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ON MATRICES WITH BIDIMENSIONAL
FIBONACCI NUMBERS

EubpES ANTONIO COSTA* PaurAa M.M.C. CATARINO
bl

Abstract. In this paper, the bidimensional extensions of the Fibonacci num-
bers are explored, along with a detailed examination of their properties, char-
acteristics, and some identities. We introduce and study the matrices with
bidimensional Fibonacci numbers, focusing in particular on their recurrence
relation, key properties, determinant, and various other identities. It is our
purpose to study the matrix version of bidimensional Fibonacci numbers and
provide new results and sometimes extensions of some results existing in the lit-
erature. We aim to introduce these matrices using the bidimensional Fibonacci
numbers and to give the determinant of these matrices.

1. Introduction and background

Several investigators have worked with enthusiasm on numerical sequences.
Their examinations cover a wide range of fascinating aspects, including ex-
ploring unique properties, revealing previously known identities, and even
unlocking the mysteries behind generating functions and matrices. One such
interesting sequence is the Fibonacci sequence of numbers. The Fibonacci se-
quence, {0,1,1,2,3,5,8,...}, in which each number is the sum of the previous
two, is defined by the recurrence relation
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for all integers n > 2, with initial values fo = 0 and f; = 1, the sequence
A000045 in the OEIS [37]. This sequence satisfies the characteristic equation
22—z —-1=0.

Many researchers have studied some generalizations of the Fibonacci se-
quence, either by preserving the original recurrence relation while modifying
the initial terms, or by preserving the initial terms while introducing slight
modifications to the recursive relation, or again, by representing this sequence
in matrix form. Several papers have been published discussing new sequences,
their generalizations, extensions, and properties. These generalizations give
identities similar to those obtained by the ordinary Fibonacci sequence. In
the following works [1I, 2, 3, @, 5, 6, [7, 8, 10, (15, 17, I8, 19, 20, 22, 23, 24, 25,
20, 27, 28, 291 30, BT, 33), [34], 135, 36, B39, [41], [42], we can find not only properties
of the Fibonacci sequence but also related sequences, such as Lucas, Pell, and
Pell-Lucas, along with their various applications.

The matrix associated with the Fibonacci sequence, denoted as F', is de-
fined by F' = 1 (1)
thesis, see also [21] and [31} p.395|. Notably, |F| = —1, where |F'| represents
the determinant of a square matrix F. This matrix is considered as the gen-
erating matrix for the Fibonacci sequence. It is well known and well explored
that, for any positive integer n, the n-th power of this matrix satisfies the
relation

. In 1960, King [29] examined this matrix in his master’s

n __ fn 1 fn
E _|:f:L_ fn—1:|.

The above result on the sequence of Fibonacci numbers is stated in Theo-
rem 20.1 in [31], for instance.

Fibonacci sequence satisfies many identities. For instance, consider the
following identities for non-negative integers n:

(1'2) f’r2l, - fn+1fn—1 = (_1)71—1’

where {f,}n>0 is the Fibonacci sequence. In particular, this property can
be deduced from the determinant of the matrix F™. It is the Cassini—Simson
identity for the Fibonacci sequence that has already appeared in some previous
works, see, for example, [31, Theorem 5.3].

The classical Tagiuri—Vajda identity for Fibonacci sequences has already
appeared in some previous works (see, e.g., [39, Eq. (20a) on p. 28|).

LeMMA 1.1 (Tagiuri-Vajda’s identity). Let m,s,k be any non-negative
integers. We have the following identity:

(1~3) fm+3fm+k - fmfm+s+k = (_1)mefk7

where { fn}n>0 s the Fibonacci sequence.
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In the next result, the first equation is stated in [39, Eq. (25)], the second
is stated in [31, Eqgs. (5.12) and (5.8.85)], and the last identity can be found
in [39, Eq. (12)].

LEMMA 1.2. Let {fm}m>0 be the Fibonacci sequence. For all integers
m > 1, we have

(1.4) (@) (fm)* 4+ (fm+1)? = foms1,
(b) (fm+l)2 - (fm71)2 = mev
(15> (C) 72n+1 - fng, = fm—lfm+2-

Following auxiliary result about the Fibonacci sequence, will be used in
the development of this, and is similar to the Cassini-Simson identity (1.2)),
as can be seen.

LEMMA 1.3. For all non-negative integers n, we have

(1.6) frt1fote = fufors = (=1)",
where { fn}n>0 is the Fibonacci sequence.

In [24] and [27], there were introduced and explored the Gaussian Fi-
bonacci numbers in an algebraic form, defined by the recurrence relation
Gfn+1 = Gf, +iGf,—1, with initial conditions Gfy = 0 and Gf; = 1, where
1 is the imaginary unit. This formulation extends the traditional unidimen-
sional recurrence model into a complex number framework, offering a broader
mathematical perspective. In [34], the authors consider the complex matrix

C+i1 . n_ |Gtz Gfnia
C = 1 il and it has been observed that C' - F™* = Gfpir  Gfa

Building upon this foundation, we introduce the concept of matrices in-
volving bidimensional Fibonacci numbers, defined in Section [3| and our re-
search problem is the determination of the determinant of the respective ma-
trices. Using this determinant, some new algebraic properties of these numbers
are obtained.

The structure of the present work is divided into five sections, as out-
lined below. In the Introduction, we provide an overview of the fundamental
concepts of Fibonacci numbers in their unidimensional (classical or ordinary)
form, emphasizing some notable studies. In Section [2| we briefly present the
bidimensional Fibonacci numbers { f (m,n)}m,nzo and describe a list of key re-
sults (both well-known and new) on the bidimensional Fibonacci sequence
that this work is concerned with. Also, we state some identities involving
these types of numbers. So, properties and identities that will help to estab-
lish the relationship between unidimensional and bidimensional versions of the
Fibonacci sequence are presented. In Section [3] we define matrices involving
the bidimensional Fibonacci sequence denoted by {F(m n)}m,n>0, explaining
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some characteristics and properties. We show that the elements of this matrix
sequence satisfy a recurrence relation similar to the two-dimensional recur-
rence equation for Fibonacci numbers, and we provide some other results. In
Section [ we state our main result and show that the matrices for the bidi-
mensional Fibonacci sequence are non-singular. In fact, we derive a formula to
express this determinant. Finally, in Section [f] we analyze the results obtained
in this study and provide suggestions for future research directions.

The study of k-dimensional forms of Horadam-like sequences for k£ > 0
has gained significant attention in the literature. For instance, in [34] the au-
thors investigate the bidimensional and tridimensional identities for Fibonacci
numbers in their complex form. They also studied Gaussian Fibonacci num-
bers along with their bidimensional recurrence relations in [33]. In [1, the
authors explore n-dimensional forms associated with the Mersenne sequence,
whereas [40] provides an overview of the Leonardo sequence and examines
the bidimensional recurrence relations derived from its unidimensional model.
Similarly, [5] and [32] extend the Narayana sequence by investigating its bidi-
mensional and tridimensional recurrence relations, generalizing its unidimen-
sional structure. Moreover, in [11}, 12 13| [14] the authors present bidimensional
extensions of balancing, Lucas-balancing, cobalancing, and Lucas-cobalancing
numbers, offering an in-depth analysis of the properties of these newly intro-
duced sequences. In [38], the n-dimensional structures associated with the
classical and Gaussian Jacobshtal sequence are investigated. More recently,
in [9, 16] the authors introduce and study the k-dimensional recurrence rela-
tions of the Gersenne-like sequence.

These and other related studies continue to inspire further research into
bidimensional and multidimensional extensions of numerical sequences, ex-
panding upon their unidimensional foundations and unveiling new and inter-
esting mathematical properties.

2. Bidimensional Fibonacci numbers

The process of complexification of the Fibonacci sequence is associated
with the insertion of the imaginary unit, the dimensional increase and as well
as its corresponding algebraic representation. This section revisits some as-
pects inherent to recursive relations and bidimensional identities defined from
the unidimensional recursive model. As noted by Harman [22], the numbers
represented by (n,m) correspond to Gaussian integers of the form (n,m) =
n + mi, where n and m are integers. Several researchers have explored the
extension of one-dimensional Fibonacci sequence identities to two, three, or
even higher dimensions through n-dimensional recurrence relations. For fur-
ther discussions on this topic, see [4] 24, 27, [33], 34}, 35, 40], among others.
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For the bidimensional version of Fibonacci numbers, we revisit the defini-
tion to contextualize this work, studying some of their properties. Addition-
ally, we derive identities involving the concept of bidimensional and complex
Fibonacci numbers.

DEFINITION 2.1 (cf., e.g., [22]). For integers m > 0 and n > 0, the bidi-
mensional Fibonacci numbers { f(,, n) }m,n>0 are defined recursively by

(21) f(m,n) ::f(mfl,n) + f(mfZ,n)7 for all n and m > 2,
(22) f(mm) ::f(m,nfl) + f(m’nfg), for all m and n > 2,

with initial terms f(,0) = 0, f(1,00 = 1, f0,1) = %, f(1,1) = 1 +1, where i is the
imaginary unit and 2 = —1.

Definition is correct in the sense that f(,, ) does not depend on
the path we use for calculation. For instance, in determining f(5 ), we ob-
serve that:

f = fa,2) + fo,2), for apath (a),
@2 fe) + fie,0), for apath (b).

e First, consider the path (a): using Equation , we have
fay =fay +fan=0+i)+1=2+41,
and
fo,.2) = fo) + foo=1+0=1,
hence,
fe2) =faz + fo=2+i)+i=2+i2.
e Now, consider the path (b): by Equation , we obtain
fen = fay + fony=0+i)+i=1+12,
and
feo = fa,0+ fon=1+0=1,
hence,
fe2 = fen +feon=0+14i2)+1=2+1i2,

which coincides with the value found for f(; 2) where we used the path (a).
In general, we have the following result.
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PROPOSITION 2.2 ([22]). Let { fmn) }m,.n>0 be the bidimensional Fibonacci
sequence. Then fin n) s independent of the path chosen for its computation,
where m and n are integers such that m > 2 and n > 2.

As an illustrative example, we have calculated a few terms from three
branches of the bidimensional Fibonacci sequence:
{f(m,O)}mZO = {O? 1a 17 27 3? 5; 83 }>
{fon) In>0 ={0,4, 4, i2, 34, 5i,8i, ...},
{fomm) tm>0 = {0,144, 1 +14, 24142, 6 +1i6, 15+ 15, ...}.

In the next couple of lemmata, we state some known results on bidimen-
sional Fibonacci numbers.

LEMMA 2.3 (|34, Lemma 8, (a) and (b)|). Let m and n denote arbitrary
non-negative integers. The following properties hold:

(23) f(m,O) = fm;
From (2.3) and (2.4), we see that the bidimensional Fibonacci number

J(m,0) is real, while f(q ) is a pure imaginary complex number. Furthermore,
Jm,0) = 0= fo,n) only when m =n = 0.

LEMMA 2.4. |34, Lemma 8, (c) and (d)] Let m and n denote arbitrary
non-negative integers. The following properties hold:

(25) f(m,l) = fm + Z.fm—&-la
f(l,n) = fn+1 + an
Equation (2.5) provides the Gaussian Fibonacci sequence introduced by
Horadam in [24] and studied in [4} 22, 27], among others.

The following result establishes a connection between the bidimensional
Fibonacci and the sequence of classical Fibonacci.

LEMMA 2.5 (|34, Theorem 9]). For non-negative integers n and m, the
bidimensional Fibonacci numbers are described as follows:

(26) f(m,n) = fmfnJrl + ifm+1fn-
A direct consequence of Lemma [2.5]is that:

COROLLARY 2.6. Let n and m be non-negative integers, then:
(@) f(m,n) has a non-zero real part for all m > 0,
(b) fom,n) has a non-zero imaginary part for all n > 0,
(€) fammn) # 0 is a complex number for m # n.
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The next result is the main result of this section, and it is shown that
the complex numbers f(,, ) and f(, ) also interchange the real and complex
parts.

THEOREM 2.7. For all non-negative integers m and n such that m # n, if
Jomn) = a+ib then fi, m) = b+ia, for some integers a and b.

PROOF. By Equation (2.6), we know that

Jomn) = fonfov1 +ifmiifa,
making a = fp, fny1 and b = f11fn we get
Jmn) = a +1b.
Again, by Equation , we obtain

f(n,m) = fofms1 T ifor1fm
=b+ia,

as required. O

Combining Lemma [2.5 and Theorem [2.7] we have the following.

PROPOSITION 2.8. For all non-negative integers m, we have fiy m) =
ai +ia; where a1 = fo fri1-

The classical Tagiuri—Vajda identities of the unidimensional Fibonacci se-
quence are extended to bidimensional in the following results.

First, consider n, which is fixed in the second index coordinate and varies
in the first coordinate.

THEOREM 2.9 (First Tagiuri-Vajda’s identity). Let m, n, r, and s be
arbitrary non-negative integers. The following identity holds

(27) f(m—i—r,n) f(m—i—sm)_f(m,n) f(m+r+s,n) = (_1)m(frfsf2n+1+ifrfsfnfn+1)‘
PROOF. By Lemma [2.5] we have

f(m+7’,n)f(m+s,n) = (fm+rfn+1 + ifm+r+1fn)(fm+sfn+l + ’L.fm+s+1fn>

= (fm+rfm+5f721+1 - fm+r+1fm+s+1f12L)
+i(frmrrftst1fafnrr + fors1 fmrs fafnit)-

Also

f(m,n)f(m—i—r—l—s,n) = (fmfm+r+sf7%+1 - fm—&-lfm—l—l—‘,—r—&-sfrzl)
+ i(fmfm+T+s+1fnfn+1 + fm+1fm+r+sfnfn+1)-
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Applying Equations (1.3)) and (1.4), the real component of f(4rn)fim4s,n) —
f(m,n) f(m+7‘+s,n) is

(fm+rfm+5f72l+1 - fm+r+1fm+s+1f7%) - (fmfm+r+5fr2l+1 - fm+1fm+1+r+8f7%)

= (fm—i-rfm—i-s - fmfm—i—r—&-S)ff%-q—l - (fm+1fm+1+r+s - fm+1+rfm+1+8)fr2L
= (_1)mf7’fs 7%+1 - (_1)m+1f7‘fsf72L = (_1)mf7“fs( T2L+1 + fr%)
= (_1)mf7’fsf2n+1-

Again, applying Equations (1.1) and (1.3)), the imaginary component of
f(m—l—r,n)f(m—l—s,n) - f(m,n)f(m+r+s,n) is

fm+rfm+s+1fnfn+l + fm+f+1fm+8fnfn+1
- (fmfm+r+s+1fnfn+1 + fm+1fm+r+8fnfn+1)
= (fm+rfm+s+l - fmfm+r+s+1)fnfn+1
+ (fomt0)+rfmt1)+(s—=1) = fma1 fomt1)4r+(s—1) ) fnfns1
= (=" frfsfnfns1,

and we have the validity of the result. O

As usual, from Tagiuri-Vajda’s identity, we get the results establishing
d’Ocagne’s identity, Catalan’s identity, and Cassini’s identity for the bidi-
mensional Fibonacci sequence { f(,n) }m,n>0-

PROPOSITION 2.10 (First d’Ocagne’s identity). The following identity holds
for non-negative integers m,n and t with t > m:

f(t,n)f(m+1,n) - f(m,n)f(t+1,n) = (=" (fi—mSfont1 +ifimmfufni1)
PrOOF. Taking r =t —m and s = 1 in Equation ({2.7)) gives

f(t,n)f(m—i—l,n) - f(m,n)f(t—i—l,n) = (_l)m(ftfmflf2n+1 + iftfmflfnfn+l)a

as f1 = 1, and this completes the proof. ([l

In a similar way to Proposition [2.10] we obtain the Catalan identity.

ProPOSITION 2.11 (First Catalan’s identity). For non-negative integers
n,t and s with t > s, it holds:

f(Qt,n) - f(t—&n)f(t-i-s,n) = (_1)tisfs2(f2n+1 + ifnfnJrl)'
PROOF. Using r = s and m—+s = t in Equation (2.7)), we get the result. [

At the expense of the above result, we obtain the Cassini identity.
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COROLLARY 2.12 (First Cassini’s identity). Let n and t > 1 be any inte-
gers, then

f(Zf,,n) = fe—1n)ft+1,0) = (=) (fons1 +ifafat1)-
PROOF. It is enough to take s = 1 in Proposition 2.11} O

A similar result can be obtained by considering the variation of the indexes
in the second coordinate. For the sake of brevity, we omit the proof of the
following results.

THEOREM 2.13 (Second Tagiuri—Vajda’s identity). Let m, n, r, and s be
arbitrary non-negative integers. The following identity holds

f(m,n—l—r)f(m,n—i—s) - f(m,n)f(mm—i—r—&-s) = (_1)n(_f2m+1frfs + Z,fmferlfrfs)

PROPOSITION 2.14 (Second d’Ocagne’s identity). The following identity
holds for non-negative integers m,n and t with t > n:

f(m,t)f(m,n—i—l) - f(m,n)f(m,t—i—l) = (_1)n(_f2m+1ft—n + Z.f?nfm—i-lft—nfs)-

PROPOSITION 2.15 (Second Catalan’s identity). For non-negative integers
m,t and s with t > s, it holds:

f(2m7t) - f(m,t—s)f(mi-i—s) = (_1)t7‘gf32(_f2m+1 + ifmferl)‘

COROLLARY 2.16 (Second Cassini’s identity). Let m and t > 1 be any
integers. Then

fenty = Fmp—vy famasy = (=1 (= fomsr + i fon frnta)-

3. Matrices involving bidimensional Fibonacci numbers
This section introduces the bidimensional Fibonacci matrices, along with
their key properties and some identities.

DEFINITION 3.1. For all non-negative integers m and n, the bidimensional
Fibonacci matrices {F(m, n)}m,n>0 are given by

f(m+2 n+2) _f(m—i-l n+1)
3.1 mon) (= ' '
( ) (mn) f(m+1,n+1) _f(m,n)

where { f(mn,n)}m,n>0 is the bidimensional Fibonacci sequence.
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In particular, for m = n = 0, we obtain

fe2 —fan 24142 —(1+1)
3.2 Foo = |12 D = ; .
(32) (0.0) [f(m) —f0,0) L+ 0

While for m =1 and n = 0, we get

fe2 —fen 44143 —(1+12)
3.3 F = ’ = . .
(3:3) (1.0) [f(2,1) —f1,0) 1+i2 -1
As for m = 0 and n = 1, we have

f(g 3) —f(1 2) 3+ —(241)
3.4 F = ’ = . . .
( ) (0,1) |: (1,2) —f(071) 2 +1 —1

Finally, for m =n =1, we get

fe3) —feo2 6416 —(2+1i2)
3.5 F = ’ = . N
( ) (1,1) |:f(2’2) _f(l,l) 2 + 12 —(1 + Z)

In the next result we show the recurrence relation for the sequence of
matrices {F(m.n) fm,n>0-

PROPOSITION 3.2. The bidimensional Fibonacci matrices {F(m n)}m,n>0
satisfy the following bidimensional recurrence relations

(3.6) Fimtin) = Fmn) + Fim-1,n) form >1 and for all n,
(3.7) Fimmt1) = Fmn) + Fimmn—1y for allm and forn > 1,

with initial terms Fo,0y, F(1,0), F(0,1), and Fi 1y given in (3.2), (3.3), (3.4)
and (3.5)), respectively.

PROOF. Combining Definition [3.1] and Equations (2.1 and (2.2)), we have

_f(m+2 n+2) _f(m+1 n—l—l)- f(m-l—l n+2) _f(m n+1)
Fimm) + Fm—1,n) = ’ 7 7 7
( ’ ) + ( 1, ) _f(m+1’,n+1) —f(m7n) i + f(m7n+1) _f(TrL71,TL)

_f(m+2,n+2) + fomtimt2)  —(fomtinen) + f(m,n+1))]

N _(f(m+1,n+l) + f(m,n+1)) _(f(m,n) + f(mfl,n))
— f(m+3,n+2) _f(m+2,n+1)

_f(m+2,n+1) _f(m+1,n) |
= ]:(m—&-l,n)a

which verifies the first branch result.
In a similar way, the proof of the second branch can be done. O
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Proposition @ is valid in the sense that the value of F(,, ,) remains in-
variant regardless of the calculation path chosen. For example, to determine
F(2,2), we observe that:

7. 1 Faz T Fog, path(a),
®2 Fe1) + F0), path (b).

Considering path (a) and applying (3.6]), we have

Faz) =Fan +Fao

ot e B e B e e

and

F0.2) = Fo1) + F0,0)
_ [3+@‘4 (2+i)} N {2“’2 (1+i)]

o (5416 —(3+412)
2+ —1 1+ 0 ) '

B [3 + 12 —1q
So

Fe2) = Fa,2) + Foz)

-[5id e T -[E 6ie)

Taking path (b) into account and applying (3.7]), we obtain

Fen = Fan +Fou

_[6+i6 —(2+12) 3414 —(2—1—2’)]

N 944010 —(4+443)
T 242 —(144) 2+ —i

- [4—1—1’3 —(1—1—@'2)] ’
and

F2,00 = F1,0) + F(0,0)

443 —(14142)

_[1—1—2'2 - }+{2+z’2 —(1+z’)]_[6—|—i5 —(2—1—@'3)]‘

141 0 T 24143 -1
Consequently,

Fe2) = Frz) + F2,0)

_[o+it0 —(@+i3)) , [6+i5 —(2+i3)
Tl4a+i3 —(1+i2)| T |244i3 -1

_ [154i15 —(6+i6)
T 646 —(2+i2)|

which coincides with the value found for F(3 ) where we used the path (a).
A matrix F(,, ) can be obtained by the following formula.



70 Eudes Antonio Costa, Paula M.M.C. Catarino

THEOREM 3.3. For all non-negative integers m and n, the bidimensional
Fibonacci matrices {F(m n)}mn>0 are given by

7z fmiefuis Fifmasfare —(fmr1forz +ifmi2for)
() = 1 fove +ifmiafors —(Fnfatr + ifme1fn)

Proor. Combining Lemma and identity (3.1) we get the result. [

The following result follows directly from Theorem taking into account
the initial conditions of the Fibonacci sequence and relation (1.1). We omit
the respective proof.

COROLLARY 3.4. The following properties hold for the bidimensional Fi-
bonacci matrices { F(m,n) fm,n>0°

(@) Fimo) = [2fm+2 +ifmts —(fg1 + ifm+2)] ,

7 Jm41 + i fms2 —fm
(b) Fom = [];:Ln—f;——f-?]{::Q _(fn-i-i;}rjfn—i-l)} '

In a similar way to Theorem the next result shows that in each entry of
the matrix F,, ,,) the complex numbers also interchange the real and complex
parts when we interchange m by n.

PRrROPOSITION 3.5. For all non-negative integers m and n, consider the
bidimensional Fibonacci matrices {F(m n)}mn>0- If

y1 +ixy  —(y2 + iz2)
Yo +ixy —(y3 +ix3)|’

x1+iy1r —(z2 + iy2)

Fmm) = To +iys —(x3 + 1ys)

, then ./_"(n,m) =
where xy and y; are integers for t = 1,2 and 3, and i is the imaginary unit.

PROOF. By combining Theorem [2.7] with Theorem [3.3] we obtain the
statement. O

The following result follows directly from Proposition [2.8] and Proposi-
tion [3.5] and we omit its proof in the interest of brevity.

PROPOSITION 3.6. For all non-negative integers m, the bidimensional Fi-
bonacci matriz Fy, m) 15 given by

. 142 0 fm fm _fm fm
@9 A= [0 [ e



On matrices with bidimensional Fibonacci numbers 71

4. Determinant of the bidimensional Fibonacci matrices

For all non-negative integers m and n, the determinant of the bidimen-
sional Fibonacci matrices F,, ) is given by

det f(m,n) — f(m+2,n+2) _f(m+1,n+1)

— 2 _
f(m+1,n+1) *f(m,n) - (f(m+1,n+1)) f(m+2,n+2)f(m,n)‘

ExXAMPLE 4.1. To illustrate this notion, observe that:

2412 —(1+1 . . . .
@) 1Fool =157 TUE 2 @r20) - -0+ o0+ =2,
4+4i3 —(1+142) .
(b) ‘f(l,O)‘ = 1442 -1 ’:_7+Z7
3+i4 —(24+1 .
@) 1ol = 554 ~CH) 74
6+i6 —(2+12) .
@ Fanl=layio —144)| =™

Note that in Example we have |F(g,0)| = i2 # 0, and this determinant
has a real part null. Similarly, |F )| = —i4 # 0 with a real part null.
A straightforward calculation gives that |F(2)| = 912 # 0. These previous
cases are special instances of the next result.

PROPOSITION 4.2. Let {F(mn)}mn>0 be the sequence of bidimensional
Fibonacci matrices of order 2 defined in (3.1). If m = n, then the determinant
| Fn,n)| s a pure imaginary complex number.

PROOF. Firstly, we prove that | 7, | has a real part null. Indeed, a straight-
forward calculation with the help of (3.8)) gives

Fonm| = L+i 0 ||fat2fn+s —fnt1fnt2
(rm) 0 1+4i||fasifare  —fafas

=12 [(fn+1fn+2)2 - fnfn+1fn+2fn+3)]'

Now, we need to show that

(fn+1fn+2)2 - fnfn+1fn+2fn+3 7£ 0.

Note that

(fn+1fn+2)2 - fnfn+1fn+2fn+3 = fn+1fn+2(fn+lfn+2 - fnfn+3) .

Since fn+1fnt+e # 0 for all non-negative integers n, it is enough to show that

frt1fnv2 — fnfogs #0.



72 Eudes Antonio Costa, Paula M.M.C. Catarino

According to Equation (1.6), we have f,11fn+2 — fnfnes = (—=1)", which
verifies the result. [l

Our main result of this section follows directly from Proposition [£.2

THEOREM 4.3. For all non-negative integers n, the determinant ]]-(n’n)|
s non-singular.

PRrOOF. Suffice it to note that [F(, n)| = (—1)"2fns1 frug2 # 0. O

Theorem [4.3] has the following consequence.

COROLLARY 4.4. For all non-negative integers n, we have

Fooo-l 1 L+i 0 || =fafnt1r  foyifate
(n.m) (—1)"i2fns1fnsa | 0 14| |[—for1fot2 [ni2fnss

Now, we present an interesting result which shows that the determinants
of the bidimensional matrices F(,, ) and F(, ) are complex numbers anti-
conjugate (opposite of the conjugate). For instance, in Example we have
|]:(170)| = -7+ and |]:(0’1)| =T7+41.

PROPOSITION 4.5. For all non-negative integers m and n, if |Fy n)| =
x +1dy for some integers x and y, then |Fe, my| = —(x — 1y).

PRrROOF. Using Corollary 2.6 we obtain
Jm+2,nt2) = a2 + b2, fimt1,n4+1) = a1 +1by and f, ny = ag +ibo ,
for some complex numbers a; + ib, with ¢ € {0, 1,2}. So,
az +iby  —(ay + iby)

|f(m n)| — f(m+2,n+2) _f(m+1,n+1)

fontintty  —fomm) a1 +1ibr  —(ao + ibo)
= (a% — b% — apag + bobg) + i(2a1b1 — agbg — aobg)
=z +1y,

making r = a% — b% — agas + bobe and y = 2a1b1 — asby — agbs.
Using again Corollary [2.6] we have

Fon | = fov2myz) —fopimen| _ b2 +iaz — (b1 +iar)
(n,m) f(n—l—l,m-i—l) _f(n,m) b1 + a1 _(bO + ZaO)
= (b% — a% —+ agas — bobg) + i(2a1b1 — agbg — agbg)
= —(CL% — b% — apa + bobz) + i(2a1b1 — agbg — aobg)

= _$+Zy: —(Jf—iy),

which completes the proof. O
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PRrROPOSITION 4.6. The following identities hold for non-negative integers
m and n:
(@) |Fim,o)l # 0,
(b) [Fo,m| # 0.

PRrROOF. (a) By Corollary [3.4f we have
|J—_~ | — 2fm+2 +.ifm+3 _(fm-i-l + Z'fm—i-2)
(m.0) Jma1 + i fmae —fm
= (fm+1 + ifm+2)2 - 2fm(fm+2 + ifm—i—S)

= fhi1 = frie = 2fmaa + 2(fmi1 fnr2 — fnfmss)-
Making use of (1.5 and (1.6) we get
‘f(m,O)‘ = _fm(ferQ + fm+4) + ZQ(—l)m

It is enough to observe now that fp,(fm+2 + fm+ta) +92(—1)" is a non-zero
complex number for all m.
(b) By Proposition and the previous item (a), we have

‘F(O,n)’ = fn(fn+2 + fn+4) + i2(_1>na

and this completes the proof. O

To conclude this section, Theorem [£.3] establishes that all bidimensional
Fibonacci matrices of the sequence {F(;,; m)}m>0 are invertible. Inspired by
Theorem 4.3 and Example we propose the following conjecture:

CONJECTURE. Let {F(n n)}m,n>0 be the sequence of bidimensional Fi-
bonacci matrices of order 2. For all non-negative integers m and n, the deter-
minant is non-vanishing, that is, the determinant satisfies:

5. Conclusion

As King’s master’s thesis shows (J29]), the matrices associated with the
number sequences play a fundamental role in research mathematics. This
work introduced the matrices of order 2 involving the bidimensional Fibonacci
numbers, establishing bidimensional recurrence relations and deriving several
identities in complex form. These contributions offer valuable insights into the
structural complexity of these numbers through a rigorous mathematical anal-
ysis of their recurrence equations. Using matrix algebra, in this paper, matrix
representation of bidimensional Fibonacci sequences was obtained. The results
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presented not only extend existing findings in the literature but also introduce
new perspectives on the versatility of Fibonacci numbers and their general-
izations, laying a foundation for further theoretical and applied research.
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