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Abstract

In this paper we study some families of Toeplitz-Hessenberg determinants
the entries of which are Fibonacci-Narayana (or Narayana’s cows) numbers.
This leads to discover some identities for these numbers. In particular, we es-
tablish connection between Fibonacci-Narayana numbers with Fibonacci and
tribonacci numbers. We also present new formulas for Fibonacci-Narayana
numbers via recurrent determinants of four-diagonal matrix.
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1. Introduction

The Fibonacci sequence {F),},>0 is defined by the initial values Fy = 0, F; =1
and the recurrence relation F,, = F},_1 + F,,_o, where n > 2.

Among the several generalizations of Fibonacci numbers, some of the best
known are the tribonacci sequence {t,},>0 and the Fibonacci-Narayana sequence
(or Narayana’s cows sequence) {by }n>0, which are defined by the following third-
order recurrence relations:

tp =tn_1 +ln_2+tn_3, to=11=0, =1,
bp =bp_1 +bp_3, by=0, by =by =1,

for n > 3.
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There are large number of sequences indexed in OEIS [10], being in this case

{Folnso ={0,1,1,2,3,5,8,13,21,34,55 89, 144,233,377,...} - A000045
{tntnso = {0,0,1,1,2,4,7,13,24, 44, 81,149, 274,504,927, ...} :  A000073
{bn}ns0 = {0,1,1,1,2,3,4,6,9,13, 19,28, 41,60, 88,129, ...} : A000930

The Fibonacci-Narayana sequence was introduced by the Indian mathemati-
cian Narayana in the 14th century, while studying the following problem: A cow
produces one calf every year. Beginning in its fourth year, each calf produces one
calf at the beginning of each year. How many cows are there altogether after, for
example, 20 years? This problem can be solved in the same way that Fibonacci
solved its problem about rabbits [6].

There has been considerable recent interest in the Fibonacci-Narayana sequence
and its generalizations (see [1, 2, 3, 4, 5, 9, 11] for more details). For instance, Did-
kivska and St’opochkina [4] proved some basic properties of Fibonacci-Narayana
numbers. Biglici [3] defined a generalized order-k Fibonacci-Narayana sequence and
by using this generalization and some matrix properties, established some identi-
ties related to Fibonacci-Narayana numbers. Flaut and Shpakivskyi [5] studied
some properties of generalized and Fibonacci quaternions and Fibonacci-Narayana
quaternions. Ramirez and Sirvent [9] defined the k-Narayana sequence of integer
numbers and studied recurrence relations and some combinatorial properties of
these numbers, and of the sum of their first n terms. These authors also estab-
lished some relations between the k-Narayana sequence and determinants of one
type of Hessenberg matrix.

The purpose of this paper is to study Fibonacci-Narayana numbers. We in-
vestigate some families of Toeplitz-Hessenberg determinants the entries of which
are Fibonacci-Narayana numbers. This leads to discover some identities for these
numbers. In particular, we establish connection between Fibonacci-Narayana num-
bers with Fibonacci and tribonacci numbers. We also present new formulas for
Fibonacci-Narayana numbers via recurrent determinants of four-diagonal matrix.

2. Toeplitz-Hessenberg matrices and determinants

A Toeplitz- Hessenberg matriz is an n X n matrix of the form

a1 ap 0 ce 0 0
ag ajy an tee 0 0
as as ay ce 0 0
M, (ag;a1,az,...,a,) = . , (2.1)
ap—-1 0An-2 Gp-3 - a ao
L On ap—1 Qpn-2 " a2 ai |

where ag # 0 and ay, # 0 for at least one & > 0. So a;; =0 for j >4 4 1.
Several mathematical objects may be represented as determinant of such ma-
trices (see, for example, [7] and the references given there).
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Expanding the determinant det(M,,) according to the first row repeatedly, we
obtain the recurrence

det(My) = > (—ao)"'ay det(M,_y), (2.2)
k=1

where, by definition, det(My) = 1.
The following result is known as Trudi’s formula [8]. This gives the multinomial
extension for det(M,,).

Lemma 2.1. Let n be a positive integer. Then

det(Mn) _ Z (_ao)n7(51+-~+sn) (51 4+ Sn) (Iil(Z;? L afln’ (23)

S1y+.+.,8n
(815-++38n) ’ ’

where the summation is over integers s; > 0 satisfying s1 + 2s9 + -+ +ns, = n,
and

<81+"'+8n> . (81+"‘+Sn)!

S1y--+58n sl 8!

is the multinomial coefficient.

Example 2.2. It follows from (2.3) that

3 2 1
det(Ms) = (—ao)’ <3 0 0>ai’ + (—ao)l(1 1 0>0102 + (—ao)? <0 0 1) as

3 2
= a] — 2apa1a2 + apas;

4 3 2
M) = (—an)? 4, (N 2 IR
det(My) = (~ao) (4,0,0,0>a1+( @) (2,1,0,0)a1“2+( a0) (170,1,())“1”3

2 1
N2 2, (3
+(—ao) <0,2,0,0>“2+( @) (0,0,0,1)“4

4 2 2 2 2 3
= a; — 3apaiaz + 2agaiaz + ajay — apaq.
Throughout this paper, we denote

det(£1;a1,as9,...,a,) = det(Mn(jzl; ai,as,..., an)).

3. Connection formulas between the
Fibonacci-Narayana numbers and Fibonacci
numbers

The next theorem gives relationship between Fibonacci-Narayana numbers and
Fibonacci numbers via the Toeplitz-Hessenberg determinants.
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Theorem 3.1. For alln > 1,

det(13b1,bs, - bzn1) = 1= (=1)"Foos, (3.1)
det(l; bo,ba, ..., b2n72) — (_1)"_1Fn-

Proof. We will prove formula (3.1) using induction on n. The other proof follow
similarly, so we omit it for interest of brevity. For simplicity of notation, we write
D,, instead of det(1;b1,bs,...,b2p—1).

Clearly, formula (3.1) works, when n = 1 and n = 2. Suppose it is true for all
positive integers k < n — 1, where n > 3.

Using recurrence (2.2), we have

Dy, = Z(—l)i_lbmanq
i=1

=b1Dp1 —b3Dp_o+bsDy_3 + Z(—l)Fl (bai—2 + boi—4) Dp—;

=4

=Dn1— Do +3Dn 5+ > (1) (bai—s + 2bzi—5 + bai—7) Dy
i—4
n—1

=Dp1—Dp_2+3D, 3+ Z(_l)ibQi—an—i—l
i=3

n—2 n—3
+2 Z(fl)Hlei—lD"—i—? + Z(*l)wﬂbzi—an—i—g
i=2

i=1

n—1
=Dp1—=Dp2+3Dn_3+ (Z(_l)ibQianil + b1 D2 — bBDn3>
i=1

n—2
+ (2 Z(—l)ib%—an—i—z - 2b1Dn—3> —D,_3
=1

=Dy 1-Dy 2+3Dy 3— Dy 1+ Dpo—Dyp 3+2Dy o—2Dy 53— Dy_3
=2D, 92— Dy, 3.

Using the induction hypothesis and the definition of the Fibonacci sequence,
we obtain

D, =2(1—(-1)"2F,_3) — (1= (-1)""*F,_4)
=1—-(=1)"(2F,—3+ F,,_4)
=1—(-1)"F,_;.

Consequently, the formula (3.1) is true for n. Therefore, by induction, the
formula works for all positive integers n. O
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4. Connection formula between the
Fibonacci-Narayana numbers and tribonacci
numbers

The next theorem gives relationship between Fibonacci-Narayana numbers and
tribonacci numbers via the Toeplitz-Hessenberg determinants.

Theorem 4.1. For alln > 1,
det(fl;b(),bl,...,bn_l) :tn- (41)

Proof. We will prove formula (4.1) using induction on n. It is easily seen that
det(—1;b9,b1,...,bp—1) = (—=1)"D,,, where

Dn = det(l; —bo, —bl, ey —bnfl).

Clearly, formula (4.1) works, when n = 1 and n = 2. Suppose it is true for all
k <n —1, where n > 2. Using recurrence (2.2), we have

D, = Z(_lybilenfi
i=1

= —bopDp_1+b1Dp_o — by Dy_3 + Z(*l)i (bi—2 + bi—4) Dy
i—4

n—1 n—3
=Dna—Dyps+ > (1) bi1Dpir + > (=1)3b; 1Dy i
i=3 i=1

n—1
=Dp o~ Dy 3+ <Z(_1)i+1bi—1Dn—i—1 —boDp_2 + len—3> —Dp—3
i=1

=Dp_o— Dn—3 —Dyp_1 + Dn—B - Dn—3

=Dy 1+ Dy 2— Dy 3.
Thus,

tnfl tn72 tnf?)
det(l;—bo,—bl,...,—bnfl) = (—1)” <— + - )
(_1)n—1 (_1)11—2 (_1)71—3
=tp-1+titho+tn3="1n.

Consequently, the formula (4.1) is true for n. Therefore, by induction, the
formula works for all positive integers n. O

5. Some Toeplitz-Hessenberg determinants with

Fibonacci-Narayana entries

In this section, we evaluate det(+1; ay, ag, ..., a,) with special Fibonacci-Narayana
entries a;.
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Theorem 5.1. Let n > 1, except when noted otherwise. Then

()" + -yl

det(l; bo7 bl, e ,bnfl) =

2 )
—1)r1 -1 [n/3]
det(l;bl,bg,...,bn): ( ) z< ) 5
1 L5 n—1-—2
det(—=1;by, by, ... by) = 2"~ Z 82( . ) (5.1)

det(l;bg,bg,...,bn+1) :0 n>4

4+ 1
det(l;bQ,b4,~~'7b2n = n 1Z(n_zi__21>

2n—1 ;
i
det(—1;b2, b4, ..., ban) = Z (4n12i),

i=0
det(1;b3,ba, ..., byya) = (—1)2 (1 + (=1)") /2, n>2,
det(l; bg, b5, . b2n+1) 0 n > 4

det(1; b4, b5, - ., bn+3):( L= J2+ (—1)L%J7

det(l;b4,b6,...,b2n+2) = 1, TLZ37

2 m42—i
det(1; b5, bg,...,b =
e(75a 65 7TL+4) ;(1_’_22 )7
det(l; b5,b7, .. .,b2n+3) =n-+ ]., n 2 2,

det(l; be, bs, . . . ,b2n+4) = (’I’L2 + 3n + 4)/2,

where (7)) = k,(lek), is the binomial coefficient and |-] is the floor function.

Proof. We will prove only (5.1), the other ones can be proved in the same way.
Obviously, det(—1;b1,b2,...,b,) = (—=1)"D,,, where
Dn = det(l; —bl, —b27 ey —bn),

When n = 1 and n = 2, the formula holds. Assuming (5.1) to hold for all k < n—1,
we prove it for n > 3. Using (2.2), we have

i 1)biDy s

=—01Dp_1 +b2Dp_o —b3Dy_3 + Z(—l)i (bi—1 + bi—4) Dy
i—4
n—1 ) n—3 )
=—-Dp 1+ Dpo—Dp 3+ Z(_1)2+1b1Dn—1—i + Z(_l)lJr&biDn—?;—i
i—3 i=1
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= _Dn—l + Dn—2 - Dn—3 + Z(_I)H_lbiDn—l—i - Dn—2 + Dn—3 - Dn—3

= *Dn—l + Dn—2 - Dn—3 - Dn—l - Dn—2 + Dn—S - Dn—3

=-2Dp 1 — Dy 3
n—2 n-1|_q
(2y/1L3J1n—2—2k (QYL4L3J 1 (n—4-2k
B gk k 8k k '
k=0 k=0
Thus
n_llgj1 n—2—2k = Qk
D, = —(-2) > 5 L . (5.2)
k=0 k=1
Let n # 3m — 2. Then | 252 | = | 251 |. From (5.2), using well-known formula
n—1 n—1 n
)+ G2)=6) 6
we have
LnT_lJln22k‘ nTlln22k
_ n—1 e n 1 -
b= g () e ()
k=0 k=1
n—1
——%—ZV’lts Jj; n—1-2k
B 8k k ‘
Let n = 3m — 2. Then |25} | — [252| = 1. Now, using (5.3), we have
Do T11“§%41 n—2-—2k Tllﬁj n—2-—2k
" L k 8\ k-1
(%n1L3J1nr—1—2k
B = 8k k '
Therefore,

nl

"1 (n—1-2k
det(—l;bl,bg,...,bn):( 1”“’1 n 1 Z k( )
k=0

| =5 ]
1 /n—1-2k
__on—1
=y
k=0

Since the formula (5.1) holds for n, it follows by induction that it is true for all
positive integers n. O
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The Trudi formula (2.3), taken together with Theorems 3.1 and 4.1 yields the
following corollary. Similarly, one can obtain the multinomial extensions for for-
mulas from Theorem 5.1.

Corollary 5.2. The following formulas hold:

S DT by =~ n>2, (5.4)
281+3s2+-+nsp_1=n
Z (71)anpn(s)bilb§2 T b;zfl =(-1)"=Fp1, nz=1, (5.5)
s1+2s2+--+ns,=n
> Pa(s)b5105% - b3 =t > 2 (5.6)

251+3s2+:+nsp_1=n

where pp(s) = (51+"'+S") 1s the multinomial coefficient, 0, = 81+ -+ Sy, 5; > 0,

S15008n

F,, and t, are the n-th Fibonacci and tribonacci numbers, respectively.
Example 5.3. It follows from (5.4), (5.5), and (5.6), respectively, that
b3 — 2bobg — b3 + big = F,
b3 — 4b3b3 + 3b3bs + 3b1b3 — 2b1by — 2b3bs + by — 1 = Fy,
302 + 2b1by + 2b2b3 + bg = t7.

6. Fibonacci-Narayana determinants

In this section, we prove two formulas expressing Fibonacci-Narayana numbers b;
with even (odd) subscripts via recurrent determinants of four-diagonal matrix of
order n.

Let P, and @Q,, denote the n x n four-diagonal matrices

1 by
-2 0 by 0
bs —bs 0  bg
P — R S by
0 bop—3 —ban_s 0 bop—2
L ban—1  —bap—3 0 |
and ~ -
1 b1
-1 0 b3 0
by —by 0 bs
0. — by —by 0 by
0 bon—a —ban—¢ 0 bon—3
L bop—o  —ban—s 0 |
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Theorem 6.1. For alln > 1,

1
ban = —— det(P,), (6.1)
H b2i
i=1
1
an_l = 71_17 det(Qn). (62)
H b2i—1
i=1

Proof. We prove only formula (6.2), the formula (6.1) one can be proved similarly.
We use induction on n. Since det(P;) = 1 = be and det(P2) = 2 = by, the result
is true when n = 1 and n = 2. Assume it true for every positive integer k < n.
Expanding det(P,) by the last row, we have

1
bon = —— (ban—3b2n—2 det(Py_2) 4 ban—1b2n—2ban—4 det(Pn_3))

n—1

H b2i
i=1

n—2 n—3

1
= n—1 <b2n—3b2n—2 H b2i + b2n—1b2n—2b2n—4 H bQi)

IT bai i=1 i=1

i=1

=bap—3 + ban—1.

Therefore, the result is true for every n > 1. O
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