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Abstract

This paper introduces two new integer sequences that are the third-order recurrence relations. These are called Jacobsthal-Narayana and
Jacobsthal-Narayana-Lucas sequences. In particular, great attention is focused on the identification of the Binet type representations for our
new sequence, including the generating functions, some important identities, and generating matrix. Finally, we consider the circulant matrix
whose entries are Jacobsthal-Narayana sequence and present an appropriate formula to find eigenvalues of that matrix.
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1. Introduction

Second-order linear recurrence sequences have received substantial attention because they are regularly encountered in different branches
of modern sciences. As an example, Fibonacci, Lucas, Pell, and Pell-Lucas sequences have been under dense study by a great number of
researchers. Due to the outside of main aim of the paper, no detailed review about the mentioned sequences is given here, but more detailed
information is available in the monographs by Vajda [1] and Koshy [2].

Herein, the scope of this paper is related to the following. The usual Jacobsthal sequence is defined as

Jo=0,J1=1,and Jy41 =Jy+2J,—1 forn>2 (1.1)

and the Jacobsthal-Lucas sequence satisfies the same recurrence relation with the initial terms j, = 0 and j; = 1. The Narayana sequence is
a third-order one and is defined as

No=0,N; =N, =1, and N, ;| =N, +N,_» forn > 3. (1.2)
Besides, the Binet’s formulas for the Jacobsthal and Jacobsthal-Lucas sequences are

m (1)
Iy = # and j, =2" + (—1)", (1.3)

respectively. Now, herein, we present the Binet’s formula for the Narayana sequence that has not been given up to now as follows:

A" +Bp" +Ee"
anw (1.4)
A
where
o, L+ath B_l—%(aw)—i@(a—b) 8_1—%(a+b)+i§(a—b) a_\3/29+3\/% b_§/29—3\/9§
3 Tr 3 T 3 T 2 7 2

A=(a—B)(a—7)(B—¢), A= (B—€)(1-B—¢), B=(e—a)(1—e—a), and E= (a—B) (1—a— ).
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The equation given in (1.4) has been obtained after very extensive operations. Here, we do not give any proof, but the similar process will be
applied in next section.

Each sequence in the above has an emergence process and a quite significant character in the current literature so that many researchers
have given a significant attraction on the subject. For example, the solution to the problem about a herd of cows and calves of the great
Indian mathematician Narayana Pandita has been led to obtain a third-order recurrence sequence that is named after himself; the Narayana
sequence. As summarized, the above-stated sequences have many applications in mathematics and the other fields of modern sciences.
We refer to some papers regarding the usual Jacobsthal and Jacobsthal-Lucas sequences in the current literature herein. Horadam [3]
presented a systematic survey for the Jacobsthal and Jacobsthal-Lucas sequences, while Cerin [4] derived some formulas for sums of squares
of their terms and products. Atanassov [5] generalized the mentioned sequences. In [6] and [7], Dasdemir developed a matrix approach and
some interesting identities for the usual Jacobsthal and Jacobsthal-Lucas sequences. Petroudi and Pirouz [8] investigated the eigenvalues
and determinant of special circulant matrix involving (k,/)-Jacobsthal and (k, )-Jacobsthal-Lucas sequence. Goy [9] gave a very nice
application for the Jacobsthal sequence. In [10], Dagdemir characterized the usual Mersenne, Jacobsthal, and Jacobsthal-Lucas numbers with
negative subscripts. For the sake of not further burdening the reader, a similar literature review for the Narayana sequence is not provided
here, but a few of these can be found in [11, 12, 13].

Based on the current literature, to our knowledge, new third-order integer sequences presented herein have yet to be studied. We recommend
that these are called the Jacobsthal-Narayana and Jacobsthal-Narayana-Lucas sequences due to their special structures. To fill this gap, we
will show a mathematical approach in terms of the theory of the recurrence relation in number theory. Within the scope of this mentality, we
also display the Binet type formulas for our new sequence and derive some important identities, including the generating functions and
generating matrix. In addition to these results, we define a circulant matrix with the Jacobsthal-Narayana and Jacobsthal-Narayana-Lucas
sequences and compute its eigenvalues.

2. Main definitions and results

Our new definitions are as follows.

Definition 2.1. We define the Jacobsthal-Narayana sequence JN, by the recursive relation

JN, =JN,_1 +2JN,_3 2.1
with the initial values JNy = 0 and JN| = JN, = 1.

The first values of Jacobsthal-Narayana sequence are 0,1,1,1,3,5,7,13,23,37,63,109....

Definition 2.2. We define the Jacobsthal-Narayana-Lucas sequence jN, by the recursive relation

Ny = N,y +2jN, 5 2.2)
with the initial values jNy =2 and jN1 = jN, = 1.

The first values of Jacobsthal-Narayana-Lucas sequence are 2,1,1,5,7,9,19,33,51,89,155.......
According to our definitions, Egs. (2.1) and (2.2) are a third-order linear homogeneous difference equation, with constant coefficients, in the
form of

Xpn = Xp—1 +2x,-3 (2.3)

We can then explore a solution to Eq. (2.3) as x,, = ¢", which ¢ is a unknown constant. On the substitution of this linear solution into our
difference equation, we, therefore, obtain

03 =07 +2. 24)
From the cubic formula for the roots, we find three independent solutions as follows:

2*11*/12_’_.11*12 and 2-M—2 M-
i , = —i ,
6 23 4 6 23

wherei=+/—1,A; = /28 +3+/87 and Ay = /28 — 3+/87. Furthermore, since a linear combination of the solutions in Eq. (2.5) satisfies
Eq. 2.4);i.e. JN, = c10" + 2 " + c37", with the initial terms, we can write

o= 1+A]+12

3 B= (2.5)

ci1+ep+c3=0
cla+of+ay=1
c1o? B+ =1
and obtain the solution

o ) ﬂ i V4

= ,C = ,and 3 = ————, (2.6)
(a—B)(a—7) (B-a)(B-7) (r=B)(v-—a)

respectively. Besides, repeating the same technique for the Jacobsthal-Narayana-Lucas sequence gives the solution

. o+2By . B+2ay . Y+2apB

¢ = ,C = ,and &3 = ——————, 2.7)
(a—B)(a—7) (B-a)(B-7) (r=B)(v-a)

respectively.

As summarized, we can write the following main results of the paper without the proof.
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Theorem 2.3 (Binet’s formulas). Let n be any integer. Binet’s formulas for the Jacobsthal-Narayana sequence and the Jacobsthal-Narayana-
Lucas sequence are

_ ar+1 ﬁr+l yr+1
M=l Ba—7 B-wB-1 -7 B @9
and
N, = a+2By p B+2ay - Y+20p v, 2.9)

@B a-n" "B-0B-n" "Tr—0r-B
respectively.

3

By the way, there are many interesting properties between the roots of the cubic equation x> —x2 —2 = 0. We can give some of the ones in

the following.
Remark 2.4. For a, B, and 7y, we can write the following.

cat+ft+y=1
s afy=2
s af+tay+py=0
o ki+ky +k3= 0 ;
. [ S P — —
kitke = Gt ks = Gepir ke e = patee
o (ki +k3)B+(ky +k3) o+ (ki +kp)y=— (aky + Bk + k3)
chkok g
a ' By

where k| = 0 ko = and k3 =

o B Y
a—B)(a-y)’ (B-0)(B-7)’ (r=a)(r=B)
Theorem 2.5. The generating functions for the Jacobsthal-Narayana sequence and the Jacobsthal-Narayana-Lucas sequence are

3—2x—x2

_ 2.10
1—x—2x3 2.10)

oo X ©
r;o.]Nr.xr = m and r:ZOJNrXr =
respectively.

Proof. Define g (x) = Z JN,x". Then, summing the statements g (x), —xg (x), and 2x3g (x), with some mathematical manipulations, the
=0

proof can be completed O

Theorem 2.6. Let r > 0 be an integer and k be an arbitrary integer. Then,

* INpk+JIN,_j = [m%j@l—w] ok 4 {#] proktl | [ = )ZI; ]Yr—k+l
 JNppk+ JNek = [%W} ok + [(33“ b ﬁ”“ ] [ ) y2k+1 ]Yr k
¢ JNesk = jNr—k = [%W] a’*"+[(3ﬁ“ )B— 1 ﬁZk 1 ]Br k+[3y+71/ r ly}gk 1) }}, k

Proof. They can be proved by direct calculations according to Theorem 2.3. O

In particular, for kK = 1 in the last theorem, we get the following cases.

o r B> +1 Ty Y41
Iy +IN1 = [ty | @+ o | B+ e ) 7
. v
Iyt = N1 = |0 @+ i B+ [ | ¥
. . (32 Za 1 (a +1) —1 (382-2B-1)(B*+1) ] pr—1 BY=2y-D)(P+1) ] -1
i+ N1 = [P +[‘TF‘Wﬁﬁf‘iﬁ + [T
. . _ [Go?+Ha+1)(a—1)"] r-1 (3ﬁ2+4ﬁ+1 =1 By (r=1] r—1
ot = s = [P oty [P Bt prot 4 [Er O
Theorem 2.7 (Vajda identity). Let n, r, and s be a positive integer. Then, we have
—i [(@"=B") (@ =B") i1, (V=) —0f) i BTV (B =)  ayn
INutrINpts —INyINp s pgs = o +—(a + "
I T I ) =) (ay =T p)
(2.11)
Proof. Since the proof has very extensive and complex operations, we omit the details. O

This theorem can be reduced to the following cases.



58

Konuralp Journal of Mathematics

* For r = —s, the Catalan’s identity is obtained:

i [ (o =p) - r-o)’ -
INy—sINyss —IN, = =P gpgyn—stl =) yn—stl
n—s n+s n 2 /—29 (X—ﬁ ( ﬁ) + p— (’)/ ) +
e For s = —r =1, the Cassini’s identity is obtained:

INa 1IN = 0N = —— (o= B) ()" + (v~ @) (v)" +(B—7) (BY)']

229
e For s =m—nand r = 1, the d’Ocagne’s identity is obtained:
—i
INu4 1INy — INGINp | = —=
n+140Vm nJ Vm+1 2\/2—9
3. Matrix approach

s 2
BT (st @12

2.13)

[(amfn _ ﬁmfn) (aﬁ)nJrl + (,},mfn o amfn) (ya)nJrl + (ﬁmfn _ ,ymfn) (ﬁy)n+1:| (214)

In this section, we explore some identities using matrix technique. First, define the matrix

01 0
=110 0 1
2 0 1

(3.1

This is a special matrix that satisfies the characteristic equation in (8), i.e. ¢> — ¢ —2I = 0, where I is the identity matrix. This result can be

seen from the well-known Cayley Hamilton theorem.
We can, thus, start with the following main result.

Theorem 3.1. Let r be a positive integer. Then, we have

2JNy_n 2JNp_3 JN,_;
o"=| 2JN,_, 2JN,_, JN,
2JNn 2-11\[11—1 JNn—H

Proof. Considering the recurrence relation in Eq. (2.1), the proof is completed easily.

Theorem 3.2. For an integer n, we have
det (@") =2".
Proof. Using the determinant properties of a matrix leads to complete the proof.

Next theorem presents an interesting result.

Theorem 3.3. For the matrix @, we have the matrix-polynomial identity
(Pn+5 — (Pn+4 _ (pn+3 + 3(pn+2 +2(pn

Proof. From the equation @3 — @2 — 21 = 0, we can write

3.2)

(3.3)

(3.4)

1:%(<p3f<p2) :%(Pz((p,,):%q,z (<P3f<p2+<pf31) :%(wsw“wth).

Multiplying both sides of the above equality by ¢", the proof is completed.

Theorem 3.2 gives us the following interesting results for the Jacobsthal-Narayana and Jacobsthal-Narayana-Lucas sequences.

Theorem 3.4. Let r > 0 be an integer. Then, we have
JN,15 =2JN;+3JN1p —IN; 13+ Ny 14
and

Nyts = 2jN;+3jNes2 — jNyi3 + jNysa.

Proof. We apply the induction method on n. Since JN| 5 = 2JN; +3JN13 +JN+4 —JNy 43, the result is true for n = 1. Now based on
the assumption that JN, 5 = 2JN; +3JN; 12 + JN; 4 — N, 3a is satisfied for all # < n. Then, we write

JINpys =INyta +2JNp o

= (2INy—1 +3INyi1 +INps3 — INy12) +2(2INy—3 + 3INp_1 +INps 1 —JIN,)

= 2(1anl +2JNn73) +3 (JNn+l +2JNn71) + (JNn+3 +2JNn+l) - (JNn+2 *JNn)

= 2JN, +3JNps2 +JINpss —INp 43,

which is desired result.
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This theorem shows that the representations of our integer sequences are not unique. Furthermore, using this strategy, we can find another
representation of them. For instance, after similar mathematical operations, the following can be obtained:

n+r _ [(Pn+r+10 _ 2¢n+r+9 + 3(pn+r+8 _ g(pn+r+7 + 7(pn+r+6 _ 6(pn+r+5 + 9(pn+r+4}

=

9

1
INptr = Z [JNn+r+10 - 2JNrH—r+9 + 3JNn+H—8 - 8JI\"rH—r—O—7 + 7JNn+r+6 - 6JNn+r+5 + 9JNn+r+4}

JNntr = 1 [iNntr+10 = 2/Np+7+9 + 3jNntr+8 = 8jNutr+7 + TNy r+6 — 6Npsrt5 + 9 jNutr14]

It should be noted these recurrence relations are a seventh-order finite difference equations and accordingly an another Binet type formulas
can also be given.

4. An application of Jacobsthal-Narayana sequence

As known, a Circulant matrix C = [c,;j} € My, x,, is denoted briefly by C = Circ(cg,cy,-..,c,—1) and is defined as

€0 C1 (%] o Cp—2 Cp—1
Cn—1 0] €1 o g3 Cp-2
C=
(6} Cc3 Cyq4 e Co (]
Cl 2 3 o Cp—1 €

In addition, we recall the following lemma.

Lemma 4.1 (Zhang, [14]). Let C = Circ(cg,c1,...,cq—1) be a n X n circulant matrix. Then, we have
n—1 "

pi (€)=Y cw 7, @1
k=0

2mi
where p; is the eigenvalue of the circulant matrix C for j=0,1,2,--- ;n—1, w= e, andi=/—1.
In this situation, we can give the following important theorem.

Theorem 4.2. Let C = Cir (JNy,JNy,--- ,JN,_1) be a n X n circulant matrix whose entries are the Jacobsthal-Narayana sequence (JN).
Then, the eigenvalues of C are

(2N, _1)w 2/ 4+ (2JN,_1 = )w I +JN,
2w 4w —1 ’

p;(C) =
where j=0,1,2,--- \n— l,w:e%,andi:\/—l.

Proof. By Lemma 4.1 for the eigenvalues of circulant matrix C = Cir (JNy,JNy,--- ,JN,_1), we have

p;(C) =niJNkw_ﬂ‘ =ni1 { a ak + b B+ ! 7/‘} w Ik
! = S la=B)(a—7y) B-a)(B-7) (y—a)(y—B)
_ a "ilakw—jk+ B ’ilﬁkw—jk+ 4 "il W
(a—ﬁ)(a—y) k=0 (ﬁ_a)(ﬁ_’)/) k=0 ()/—OC) (Y_ﬁ) k=0

=k <(Og:vjj)n__l 1) +h <([;;:ij)”__] 1) +k3 ((y;:v]j)n__l 1)
(e )+ () + ()
ki (" — 1) (ﬁwﬂ'— 1) (yWﬂ'— 1) k(BT —1) (aw’j— 1) (yw*f— 1)
k(Y 1) (awﬂe 1) (/3w*f - 1)
(aw=7 =1)(Bw=/ = 1) (yw/ = 1)
— (ki +ky +k3) + (ki " + ko B" + ksy") + (ki " By + ko "ot Y+ ks Y ) w2 — (k0" B+ ko " + ks Y ) w

—(kio"y+ ko By + k7' B)w i — (ki By+hkooy +hkzaf) w2 + (ki B+ koot +kso+k v+ koy+ ks ) w/
(apy)yw=3 —(aB+ay+By)wH +(a+B+y)w /-1
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and according to Remark 2.4, after some computations we get

(2JN,_1)w™ 2/ 4+ (2JN,_1 —IN;)w—/ + N,

pj (€)= 2w 4wl — 1
_ (2IN, )W H 4 (2N, =) w T +IN,
N 2w 4wl —1
(2N, )w 2 + (2IN,—y —INy) w7 + N,
B 2w w2 —1
~ (2IN,— )W+ (2IN,— — D) w I + N,
n w34 w2 — 1 ’
Thus, the proof is completed. O
Example 4.3. The following table represents the eigenvalues of circulant matrix C = Cir (JNy,JNy,- -+ ,JN,—1) for some values of n.
n 2 3 4 5 6 7
-1 2 3 6 -3 18
-1 -1 -1 =26180+1.1755; 11 0.0490 +9.4585i
-1 -1 —26180—1.1755i 7.1054x 1010 +5.1962i  0.0490 —9.4585i
Eigenvalues -1 —0.3819+1.9021i 7.1054 x 101> —5.1962i —4.6920 +2.5504i
—0.3819—-1.9021i —4+1.73205i —4.6920 —2.5504i
—4 —1.73205i —4.3569 4 1.4258i

—4.3569 — 1.4258i

5. Conclusion

In this paper, we introduced new integer sequences, named the Jacobsthal-Narayana and Jacobsthal-Narayana-Lucas sequences. We obtained
the Binet-like formula and generating functions for these sequences. We gave some interesting identities and examples about these sequences.
Finally, we represented a formula to find the eigenvalues of the circulant matrix involving the Jacobsthal-Narayana sequence.
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