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Abstract. In this study we define a new generalization of the hy-
brid Leonardo sequence consisting of the hybrid numbers with hybrid
Leonardo numbers coefficients. We investigate some algebraic proper-
ties of this new sequence and also the generating function, exponential
generating function, and the Binet formula related to this type of se-
quence. In addition, some identities are provided, such as Catalan’s
and Cassini’s identities, and sums are related.
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1 Introduction

In [1], Catarino and Borges devoted to the Leonardo sequence and adopt
the expression Le, to denote the n-th Leonardo number and conse-
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quently, the Leonardo sequence is denoted by {Ley}2° . This sequence
is defined by the following recurrence relation

Le,=Le, 1+ Lep o+1, n>2,

with initial conditions Ley = Le; = 1. The first thirty Leonardo num-
bers are

1,1,3,5,9,15,25,41,67,109, 177,287,465, 753, 1219, 1973, 3193, 5167,
8361, 13529, 21891, 35421, 57323, 92745, 150069, 242815, 392885,
635701, 1028587, 1664289.

In [8], Ozdemir defined the set of hybrid numbers which contains
complex, dual, and hyperbolic numbers as

K ={a+bi+ce+dh:a,bcdecR,i*=—1,
€2 =0,h* =1,ih = —hi = e+1}.

This number system is a generalization of complex (i2 = —1) , hyperbolic
(h? = 1) and dual number (¢ = 0) systems. Here, i is a complex unit,
€ is the dual unit and A is the hyperbolic unit. We call these units
hybrid units. In the last few years, researchers from many different
fields have taken this number system and used it in various fields of
applied sciences. For some applications of hybrid numbers, we refer the
reader to [3]. There is no doubt that this number system will be studied
by other applied science researchers in the near future.

According to [3] two hybrid numbers are equal if all their compo-
nents are equal, one by one. The sum of two hybrid numbers is defined
by summing their components. Addition operation in the hybrid num-
bers is both commutative and associative. Zero is the null element.
With respect to the addition operation, the symmetric element of k is
—k, which is defined as having all the components of k£ changed in their
signs. This implies that, (K, +) is an Abelian group. The conjugate of
a hybrid number k = a + bi + ce + dh is defined by k = a — bi — ce — dh.
From the definition of hybrid numbers, the multiplication table of the
hybrid units is given by the following table:

Table 1 shows that the multiplication of hybrid numbers is not com-
mutative.
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Table 1: The Multiplication Table for Hybrid Units

o | 1 7 € h
11 7 € h
1|1 -1 1-h €e+1
€| € h+1 0 -€
h|h —(e+1) € 1

The hybrid Leonardo numbers were introduced by [10] and defined
by
HLe, = Lep, + Leyt1t + Lento€ + Leysh

for all n > 0. The authors gave some algebraic properties of the hy-
brid Leonardo numbers such as recurrence relation, generating function,
Binet’s formula, sum formulas, Catalan’s identity, and Cassini’s identity.

In this perspective, new extensions of these sequences of numbers
continue to be studied. We can cite here recent papers [2, 3, 4, 5, 6, 7],
where generalizations of Leonardo numbers are considered.

An important article to be cited is [9], where the author introduced
the hybrid numbers with Fibonacci and Lucas hybrid number coefhi-
cients. Moreover, it is established the Binet formulas, generating func-
tions, and exponential generating functions for these numbers.

Motivated by the generalization and results given in [9] and the di-
rect connections that the Fibonacci and Leonardo sequences have, in
this article we will introduce the hybrid numbers with Leonardo hybrid
number coefficients. Also, we will establish some algebraic properties
such as recurrence relation, generating function, Binet’s formula, sum
formulas, and Cassini’s identity.

Note that in this article we chose to multiply imaginary units to the
right of the coefficients.

This article is organized as follows. In Section 2, we introduce the
hybrid numbers with hybrid Leonardo numbers coefficients and provide
some algebraic properties of these numbers. Section 3 is devoted to
establishing the Binet formula and the generating function of the hybrid
numbers with hybrid Leonardo numbers coefficients. As a consequence,
we derive the exponential generating function. Finally, in Section 4
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and 5, we provide some identities, such as Cassini’s identity, and sums
involving this new sequence of hybrid numbers.

2 Hybrid Numbers with Hybrid Leonardo Num-
ber Coefficients

In this section, we define hybrid numbers with Leonardo hybrid number
coefficients and provide some properties of this new sequence of numbers.
We start considering the following definition,

Definition 2.1. For integers n > 0, the hybrid numbers with Leonardo
hybrid number coefficients are defined recursively by

Le, = HLe, + HLey11i+ HLeyi9¢ + HLey 3h, (1)

where H Le,, is the n—th hybrid Leonardo number, i, € and h are hybrid
units.

According to [10], the recurrence relation of the hybrid Leonardo
sequence is given by

HLe,=HLe, 1+ HLe, o+ A (2)

for n > 2, where A = 1+4+i+ e+ h and the initial conditions are H Leg =
147+ 3¢+5h and HLe; = 1+ 3¢ + 5¢ + 9h.
We have the next auxiliary result.

Lemma 2.2. Consider A=14i+ e+ h then A2=2A+1 .
Proof. We have that A =141+ € + h, then

A2=A.4A
—(l4it+e+h)(1+i+e+h)
=A+ Ai+ Ae+ Ah
=3+2i+2e¢+2h
—24+1,

which completes the proof. O

Expressions (1) and (2) give us the recurrence relation for the hybrid
numbers with Leonardo hybrid number coefficients,
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Proposition 2.3. Forn > 0 the hybrid sequence {Ley, }n>0 satisfies the
recurrence relation

Le, =Le, 1+ Le, o+24A+1

forn > 2, where A =1+1i4 e+ h and the initial conditions are LLey =
28 + 2i + 6e + 10h and Le; = 55 + 6i + 10e + 18h.

Now, by considering that it is verified the recurrence relation [Equa-
tion 2.2 in [10]]
HLe,+1 = 2HLe, — HLe,,_3,

we obtain other recurrence relation for the hybrid numbers with Leonardo
hybrid number coefficients, given in the next result.

Proposition 2.4. Forn > 2 the hybrid sequence {Ley, }n>0 satisfies the
recurrence relation

Len+1 = 2Le, — Ley—o,
with the initial conditions are Leg = 28 + 2i + 6¢ + 10h and Le; =
55 + 67 + 10e + 18h.

Theorem 2.3 in [10] gives us the closed relation between the n-th
hybrid Leonardo number and the n-th hybrid Fibonacci number, namely,
HLe, = 2HF, 41 — A, (3)

for any integer n > 0, where A = 1+ ¢+ ¢ + h and HF), is the n-th
hybrid Fibonacci number. Then, by replacing the (3) in Expression (1)
we obtain

Le, = (2HF 41 — A) + (2HF,,42 — A)i + (2HF 43 — A)e

+ (2HF 44 — A)h

= 2(HFy4+1 + HF) 491 + HF) 43¢ + HF, 1 4h) — 2A — 1,

=2(Fp+1 —A) -1,
where A=1+4i+ e+ h.

Under the previous discussion, the next result is given.
Proposition 2.5. For any integer n >0
Le, =2(F,4+1 — A) — 1, (4)

where A =1+1i4 e+ h and F,, is the n-th hybrid number with hybrid
Fibonacci number coefficients.
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3 The Binet Formula and Generating Function

In this section, we establish the Binet formula for the hybrid numbers
with hybrid Leonardo coefficients by considering the Binet formula [The-
orem 2.4, [10]] given by

(Q)2an _ (é)%@n
a—p

1+5 1—5
+2fandﬁz Q\T

equation of the Fibonacci sequence, o = 1 + ia + ea® + ha?, and B =
1418+ €B% + hB3.
Thus we have the next result.

are the roots of the characteristic

where o =

Theorem 3.1. For n > 0, the Binet formula for hybrid numbers with
hybrid Leonardo numbers coefficients is given by,

a 2an+l _ 2 gn+1
Le, =2 <() (88 —2A -1, (6)
a—p
1 1-—
where o = +2\/5 and B = 2\/5 are the roots of the characteristic

equation of the Fibonacci sequence, o = 1+ ia+ea’h+ o, B=1+18+
ef2+hB3, and A=1+1i+e+h.
Proof. The proof follows by replacing Expression (5) in (4). O

As a consequence, we can provide the exponential generating func-

tion for the generating function of the hybrid numbers with hybrid
Leonardo coefficients by considering Expression (6).

Proposition 3.2. For n > 0, the exponential generating function for
hybrid numbers with hybrid Leonardo number coefficients is given by,

e n 2 at 21,0t
oLl 2 <<a> et — (B)2 e ) a1t
n=0 ’

a—p
where o = 1+2\/5 and B = 1_2\/5

equation of the Fibonacci sequence, a = 1+ ia+ea’h+ a3, B=1+i+
€S2+ hB%, and A=1+i+e+h.

are the roots of the characteristic
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t’rb

Proof. Let ), ]Len—' be the exponential generating function of the
n!

hybrid numbers with hybrid Leonardo number coefficients. By using

Expression (6) we obtain

e n 00 a 2an 1 _ 2 on+1 n
ZLen:L!:Z<2<() l_;ﬁ)[ﬁ >—(2A+1)>2!
n=0

n=0
(o) e (07 & e
_2<a—5>nz:;] n! _2<a—ﬂ>nz:;] n!
[o¢] tn
—(2A+1)n§n!
B (g)2aeat _ (é)2ﬁeﬁt
_2< Py )—(2A—|—1)et,

which completes the proof. O

In what follows, we establish the generating function of the hybrid
numbers with hybrid Leonardo coefficients by considering the generating
function [Theorem 2.5, [10]] given by

1—t—1t2 ' (7)

iﬂ? o M Tt+2i+2(1 4 t)e + (4+2t)h
Lt =

n=0
Hence, we have the next result.

Theorem 3.3. For n > 0, the generating function for hybrid numbers
with hybrid Leonardo number coefficients is given by,

t(1—t—12) 1—t

i]L o 22+ 14t +4i +4(1 + t)e + (8 +4t)h) (24 +1)
ept’” =
n=0

where A=14+14i+¢e¢+ h.

Proof. Let > .7  Lent" be the generating function of the hybrid num-
bers with hybrid Leonardo number coefficients. Expression (4) gives
us

t iLent" =2 iFnHt”“ —(24+1) i L (8)
n=0 n=0

n=0
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Then, by replacing (7) in (8) we obtain,

o0 . o
22+ 14t +4i +4(1 + ¢ 8 + 4t)h
tZ]Lent": + 14t + 4i + 4(1 + t)e + (8 + 41) )_BZth
n=0 n=0

t(1—t—t2) —
C 24 14t +4i+ 40+ t)e+ (B8 +4H)h) 24+ 1)t
B (1—t—12) 1—t

where A=1+1i+¢€e+ h. O

4 Catalan and Cassini Identities

In this section, we provide the Catalan and Cassini identities related
to the hybrid numbers with hybrid Leonardo coefficients by considering
that the multiplication is not commutative in the hybrid sets.

Theorem 4.1 (First Cassini). For positive integer n, the following iden-
tity is verified

(Len)z — Lep_1lley1 = 4(_1)n(1 — 341 + 12¢ — 6h,)
—2Le,—92A+ (2A+ 1)Le,—1 — 2LLe, + Ley1,

where A=1+1+€e+ h.

2 n+l 2 on+1
Proof. Denote B,, = ((a) a (ﬂﬁ) P - A) = Fp+1 — A. From

o —

the Binet formula (6) we obtain

(Len)? —Lenp1Llens1 = (2B, — 1) (2B, — 1) — (2Bp_1 — 1) (2B,21 — 1)
=4(B,)? —4B, +1
— (4By—1Bpy1 —2(Bp—1 + Bpg1) +1)
= 4(B,)? — 4B, — 4B, 1Bny1 + 2(Bn_1 + Bny1)
= 4((By)* = Bp—1Bnt1) — 4By + 2By_1 + 2Bt
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Thus,
4((Bn)® = Bp-1Bnt1) = 4((Frg1 — A)(Frpyr — A)
- (Fn - A) (Fn+2 - A))
=4((Fpt1)? — Fns14 — AFpyq + A?)
— 4(FyFryo — FrA — AF, 10 + A?)
= 4((Fn+1)* — FuFpio)
— 4(Fpyy — Fu)A — 4A(Fpy1 — Frio)
= 4((Fn+41)® — FnFpi2) — 4F,_1 A + 4AF,,.
Since it is valid Expression (4), F,,11 = M"%MH, where A = 1+i+e+h,
then
—4Bp +2Bp 1+ 2Bpy1 = —4F 11 + 2F, + 2F, 42
= —2Le, + Ley—1 + Lepta,

and also

—4F,,_1A + 4AF,, = —2Le,_2A + 2AlLe,,_1.

Moreover, since it is verified the identity F,,_1F,;1 — (F,)? = (—=1)"(1 —
34i + 12e — 6h) by [Theorem 3.1, [9]], then we get

(Len)? — Lep_1Leny1 = 4(—1)"(1 — 344 + 12¢ — 6h)
—2Le,—2A + (2A+ 1)Le,—1 — 2Le, + Lept1.
This completes the proof. O

A similar result can be obtained by considering that the multiplica-
tion is not commutative in the hybrid sets.

Theorem 4.2 (Second Cassini). For positive integer n, then the follow-
ing identity is verified

(Len)? — LepyiLe, 1 = 4(—1)"(1 — 264 + 28¢ — 14h)
+ Lep—1(—2A+ 1) + 2ALe,—2 — 2Le, + Lep41,

where A=14+1+¢e+ h.
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2 n+l 2 on+1
Proof. Denote B,, = (@)°a (ﬁﬁ) P - A) = Fp4+1 — A. From
o —

the Binet formula (6) we obtain

(Len)? — LepiiLlen 1 = (2B, — 1) (2B, — 1) — (2Bpy1 — 1) (2B,_1 — 1)
= 4((By)* = Bp41Bn-1) — 4By + 2(Bpi1 + Ba-1).

Thus,

A((Bn)? = Buy1Bn—1) = 4((Fpp1)* — FpyaFy) — AF, A + 4AF,_;.
Furthermore, since it is valid Expression (4), F, 41 = W, where
A=1+1i+¢e+ h, then

4B, +2Bp_1 + 2Bpi1 = —AF, 1 + 2F, + 2F,.»
= —2Le, + Lep—1 + Lepta,
and also

—4F, A+ 4AF,,_1 = —2Le,_1A + 2AlLe,,_o.

Moreover, since it is verified the identity F,;1F, 1 — (F,)? = (—1)"(1 —
26i + 28¢ — 14h) by [Theorem 3.2, [9]], then

(Len)? — Lep_1Leny1 = 4(—1)"(1 — 26i + 28¢ — 14h)
-+ ]Len_1(—2A + 1) + 2ALe,_9 — 2LLe,, + Lent1,

which completes the proof. O

By using aff = —1, (a — 8)? = 5, % = —* and é = _Tﬂ, a straight-
forward calculus permits us to obtain the Catalan identities for F,, in

terms of o and S.

Proposition 4.3. For positive integers n and r, the following identity
1s verified
(_1)n—r

IE‘n 2_IE‘n 'an—rzi
( ) + 27,\/5

Fr((aB)*()" + (Ba)*(B)"),

where F,. is r-th Fibonacci number, o = , B = , o =

1+ ia + ea’h + o, and§:1+iﬁ+662+hﬂ3.




HYBRID NUMBERS WITH HYBRID LEONARDO ... 11

Proposition 4.4. For positive integers n and r, the following identity
1s verified

E = Fus By = LR (@077 + (0?0,

where F,. is r-th Fibonacci number, o =
1+ ia + ea’h + a3, and 3 = 1—Hﬁ+eﬁ2—|—h53

In addition, since Le,, = 2(F,,41 — A) — 1, in a similar way to what
was done for Cassini identities, we obtain Catalan identities for LLe,,.

Theorem 4.5 (First Catalan). For positive integers n and r, holds:

(—1)n+1—T 2 r 2 r
“oayg Frl@d) (@) + (Ba) (B))

+ (2A+ 1)(Leptr + Lep—r) — (4A 4 2)(Ley,),
1 + V5 1-+5

where F,. is r-th Fibonacci number, o = , B = 5 a =

(Len)2 —LepqrLep—r =

1+ia+ea?h+a3, B=14iB+eB*+ B>, andA— 1+i+e+h.
Theorem 4.6 (Second Catalan). For positive integers n and r, holds:

(_1)n+1—r 2 r 2 T
WE((Q@ (B)" + (Ba)*(a)")

+ (Leptr + Lep—r)(2A+ 1) — (Ley ) (4A + 2),

1+xf 1-V5

)B_ 9 , & =

1+ia+ea?h+a3, B=14iB+ €S>+ hB>, andA—1+i+e+h.

(Len)2 —Len—rLepyyr =

where F,. is r-th Fibonacci number, o =

5 Some Summation Formulas

In this section, we present some results concerning sum and the alternat-
ing sum of terms of the hybrid Leonardo sequence with hybrid Leonardo
sequence by using some results of the hybrid Leonardo sequence.

We recall from [10] some auxiliary results for the hybrid Leonardo
sequence.
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Lemma 5.1. [10, Proposition 2.5] For n >0,

n
1. ) HLej = HLenya — (n+2)A — (2i + 4e + 8h),
7=0
n
2. Y HLeyj = HLegni1 — nA — (20 + 2¢ + 4h),
7=0

n
3. Y HLeyji1 = HLegnyz — (n+2)A — (2¢ + 4h).
§=0
A consequence of the Lemma 5.1 is that:

Proposition 5.2. Forn >0,

n
> (~1YHLe; = HLegns1 — HLegnya + 24 — 2i; (9)
j=0

if the last term is negative;

n
(=1 HLe; = HLean+3 — HLeap o + A — 2i; (10)
7=0

if the last term is positive.

Proof. First consider that the last term is negative, so

2n+1
> (-1YHLe; = HLey— HLey+ -+ HLey, — HLegp
k=0
= (HLGO + - +HL€2n) — (HL61 + - +HL€2n+1)

n n
= D HLey—) HLeg
k=0 k=0

= HLegpt1 —nA — (2i + 2e+ 4h)
—(HL€2n+2 — (n + 2)A — (26 -+ 4h))
= HLesy+1 — HLeapi2 + 2A —2i .
We use the Lemma 5.1, items (2) and (3), and Equation (9) is verified.

Similarly, we can prove Equation (10) . O
Now, sums of terms of sequence {Ley, },>0.
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Proposition 5.3. Forn >0,

> Lej=HLeni2A—n(2A+1) —3A— (32+4i+21h) , (1)
j=0

> Ley; = HLegn 1A — n(2A+1) —5A— (T0+12i + 9h)  (12)
=0

n
> Legji1 = HLegpyoA —n(2A+ 1) — 11A — (116 + 28i + 13h) (13)
=0

Proof. As the sum of two hybrid numbers is defined by summing their
components, and Le, = HLe, + HLey 1t + HLey2¢ + HLey13h. We
have that

n n
> Lej = (HLej+ HLejyvi+ HLejyoe + HLej 3h)
=0 =0

n n n
= | HLej | + (> HLejur | i+ | Y HLejio | €
j=0 j=0 j=0

So, following Lemma 5.1
> HLej = HLenys — (n+2)A — (2i + 4 + 8h)
j=0
= HLeppo —nA — (2 + 4i + 6¢ + 10) . (14)

> HLejyy |i=|) HLej— HLe | i
§=0 j=0

= (HLepy2 — (n+2)A — (20 + 4e +8h) — HLeg) i
— (HLepy2)i — nAi — (2 —10i — 15e + 9h) . (15)
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> HLejip | e= (> HLej— HLeg— HLe | €
: =
= (HLepta — (n+2)A— (20 +4e+8h))e
— (HLeg+ HLey) e
= (HLepi2) e —nAe— (8 +22¢—2h) . (16)

> HLejys | h=|> HLej— HLeg— HLey — HLey | h
j=0 j=0
= (HLepio — (n+2)A — (2i +4e¢+8h))h
— (HLeg+ HLey + HLes) h
= (HLent9) h — nAh — (23 +13i — 10e + 7h) . (17)

From the Equations (14), (15), (16), and (17) we have that

ZLeJ (HLeyn2) A—nA-A— (35+Ti+ 3¢+ 24h).

According to Lemma 2.2, Equation (11) is verified. Similarly, we can
prove Equations (12) and (13). O
As a direct consequence of the Proposition 5.3 we have:

Proposition 5.4. Forn >0,

n

> (~1)Lej = (HLegn1 — HLegnyz + 6)A + 46 + 16i + 4h;
7=0

if the last term is negative, and

n
> (~1)Le; = (HLegny3 — HLegnpz + 6)A — (2A+ 1) + 46 + 166 + 4h;
7=0

if the last term is positive.
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6 Conclusion

In this paper, we presented a new generalization of the hybrid Leonardo
sequence, the hybrid numbers with hybrid Leonardo number coefficients.
Moreover, the algebraic properties of this sequence are studied and also
the generating function and several identities are provided. In addition,
some properties for these sequences were established.

It seems to us that all results given here are new in the literature and
this new sequence of numbers introduced is a subject that can still be
studied in several aspects such as combinatorial, analytical, and matrix
perspectives.
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