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PADOVAN AND LUCAS-PADOVAN QUATERNIONS

GWANGYEON LEE? AND KISOEB PARK P *

ABSTRACT. In this paper, we introduce the Lucas-Padovan quaternions sequence.
Initiating the studies based on the Padovan quaternion coefficients in relation to
their recurrence, their matrix representation is then defined. We investigate various
aspects of these quaternions, including summation formulas and binomial sums.

1. INTRODUCTION

Quaternions are used in such fields as quantum physics, computer science, differ-
ential equations, and group theory [1, 6, 8, 7]. Moreover, quaternions are useful for
the representation and generalization of large quantities.

Recently, Fibonacci quaternions cover a wide range of interest in modern math
as they appear in the comprehensive works of [3, 4] and [13]. Also, several authors
worked on Padovan quaternions, Pell quaternions and their generalizations in [2, 5,
9, 10, 11, 12].

A quaternion is described by:
qg=a+bi+cj+dk,

where a, b, ¢, d are real numbers and ¢, j, k are the orthogonal parts at the base in

R3. We note that the quaternion multiplication is defined using the rules
i?=42 =k =ijk=—1.
The conjugate and norm of the quaternions are defined by

¢ =a—bi—cj—dk
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and
N(q) =a® +bv* + & + d*
The Padovan sequence is the sequence of integers P, defined by initial values

Py = P; = P, =1 and the recurrence relation
Py=Py 2+ Py 3
for all n > 3. The first a few values of P, are
1,1,1,2,2,3,4,5,7,9,12,16, 21, 28,37,49, 65,86, 114, - - - .
The Padovan quaternions are defined by
Q(P,) = Py + Pyy1i + Puyoj + Pogsk,

where P, is the nth Padovan number and ¢, 7 and k are orthonormal bases.
Now, we will define a new sequence to be called Lucas-Padovan (abbr. Ludovan)

sequence {/,}.

Definition 1.1. The Ludovan sequence is defined by the following rules; let £g = 1
and, for n > 1,

gn =Ip_1+ Pn+17

where P, is the nth Padovan number.
The first a few values of Ludovan sequence £,,, for n > 0, are
1,2,3,3,5,6,8,11,14,19,25,33,44,58,77,102,135, - - - .
Definition 1.2. The Ludovan quaternions are defined by

Q (En) - En + gn—l—li + £n+2j + €n+3k7

where /,, is the nth Ludovan number and ¢, j and k are orthonormal bases.

In this paper, we study the Padovan quaternions and Ludovan quaternions. More-

over, we also describe their properties using matrix representation.

2. PADOVAN QUATERNIONS

In [11], the author gave the following theorem about the generating function for

the Padovan quaternions.
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Theorem 2.1 ([11]). The generating function of the Padovan quaternions is

(L +i47+2k)+ (1 +i+2j+2k)z + (i + 5 + k)a?
1—a?—a3

g(x) =

From Theorem 2.1, we have the following result. Note that (") + (') if n > m
or £ < 0.

Theorem 2.2. For the nth Padovan quaternion Q(P,),

o= 3 () S () (o))

+jn§<nm+2> kZ{ (nm_ZL)%n_;n—z)}'

Proof. Letusput 1+i+j+2kas A, 1+i+2j+2kas B,and i+ j+k as C. Then

we have the generating function of the Padovan quaternions as follows:

1
g(x) = (A—i—Bx—i—C’xQ)m
= (A+ Bz +Ca?)) (a? +2°)°
s>0

= AZ(l + z)%2% + BZ(l + z)z2 ! 4 CZ(l 4 2)5g%5 2

s>0 s>0 s>0
A - <3>$25+t+3 - <3>$25+t+1+0 - <3)x23+t+2

3s+1
ArE (s B ()
35+2
e (s > "
§n§+2 n—2s—2
= m “ m

_1;){142 <n—2m) BmZ::O<n—2m—1> +sz::0 <n—2m—2>}xn'

Since A = 1+i+j+2k, B=1+i+2j+2k, C =i+j+k,and g(z) = >, 5, Q(Pn)z"

we have
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o= {(,7) * (o)
(G o))
() ) ()
i o, ) <2 ) (o))
-5 () () ()
S () s () ()
Therefore, the proof is completed. -

Corollary 2.3. For the nth Padovan number P,, we have the following identities.
(1) Po= Yo (" 5m)
(i) Parr = 0% (o 1) = im0 (o 5met)
+2 = 22;20 (ng;;lw) = z:;zzlo (nfé;lH)
+3 = Z?rj_:d(] (n—’rg:r;l—&—fi) = Z?rj_:l(] (n—’rgj;wl—&—?))
o { () + G = omo ()
(o) = o (o Soms2)
-0 {(n—ném) + (nnz—gim)} = o (W oma)

:10 (n—n;—i’r;Ll-i-?)) = Z:Ln:() (n—rg—i’r;Ll-i-l) + Z:ano (rﬁgrln) = Z:Ln:() (n—n;—i’r;ii-l)

Proof. Since Q(P,) = P, + Pyy1i + Pyi2j + Pyysk and Py = Pyy1 + Py, all

identities can be readily verified using Theorem 2.2. O

3. LucAas-PADOVAN (QUATERNIONS

In this section, we consider the Ludovan quaternions.
In [11], the author gave the following theorem about the Binet-like Formula for

the Padovan quaternions.
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Theorem 3.1 ([11]). Forn > 0, the Binet-like Formula for the Padovan quaternions
18
Q(P,) = aar + bBry + cyry,
where 11, o and r3 are the root of the equation x> —x —1 =0, and
_ (ro —1)(r3 — 1) (ri—1)(rs —1) . (ri—1)(ra —1)
(r1 = r2)(r —73) (ra=r)(ra—r3)’ — (rg—r1)(rs —r2)’
a=1+mri+rj+rk, f=1+ryi+roj+rok, v=1+rzi+rsj+rsk.

b=

From the Definitions 1.1, 1.2 and Theorem 3.1, we have the following theorem.

Theorem 3.2. For n > 0, the Binet-like Formula for the Ludovan quaternions is
1 1 1
Q) = aar? ( + r1> + biry ( + 7’2) + cyry < + r3>
1 2 rs
n \/5 -1 \/5 +1
=aary | m — 5 r1 + 5

+ bpry (rg— \/5_1) <r2+ \/5+1>

2 2

5—1 541
+ cyry (7"3—\[2 ) <r3+\f2 ),

where 11, 1o and 3 are the root of the equation 2> —x — 1 =0, and
_ (T‘Q — 1)(7‘3 — 1) b _ (7’1 — 1)(7“3 — 1) o (’I"l — 1)(7‘2 — 1)
= s = , €= ’
(11 —7r2)(r1 —13) (r2 —71)(re —13) (r3 —71)(rs —12)
a=14+rii+rij+nrk, B=14+rei+rej—+rek, v=1+rsi+rsj+rsk.

Proof. From the definition of the Ludovan quaternions, we have
Q) =Ly 4+ lyyr1i+ Lyyoj + lnysk
= (Poo1+ Poy1) + (Po+ Pog2)i+ (Pog1 + Poy3)j + (Poyo + Prya)k
= QP -1+ QP11
=aar} M (L4+r3) +08ry YA+ 73) + eyry A+ 73)

1 1 1
= aary ( + r1> + bpry < + r2> + cyry < + 7“3> .
r1 T2 T3

—x —1=0, we have

1 5—1 541
+m:x2+x—1:<x—f2 )<x+f2+ )
T

Since z°
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Therefore, the proof is completed. O
Now, we consider the generating function of the Ludovan quaternions.
Lemma 3.3. Let {{,} be the Ludovan sequence. Then, for n > 3, we have
by =Vlp_o+ Uy 3.
Proof. Since {g =1, £1 =2, fo = 3, and f3 = 3, we have ¢3 = {1 + {y. By induction
on n, assuming ¢, = P,_1 + P41 and P,, = P,_o + P,_3, we have
bypo+ly 3=PFP, 3+P, 1+ P4+ P2

= (Po—1+ Pr—2) + (Po—3 + Pp—4)

=Pyi1+ Py =4y
Therefore, for n > 3, we have

én = En—? + gn—B-

From Lemma 3.3, we have

Q(&z) = Q(en—2) + Q(en—S)
The following theorem is related with the generating function of the Ludovan

quaternions.

Theorem 3.4. The generating function of the Ludovan quaternions is

(1420 +35 +3k) + (24 3i + 35 + 5k)x + (2 +1i + 2j + 3k)a?

fla) = 1—22—g3
Proof. Let
fl@) = Qn)2" = Q(lo) + Q(E)z + Q(f2)a® + Q(la)a® + -+ Q(ln)a" + -+
n>0

be generating function of the Ludovan quaternions. Since
22 f(z) = Q(lo)z? + Q(L1)2® + Q(lo)x + Qlsa® + - + Q(Ly_o)a™ + - - -,
21 (2) = QUo)a® + Q) + QUE)2” + QEs)a® + -+ QUlua)a” + -+
we write
(1 —a® —2%) f(2) = Q(lo) + Q)2 +(Q(£2) —Q(lo))a +((Q(E3) — Q(61) — Q(to))a”
+ QL) — Qb)) — Qe ))at + - - -
Q) — Q(ln—2) — Q(ln_3))z"™ + - .
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Now using Q (o) = 1+2i+3j + 3k, Q({1) =2+ 3i+ 35+ 5k, Q(l2) =3+ 3i + 5j+6k
and Q(ln) — Q(ln—2) — Q(€r—3) = 0, we can get the conclusion we want.
Theorefore, the proof is completed. O

Theorem 3.5. For the Ludovan quaternion Q(£y),

Qtn) = Z_ {(:ﬂi) (n ~om— >}

m=0

s ()

m=0

S i)
a3 () () ()

Proof. Let us put 14+2i+3j+3kas A, 2+ 3i+3j+bkas B, and 2+ i+ 25 + 2k
as C. Then, in the same way as the proof of Theorem 2.2, we have the generating

function of the Ludovan quaternions as follows:

ZQ = (A + Bz + Cz?) !

1—22—23

_Z{AZ< > Bni<n—;;—1>

n>0 =0

+szzo<n_27?n_2>}m".

Now using A=142i+3j+3k, B=2+3i+3j+bkand C =2+i+ 25+ 3k, we

can get

Q(ﬁn):mi:o{<n—m2m>+2<n—2n:n—1>+2<"—27:;_2>}
+imz::0{2(n—mgm>+3(n—2n:n—l>+<”_27:1_2>}
+Jm:0{3<nm2m>+3<n;n1>+2<”;”2>}

T+ no{i’)(nf@gm)+5<n—2mm—1>+3<n—277;—2>}

m=

nge0
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Using the properties of binomial coefficients, we can get the conclution we want.

Therefore, the proof is completed. O

Corollary 3.6. For the nth Ludovan number £, we have the following identities.
() o= Yoo { (I52) + (o gm0)
i) Lo =m0 { (520 + (m ) }

wre = S L r20) + () |

n+3

= Zﬁ:go {(ng_r‘)—mi?)) + (nf2Tn+1)}

(iii

) ¢
) ¢
(iv) ¢
)
)
)

) o { G20 + G = Zco {(52) + (5 }
(1) 2 { (o ie) + (o) § = o {3 50) +2(0gms) }
(vii Zn+3 {(nfé;is) (n 2m+1)}

= S0 {20752) + (Eh) + o) }
(Viii) ZZ—F:SO {(nf%{is) + (n72m+1)}
= S0 {5 + Gugmo) }+ S0 { G 7302) + Gg)
() Xinmo { (50 + (ugmes) | = oo (o T) + S (5

Proof. Since Q(£,) = y + lny1i + lni2j + lnisk, lpys = lpy1 + £y and £, =
Po—1+ Ph+1, the proof can be easily completed by applying Theorem 3.5. O

Theorem 3.7. For the nth Ludovan quaternion Q(¢y,),

37 Q) = Qlnra) + Qllss) — QULa).
m=0

Proof. If n = 0 and n = 1, then the result is obviously true. We assume that it is

true for n. Then, we have
n+1

Z Qln, Z Q(lm) + Q(lny1)
m=0
= Q( n+2) + QUnt3) — Q(ls) + Q(Ln+1).

Since Q(fn+2) + Qlnt1) = Q(lnra), we can get
n+1

3" Q) = QUlnts) + Q) — Q(La).

Therefore, by induction on n, the proof is completed. O
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Theorem 3.8. For the nth Ludovan quaternion Q(¢,,),

(1) > m—0 Qlam) = Q(l2n+3) — Q&)
(i) > pm—0 @(lam+1) = Q(lanta) — Q(f2)

Proof. The theorem is proved by induction on n. O

4. MATRIX REPRESENTATIONS

In this section, we consider a matrix representation of the Padovan quaternions
and the Ludovan quaternions.
In [11], the author gave a matrix representation of Padovan quaternions as follows:
forn>1,
QFn)  Q(Pry2) Q(Pntr)
1

(1) Q(Pn+ ) Q(Pn+3) Q(Pn+2)
Q(Pn+2) Q(Pn+4) Q(Pn+3)

where

)

Theorem 4.1. For the nth Padovan quaternions Q(FP,)

(Pn) Q(Pn+2 Pn+1)
N Q(PnJrl) Q(PnJrB n+2)
Q(Pn+2) Q(Pn+4 n+3)

Proof. Since |S| =1, we have |S™| = 1 and hence, from (1),

Q(Pn) Q(Pn+2) Q(PnJrl) Q(PO) Q( Q
Q(Pr+1) Q(Pny3) Q(Poy2)| = |Q(P1) Q(F3) Q%)
Q(Pry2) Q(Pnya) Q(Pny3)] |Q(P) Q( Q

23

Hence, we have the norm of 2 — 2¢ + 25 + k as follows:
NQ2-2i+2j+k) =22+ (-2%*+22+12=13.
Therefore, the proof is completed O

Now, we consider the matrix representation of the Ludovan quaternions.
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Theorem 4.2. For the nth Ludovan quaternion Q(¢y,),

Q(ln)  Qlnt2) Q(lni1) Qo) Qf2) Q)
QUny1) QUny3) Qllni2)| =8" [Q(6) Qf3) Q(l2)
Q(lnr2) Q(lnta) Q(lny3) Q(l2) Q(4y) Q(f3)

Proof. The theorem is proved by induction on n.

Corollary 4.3. For the nth Ludovan quatermons Qly),

Qln) (4o)
Q (gn—i-l) =S" )
Q (€n+2) 2)

Theorem 4.4. For the nth Ludovan quaternions Q(¢y),

(
Qln)  Qlnt2) Qlny 1§
)

N Q(En-s-l) Q(€n+3) ( 2 = 1141.

QUnt2) QUnys) Qlni3

Proof. Since |S| =1, we have |S™| = 1 and hence, from Theorem 4.2,

Q(£n> Q(en—&-Q) Q(En—‘rl) Q(€0> Q(€2) Q(‘el)
Qlny1) QUny3) Qllny2)| =|Q(l) Q3) Q(f2)
Qlnt2) QUnta) QUnys)| |Ql2) Q(ly) Q(fs)

— 92 922i +2j + 13k.

Hence, we have the norm of 22 — 22i 4+ 2j + 13k as follows:
N(22 — 22i 4 2j + 13k) = 1141.

Therefore, the proof is completed.
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