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1. Introduction

Let p, g, n be integers. For n > 0, Horadam (see [1]) defined the numbers W,, = W,,(Wp, Wy; p, q)
by the recursive equation:

Wp=p Wy_1—q-W,_o, (1)

for n > 2 with arbitrary initial values Wy, Wj.
The Binet-type formula for the Horadam numbers has the form:

W, = At} + Btj,

where:

_ Wi — Wty B— Wot1 — Wy
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and p? — 4q # 0. Usually, we assume that t1, t, are two (different) real numbers, though this need not
be so; see [1].

For special values of Wy, Wy, p, q, Equation (1) defines special sequences of the Fibonacci type:
the Fibonacci numbers F, = W,(0,1;1,—1), the Lucas numbers L, = W;(2,1;1,—1), the Pell
numbers P, = W, (0,1;2, —1), the Pell-Lucas numbers Q, = W, (2,2;2, —1), the Jacobsthal numbers
Jn = Wi(0,1;1,-2), the Jacobsthal-Lucas numbers j, = W;(2,1;1,—2), the balancing numbers
B, = Wy(0,1;6,1), the Lucas-balancing numbers C, = W, (1,3;6,1), etc.

In this paper, we focus on the balancing numbers, the Lucas-balancing numbers, and some
modifications and generalizations of these numbers.
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The sequence of balancing numbers, denoted by {B, }, was introduced by Behera and Panda
in [2]. In [3], Panda introduced the sequence of Lucas-balancing numbers, denoted by {C,} and
defined as follows: if B, is a balancing number, the number C,, for which (C,)? = 8B2 + 1 is called
a Lucas-balancing number. Recall that a balancing number #n with balancer r is the solution of the
Diophantine equation:

1424 +(m—-1)=n+1)+On+2)+---+ (n+r). ®)

Cobalancing numbers were defined and introduced in [4] by a modification of Formula (3).
The authors called positive integer number # a cobalancing number with cobalancer r if:

1424+ +n=nm+1)+n+2)+ -+ (n+r).
et b, denote the nth cobalancing number. The nth Lucas-cobalancing number c;, is defined with
(cn)? = 8b2 + 8by, + 1; see [5,6].

The balancing, Lucas-balancing, cobalancing, and Lucas-cobalancing numbers fulfill the following
recurrence relations:

B, =6B,_1 —B,_»forn>2, withBy=0,B; =1,
C,=6C,_1—Cy,_oforn>2 withCy=1,C; =3, @
b, =6b,_1—b,_»+2forn>2, withby=0,b; =0,

Cp =6¢,_1—Cp_pforn>2, withcy =—-1,c; = 1.

Note that cobalancing and Lucas-cobalancing numbers were originally defined for n > 1. Defining
by = 0 and ¢y = —1, which we get by back calculation in recurrences (4), we obtain the same, correctly
defined sequences.

The Table 1 includes initial terms of the balancing, Lucas-balancing, cobalancing and
Lucas-cobalancing numbers for 0 < n <7.

Table 1. The values of balancing, Lucas-balancing, cobalancing and Lucas-cobalancing numbers.

n o 1 2 3 4 5 6 7
By 0 1 6 35 204 1189 6930 40391
Cy 1 3 17 99 577 3363 19601 114243
by 0 0 2 14 84 492 2870 16730
¢, —1 1 7 41 239 1393 8119 47321

The Binet-type formulas for the above-mentioned sequences have the following forms:

n__ Qn
Bl’l:lx ‘B/
a—p
lxn_~_n
Cl’l: Z‘BI
o —pri 1 ®)
b, = —— -
n DC—‘B 2/
A 4prs
“TTaop

forn20,whereaz3+2\/§,,8:3—2ﬁ,vc% :1—1-\&,,5% =1-+2.
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Based on the concept from [7], Ozkog generalized the balancing numbers to k-balancing numbers;
see [5].

Let BX denote the nth k-balancing number, CK denote the nth k-Lucas balancing number, b% denote
the nth k-cobalancing number, and c§ denote the nth k-Lucas cobalancing number, which are the
numbers defined by:

B = 6kBX | — BE , forn > 2, with Bf = 0,B =1,
ck =e6kck | —Ck_, forn >2, withCk =1,CF =3,
bk = 6kbk | — bk, +2forn > 2, with bf = 0,65 =0,

k =6kek | —ck ,forn>2, withck =6k—7,cf =1

for some positive integer k > 1. Similarly to the previous considerations, we define additionally b = 0
and c’é = 6k — 7. For k = 1, we obtain classical balancing numbers, Lucas-balancing numbers, etc.

Theorem 1. ([5]) (Binet-type formulas) Let n > 0, k > 1 be integers. Then:

k ap — Py ag — P

B = =
ToovokZ =1 wp—Br

(6)

and:

(3 — Br)ay — (3 —ax) B}

Cp = ,
" 2V9k2 —1
o (a + D P+ (Be+ 1Byt —6k—2
n 2(9%2 —1) ’
& (7o — 1)a =2 — (7B — 1) B2
" 2V9k2 — 1

where o = 3k + V9k? — 1, By = 3k — V9k% — 1.

Another generalization of the Lucas-balancing numbers was presented in [8]. For integer k > 1,
the sequence of k-Lucas-balancing numbers (written with two hyphens) is defined recursively by:

Ck,n = 6ka,n_1 — Ck,n—2 forn > 2, with Ck,O =1, Ck,l = 3k.

Theorem 2. ([9]) The Binet-type formula for k-Lucas-balancing numbers is:

o 4B
2

forn >0,k > 1, where o = 3k + V9k2 — 1, B = 3k — V9k2 — 1.

Ck,n

2
For k = 1, we have C; ,, = C;,. Moreover, (Ck,n)2 = (9> —1) (BZ) +1; see [9].
Hyperbolic imaginary unit j was introduced by Cockle (see [10-13]). The set of hyperbolic
numbers is defined as:

H={a+bj: abcR, j>=1,j#+1}.

Dual numbers were introduced by Clifford (see [14]). The set of dual numbers is defined as:

D={a+ce: a,c eR, 8220,87&0}.
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Let DH be the set of dual-hyperbolic numbers w of the form:
w =a+bj+ce+dje,

where a,b,c,d € R and:

P=1,j#+1,=0¢e#0, je=¢j,
(je)* = 0, e(je) = (je)e = 0, j(je) = (je)j = &.

@)

If wy = a1 + b1j + c1e + dije and wy = ap + byj + cpe + dpje are any two dual-hyperbolic numbers,
then the equality, the addition, the subtraction, the multiplication by the scalar, and the multiplication
are defined in the natural way:

equality: w; = wp only if a; = ap, by = by, ¢y =2, dy = da,

addition: wy +wyp = (a1 +ap) + (b1 + b2)j + (c1 + c2)e + (dy + da)je,

subtraction: wy — wy = (a1 —ap) + (bl — bz)] + (C] —c)e+ (d] — dz)js,

multiplication by scalar s € R: swy = say + sb1j + scie + sdyje,

multiplication: wy - Wy = aiap + byby + (Lllbz + ﬂzbl)j + (LZ1C2 + apcq + bidy + b2d1>€ + (Llldz +
apdy + bycy + bycy) je.

The dual-hyperbolic numbers form a commutative ring, a real vector space, and an algebra,
but every dual-hyperbolic number does not have an inverse, so (DH, +, -) is not the field. For more
information on the dual-hyperbolic numbers, see [15].

Since the inception of hypercomplex number theory, the authors studied mainly quaternions,
octonions, and sedenions with coefficients being words of special integer sequences belonging to
the family of Fibonacci sequences, named also as the Fibonacci-type sequences; see for their list [16].
During the development of the theory of hypercomplex numbers, other types of hypercomplex
numbers were introduced and studied with the additional restriction that their coefficients are
taken from special integer sequences. It suffices to mention papers that have appeared recently.
Cihan et al. [17] introduced dual-hyperbolic Fibonacci and Lucas numbers. The dual-hyperbolic
Pell numbers (quaternions) were introduced quite recently by Aydin in [18]. In [19], the authors
investigated dual-hyperbolic Jacobsthal and Jacobsthal-Lucas numbers. Moreover, to describe their
properties we need to have a wide knowledge of the sequences of the Fibonacci type, and we need
to base this on some fundamental papers, for example [20,21], as well as that which is absolutely
new [22]. Based on these ideas, we define and study dual-hyperbolic balancing numbers and some of
their generalizations.

2. Main Results

Let n > 0 be an integer. The nth dual-hyperbolic balancing number DHB,, is defined as:

DHB,, = By + By11j + Bui2e + Buysje,

where By, is the nth balancing number and ¢, j, je are dual-hyperbolic units, which satisfy (7).

Based on the relations (4), we define the nth dual-hyperbolic Lucas-balancing number DHC,,
the nth dual-hyperbolic cobalancing number DHb,;, and the nth dual-hyperbolic Lucas-cobalancing
number DHc,, as:

DHCy, = Cy + Cyq1j + Cppoe + Cyyaje,
DHby, = by + byy1j + bpy2€ + buysje,

DHcy, = cn + cpy1j + Cnt2€ + cnisje,
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respectively.

In a similar way, we define the nth dual-hyperbolic k-balancing number DHBf, the nth
dual-hyperbolic k-Lucas balancing number DHCE, the nth dual-hyperbolic k-cobalancing number
DHPbE, the nth dual-hyperbolic k-Lucas balancing number DHck, and the nth dual-hyperbolic
k-Lucas-balancing number DHCj, ,, as:

DHB;; = By, + By ,1j+ By 26 + By 3je,
DHCE = Ck 4+ Ck,1j+ CK e+ CE_4je,
DHb; = by + by 41 + b 08 + b7,
DHCc}, = ¢ + Cp1j + Cof + Ciyafes
DHCyn = Cin + Cint1j + Cinr2€ + Ciontsje,
respectively.
For k = 1, we have DHBY = DHB,,, DHC}, = DHC; ,, = DHC,, DHbY, = DHb,, and DHc} = DHc,.

Theorem 3. (Binet-type formulas) Let n > 0, k > 1 be integers. Then:

alldy — Bl Br

i) DHBF = —k X __CkEX
(i) To2vokZ -1
. (3 — Br)ajdy — (3 — ax) B P
i) DHCK = k kTE
(i) " 292 — 1
(if) DI — (ax + V) 'y + (B + 1B B — (6k +2) (14 j + € + je)
" 2(9k2 — 1) ’
(iv) DH: = (7o — 1)of 2aby — (7B — 1) By *Px
n - 7
2v9k2 —1
alldy, + BB
(v) DHC, = 52 Pk Pibe,
where:
wp =3k + V92 —1, B =3k—\/9%2—1 (8)
and:
G =1+ agj +ade+adje, Br =1+ Bij+ pre+ Bije. )

Proof. By Formula (6), we get:

k k ko k k
DHB;, = By, + B, 1j + B, 2¢ + By 3¢
n n n+1 n+1 n+2 n+2 n+3 n+3
ag — Pr w =B T By a = B

= + + e+ €
2V9k2 -1 2v9k2 —1 J 2v9k2 — 1 2V9k2 — 1 J

= _ % (1 + ogj + age + zx,%js)
2V9%% —1
- B (11 gyt e+ )
2v/9k2 -1
a?’l ‘Bn
k - k 9

= X — ,
NG W T s
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and we obtain (i). By the same method, we can prove Formulas (ii)-(v). O

For k = 1, we obtain the Binet-type formulas for the dual-hyperbolic balancing numbers,
dual-hyperbolic Lucas-balancing numbers, etc.

Corollary 1. Let n > 0 be an integer. Then:

A

na _ pn
pHB, = YA~ FP

2v8
Dch:%,
n—1x n—-1g _ ; ;
i, = @+ D8 (B PS8t etje)
o n—2s o n—2p
]D)ch:(h Da"=a—-(7p—1)B ,B,

2v/8

where:

a=3+2v2, B=3-2V2,
R=1+(3+V8)j+ (17 +6V8)e + (99 + 35V8)je, (10)
B=1+(B—8)j+ (17— 6v8)e + (99 — 35V/8)je.

Now, we will give some identities such as the Catalan-type identity, the Cassini-type identity,

and the d’Ocagne-type identity for the dual-hyperbolic k-balancing numbers. These identities can be
proven using the Binet-type formula for these numbers.

Theorem 4. (Catalan-type identity for dual-hyperbolic k-balancing numbers) Let k > 1,n > 0, 7 > 0 be
integers such that n > r. Then:

B\ a '
2 2-(&) ()
ko ko K\ _ Xk Bx) . 4
DHB_, - DHBE,, (]D)HBn) = e e
where wy, By and dy, ‘[*fk are given by (8) and (9), respectively.

Proof. By Formula (i) of Theorem 3, we have:

2
DHBY_, - DHB,, — (DHBﬁ)

—r —r g . , . AN 2
(e By B\ (o T — BB ([ e — Bibr
2V/9k2 — 1 29k — 1 2v/9k2 — 1
—a B By — By dly Py + 20 Bty P
4(9%2 — 1)

Ll () -()),

B 4(92 —1) P

Using the fact that o, = 1, we obtain the desired formula. O

Note that for r = 1, we obtain the Cassini-type identity for the dual-hyperbolic
k-balancing numbers.
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Corollary 2. (Cassini-type identity for dual-hyperbolic k-balancing numbers) Let k > 1, n > 1 be
integers. Then:
2 A
DHB}_, - DHB}; — (DHB}) " = —fy
where ., Py are given by (9).

Proof. By Theorem 4, we have:

Br _

22— B
Bk ~ 4
DHB_, - DHB},, — (DHBY) _@T)k B
Using the fact that:

o Be e _ —(Be—m)?
w P kB

and By — ap = =2V 9k? — 1, axBr = 1, we get the result. O

Theorem 5. (d’Ocagne-type identity for dual-hyperbolic k-balancing numbers) Letk > 1, m > 0,n > 0 be
integers such that m > n. Then:

k koo k - By
DHB;, ]D)]HIBn +1 —DHB;, - DHB; = 2 \/%27
where wy, By and dy, ‘BAk are given by (8) and (9), respectively.

Proof. By Formula (i) of Theorem 3, we have:

DHBY, - DHB, | — DHBE, ., - DHBK
[l — By ﬁk (o - B By
2v/9k2 — 292 — 1

[ ﬁm+1ﬁk i iy
24/9kZ — 2+/9k2 —

_ _ak Z+1 ZzaZJrl +0‘Z1+lﬁk +‘Bm+1txk
4(9k2 —1) kPk

B aZ Z( o= n+1+'3m n+1 lelin‘Bk— ;(nfnmk> »

_ (apBr)" (“Zz_n(wk —Bx) — By " (e — Br)) af
4(9k2 —1) KPRk

(e - km*”)(“k—ﬁk) sl - km”AA

4(9K2 —1) “ebr = 2\/9k27

which ends the proof. [

For k = 1, we obtain Catalan-, Cassini-, and d’Ocagne-type identities for the dual-hyperbolic
balancing numbers.

Corollary 3. (Catalan-type identity for dual-hyperbolic balancing numbers) Let n > 0, r > 0 be integers such
that n > r. Then:
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_(BY (=)
s, — omp,e 28 = ()
DHB,,—, - DHB,,+, — (DHB,)" = ap.
where «, B, &, and B are given by (10).
Corollary 4. (Cassini-type identity for dual-hyperbolic balancing numbers) Let n > 1 be an integer. Then:

DHB,,_; - DHB,, 1 — (DHB,)* = —&p.

where & and B are given by (10).

Corollary 5. (d'Ocagne-type identity for dual-hyperbolic balancing numbers) Let m > 0, n > 0 be integers
such that m > n. Then:

(am—n _ ﬁm—n) R
where a, B, &, and B are given by (10).

Moreover, by simple calculations, we get:

ag + P = 6k,
ax — B = 23/9K2 — 1,
aPr =1,
o + B = (e + Br)* — 2w By = 36k — 2,

o+ B} = (e + Br)® — BaeBr (e + Brr) = 216k° — 18k

and:

&ibic = (1+awj +afe + aje) (1+ Bij + Be + Bije)
= 14w+ (ax + Br) j + (ag + BY) (1 + axBr)e
+ (zxz + B3 + o By (o + ﬁk)) je
=2+ 6kj + (72K — 4) e+ (216K — 12K) je.

In particular, for k = 1, we have:

&B =2+ 6] + 68 + 204je.

In the same way, using Formulas (ii)—(v) of Theorem 3, one can obtain properties of other classes
of dual-hyperbolic numbers defined in this paper.

Let us return to the first of the generalizations of the dual-hyperbolic balancing numbers.
For integer n > 0, the nth dual-hyperbolic Horadam number DHW,, is defined as:

DHW, = W, + WnJrlj + Wn+28 + Wn+3j€r (11)
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where W, is the nth Horadam number and ¢, j, je are dual-hyperbolic units, which satisfy (7).

We give the Binet-type formula for dual-hyperbolic Horadam numbers and Catalan-, Cassini-,
and d’Ocagne-type identities for these numbers. The proofs of these theorems can be made analogous
to those proven earlier, so we omit them.

Theorem 6. (Binet-type formula for dual-hyperbolic Horadam numbers) Let n > 0 be an integer. Then:
DEHW, = At (14 tj+ e + je) + Bty (14 taj + e + e
where t1, tp, A, and B are given by (2).
For the simplicity of notation, let:

=1 —I—t1]+t18—|—t1]e

(12)
=1 + t2] + tze + tz]E

f =
f) =

Theorem 7. (Catalan-type identity for dual-hyperbolic Horadam numbers) Let n > 0, r > 0 be integers such
that n > r. Then:

DHW,,_, - DHW,,, — (DHW,,)*
.
— ABHt] ((t1> + <t2> —2> Aib,
iy 5]
where t1, tp, A, Band 1, f, are given by (2) and (12), respectively.

Theorem 8. (Cassini-type identity for dual-hyperbolic Horadam numbers) Let n > 1 be an integer. Then:

DHW,, 1 .JD]HIvvn,1 — (DHW,)?

t ~ A~
— ABHt) < ! + 2 2) A6,
where t1, tp, A, B and 1, f, are given by (2) and (12), respectively.

Theorem 9. (d'Ocagne-type identity for dual-hyperbolic Horadam numbers) Let m > 0, n > 0 be integers
such that m > n. Then:

DHW,, - DHW,,; — DHW,,; - DHW,
= ABH{ty(t1 —to) (77" —t7"") i,

where t1, tp, A, B and 1, f, are given by (2) and (12), respectively.

For special values of W,,, we obtain the dual-hyperbolic Fibonacci numbers, the dual-hyperbolic
Pell numbers, the dual-hyperbolic Jacobsthal numbers, the dual-hyperbolic balancing numbers, etc.
Theorems 6-9 generalize the previously obtained properties of the dual-hyperbolic balancing numbers,
some results of [17-19], and more specifically, the Binet-type formula, Catalan’s identity, Cassini’s
identity, and d’Ocagne’s identity for the dual-hyperbolic Fibonacci-type numbers.
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3. Concluding Remarks

In this paper, we discussed an extended version of dual-hyperbolic balancing numbers,
dual-hyperbolic Horadam numbers, and dual-hyperbolic k-balancing numbers. It seems interesting to
complement these results by matrix representation, which is another way to generate the considered
generalizations of balancing numbers and their related number sequences through matrices. Then,
we can give many known and new formulas for these numbers. Matrix generators also help to obtain
new identities for the considered numbers by different methods.
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