike Fibonacci—Cartan number with polar representation
P, =||P,||(sinh + U, cosh ).

Define

A

M = sinh g
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and
Ul

fy= o =
12

cosh ¢.

Then, for every positive integer m,

WP [0Un1 ) + UnT(&n)|, - mis odd,
Pm" =

n

”Pn”m [Tm('fn) + ﬁnnnUm—l(fn):l , m is even.

Proof. From the De Moivre—type formula established above, if m is odd, then

Py = |PI" (sinh(ng) + U, cosh(mg)) .

Using
T,,(cosh ¢) = cosh(my)
and
sinh(myp) = sinh ¢ U,,_;(cosh ¢),
together with
n, = sinh ¢, &, = cosh g,
we obtain
cosh(me) = Tu(&,)
and
Slnh(m‘p) =M Um—l(‘fn)
Therefore,

Pl = P" [ Un1(E0) + U (&)
If m is even, the De Moivre—type formula gives
P =|P," (cosh(mgo) + ﬁn sinh(mgo)) .

Applying the same Chebyshev identities yields

Pl = IPI" [Ta(&) + Uit UnrE0)] .
Hence, the stated representation holds for both parity cases. m|

Corollary 37. The scalar and vector parts of P)" admit explicit representations in terms of Chebyshev
polynomials. If m is odd, then

S = IPull" 1, Un-1(&0)
and
VP = 1P UnT(En).
If m is even, then
SP)) = IPI"Tn(€n)

and _
V(Py’,n) = ”Pn”mUnnnUm—l(‘fn)
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Example 38. Consider
P;=2+3i+5j+ 8k.

From the previous computations,

IPsll = V85,  ||Up,|l = V89.

Therefore,
2 V89
m=— &H=—,
V85 V85
and

. = 3i+5j+ 8k
3 \/@ .

For m = 2, the even case of the preceding theorem gives

P} = 85| T2(&5) + UsmsUn(&3)

Since
Tr(x) = 2x° — 1, U,(x) = 2x,
we have
89 93
T2(&) = Z(g) -1= 35
and
2 (2vV89) 489
U (&) = [ ) = )
V85 \ V85 85
Consequently,
3 3i+5j+8k4V8
p2 = gs| 23, 3+ 57+ 8kAVE9
85 /89 85

=93 +12i +20j + 32k.

Thus, the Chebyshev representation reproduces the power of the Fibonacci—Cartan number directly
Jfrom its polar data.

The preceding results show that the Chebyshev representation is not an independent structure
imposed on Fibonacci—Cartan numbers. Rather, it provides a polynomial reformulation of their De
Moivre—type power structure. In particular, the hyperbolic multiple-angle terms appearing in powers
of Fibonacci—Cartan numbers can be evaluated through the recurrence relations of the Chebyshev
polynomials. This establishes a direct computational connection between Fibonacci—Cartan numbers
and the classical theory of Chebyshev polynomials.
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8. Conclusions

In this work, we established a comprehensive algebraic and geometric framework for
Fibonacci—Cartan and Fibonacci Pauli—Cartan numbers. Their structural properties were characterized
through conjugation, norm, causal classification, and matrix representations, revealing a natural
interpretation in pseudo—Euclidean geometry. The derivation of polar and exponential forms enabled
the extension of classical identities such as De Moivre’s formula to this generalized setting. Building on
this De Moivre—type power structure, we obtained a Chebyshev polynomial representation of
Fibonacci—Cartan powers in terms of the first- and second-kind Chebyshev polynomials. This
representation yielded explicit polynomial expressions for the scalar and vector parts of P)" and
provides a direct connection between Fibonacci—Cartan numbers and the recurrence structure of
Chebyshev polynomials. Moreover, the introduction of generating functions, Binet-type formulas, and
summation identities provided a coherent analytic foundation for these sequences. The geometric
analysis of rotations in lightlike directions highlighted the distinctive behavior of parabolic
transformations, which reduced to linear motions in the Cartan space.

This study also has some limitations that indicate possible directions for further research. The
analysis is restricted to Fibonacci-based Cartan and Pauli—Cartan structures, and therefore the extent
to which the proposed framework can be transferred to other recurrence sequences remains to be
investigated. Moreover, this work mainly focuses on algebraic, matrix, and geometric properties,
whereas analytical and computational aspects have not been considered in detail.

Finally, although the connection with Chebyshev polynomials provides a concrete theoretical
application of the developed framework, its potential use in specific applied or computational models
remains to be investigated. These limitations suggest several natural directions for extending this
study. These results contribute to the interaction between Fibonacci theory and non-Euclidean algebraic
structures, while the Chebyshev representation further connects the proposed framework with the
theory of special polynomials. This opens potential directions for further research in geometric algebra,
recurrence-based polynomial systems, mathematical physics, and generalized number systems.
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