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Special bihyperbolic numbers
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with triangular tables and matrices

ABSTRACT. In this paper we express special bihyperbolic numbers as parade-
terminants and parapermanents of some triangular matrices. Moreover, by
applying the connections between these parameters of triangular tables and
the determinants and permanents of lower Hessenberg matrices, we obtain
another expressions of these numbers, using matrices which are not triangu-
lar.

1. Introduction. Let n > 0 be an integer. The nth balancing number B,,,
Lucas-balancing number C),, Mersenne number M, and Mersenne-Lucas
number H,, are given by the following recursive definitions:

Bn = Ganl - Bn,Q, for n Z 2 with BO = 0, B1 = ]_,

Cn = GCn_l - Cn_g, for n Z 2 with Co = 1, Cl = 3,

Mn == 3Mn,1 - 2Mn,2, for n > 2 with M[) == O, M1 = 1,

Hn = 3Hn_1 - 2Hn_2, for n Z 2 with H() = 2, H1 =3.

In Table 1 we list first numbers of sequences defined above.
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n 0 1 2 3 4 5 ! 6
B, 0 1 6 35 204 1189 6930 40391
Ch 1 3 17 99 o7 3363 19601 114243
M, 0 1 3 7 15 31 63 127
H, 2 3 ) 9 17 33 65 129

TABLE 1. The first terms of sequences By, C,, M, H,,.

Balancing numbers were introduced by Behera and Panda in [2]. Later,
in [18], Panda defined Lucas-balancing numbers. These two sequences were
extensively studied, also by considering some generalizations. For more de-
tails, see for example [8, 11, 20]. The literature on Mersenne and Mersenne—
Lucas sequences is also broad, see [4, 9, 16, 22] among others.

For the integer sequences considered in this paper: balancing numbers,
Lucas-balancing numbers, Mersenne numbers and Mersenne—Lucas num-
bers, we also provide their corresponding entries in the OEIS (The On-Line
Encyclopedia of Integer Sequences):

B, : A001109,  C,: A001541, M, : A000225,  H,: A000051.

The hyperbolic unit j was introduced in 1848 by J. Cockle in [10]. El-
ements of the set H = {a + bj : a,b € R, j2 = 1, j # £1} are known
as hyperbolic numbers. The hyperbolic numbers, which are known also as
split complex numbers or double numbers were studied for the first time in
the 19th century. Originally, the non-Euclidean framework was described by
Yaglom [23], while a systematic modern treatment of hypercomplex systems
was given by Olariu [17] and by Kantor and Solodovnikov [15]. Fundamental
algebraic properties of hyperbolic numbers were studied in detail by Rochon
and Shapiro [21].

One of the generalizations of hyperbolic numbers was introduced in [19].
Let us denote by Hs the set of all numbers of the form

¢ =m0 + j171 + Jax2 + Jas,
where xg, 1, z9, z3 € R and operators j1, j2, j3 ¢ R satisfy conditions

G =73 =343 =1, jujz = j2j1 = ja. Jujs = Jaji = J2, Jojs = jaje = Ju.
The elements of the set Hy are called bihyperbolic numbers.

Addition and multiplication of bihyperbolic numbers are performed anal-
ogously to algebraic expressions. These operations are associative and com-
mutative on Hs. Moreover, multiplication is distributive over addition, so
(Hy, +,-) is a commutative ring.

Bihyperbolic numbers are well known in the literature, their properties
can be found for example in [3, 21]. Recently, bihyperbolic extensions of
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classical integer sequences have also been investigated; see, for example, the
bihyperbolic Tribonacci-type sequences introduced in [14].

Some special cases of bihyperbolic numbers were studied in the literature.
In particular, in [7], authors defined bihyperbolic numbers of the Fibonacci
type. Later, following this research, other types of bihyperbolic numbers
were introduced and we will focus on four of them:

e bihyperbolic balancing numbers and bihyperbolic Lucas-balancing
numbers defined in [6],

e bihyperbolic Mersenne numbers and bihyperbolic Mersenne—Lucas
numbers defined in [5].

Let n > 0 be an integer. The nth bihyperbolic balancing number BhB,,,
bihyperbolic Lucas-balancing number BhC),, bihyperbolic Mersenne num-
ber BhM,, and bihyperbolic Mersenne-Lucas number BhH,, are defined in
the following way:

(1) BhBy, = By + j1Bny1 + j2Bny2 + j3Bnya,
(2) BhC,, = Cy + 71Ch41 + 72Cni2 + J3Cha3,
(3) BhM,, = My, + jiMpt1 + j2Mny2 + jsMpys,
(4) BhH, = Hyp + j1Hni1 + j2Hpyo + j3Hnys,

where B, is the nth balancing number, C), is the nth Lucas-balancing num-
ber, M, is the nth Mersenne number and H, is the nth Mersenne-Lucas
number.

Below we list first four terms of each sequence mentioned above.

BhBgy = j1 + 652 + 3573,
BhB1 =1+ 651 + 3572 + 20453,

) BhBs = 6 + 35j1 + 204j5 + 1189j3,
BhBj = 35 + 20471 + 1189j2 + 6930j3,

BhCy = 1+ 3j1 + 17j + 9953,
BhCy = 3+ 1771 + 995 + 5777,

(©) BhCy = 17 + 9951 + 577ja + 33637,
BhCs = 99 + 57741 + 3363j2 + 196013,
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BhMy = j1 + 3j2 + 7j3,

BhMy =14 3j1 + 7js + 1573,
(7) BhMy = 3+ Tj1 + 1572 + 3153,

BhMs = 7+ 15j; + 315 + 633,

BhHy =2+ 3j1 + 5j2 + 9js,

BhH; = 3+ 5j1 + 9ja + 177,
®) BhH,y = 5+ 951 + 17js + 3343,

BhHjz = 9+ 17j; + 33j2 + 6543,

The following recurrence relations concerning the numbers BhB,,, BhC,,,
BhM,,, BhH,, were proved in [5, 6].

Theorem 1.1 ([6]). Let n > 2 be an integer. Then
(i) BhB, = 6BhBy_1 — BhB,_o,
(ii) BhC,, = 6BhCy,_1 — BhC),_2,
where BhBy, BhB1, BhCy, BhC) are given by (5), (6), respectively.

Theorem 1.2 ([5]). Let n > 2 be an integer. Then
(i) BhM, = 3BhM,_1 — 2BhM,_»,
(i) BhH, = 3BhH,_1 — 2BhH,_»,
where BhMy, BhM,, BhHy, BhHy are given by (7), (8), respectively.

For details concerning numbers BhB,,, BhC,, BhM,, BhH,, including,
among others, results about generating function and Binet’s formulas see
[5, 6].

In [1], Bednarz and Szynal-Liana proved relations between bihyperbolic
numbers of the Fibonacci type and parameters of some special types of tri-
angular tables and matrices. Following their research, in this paper we will
express bihyperbolic numbers defined by formulas (1)—(4) as paradetermi-
nants and parapermanents of triangular matrices and as determinants and
permanents of matrices. Before we do it, let us remind some facts about
triangular matrices, paradeterminants and parapermanents.

2. Triangular matrices, paradeterminants and parapermanents.
An array of numbers from some field K of the form

ail
a1 a2
A, =
ap-1,1 Gp-1,2 °*° An—-1n-1
| @nl an2 te An,n—1 Qnn | nxn
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is known as a triangular matrix of order n.

It is important to acknowledge (see [24]) that a triangular matrix defined
above is not a matrix in the classical sense since it is not a rectangular table
of numbers.

Triangular matrices and special parameters connected with them, specif-
ically paradeterminants and parapermanents, are used in many branches of
mathematics, see for example [13, 27]. For more information concerning tri-
angular matrices, see [12, 25, 26, 24]. We will cite the most essential results,
which are related to this paper.

In [12], the following formulas were given. Let A,, be a triangular matrix
and by {a;;} let us denote the following expression

%
{ais} = [T am-
k=j

Then the paradeterminant ddet(A,) and parapermanent pper(A4,) of A,
are

r

ddet(A Z DR Ce Vil [| FC T ———

r=1pi+-+pr=n s=1

and
-

pper(A Z Z H{apl+~~~+pS7P1+~-~+ps—1+1}>

r=1pi+-+pr=ns=1

respectively, where summations are over the set of positive integer solutions
of the equality p; + -+ + p, = n.

For n > 1 we can decompose the paradeterminant and the parapermanent
by elements of the last row in the following way (see [12, 24]):

n

(9) ddet(An) = (=1)"*{ans} ddet(A,_1),

s=1

(10) pper Z{ans} ppel" S— 1)

where ddet(Ap) = 1, pper(Ap) = 1.

In [28], Zatorsky and Lishchynskyy proved a relation between a parade-
terminant of a triangular matrix and a determinant of a special classical
matrix, which is almost triangular, known as lower Hessenberg matrix. This
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is the following relation:

[ {a11} 1 0o .- 0 0
{aa1}  {a22} 1 0 0

(11) ddet(A,) = det {a:‘ﬂ} {a::s2} {be),g} O O

{an11} {anro} {an1a} - {antn1} 1
i {anl} {GTLQ} {an3} {an,nfl} {ann}_

Moreover, there exists a similar connection between parapermanent of a
triangular matrix and a permanent of a lower Hessenberg matrix:

[ {a1} 1 0o .- 0 0
{a21}  {a2} 1 0 0

(19) ppertay) =per | 91 L demd

{an11} {anr2} fanis} - {antna} 1
L {anl} {an2} {anS} {an,nfl} {ann}_

3. Main results. We are ready to present our results concerning non-
trivial connections between special bihyperbolic sequences described in the
introduction and paradeterminants of triangular matrices.

Theorem 3.1. Let n > 0 be an integer and let

[ 1 + 652 + 3573 |
—s+gjatis 6
0 6
Ant1 = 0 0 L 6
' 1
L 0 0 0 0 6 6] (n+1)x(n+1)

Then BhB,, = ddet(A,+1).

Proof. (By induction with respect to n.)
If n = 0, then ddet(A;) = ji + 6o + 3553 = BhBo.
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If n =1, then

2
ddet(Az) = > (—1)*""{azs} ddet(A,_1)

s=1

( 1) {agl} ddet(Ao) ( )0 . {022} ddet(Al)

2
=(-1)- H agy, - ddet(Ag) + 1+ [ azr - ddet(Ay)
k=1 k=2
= (—1) - 91 - A9 - ddet(Ao) +1-a9- ddet(Al)

1 1. ) . . .
= (—1) (—6+6j2+]3> 61+16(]1+6]2+35]3)
=1—j2 — 653+ 671 + 3652 + 21073
=1+ 651 + 3552 + 20453 = BhB;.

Let us assume that for some integer n > 0 we have BhB,, = ddet(A,1)
and BhB, 1 = ddet(A,12). We will show, that this assumption implies
BhBy,+2 = ddet(A,,+3). Using the formula (9), we obtain

n+3

ddet(Ani3) = > (=1)""*{ap 5} ddet(A, 1)
s=1

= (—1pnt3t. {an43,1}ddet(A—1)

o (D)D) g s Y ddet (Apy )
+ ()™ Ly s g0} ddet(An o)
+ (=)0 a4} ddet(Apiz-1)
= (- 1)’”r “Qp431 Ap432 .- Api3nys - ddet(A)
+..o+ 1 ani3041 Gnt3 g2 - - - - Gng3 s - ddet(Ay,)

+ (_1) “Apt3n42 * Ant3nts - ddet(An 1)
+1- An+4+3n+3 ° ddet(An+2)

1
=00+ (<1) - 2 - 6+ ddet(Apar) + 1-6- ddet(Apo)
= —ddet(Ap41) + 6ddet(An42)
— —BhB,, + 6BhBni1 = BhBpyo,

which ends the proof. O

By similar calculations we can prove analogous results for expressing
Bh(C,,, BhM,,, BhH,, as paradeterminants.
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Theorem 3.2. Let n > 0 be an integer and let
[1+ 351 + 1752 + 9953

%+%j1+%j2+%7]'3 (13
= 6
6
Apt1 = 0 0 L1 6
L 0 0 0 0 g Ol (n+1)x(n+1)
Then BhC,, = ddet(A,+1).
Theorem 3.3. Let n > 0 be an integer an let
[ 1+ 3j2 + 733 ]
—3+30n+2s 3
0 2 3
An+1 = 0 0 % 3
L 0 0 0 0 3 3 (n+1)x(n+1)
Then BhM,, = ddet(A,+1).
Theorem 3.4. Let n > 0 be an integer and let
[ 2+ 3j1 + 5j2 + 93 1
L+ 371 +2j2 + 53 3
0 2 3
An+1 = 0 0 % 3
0 00 0 2 3
L 3 4 (n+1)x(n+1)

Then BhH, = ddet(A,11).

Now we show that the same numbers can be also expressed as paraper-
manents of triangular matrices. We begin the cycle of these theorems with
the proof for the numbers BhM, and the next Theorems 3.6-3.8 can be
proved analogously.

Theorem 3.5. Let n > 0 be an integer and let

[J1 4 3j2 + 7j3 1
5 302—23 3
0 -2 3
Aps1 = 0 0 -2 3
. . . c. 2.
L 0 0 0 0 -3 3] (n+1)x (n+1)

Then BhM,, = pper(Ay,+1).
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Proof. (By induction with respect to n.)
If n =0, then pper(A4;1) = ji + 3j2 + 7js = BhM,.
If n =1, then

2
pper(Az) = Z{CLQS} pper(As—1) = {a21} pper(Ag) + {aze} pper(A;)

s=1

2 2
= | a2« - pper(Ao) + [ azw - pper(As)
k1 k=2
= ag1 - azz - pper(Ap) + azs - pper(Ap)

1 2. ) . . .
=1-2j2— 673+ 351+ 972 + 2153
=1+ 3j1 + 7jo + 1553 = BhM;.
Let us assume that for some integer n > 0 we have BhM,, = pper(A,+1)
and BhM, 1 = pper(A,t2). We will show, that this assumption implies
BhM, 12 = pper(A,+3). Applying the formula (10), we get
n+3
pper(An+3) = Z{an+3,s} pper(As,l)

p
= {ang3, 1}t pper(Ai_1) + ...+ {ant3n+1} Prer(Anii-1)
+{ant3n+2} prer(Ania-1) + {a@nt3n+3} prer(Anys—1)
= Gn43,1° Gni32 - - - Any3nts - pper(Ao)
+ ot G341 Q4342 - - Ond3n43 pper(A;)
+ @nt3n+2 * Ant3n+3 - PPEr(Ant1) + Ant3n+s - pper(Any2)

3
= —2pper(Any1) + 3pper(Any2)
= —2BhM, + 3BhM, 1 = BhM, s,

which end the proof. O
Theorem 3.6. Let n > 0 be an integer and let

2
=0+...0+ (—) -3 - pper(An+1) + 3 - pper(Ap2)

[j1 + 652 + 3553 ]
¢ gi2—Jds 6
0 -5 6
Ant1 = 0 0 -1 6
1
L 0 0 0 0 -5 6 (n+1)x (n+1)

Then BhB,, = pper(A,+1).
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Theorem 3.7. Let n > 0 be an integer and let

[ 1+ 351 + 1752 + 9953 ]
—3— ¢ — 32— GJs 6
0 —: 6
Apy1 = 0 0 -1 6
1
L 0 0 0 0 -5 6] (n4+1)x(n+1)
Then BhC,, = pper(A,11).
Theorem 3.8. Let n > 0 be an integer and let
[ 24341+ 5j2 + 953 1
~1-gj1—22—%js 3
0 -2 3
Apy1 = 0 0 -2 3
0 0o 0 0 -2%23
L 3 4 (n+1)x(n+1)

Then BhH, = pper(A,+1).

By formulas (11) and (12), using Theorems 3.1-3.8, we can directly obtain
corollaries, which express terms of sequences (1)—(4) as determinants and
permanents of classical matrices, being lower Hessenberg matrices.

Corollary 3.9. Let n > 0 be an integer. Then

(1 +6j2+35j5 1 0 -~ 0 0
—1+4jo+6j3 6 1 - 0 0
0 1 6 --- 00
BhB,, = det _ L ,
0 0 --- 1 61
L 0 0 0 - 16 (n+1)x (n+1)
[14+3j1+17j24+99j3 1 0 --- 0 0]
34 j14+3ja+17j3 6 1 -~ 0 0
0 1 6 --- 00
0 0 1 61
L 0 00 -1 1 (n+1)x (n+1)
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BhM,, = det

BhH, = det

[ 1+ 372 + 73
—1+2j2 + 673

0
0

0
0

0

0

N W

0

[ 24 3j1 + 5j2 + 93
3+ 451 + 652 4+ 1075

1
3
2
0

0

N W~k O

0

N W= O

0

w = OO

w = OO

0

Corollary 3.10. Let n > 0 be an integer. Then

BhB,, = per

BhC,, = per

BhM,, = per

BhH,, = per

[ 41 + 652 + 3573

1 —j2 — 653
0

0
0
0

0
0

_j1 + 372 + 7j3

1 —2j2 — 673
0
0

0

0
0

1
6
-1

0
0

[1+ 351 + 1752 + 9953
=3 —J1—3j2— 17j3

[ 24371+ 5j2+ 973
—3 —4j1 — 652 — 1053

0

[y

6

w = o o

_ o O O
_ o O O

[an)

_ o O O

OO OO

o O

o O OO

(n+1)x(n+1)

0

0
0
0

4 (n+1)x(n+1)

4 (n4+1)x(n+1)

(n+1)X(n+1)

0

0
0
0

4 (n4+1)x(n+1)
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4. Examples. In this subsection we show how Corollary 3.10 and Theo-
rem 3.1 work in specific cases, namely we express the number BhMj3 as a
permanent of a matrix and the number BhB3 as a paradeterminant of a
triangular matrix. In both cases, the permanent and the paradeterminant
are decomposed by elements of the last row.

Ji+3ja+7j3 1 0 0
1—2js—6j3 3 1 0

ber 0 —2 31
0 0 -23,.,
1 00 J1+352+75300
—0-per |3 10| 4+0-per|1—2jo—6j3 10
—-231 3%3 0 31 3x3
J1+3j2+7j3 10 +3j2+7j3 1 0
=(—2)-per | 1—-2j5—6j3 3 0 +3-per | 1—2jo—6j3 3 1

0 —21 33 0 —-23 3x3
= (=2) - ((j1 + 3j2 + 7j3) - 3+ (1 — 22 — 653))
+3-((J1 + 32+ 7j3) -9 — 2 (j1 +3j2 + 7j3) + 3 - (1 — 252 — 653))
=(=2)- (1 +3j1+ Tj2 + 15j3) + 3 - (3 4+ 7j1 + 15j2 + 317j3)
— 7+ 15j1 + 31js + 633 = BhMs.

J1 + 652 + 3573

ddet | T8 T2 O
0 6
1
0 0 6 6 4x4

1 1 o .
= (=1)*- (0-0~6-6) 14 (—1)% (0-6-6> - ddet [j1 + 652 + 3553,

) o )
+ (=) ( -6> - ddet []1 072 4357 ]
6 —5 Tgl2ts 6]y,
J1+6J2 + 3573
+(=1)°-6-ddet | % + 14>+ j3
0

o= O

6 3x3

J1 + 672 + 3573
+6-ddet | =1+ 1jo+43 6

jl + 6j2 + 35j3 :|
1
2X2 0 3 6

=0+ 0 — ddet . .
|:—(15+é]2+]3 6
3x3

J1 + 62 + 35 (1 o
= —ddet o0 6-(—1)"+ (=6 ) -ddet [j +6ja+35
¢ [—é—i—éjz s 6], DG et [j1+672+3553]

+6-(—1)7-6- ddet [‘“ 672 3573 }
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J1+ 672 + 3573

= 35 - ddet . : — 6 -ddet |j1 + 672 + 35)
[—é+é32+33 6]m i 6+ 3534

1x1
6 6
+ (=6 ddet [ji + 6j2 +35ja] )
=35+ (1 — jo — 653) + 204 - ddet [j1 + 652 + 35j3]
= 35 — 35j5 — 21053 4 204 - (j1 + 672 + 3573)

= 35 + 20471 + 118972 + 693073
= BhBs.

1 1
=35- <(—1)1' <—+j2+j3> +6-1+(—1)"-6 - ddet [j1+6j2+35j3]1x1>

1x1

5. Conclusions. In our paper we have considered special bihyperbolic
numbers given by linear recurrence of the second order. We have shown
that these numbers can be expressed as certain parameters of specific trian-
gular tables or matrices. The obtained results may be a starting point
for the search of further relations between matrix theory and bihyper-
bolic numbers defined by linear or nonlinear recurrence equations of order
k > 3, for example the well-known Padovan recurrence given by the formula
P(n) = P(n—2) + P(n — 3), where P(0) = P(1) = P(2) = 1.
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