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Abstract

The focus of this paper is to study the 2*~Fibonacci sequence, which is defined for all integers k > 0, and its
connections with both the Fibonacci and the Fibonacci-Lucas sequences. Among the main results, we highlight
the expression of the 2*-Fibonacci numbers as a linear combination of Fibonacci numbers and Fibonacci-Lucas
numbers. Additionally, the paper presents several identities, such as Binet’s formula, the Tagiuri-Vajda identity,
d’'Ocagne’s identity, Catalan’s identity, and the generating function. Furthermore, we explore some properties of
these generalized sequences and establish formulas for sums of terms involving the 2*-Fibonacci numbers.
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1. Introduction

The well-known integer Fibonacci sequence {f, }n,>0 is defined as f,12 = f, + fut+1, n >0, with fo =0 and f; = 1, the
sequence A000045 in the OEIS [1]. The first terms of the Fibonacci sequence are: 0, 1, 1, 2, 3, 5, 8, 13, ... . The Fibonacci
recurrence, coupled with different initial terms, can be used to construct new number sequences or other similar sequences. For
instance, let {I, },>0 be the n-th term of the sequence with lo =2, /; = 1 and l,,1» = I, + L1, n > 0. The resulting sequence 2,
1,3,4,7, 11, 18, ... is the Fibonacci-Lucas sequence, the sequence A000032 catalogued in the OEIS [1]. Or again, let {m, },>0
be the n-th element of the sequence with mg = 4,m; = 1 and m;,» = m, +my+1, n > 0. The resulting sequence 4, 1, 5, 6, 11,
17, ... is the Fibonacci—Mulatu sequence, this sequence is listed as A022095 in the OEIS [1]. There is a substantial corpus
of literature that examines each of these sequences in isolation. Moreover, the connections between the Fibonacci-Mulatu
sequence and the classical or ordinary Fibonacci and Fibonacci-Lucas sequences are investigated in [2], [3] and [4], among
others.

The shifted Fibonacci sequence is again a variation of the classic Fibonacci sequence in which the recurrence relation
remains unchanged, but the initial conditions or indexes are shifted. This modification introduces flexibility in defining new
families of sequences while preserving the fundamental structure of Fibonacci-type sequences. In this study, we use the shifted
Fibonacci sequence defined by the recursion: f; = f+ | + f_,, for n > 2, with initial values f; = f{" = 1. It can be written as:
[ = fut+1, where f, represents the ordinary Fibonacci sequence.

Note that both {f,}n>0, {f}n>0s {ln}n>0 and {my},>0 satisfy the same relation. Both Fibonacci, shifted Fibonacci,
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Fibonacci—Lucas, and Fibonacci-Mulatu numbers satisfy numerous identities, many were discovered some centuries ago.
Normally, a new generalization of the Fibonacci sequence involves extending its structure by introducing additional
parameters, terms, or mathematical rules. So, here, let us denote {F(,m)}nzl by the Fibonacci-type sequence that satisfies

Flnv2) = Flen) + Flins1), 120, (1.1)

with initial values F; o) = 2% and Fi1y = 1, for all non-negative integers k. From now on, we refer to this sequence as the
2K_Fibonacci sequence, and Table 1 shows some examples of this sequence.

k  sequence name

0 1,1,2,3,58,13,21,... shifted Fibonacci  A000045* [1]
1 2,1,3,4,7,11,18,29, ... Fibonacci-Lucas A000032 [1]
2 4,1,5,6,11,17,28,45, ... Fibonacci-Mulatu  A022095 [1]
3 8,1,9,10,19,29,48, ... 23-Fibonacci

4 16,1,17,18,35,53,88, ... 24-Fibonacci
r20,1,241,2/42,20+D 43 2’ Fibonacci

Table 1.1. 2F-Fibonacci for some values of k.

Throughout the text, unless stated otherwise, k is a non-negative integer. For instance, in Table 1, we can see that when
k = 0 we obtain the shifted Fibonacci numbers. Similarly, setting k = 1 yields the Fibonacci—Lucas numbers. Finally, with
k = 2, we derive the Fibonacci—Mulatu numbers.

For a study of the history and some applications of the Fibonacci sequence, as well as some generalizations or extensions,
see [5] and [6]. In particular, there is an approach to the generating functions of this sequence in [7]. Many sequences have
been defined in the mathematical literature by generalizing these number sequences. In some examples, the second-order
recurrence sequences have been generalized by maintaining the recurrence relation while modifying the first two terms of the
sequence. For instance, [8] introduced and demonstrated properties of a generalized Fibonacci sequence, [9] observed that
several other known sequences are also of the Horadam sequence type by choosing appropriate initial terms and constants
of the recurrence relation. Specifically, what Horadam studied in [8] was the general Fibonacci sequence. It was in [10]
that Horadam studied what is now known as the Horadam sequence. Similarly, [11] contributed to the process of extending
the Fibonacci sequence into the domain of complex numbers, which made it possible to extend other sequences as well. The
second-order recurrence sequences were generalized by maintaining the recurrence relation while modifying the first two
terms of the sequence. For example, [12, 13] and [14] presented the generalized k-Fibonacci numbers for a real number %,
and found that these sequences were found by investigating the recursive application of two geometric transformations. Then
[15] studied the k-Fibonacci generating matrices and an extension of the (k,)-Fibonacci numbers in [16] or [17], for real
numbers k,¢. Similarly, [18,19] and [20], have done some research on the sequences of numbers that can be derived from
these sequences. Other researchers have generalized the Fibonacci sequence by keeping the first two terms of the sequence, but
changing the recurrence relation slightly. Refs. [21] and [22] define the bi-periodic Fibonacci sequences as a generalization of

some Fibonacci sequences; [23] studied the sequence {F,,(k>}n20, the k-generalized Fibonacci number, as a generalization of
the tribonacci, tetranacci, ..., k-nacci sequences; and gave general expressions for this type of sequence; while [24] describes the
various structures, mathematical beauty and identities associated with such sequences and numbers. In refs. [25,26] and [27]
generalized Fibonacci numbers and their associated polynomial extensions are presented. The Fibonacci sequence has many
applications, whether in nature or not, as can be seen in [5] or [6] using a Fibonacci sequence to analyze the mathematical
structure of the genetic code. It also explores some important applications of Fibonacci sequences.

This study is organized as follows: the introduction and background, and five additional sections. In Section 2, we derive
Binet’s formula for the 2X-Fibonacci sequence and explore its applications, including connections with the classical Fibonacci
and Fibonacci-Lucas sequences. Additionally, we extend the 2X-Fibonacci numbers to include negative indexes. In Section 3,
we present both the exponential generating function and the ordinary generating function for the 2€-Fibonacci sequence, along
with their applications. In Section 4, we establish several identities for the 2f-Fibonacci sequence that hold for all integers k.
Classical identities, such as those of Tagiuri-Vajda and Catalan, are derived, and the limits of certain quotients are discussed.
In Section 5, we present results related to the partial sums and alternating partial sums of the terms in the 2%-Fibonacci
sequence. Finally, in Section 6, we discuss the connections between the 2¥-Fibonacci sequences and the classical Fibonacci and
Fibonacci-Lucas sequences, and we outline a direction for future research.

The 2¥-Fibonacci sequence, like all Fibonacci-type sequences, has many captivating properties. Here we will prove almost
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all identities by the application of the Binet formula. This examination reveals the relationships and distinctive properties of
these sequences, providing deeper insights into their structural patterns and mathematical significance.

2. Binet’s Formula and Applications

In this section, we explore the first connections between Fibonacci-type sequences —specifically the 2%-Fibonacci sequence—
and the classical Fibonacci and Fibonacci-Lucas sequences, analyzing a set of key identities, most of them derived from or
obtained using Binet’s formula.

2.1 Background and preliminary results
The Fibonacci-type sequence is known for being associated with the characteristic equation

rP=r+l. @2.1)

Solving this equation for r yields two distinct roots o and B, that is, « is the golden ratio (1 ++/5)/2, and j is its conjugate
(1 —+/5)/2, which play a central role in deriving properties of the sequence. As noted in sources such as [5] and [28], among
others, the Binet formula provides a direct and elegant method for computing the n-th Fibonacci-type number without the
need to iterate through the sequence. This formula enhances the roots of the characteristic equation to express the n-th term
explicitly, highlighting the sequence’s intrinsic mathematical beauty and efficiency.

The next auxiliary result gives the Binet formula for the classical Fibonacci sequence { f, },>0, and can be found in [6,
Equation 58], which is also derived from [5, Theorem 7.4].

Lemma 2.1. For every non-negative integer n, the general formula for the terms of the Fibonacci sequence { f,, }n>0 is
a — ‘Bn
a—pB

where o and B are the distinct roots of Equation (2.1).

Ja= 2.2)

The following fact can be regarded as a specific example of a more general result, namely Theorem 7.4, as presented in [5].
This particular case aligns with the broader principles outlined in that theorem, providing a focused application within this
context.

Theorem 2.2 (Binet-like Formula). Let {F(k,n)}nzo be the generalized 2X-Fibonacci sequence, ¢ = 1 — 2B and d = 1 — 2*a.
Then we have that

ca —dp"

Fln) = W ) 2.3)

where o and B are the distinct roots of Equation (2.1).

Proof. We need to find ¢; = ¢ (k) and ¢, = c2(k), k > 0, such that
F(ktn) =cra’+ Czﬁn .
By the definition

F(k,O) = ClOCO+Czl30 =c1+tecy= 2k
Fen=cro' +ep' =cra+of=1

which implies that

12k 2% —1
c] = B and ¢ = o .
a—p a—p
Then,
o (=2Bjar— (1-2a)p"
(k) = a—pB ’

as we wanted to demonstrate. O
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As a consequence of Theorem 2.2, we have the following corollary.

Corollary 2.3. Let {F(k.’n) }u>0 be the generalized 2*-Fibonacci sequence. Then the Binet formula for the shifted Fibonacci,
Fibonacci-Lucas, and Fibonacci—Mulatu numbers are given respectively by

. an+1 _ﬁn—H
(a) Fon =rf= R
(b) Fun =h=a"+p",
10-v5 , 10+5,
(€) Fopy =my=—F—0o"+——p",
furthermore,
(d)  Fony =1y =t
(e) F(l,n) =ln = fo—1+ fut1, 2.4

(ﬂ F(Z,n) :mn:21n7fn s

where o and 3 are the distinct roots of Equation (2.1), { fu }n>0 is the ordinary Fibonacci sequence, {l,} is the Fibonacci-Lucas
numbers, and {my} is the Fibonacci-Mulatu numbers.

Proof. (a), (b), (c) and (d) are straightforward calculations.
(e)Fork=1,thenc=1-2Bandd =1-2a, so

(1—2[3)06"—(1—206)[3" an_Bn Ocn_l—ﬁ"_l
= +2 R
a—p a—pB o-pB
since a8 = —1. According to Equation (2.2) we have
Finy =Jfn+2fm-1=fu-1+ fat1 -

Following Table 1 for k = 1, we have F{; ,) = I,.
(f) Combining Equations (2.2) and (2.3), we have

(1-2B)a"— (1 -2a)B" a”fﬁ”_
a—-p Ca-p

and we get the result, using Table 1 for k = 2. O

Fun =

2y — fn=2

Fony =my ,

Let {F(,m) }a>1 be the 2X-Fibonacci sequence with initial values Flo) = 2% and Fix,1) = 1. Consider the constants ¢ = 1 — 2¢B

and d = 1 —2Xa, where o and B represent the distinct roots of Equation (2.1). According to [5], the constant c¢d occurs in
many of the formulas for Fibonacci-type numbers. It is called the characteristic of the Fibonacci-type sequence.

ed = [1 -2°B][1 —2*a) = 1 —2F — 4|

since @+ 8 =1 and af = —1. We will denote it by the Greek letter gt (mu), making i = —cd.
Building on the previous discussion, the following result is presented:

Proposition 2.4. The characteristic L, of the generalized 2*-Fibonacci sequence {F(k,n)}nzo is given by
we=4k+2k—1.

For instance, the characteristic of both the shifted-Fibonacci sequence and the classical Fibonacci sequence is tig = 1. The
Fibonacci-Lucas sequence, on the other hand, is characterized by y; = 5. Similarly, for the Fibonacci-Mulatu numbers, the
characteristic is tp = 19.

Again using Theorem 2.2, specifically Corollary 2.3, we get the next two sets of results.

Proposition 2.5. For all non-negative integers n, we have

Sortln = fony1 +(=1)" (2.5)
Salni1t = fony1 — (=1)" (2.6)
Sfufnir = bp1 — (—1)" 2.7)

Lilpy1 = by +(—=1)" (2.8)
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Frsifor +ha =207+ (=1)" 2.9)
lisa =3lio —1In (2.10)
where { f,}, is the Fibonacci sequence and {1, }, is the Fibonacci—Lucas sequence.
Proof. By Binet’s formula for Fibonacci and Fibonacci—Lucas sequences, we have
o — B"
\6
Ze [ =B — (1) = o= (1)
where we use that ¢ = —land a — 8 = /5. Then we have obtained Equation (2.6). The Equations (2.5), (2.7), and (2.8) are

obtained in a similar way.
Equation (2.9) follows from Cassini’s formula, [5, Theorem 7.5], by summing 2 f,% on both sides.

fnanrl — (an+1 +ﬁn+l)

ln+4 = ln+3 + ln+2 = ln+2 + ln+1 + ln+2 = ln+2 + ln+2 =+ ln+2 = 3ln+2 —1ly ;
and Equation (2.10) follows. O

Proposition 2.6. For the non-negative integers m and n. The following identities hold true

bt + byt = 5f, @2.11)
Jnta =3fnt2—Jn (2.12)
Jm—1Sn+ o1 = fntn (2.13)
Info1 + 1 fo = 2fon11 (2.14)
My = fo+4fn-1 (2.15)

where { fu}n>0 is the classical Fibonacci sequence, {l,},>0 is the Fibonacci—-Lucas sequence, and {my} >0 is the Fibonacci—
Mulatu sequence.

These results will be used throughout the paper, and their proofs are omitted for brevity. Verification of each statement can
be achieved by applying the corresponding item of Corollary 2.3 or by consulting the references. Specifically, Equations (2.11)
and (2.12) were established in [5] (Equations 5.18 and 5.16), Equation (2.13) was derived in [28, Equation 1.8], Equation (2.14)
is presented in [6, Equation 16a], and Equation (2.15) is found in [29, Theorem 2].

2.2 Connections between 2¢-Fibonacci and Fibonacci numbers

In this subsection, we explain the relationship between the classical Fibonacci and Fibonacci—Lucas sequences with any
2*_Fibonacci sequence.

It follows from Binet’s formula that the following results hold.

Theorem 2.7. Let {F(k,n)} n>0 be the generalized 2X_Fibonacci sequence. Then we have that

Flen)y = Fo,n-1)+ 2kl”(o,nfz) ; (2.16)
foralln>2and k > 0.

Proof. According to Equation (2.3), we have

B (I—ZkB)a"—(l—Zka)B” B an_Bn 2,(06"71—[3”71
= a—p “ap T Tap

and the result follows from Equation (2.2). O

As a direct consequence of Theorem 2.7, we have the following corollary.
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Corollary 2.8. Let {F(k,n)}nzo be the generalized 25-Fibonacci sequence. For all n > 2 and k > 0, we have

Fm = fa+25fuc1, 2.17)
where { fu} is the Fibonacci sequence.

Corollary 2.9. For non-negative integers n, we have the following corollary.
(a) F(O,n) = fat13

(b) In = fu+ fos1;
(C) my =1y, +2fn;
where {f,} is the Fibonacci sequence, {1, }, is the Fibonacci-Lucas sequence, and {my}, is the Fibonacci-Mulatu sequence.

The next result establishes a connection between the Fibonacci-type sequences of order 2¢*! and 2% with the classical
Fibonacci sequence.

Proposition 2.10. For all fixed n > 1, the sequence {F ,) x>0 satisfies

For1m) = Floen) = 22X ft,
where { f, }, is the Fibonacci sequence.
Proof. Fix n > 1. Then, by Equation (2.17), we have
F(k—}—l,n) _F(k,n) = (2k+1 _Zk)fnfl = 2kfnfl >
as required. O
Corollary 2.11. Let {F{ ) }n>0 be the generalized 2k-Fibonacci sequence. Then we have that
Flar1,n) = 2Fun) — Ja, (2.18)
SJoralln> 1 and k > 0, and where { f,, },, is the Fibonacci sequence.
Proof. By Equation (2.16) we have
2F(n) = 2F0,0-1)+2: 27 Fg ) -
Then,
Flest,n) = 2Fgny = Fo,n-1) = 2F(0,n—1) + 2o u—2) — 2 Flg,u—2) = —Flo,n1) »
as we wanted to demonstrate. O

Theorem 2.12. Consider that k,n and t are non-negative integers. Let {F(k’,,) }n>o be the generalized 2K_Fibonacci sequence.
For all n > 1, then we have that

Fles,n) = 2" Fy — (2 = 1) fa, (2.19)
where { f, }u>0 is the Fibonacci.

Proof. We will use mathematical induction on ¢. For t = 1, the result follows from Equation (2.18). Suppose that the result is
valid for some ¢t > 1. Then

Flrtyrim =2 Fpoin — (2 = Dy =2"Fpn— QT = 1) fu,
where we use Equation (2.18) once again in the second equation, and this completes the proof. O

When substituting k = ¢ = 1 in Equation (2.19), we obtain the following corollary.
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Corollary 2.13. For non-negative integers n, we have
my =2y — fo;
where { f,}n is the Fibonacci sequence, {l,}, is the Fibonacci—Lucas sequence, and {my}, is the Fibonacci-Mulatu sequence.

The following results allow us to express the 2¢- Fibonacci numbers as a linear combination of the Fibonacci—Lucas
numbers and Fibonacci numbers, and is our main result.

Theorem 2.14. Let {F(kﬂ)}nzo be the generalized 2%-Fibonacci sequence. Then we have that
Fum=2"1,— 2" = 1)fy, (2.20)
foralln>1and k > 1, where { f }n>0 and {l, }n>0 are the Fibonacci and Lucas sequences, respectively.
Proof. For a fixed k, let us apply the principle of mathematical induction to n. Note that
Fyoy=2""1— 2" =1)fo =2,
and
Fen=2""-02"=nf=1.

Assume that the property is true for all values less than or equal to n, that is, Fj; ) = k=11, — (21 = 1) f,, for m < n. We
need to prove that the property holds for m + 1. According to Equation (1.1)

F(k.,erl) = F(k.,m) +F(k,m71)a m>1.

Using the inductive hypothesis, we have:
Fiomr1) = Fom) + Fan-1) = 2w = @ = D] + 2 o = Q5 = D) fnt] =2 s = (257 = 1) frngr -

Therefore, by the principle of mathematical induction, the property from Equation (2.20) is true for all non-negative integers
n. O

For instance, when k = 1 then
Fop=2""—" =) fy =1,
and for k = 2, then
Foumy =2l = (2 = 1) fy =2l — fa=m, .
Proposition 2.15. Let {Fii ) }n>0 be the generalized 2K_Fibonacci sequence. Then we have that
Fiowy = fa+2fac1, (2.21)
where { f, }n>0 is the Fibonacci sequence.
Proof. By combining Equations (2.4) and (2.20), we have
Fin) =27 = 2 = )y =2fr + o,
as required. O
As an immediate consequence of Proposition 2.15, we obtain the following corollary.

Corollary 2.16. For non-negative integers n, we have
(a) Iy = Ja+2f1s

(b) my = fn+22fn71§

where { fu}n is the Fibonacci sequence, {1}, is the Fibonacci-Lucas sequence, and {my},, is the Fibonacci—-Mulatu sequence.
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We will see below that the addition of two terms of the same parity of the 2X-Fibonacci sequence is a combination of
Fibonacci—Lucas terms.

Proposition 2.17. For non-negative integers n and k, and for the generalized 2*-Fibonacci sequence {F<k n>}nzo, the following
identity holds

Fn-1)+ Fiensy =527 fo = (@ = 1), (2.22)
where {1, }n>0 is the Fibonacci-Lucas sequence and { f, }n>0 is the Fibonacci sequence.

Proof. 1t follows from Equations (2.4), (2.20), and (2.11) that

F(k,n—l) +F(k,n+l) = 2]{_1(11171 +ln+1) - (Zk_l - 1)(fn71 +fn+1) = 2k_1(5 fn) - (Zk_l - l)lna

as required. O

2.3 Negative subscript

In this subsection, we will present an extension of the negative index for generalized 2*-Fibonacci numbers; that is, we will
show how to extend the 2X-Fibonacci sequence to negative subscripts.

The Fibonacci and Fibonacci-Lucas numbers with negative subscripts, according to [5, Equations 5.19 and 5.20], have the
relations

fon= (=" (2.23)

L= (=1)"ly; (2.24)

where {f;, }»>0 is the classical Fibonacci sequence and {1, },>¢ is the Fibonacci-Lucas sequence.
We will give meaning to the sequence F{; _,) for every integer n, and for the recurrence to remain valid. The generalized

2*_Fibonacci sequence is characterized by a recurrence relation, which can be expressed as follows
F(k.,n) = F(k,nfl) +F(k,n72)v

with initial conditions F{; o) = 2K and Fi 1) = 1. To extend the sequence to negative indexes, we use the modified recurrence
relation

Flon—2) = Fli,n) — Flk,n-1)-

Using this, we compute the 2X-Fibonacci terms for the negative indexes. The calculations are as follows:

Fe,.y = Fey—Furo = 1-2*
= —1(=1+1-2% = —1(—f +£,-2%),
Fu-2y = Fuo—Fu—)y = 2F—(1-2%)
= 1(-1+2-28 = 1(—f5 +13-2%)
Fo -3 = Fu-ny—Fr- = 1-2F—(-1+2-25
= —1(=2+432% = —1(-f3+1-25),
Fo -4 = Fu-o—Fp-3 = —1+2:28—(2-3-2%
= 1(-3+528 = 1(—fy+f5-25)
Fo sy = Fu-3—Fp-4 = 2-3-28—(-3+5-2%
= —1(=5+8-2%) = —1(—f5+15-2%),

and so on, and we can see the following pattern in the next result, which is a counterpart of Equation (2.17) for negative
subscripts.

Proposition 2.18. Ler {F(k n>}n20 be the generalized 2*-Fibonacci sequence. For all integers n > 1, then the negative index
n-th numbers satisfy

Fe,—n) = (—=1)" <2kfn+l _fn) , (2.25)

where { f,}n>1 is the Fibonacci sequence.
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Proof. LetUy, _,) = (=" (2" fotr1— f,,) for all integers n > 1. We want to show that Uy, ) verifies the recurrence relation
Utk —n) = Uk, ~(n+2)) + Uk~ (n+1)) - Indeed,

Uko—(ns2)) T Uk, — a1y = (—1)"F2 (Zkfn+3 _fn+2) + (=1 (Zkfn+2 _fn+1)
=(=1)" (ZkfnJrl _fn) = U(k,—n)'

Moreover, U, _1) = 2Kf, — fi =2k —1 and Ui,—2) = 2Kfy — fy =2-2k— 1. So, since Uk, —n) satisfies the recurrence that
defines Fi; _,) with the same initial condition, we conclude Ui, ) = Fix, —p)- O

The sequence {F(k,n)}nZO can be extended to negative subscripts by the following result.

Proposition 2.19. Let {F(km)},,zo be the generalized 2*-Fibonacci sequence. For integer n > 1, then the negative index n-th
numbers F, ) satisfy the following

Fiony = (=1 (Fiem +22 =112 | (2.26)
where { f, }u>0 is the Fibonacci sequence.
Proof. Combining Equations (2.20), (2.23) and (2.24) we have

Fio oy =2 — 2 = 1)1

= (=) (Fuom +22 = 1)) ,
which verifies the result. O
It follows from the previous result that the Fibonacci—-Mulatu sequence with a negative index has the following property:

Corollary 2.20. For all negative indexes, the Fibonacci—-Mulatu sequence satisfies the following identity

Moy = (~1)" 2L+ ),

where { f }n>0 is the Fibonacci sequence, {1, }n>0 is the Fibonacci—Lucas sequence, and {my},>¢ is the Fibonacci-Mulatu
sequence.

Proof. At the beginning of the proof, we take kK = 2 in Proposition 2.19. Then
Fo, = (=1)" (Fon+2Q@* ' = 1) f2) = (=1)" (Fo.m) +2f) -

By Equation (2.18), we have
Fo,_py=(=1)" QF1n — fa+2fn) = (=1)" (2F1 0+ 1) »

as required. O

3. Generating Functions

In this section, we present both the exponential generating function and the ordinary generating function for the 2*-Fibonacci
sequence.
In mathematical literature, the ordinary generating function for a sequence {a, },>0, denoted as G, (x), is defined as:

Gy, (x) = Z apX' = ag+aix+ax> +azx 4+ apxt 4. 3.1
n=0
The following result provides the explicit form of the generating function for the 2%-Fibonacci sequence.

Proposition 3.1. The generating function for the generalized 2*-Fibonacci sequence numbers {Fkn) }n>0, denoted by GFin (x),
is given by

2K+ (12K
Gy () = l—x—x2 =
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Proof. According to Equation (3.1), the ordinary generating function for the 2%-Fibonacci sequence is given by
Gl (¥) = Flio) + Flea ¥+ Flea) + Fa)x o Fpd + -

Using the relationships xGp, , (x) and x? G, (x), we derive the following results
Gy () (1 —x— ) = Feo) + [Fie1y — Fro)lx = 2+ (1-2")x

as Fi0) = 2% and Fii.1y =1, we have
(1-x=x*)Gp,, (x) = 2+ (1-2x,

or equivalently,

2k (12K
GF(k,n) (x) = 1—x— .X2 )
since 1 —x —x? # 0, and this completes the proof. O

The exponential generating function E,, (x) for a sequence {a, },>0 is represented as a power series given by

apx" g o
Ea,,()—ao+a1x+7+ e D Pt
n=0 :

In the following result, we focus on the case where a,, = F{; ), using the Binet formula for the 2%_Fibonacci sequence. By
doing so, we derive the exponential generating function for this specific sequence.

Proposition 3.2. For all n > 0 the exponential generating function for the 2*-Fibonacci sequence {Fl,n) In>0 is

> X (1—=25B)e™ — (1 —2%a)eP*
Ery,,(x) = ;)F(k,n)nj = «—B ;

where o and 3 are the distinct roots of Equation (2.1).

Proof. For each non-negative integer n, by Binet’s formula (Equations (2.3)), we have

X" 128 (aw)"  1-2%a (Bx)"
nt” &N T g Bl o—pB n

Then

o

= X" 1-2°8 & (ax)"  1-2'a
Y =" g L z

n=0

1-2%B g L— Zocﬁx
T a-p ¢ oa—p

and follows the result. O

The Poisson generating function P, (x) for a sequence {a, },>¢ is defined as

This function encodes the sequence {a,},>0 in terms of the parameter x. A significant relationship exists between the
exponential generating function E,, (x) and the Poisson generating function P, (x), given by

Py, (x) = e "E,, (x).

This relationship establishes a direct connection between the two generating functions, enabling the derivation of the Poisson
generating function from its exponential counterpart.

As a specific case, considering the exponential generating function for the 2%-Fibonacci sequence given in Proposition 3.2
by Er,, (x), we get the following result.
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Corollary 3.3. For all n > 0, the Poisson generating function for the 2X-Fibonacci sequence {F(k7 n)}nzo is

(1—=2kB)el@=1x — (1 —2kgr)elB-1x
o—f ’

where o and B are the distinct roots of Equation (2.1).

ly Fitem) (x) =

This result highlights the explicit form of the Poisson generating function for the Fibonacci-Mulatu sequence, emphasizing
the roles of ¢ and 3 in its structure.

4. Some Properties

In this section, we establish some identities for the 2¥-Fibonacci sequence for all integers n. The classical identities are
studied, and finally, the limit of some quotients is presented.

4.1 Identities for the 2*-Fibonacci sequence
The first two results establish the multiplication formula for two consecutive terms of the 2*-Fibonacci sequence.

Proposition 4.1. For all non-negative integers n and k > 1, the generalized 2*-Fibonacci sequence {F(k ,,)},,20 satisfies the
following identity:

10F(k iy Fiyns 1) = (3uk +5 75~2") bn1 — (5uk+5 - 15~2k) Son1 + 2 (—1)",

where {fn}n>0 is the Fibonacci sequence and {l,},>0 is the Fibonacci—Lucas sequence, and i is the characteristic of
2X_Fibonacci sequence.

Proof. By Equations (2.7), (2.8), (2.14), and (2.20) we obtain
SF(k,n)F(kJH—l) = 5[2k_ll - (2k—1 - l)f ][2/(—11” 1= (Zk_l - )fn+l]
=522 2l 525 = 12 fufurt = 5251 Q5 = D) (Lt + g1 )
= 522260 (L 4 (= 1))+ (226D =2 1) (I — (—1)") =521 (25— 1) (2 )

3 5 5
Z(Zﬂk+2—22k>lzn+1 5( k+—2k)f2n+1+uk ",

then, by multiplying 2 on both sides and using that g = 22 + 2% — 1, this completes the proof. O
The next result follows directly from Proposition 4.1 making k = 2.
Corollary 4.2. Let {my},>0 be the Fibonacci—-Mulatu sequence. Then, we have
Spmyy1 =21y 1 — 20 fon41 +19(—1)",
where { fu}n>0 is the Fibonacci sequence and {1, }n,>0 is the Fibonacci-Lucas sequence.
Proof. Taking k =2, and as yp = 19, then
3Ur+5-5-22=3-19+45—-5-4=42

5Up4+5—15-22=5-1945—15-4=40
20 =38.

Therefore,

10mymy i1 = (3l +5—522) bys1 — (St +5—15-2%) frui1 + 21 (—1)"
=42by 41 — 40 fop41 +38(—1)",

Then, just divide by 2 both sides and the result follows. O

An alternative way to express the product of two consecutive 2%-Fibonacci numbers is given by:
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Proposition 4.3. For all non-negative integers n and k > 1, the generalized 2*-Fibonacci sequence {F(k,n)}nzo satisfies the
following identity

SFnyFlons1) = lans1 10282 + 450,y + (1) (e + Fii2,0) »
where { f, }n>0 is the Fibonacci sequence and {1, },>0 is the Fibonacci—Lucas sequence.

Proof. By Equations (2.7), (2.9), and (2.21) we have

SFum Flinsr) = S(fa+ 25 fumt) (o +25£)]
= lopy1 4+ 10- 2672 44k, 4 (452K — 14425 (=1)",

as [ = 4X 4 2% — 1, Proposition 2.4, it follows that
SFlem) Flion 1) = bon1 +10- 257 4+ 45y + (e +2572) (1)
= lps1 +10- 287 + 45D,y + (g + Fljey2,0) (= 1),
which concludes the proof. 0

In the 2-Fibonacci sequence, the term of order n + 4 can be represented as a linear combination of the terms of orders
n+ 2 and n. Specifically, it is expressed as:

Proposition 4.4. For all integers n, the generalized 2*-Fibonacci sequence {F(k,n)}nzo sequence satisfies the following identity

Fla na) = 3F g ny2) — Flin)-
Proof. 1t follows from Equations (2.10), (2.12), and (2.20) that
Flanray = 2 M g — Q5 = 1) fria =251 Blya — 1) — 5 = D) B2 — f1)
=32k, =2, 302 D f + (2T 1),

=302y = Q5 = 1) i) = (2L - 25 = 1) 1)
= 3F(k,n+2) - F(lgn) .

which verifies the result. O
The following result is derived directly from Proposition 4.4 by setting k = 0, k = 1, and k = 2, respectively.

Corollary 4.5. Let {f;; }n>0, {ln}n>0, and {my}n>0 be, respectively, the shifted Fibonacci sequence, the Fibonacci-Lucas
sequence, and the Fibonacci—-Mulatu sequence. Then, we have that

(@) fi =3fns3— far1,
(b) ln = 3ln+2 - ln )
(b) m, =3muip—m,,

where { fn }n>0 is the Fibonacci sequence.
The next auxiliary result establishes the addition formula for two terms in the index of the 2¥-Fibonacci numbers.

Lemma 4.6. For non-negative integers n and m, and for the generalized 2*-Fibonacci sequence {F(k., n>}n20, we have
F(k,n+m) = fmle(k,n) +fmF(k,n+1)a 4.1

F(k,n—m) = (_l)m(ferlF(k,n) _fmF(k,n-&-l))' 4.2)

where { f, }n>0 is the Fibonacci sequence.
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Equation (4.1) in Lemma 4.6 is a particular case of the general result due to Vajda [6, Equation (8)]. Namely, for any
Fibonacci-type sequence {G, },>0 holds

Gnim = fm—1Gn + fnGnt1

where {f, },>0 is the Fibonacci sequence. When k = 1, we have F{; ,,) = I, the Fibonacci-Lucas numbers, so
bism = fm—1ln + fnln+1,

and, when k = 2, we have F(Z’,,) = m,, the Fibonacci—-Mulatu number, see [29, Theorem 5]. So
Mytq = fg—1My + fgny1 -

To finish the section, we will show that the double of all 2%-Fibonacci is a linear combination of Fibonacci and Fibonacci-
Lucas sequences.

Proposition 4.7. For non-negative integers n, m, k, and for the generalized 2*-Fibonacci sequence {F(k n) bu>0, the following
identity holds

2F (i) = i) + Fin(5-27 o = (27 = D)), 4.3)
where {l,},>0 is the Fibonacci—Lucas sequence and { f, },>0 is the Fibonacci sequence.
Proof. Combining Equations (4.1) and (4.2) we have
Fienam) + (D) " Fe nem) = fn-1Fe ) + fnFlie n1y + St 1 Flien) = SnFlens1) = InFlaen)
and
Flenm) = (=) Fo nemy) = fn—1Fen) + SnFloni1) = Sne1 Fen) + SnF e ns 1y = Fn(Fleon—1) + Flina1)) -
Now, by summing the last two equations, we obtain
2F 4 nvm) = InFlie ) + fn(Fl.n—1) + Fliong 1)) -

By the use of Equation (2.22), we obtain the result. O

4.2 Some classical identities
The following auxiliary result involves two Fibonacci sequences and can be found at [6, Equation 18].

Lemma 4.8. [6] For any Fibonacci-type sequences {Gy }n>0 and {Hy} >0, the following identity holds
GuinHytrg — GuHyyprg = (—1 )"(Gth — Glo+q) , 4.4
where n,h, q are any natural numbers.
The Tagiuri-Vajda identity for the 2%-Fibonacci sequence is presented as follows, which we get using the previous result.
Theorem 4.9. Let n,h,q be any natural number. We have
Flae nenyFlinvrg) = Fleon) Flknvnrg) = (=D)" " e fufy 4.5

where {F(k,n)}nzo is the generalized 2*-Fibonacci sequence, and {fa}nu>0 is the Fibonacci sequence, and Ly is the characteristic

of {Flk,n) }n>0 -

Proof. We specialize in Equation (4.4) taking G; = H; = F{; ;), and we have

Flenem Fiinrg) = Foem) Finrnrg) = (D" [(Feny Fik.g) — Fir,0) Flk,hrq)) -
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As Fiy o) = 2% and by use of the Equations (2.20) and (4.3) we have

Flt 1) Fikoq) = Fik,0)Fknrg) = Foen Flkng) = 2 2Fng)

= FonFirg — 2 UgFum +5- 228V f fr =21 @ = 1) £
= [Flen ( =2 =2 (52 = (2 = D)
[—(2* > i fa— 2 fy (52 = (2 = i)
(1) fufy[d- 220D 42261 )
(1) fufgld+25 =11,

as [ = 4¥ 4 2% — 1, which establishes the proof. O

As a direct consequence of the Tagiuri-Vajda identity, the following results are generalized to establish d’Ocagne’s identity,
Catalan’s identity, and Cassini’s identity specifically for the 2€-Fibonacci sequence.

Proposition 4.10 (d’Ocagne’s identity). Let m,n be non-negative integers, then
F‘(k,m)FU(,nJrl) _Fkk,n)F(k7n1+l) ( )n+]:ukfm —n>

where { ;. ») }n>0 is the generalized 2K-Fibonacci sequence, and { f,, },>0 is the Fibonacci sequence, and L, is the characteristic
of {Fi,n) >0 -

Proof. Consider h =m —n and g = 1 in Equation (4.5), then

) Fens 1) = Foem Fiem1) = (D" i fonnfy = (= 1" i fonn
which proves the result. O
Proposition 4.11 (Catalan’s identity). Let n, g be non-negative integers, then

Fionsg)Flen—q) — Frem)* = (=1 f7 (4.6)

where {F(k, n)}nzo is the generalized 2*-Fibonacci sequence, and { f, } n>0 is the Fibonacci sequence, and Ly is the characteristic
of {Fli,m) }n>0 -

Proof. Taking h = —q in Equation (4.5), we have that
1
Flen—a)Fkn+a) = Foeom Fiom) = (=1 e f—q fy-
As -y = (—1)7"1f,, we have
F(k,n-&-q)F(k.n—q) - (F(k,n))2 = (_1)n+q+2:uk(fq)2 ,
and the result follows. O
As a consequence of Catalan’s identity, as f; = 1 and by doing ¢ = 1 in Equation (4.6), we have the following result.
Corollary 4.12 (Cassini-Simson’s identity). For all non-negative integers n, we have
(Fin)® = Flons )y Fltn—1y = (—=1)" 1,
where {F(y. ) }n>0 is the generalized 2X_Fibonacci sequence, and Ly is the characteristic of {F e, n) bn>0 -
Other consequence is the Cassini-Simson identity for subscripts even:
Corollary 4.13. For all non-negative integers n, we have
(Fitom)* = Fir ans 1) Flie 20— 1) = Mk,

where {F(i. ) n>0 is the generalized 2K_Fibonacci sequence, and Ly is the characteristic of {F ke n) Fnzo0 -
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Now, we present the Convolution identity for generalized 2¢-Fibonacci sequence.
Proposition 4.14 (Convolution’s identity). Let m,n be non-negative integers, then the generalized 2*-Fibonacci sequence
{F(k,n) }n>0 satisfies the following identity
F(k.,mfl)F(k,n) +F(k.,m)F(k,n+l) = F(k,m+n) + 2kF(k,m+n71) .

Proof. As Fy »y = fa+ 2% f,_1, Equation (2.21), then

Flae,m=1)F(k,m) + Floe,m) Flie,n1) = (fm-1 +2kfm—2)(fn + 2kfn—l) +(fin +2kfm—1)(fn+1 + 2kfn)
= ft S+ 2 fonet ot + 2 o2 fu 4 2% fuma oot 4 finfr
+ 2 fnfu 2" fut it 2% a1
= Fle,ntm) + 2kF(k,n+m—1) )
as required. O

The next result provides an alternative convolution identity for the generalized 2¢-Fibonacci sequence in terms of the
Fibonacci sequence.

Proposition 4.15. The generalized 2-Fibonacci sequence {F(/Q n)}nzo satisfies the following

Fiom-1 Fem) + e Fionsry = @ 1) fun + 22 = 1) frnn 2,
where { f, }u>0 is the Fibonacci sequence.
Proof. Tt follows from Equation (2.21) that

Fiem—1)Fien) + Fom s 1) = Fntn + 27 fino1 + 2% frnpna

= fm+n + 2k+1 (fernf] + fm+n72) =+ (22k - 2k+1 )fm+n72
- (2k+1 + 1)fm+n +2k+1(2k_1 - 1)fm+n72 )

as required. O
A direct calculation yields the Melham identity.
Proposition 4.16 (Melham’s identity). The generalized 2X-Fibonacci sequence {F(k,n) Yn>0 satisfies the following identity

n+1

Flenv1) e n2) Flenv6) — (F(k7n+3))3 = (=" WweFgn) -

Proof. Indeed, we have
Fien 1) Flie n2) SF( nt2) + 3F 1)) — (Flinaa) + F(k,n+1))3 =2F nt1) (F(k.n+2))2 - (F(k,n+2))3 - (F(k,n+1))3
= (=1)"" W F

where we apply Cassini-Simson’s identity, Corollary 4.12, the fact that Fi ,,16) = SF(k nt2) +3F(x,ny1) and as px = 4k 42k 1,
This provides the result. 0

This result follows directly from Catalan’s identity.

Proposition 4.17 (Gelin-Cesaro’s identity). The generalized 2-Fibonacci sequence {F(,m) }u>o satisfies the following identity

Fltens2) Fleon) Fleon—1) Flen—2) = (Fieom)* = =182 -
Proof. Using Catalan’s identity (4.6) for ¢ = 2 and ¢ = 1 we obtain
Fin2)Feons 1) Flon—1)Flkon—2) — (Fe)* = (Fe)* = 18 (=1 = (Fen)* = =11

as W = 4k 4+ 2% _ 1, which verifies the result. O
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4.3 Some limit identities

The quotient between two successive terms of a sequence, {a, }n>0, is given by g, = “2t! is the ratio of the terms

an+1 and a,. For example, in the classical Fibonacci sequence {f, },>0, we have g, = fj,—:‘ And for sufficiently large n, g,

converges to the golden ratio o = (1 + \@) /2. In [30] present a study of some generalized Fibonacci sequences and their
relationship to the golden ratio ¢.

The first result shows that the quotient gy , for the sequence {F(k_’,n }n>0 also converges to @ as n goes to infinity. Moreover,
we analyze the behavior of gy , as k goes to infinity after n goes to infinity.

Proposition 4.18. [f F{; ,,y are the n-th term of 2K_Fibonacci sequence, then

F(k,n+l) -

lim 4.7)
"% Fgen)
and
Foe,—n
lim —&(mtD) —a, (4.8)
oo F(k,—n)

where o is the golden ratio (14+/5) /2.

Proof. According to Binet’s formula (2.2), we have that

(]72kﬁ)an+l (1 zka)ﬁn-H an+l |:<1_2k6)_(1_2ka)(§)n+1:|

Flentr) B B a=p
Fin T (1=2%Ban—(1-2ka)pr 1ok [—2ke) (B yn
(k) — an[( D1 )<a>]

(1-2B) — (1 - 2a)(()""!
(1-258) = (1= 2ter) ()t

Since |B/a| < 1, it follows that (8/a)" — 0 as n — oo. Thus, we have

F, 12k
Jim —kmt) B_ a,
oo Fwy 128

and thus (4.7) follows.
Using Equation (2.26), we can write

Fe—ney) (D" (Fongny #2051 = 1) fur1) __Faniy +225 T = 1) funi
Faw (1P (R +205T 107, Fion 12057117,

It follows from Binet’s formula that

Fioey +227 = Dot (1-2) —(1-2 ><§>"+1+2<2 ~ (- (e)"™")
<k,n>+2<2 "= f (1-2¢B) — (1 —2ka)(Byn 120261 — 1) (1 — (B

Therefore,

lim Flenrt) +2025 1 = 1) funn —a (1=2"B)+202"'—1) o

neo | oy +225T=1)f | T (1=28B)+2(2 1 —1) T
Hence

. (k,—(n+1))

lim -

n—ee F(k,fn)
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In what follows, we can immediately establish the next result using fundamental tools from the calculus of limits, along

with (4.7) and (4.8).

Corollary 4.19. If F; ) are the n-th term of the 2X_Fibonacci sequence, then

F, 1
lim — &) — —,
nee Fig pyyy @
and
Fy — 1
lim — &
= Flk, —(nt1)) a

where o = (1++/5)/2.
Proposition 4.20. If F{; ,,) are the n-th term of 2K_Fibonacci sequence, then

i Fustnpr) o426
e F T 2B
(k.m)

and

F B 2k+l 1 _
L Lt —(nt1)) (1+a)—o

e (L

where o and B are the distinct roots of Equation (2.1).

Proof. By Binet’s formula (2.2), we have

R (=2 (12 (Bt g (1oi1p) oot
n=e Fgn) n—soo (I—Zkﬁ)—(l—Zka)(g)”H 1-2¢8 1-2¢8 7
and (4.9) follows, where we use that @8 = —1 and (/)" — 0 as n — co.
Analogously,
i ey _ o (1=211B) (1 — 2%y Byl p o2k — 1) (1 — (Bt
e Flg o) e (1= 28B) = (1= 2¢a) (B)n 2021 = 1)(1 = (B)n)
M0 ta)-a
PR
which completes the proof.
Corollary 4.21. If F; ,) are the n-th term of 2X_Fibonacci sequence, then
F
lim lim —LmtD) o
k—yoonn—ro0 Fkk,n)
and
F _
lim lim L =0D)
k—yoon—ro0 Hk’_w
where ot = (1++/5) /2.
Proof. By Equation (4.9) we have that
F, 2k(& 42 2
i T CO LD (zlk ) _ 2 .
e Fuy Rk —B) B
By Equation (4.10) we have that
Fir - 2201+ ) — 32 2(1
lim Tim ey g 220 ) 2{‘*'} _20HY L )8 =2(B+Ba) =2(B—1)
k—yoon—r00 F‘(k,fn) k—yo0 Zk[(l—ﬁ)—?] l—ﬁ

since o and f are the distinct roots of Equation (2.1).

(4.9)

(4.10)

-2,
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Lemma 4.22. Let Wy the characteristic of {F(k, n)},,, the generalized 2*-Fibonacci sequence. Then

lim 2L g
koo Uge

Proof. In fact,

k+1
4R+l okt _ g 442 L
Ty AL i T e
k—soo L k—oo 4K 428 —1] k—roo I+% -

as we wanted to demonstrate.

Theorem 4.23. For all non-negative integers n, we have

lim (F(k+1,n))2 - F(k+1,n+1)F(k+1,n—1)
ko (Fiem)* = Fiene1) Flkon—1)

:4’

where {F(y. ) }n>0 is the generalized 2*-Fibonacci sequence.

Proof. It follows from Cassini-Simson’s identity and Lemma 4.22.

5. A Partial Sum Involving the 2¢-Fibonacci Numbers

4.11)

This section explores results related to the partial sums of the terms in the 2X-Fibonacci sequence, denoted as {F(km) bi>o0-

The sum of the first n+ 1 terms of the sequence is expressed as:

Z Fiejy = Fleo) + Fory F Fiepy + -+ Flen—1) + Flen) -
j=0

We begin by presenting three key results regarding the partial sums of the 2¢-Fibonacci sequence.
First, the sum of the first n+ 1 terms of the 2*-Fibonacci sequence .

Theorem 5.1. For all non-negative integers n, then

Y Fixj) = Fiania— 1,
=0

where {Fy. ) }n>0 is the 2K_Fibonacci sequence.

Proof. According to Equation (1.1) we have the following equations:

Froy = Fuo)—Fr),

Foyy = Fuz)—Fuo)s
F(k,nfl) = F(k,)H»l) - F(k,n)7

Funy = Funr2)—Fans)-

By adding both sides of these equations, we arrive at the following result:

Y Fikj) = Flkn2) = Fie)-
j=0

Since Fi 1) = 1 for all k, we conclude the result.

O

Note that the 2¢-Fibonacci sequence belongs to the class of Lucas(Horadam) type sequences. Therefore, the partial sum

presented in Theorem 5.1 is a specific example of the fundamental summation rule recently published in [31].

Next, the sum of the terms in odd indexes of the 2X-Fibonacci sequence is given by:
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Proposition 5.2. For all non-negative integers n, then
- k
Z Fuojin) = Fronia) — 27,
Jj=0
where {F(yn }n>0 is the 2*-Fibonacci sequence.

The sum of the terms at even indexes in the 2*-Fibonacci sequence can be expressed as:

Proposition 5.3. For all non-negative integers n, then
. k
Z k2j) = Flepnsy +2° =1,

where {Fyi ) }n>0 is the 2%-Fibonacci sequence.

The proof of Proposition 5.2 is similar to that of Theorem 5.1, while the proof of Proposition 5.3 relies on Proposition 5.1.
An consequence from previous results is the results presented below, these naturally arise from the established relationships
and further reinforce the conclusions derived from Propositions 5.2 and 5.3.

Proposition 5.4. Let {F(k.,n) tn>o be the 2K_Fibonacci sequence. For all non-negative integers m, we have the following formulas

2n+1 )
(a) Z (_l)jF(k, 2k+1 —1- k2n lfn is odd,
=0
and
n+l
(b) Z =2k +Fleons1) 5 if nis even.

Proof. (a) As 2n+ 1 is odd, that is, the last term is negative, so

2n+1
Z(*l)kF(k,j) = Fuo)—FantFua) —Fuz)y -+ Fuzn) — Fleon

k=0
n n
Y Fioj)— X Firojrn) -
=0 =0

According to Propositions 5.2 and 5.3, it follows that:

2n+1

Y (=1)/Fu )= (Fronin) + 2 —1)- (Fikan2) — 2%) = Fionv1) = Fieane2) +2M 1,
=0

We obtain the result, using Equation (1.1).
(b) In which case, 2(n+ 1) is even, so

2(n+1) )
Y (—1Fu; = Fuoy—Fun+Fe) = —Fronrn) + Foans) = Feoniny +27 = 1.
j=0
As in item (a), apply the Propositions 5.2 and 5.3. O

Finally, we derive an expression for the sum of the squares of the first n terms of the 2f-Fibonacci sequence, relating it to
the classical Fibonacci sequence.

Proposition 5.5. Let {F(k,n)}HZO be the 2*-Fibonacci sequence. The sum of the squares of the first n+ 1 terms of the 2~-
Fibonacci sequence is given by
2 2 2 2 2 2 _ nk(ok
F(k,o) +F<k,1) +F(k,2) +F(k,3) +oet F(k,nfl) + F(k,n) =252 -1) + Foem Flns1) »
for all non-negative integers n.
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Proof. To begin, observe that for n > 2, the following holds:

FiemyFlens1) = Flen—1)Fuen) = Fien) (Flens1) — Flen—1)) = F&’”) .
Thus, we find:
Fioy = FaaFus —FunFuo),
Fisy = FunFus) —FuoFus),
Fin-ty = Fn-1Fm —Fan-2Fen-1),
F(%{,n) = FunFlont1) = Fn—1)Fln)-

Adding both sides of these equations yields:

Fioy+Fam+ +Fin )+ Fiw = Fun Frenst) — Fun Fie) -

Since Fiy) = 2, F,1) = 1, and Fjg ) = 2K+ 1, the result follows. O

6. Final Considerations

In this work, we introduced the concept of 2%-Fibonacci numbers, which is closely associated with the classical Fibonacci
number. We presented and studied precisely a novel family of Fibonacci-type sequences. The main focus of this paper is on al-
gebraic identities. So, the relationship between classical Fibonacci sequences and arbitrary 2%-Fibonacci sequences is explained.
The general applications of Fibonacci numbers in various fields have long attracted the interest of mathematicians, researchers,
and other enthusiasts. Motivated by this, our study proposed the 2X-Fibonacci numbers and provided a comprehensive analysis
of their properties and relationships with other well-known sequences, such as the ordinary Fibonacci, Fibonacci-Lucas, and
Fibonacci-Mulatu numbers. We established several new identities that encouraged the study of the patterns in these sequences,
significantly improving the understanding of their mathematical properties. Additionally, we derived the generating function
for this new class of sequences and formulated a generalized Binet-type formula to describe them explicitly. Furthermore, we
have explored the classical identities associated with 2%-Fibonacci numbers, including the Tagiuri-Vajda, d’Ocagne, Catalan,
and Cassini identities, thereby demonstrating their deep connections to traditional results related to Fibonacci-type sequences.
In future work, we intend to explore matrix methods, combinatorial interpretations, and asymptotic growth in as much detail as
possible regarding generalized 2*-Fibonacci numbers and their applications.
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