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Abstract

In the present paper, we evaluate the permanent and determinant of some Toeplitz-Hessenberg
matrices with generalized Fibonacci and generalized Lucas numbers as entries. We develop identi-
ties involving sums of products of generalized Fibonacci numbers and generalized Lucas numbers
with multinomial coefficients using the matrix structure, and then we present an application of the
determinant of such matrices.
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1. Introduction

Generalized Fibonacci numbers have garnered a lot of attention in the recent two decades. Siar
and Keskin (2013) used generalized Fibonacci numbers to establish several identities. Kilic and
Tasci (2010) discovered some connections between generalized Fibonacci numbers and Hessen-
berg matrices permanent and determinant. The sums of products of generalized Fibonacci and
Lucas numbers were examined by Belbachir and Bencherif (To appear). In addition, generalized
Lucas numbers are used in primality testing; see the work of Di Porto and Filipponi (1988).

In the paper of Cerda-Morales (2013), matrix methods were used to represent generalized Fi-
bonacci and generalized Lucas numbers and to establish Binet-like formulas. Also, Goy and
Shattuck (2019) investigated the determinant of Toeplitz-Hessenberg matrices with various sub-
sequences of the Fibonacci numbers as entries. A similar work of Goy and Shattuck (2021) was
established with Jacobsthal numbers as entries. The generating functions approach were used by
Goy and Shattuck (2020) to provide formulas for the determinant of Toeplitz-Hessenberg matrices
with generalized Fibonacci entries.

In the present paper, we establish formulas for the permanent of Toeplitz-Hessenberg matrices
with generalized Fibonacci and Lucas entries. Our work follows the results of Goy and Shattuck
(2019-2021) for determinant, extended to case of permanent.

The paper is structured as follows. In Section 2, we determine explicit formulas for the permanent
and determinant of Toeplitz-Hessenberg matrices when generalized Fibonacci and Lucas numbers
are used as entries. In Section 3, we use a formula for the permanent of the Toeplitz-Hessenberg
Matrix to establish new combinatorial identities for the sums of products of generalized Fibonacci
numbers and generalized Lucas numbers. Finally, an application of the determinant of those ma-
trices is given.

2. Permanent identities

The present paper deals with the matrix polynomial permanent. Let A = (a;;) be an n X n matrix.
The permanent of A, written per(A), is defined by

n

per(A) = Z H Qo (i)s

o 1=1

where the summation extends over all elements o of the symmetric group .5,,.

A lower Toeplitz-Hessenberg matrix is a square matrix of the form

aq Qo 0 -0 0
Q9 aq Qo -0 0
M(ag,ar,...,a,) = | oo oo L0 el , (1
Qp—1 Ap—2 Ap_3 ** - A1 Qo
Qp Ap—1 Gp—2 - G2 A1
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where ag # 0 and ay # 0 for at least one k£ > 0.

Expanding along the first row, the determinant formula of (1) is as follows,

n

det(M,) = Z(—ao)kilakdet(Mnfk)a

k=1
where det(My) = 1.

We are interested in computing the permanent of (1) in the current paper, and we obtain the fol-
lowing recurrence by expanding along the first row continuously,

per(M,) = > i ayper(M, ), )
k=1

where per(My) = 1.

In the present paper, we derive explicit formulas for the permanent and determinant of (1) with
generalized Fibonacci entries.

For any p,q € Z, the generalized Fibonacci sequence, denoted {U,, },,>¢, is defined by U, = 0,
U; = 1, and the following recurrence relation

U'n, — pUn—l + qUTL—Q’

The generalized Lucas sequence, denoted {V,,},,>, is defined by V = 2, V; = p, and the recur-
rence relation

Vn = an—l + an—Z-
For simplicity, we use the notation per(ai,as,...,a,) and det(a,as,...,a,) instead of
per(M,(1,a1,as,...,a,)) and det(M, (1, a, as, ..., a,)), respectively.
We evaluate the expressions
per(Uas—i-by Ua(s+l)+ba SRR Ua(s+n71)+b)7 and per(vas+b7 Va(s+l)+ba s 7‘/(1(s+n71)+b)~
Before stating the main results, we present recurrences related to (Up,sip)s and (Vs1p)s; see the

paper of Shannon and Horadam (1979). They established for a, b, s € N, b < a that the generalized
Fibonacci sequence and the generalized Lucas sequence satisfy the following recurrences,

Uas+b = V:zUa(s—l)-‘rb - (_Q)aUa(s—2)+b7

and

Vasts = VaVas—1)46 — (=) Va(s—2)+0-

Now, we give the main results.

Published by Digital Commons @PVAMU, 2022
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Theorem 2.1.

For integers n,s,a > 1 and 0 < b < a. Let M,, be a Toeplitz-Hessenberg matrix with generalized
Fibonacci entries, then the permanent of M, is

per<Uas+b7 Ua(s+1)+b7 BRI Ua(s+n—1)+b)

n—1
Uas+b(Uas+b - ‘/a + \/Z) + 2Ua(s+1)+b Uas+b + Va + \/Z
2V A 2

n—1
Uas—i—b(_Uas-‘rb + V;z + \/Z) - 2Ua(s+1)+b (Uas+b + Va - \/Z>

+

2V A 2

where A = (Upsip + Va)? — 4(—q)*(Un(s—1)46 + 1).

Proof:

Let us denote

o = #E _Uaerb(Uaerb — ‘/;L + \/Z) + 2Ua(s+1)+b:| )

B = 3 |Vasso(—Uasso + Va + VA) = 2Waor1y10)-
We will prove the theorem by induction on n.
Casen = 1:

per(Ussts) = o+ B = Ugsto.

Casen = 2:

per(Uas+b, Ua(st1)4) = @ (—UGHHQV#\/Z) + 5 <—Uas+b+2va_\/z)

= U§s+b + Us(s+1)+b-
Suppose now Formula (2.1) is true, for 3 < £ < n — 1, and let us prove it for n.

Let per,, := per(Uasts, Ua(s+1)+b> - - - » Ua(s4n—1)+5)- Using recurrence (2), we have,

per, = > _ Unaj—14DeLy
j=1

n
= a5+bpern,1+§ Ua(SJrj*l)erpernfj
=2

https://digitalcommons.pvamu.edu/aam/vol17/iss2/15
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= Uas+bP€I,_1 + Z(VaUa(s+jf2)+b - (_Q)aUa(s+jf3)+b)pern—j
j=2

n
= Uas+bP€T, 1 + V:z Z Ua(s+j—2)+bpern—j - (—Q)a Z Ua(s+j—3)+bpern—j

J=2 J=2
n—1

= Ugsppper,_ +V, Z Ua(s+j—1)+bpern—j—1
j=1

_(_Q)aUa(sfl)erperan - <_Q)a Z Ua(s+j73)+bpernfj
j=3

i
[\

= (Uasys + Va)per, 1 — (—=q)*Ua(s—1)+5PT, 5 — (=@)* > Ua(stj—1)45P€T,_; o
1

= (Uasss + Va)per, ; + (_(_Q)aUa(s—1)+b — (—=q)*)per,,_,
= (Uas-‘rb + ‘/a)pern—l - (_q)a(Ua(s—l)+b + 1>pern—2a

.
Il

n—2 n—
Uas+b+‘/a+VA Uas—i—b_'—‘/a_\/A
2 +5 2

per,, = (Uas+b + ‘/;1) (6% (

n—3 n—
Uas+b + Va + \/Z Uas-‘rb + ‘/a - \/Z
2 +5 2

- _q a(Ua(s 1)+b + 1) a (

s +V+¢_ Unso + Vo + VA
( ol ) as+b =+ V) ( e 9 ) - (_Q)G(Ua(sfl)er + 1)
as + V \/Z Uas + Va - \/Z
+5 ( o ) as-‘rb + V) ( o ) - (_Q)G(Ua(s—l)—i-b + 1)
as+b+v+\/_ as+b+v+\/_
2
+ﬁ as+b + V \/Z as+b + V \/_
2
as+b+v +\/_ Uasﬂ,—l—Va—\/Z "
N 2
Thus, we conclude the proof. -
Theorem 2.2.

For integers n, s,a > 1 and 0 < b < a. Let M,, be a Toeplitz-Hessenberg matrix with generalized

Published by Digital Commons @PVAMU, 2022
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Fibonacci numbers entries. Then the determinant of M, is
det(Uas+ba Ua(s+1)+ba S Ua(s+n71)+b)
n—1
_ (Uaerb + V:z + \/Z)Uas+b - 2Ua(s+1)+b Uas+b - ‘/a + \/Z
2V A 2
n—1
(Uas—l—b + Va - \/Z) Uzzs—l—b - 2Uva(s—l—l)—‘,-b Uaerb - Va - \/Z
2v/A 2 ’

where A = (Uysyp — Vo)? + 4(=q)*(Ua(s—1y46 — 1).

Proof:

By induction on n, we use the general recurrence of det,,, and we obtain
det, = > (=1} Up(srjm1)+pdet,_;
j=1
= _Uaerbdetnfl + Z(_l)jUa(erjfl)erdetnfj
=2

= _Uas+bdetn—1 + Z(_l)j (VaUa(S-&-j—2)+b - (_Q>aUa(s+j—3)+b)detn—ja
7j=2

n—1

detn = - as+bdetn—1 + Va Z<_1)jUa(s+jfl)+bdetn—j—1
j=1
—(=¢)"Ua(s—nyradetn s — (=q)* > _(=1)Ua(srj—s)pdetn
j=3
= _(Uas+b + %)detnfl + (_(_q>aUa(s—1)+b - (_q>a)detn72-
By induction hypothesis we get the desired result. n

Next, in Theorem 2.3 we give the expression of the permanent of Toeplitz-Hessenberg matrices
with generalized Lucas entries.

Theorem 2.3.

For integers n, s,a > 1 and 0 < b < a. Let M,, be a Toeplitz-Hessenberg matrix with generalized
Lucas numbers entries, then the permanent of M, is

Pel"(V;szrb, Va(s+1)+b> SR Va(s+n—1)+b)
n—1
_ ‘/as—&-b(v;m—&-b - ‘/;L + \/Z) + 2‘/11(s+1)+b V;Lerb + ‘/;L + \/Z
2V A 2

n—1
‘/as—&-b(_‘/;zs-l—b + ‘/a + v A) - 2Va(s+l)+b V;zs—&—b + V:z -V A
+ )
2V A 2

https://digitalcommons.pvamu.edu/aam/vol17/iss2/15
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where A = (Vi + Va)? — 4(=q)*(Va(s—1y4» + 1).

Proof:

By induction on 7, using the recurrence (2) we have

per,, = Z ‘/an(s+j71)+bpern7j
j=1

n
= Vas+bPery_1 + E Va(s+j—1)+bpern—j
Jj=2

n
= Vasyoper, | + Z(‘/ava(s—i-j—2)+b — (=) " Va(s+j-3)4b)PCT,,_;
=2
! n—1
= Vastoper,_1 + Vo Z ‘/;L(s{»jfl)erpernfjfl
j=1

_(_q)aVa(s—l)+bpern—2 - (—Q)a Z Va(s+j—3)+bpern_j
j=3
n—2

N Va(stj—1)4+bP€T,_j_o

1

= (v(zs+b + Va)pern—l - (_q>ava(5—1)+bpern—2 - (_Q)

<

= (Vasts + Va)per,, 4 — (_q>a(va(3*1)+b + 1)per,,_,.

We get the desired result using the induction hypothesis. n

Theorem 2.4.

For integers n,s,a > 1 and 0 < b < a. Let M,, be a Toeplitz-Hessenberg matrix with generalized
Lucas numbers entries. Then the determinant of M, is

det(Vastb, Vas41)4bs - - - » Va(stn—1)+b)
n—1
_ Vst (Vs + Vo + VA) = 2Vo(si1)1p [ Vasts — Va + VA
2V A 2

n—1

‘/tzs+b<_vas+b - Va + v A) + 2Va(8+1)+b V;zs—&-b - V;z -V A

+ )
2V A 2

where A = (Vs — Va)? + 4(—0)* (Vegurys0 — 1)

Published by Digital Commons @PVAMU, 2022
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Proof:
By induction on n, we use the general recurrence of det,,, and we get

n

det, = > (1) Vy(srjo1)spdet,_;

J=1

= _Vaerbdetnfl + Z(_l)jva(erjfl)erdetnfj
j=2

= —Vasypdet, 1 + Z(—l)j(Va%(s+j_2)+b — (=) "Va(s+j-3)+p)dety_;

j=2
n—1
= —Vasppdet,—1 + Vo Z(_l)j%(s+j—1)+bdetn—j—1
j=1
—(—Q)ava(s—l)erdetnd —(—q)° Z(_l)jva(s—&—j—@—l-bdetnfj

=3
= _(V;zs-l—b + V:z)detn—l + (_(_Q)a‘/a s—1)+b — (_Q)a)detn—?

By induction hypothesis and after simplification, we get the desired result. n

Remark 2.1.

Our results generalize some previous results, by setting p = ¢ = 1 in Theorems 2.2 and 2.4 we
find the equations of Goy and Shattuck (2019).

Similar results for the permanent with special sequences as entries are derived from Theorems 2.1
and 2.3.

For p = ¢ = 1 in Theorem 2.1, the permanent of Toeplitz-Hessenberg matrix with Fibonacci F;,
numbers entries is as follows:

per(Faerln Fa(s+1)+b7 S 7Fa(s+n—1)+b)

n—1
_ Fas+b(Fas+b - La + \/Z) + 2Fa(s+1)+b (Faerb + La + \/Z>

2v/A 2
n—1
+ Fas+b(_Fa5+b + La + \/Z) - 2Fa(s+1)+b <Fas+b + La - \/Z)

2VA 2
where A = (Fosp + Lo)? — 4(=1)*(Fas—1)4+5 + 1).

The Pell numbers (A000129 in the OEIS) are defined by, P, = 2P, + P, o, with Py = 0 and
P, = 1. The Pell-Lucas numbers (A002203 in the OEIS) are defined by, Q),, = 20,1 + Qn_o,
with Qg = 2 and (); = 2.

For p = 2, ¢ = 1 in Theorem 2.1, the permanent of Toeplitz-Hessenberg matrix with Pell P,

https://digitalcommons.pvamu.edu/aam/vol17/iss2/15
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numbers entries is given by

per(Pas—Hn Pa(s+1)+b7 ceey Pa(s+n—1)+b)

n—1
_ Pas+b(Pas+b - Qa + \/Z) + 2Pa(s+1)+b (Pas—l—b + Qa + \/Z)

2/ A 2

n—1
+ Paerb(_Paerb + Qa + \/Z) - 2Pa(s+1)+b Pas+b + Qa - \/Z
2V A 2 ’

where A = (Pysip + Qa)® — 4(—1)*(Pags—1)+s + 1).

The Jacobsthal numbers (A001045 in the OEIS) are defined by, J,, = J,,_1 + 2J,,_2, with Jy = 0
and J; = 1. And the Jacobsthal-Lucas numbers (A014551 in the OEIS) are defined by, j, =
In-1+ 2jn_o, with jo = 2 and 7; = 1.

For p = 1, ¢ = 2 in Theorem 2.1, the permanent of Toeplitz-Hessenberg matrix with Jacobsthal .J,,
numbers entries is as follows

per<<]as+b7 Ja(s—i—l)—i—b’ SRR Ja(s+n—1)+b)

n—1
_ Jas+b<Jas+b —Jat+ \/Z) + 2Ja(s+1)+b Jas—l—b + Ja + \/Z
2V/A 2

n—1
Jaerb(_Jaerb + ja + v A) - 2Ja(s+1)—|—b Jas+b + ja -V A
+ ;
2¢v/ A 2

where A = (Jostp + Ja)? — 2972 (=1)*(Ja(s—1)45 + 1).

3. New identities for generalized Fibonacci and Lucas numbers

Trudi’s formula for det(M,), where M, is Toeplitz-Hessenberg matrix (see the book of Muir
(1960)), is given by

n t_|_t_|_...+tn
det(Mn) = Z (—ao)n_zizl ti < 1 2 )a?a? . azfnn‘

t1,t9,...,1
t1,t2,..,tn>0 1,42, s Un
t14+2fa 4t b =n

We are interested to an analogues of Trudi’s formula in the case of permanent. Using generating
functions approach, we obtain the following.

Lemma 3.1.

Let M,, be the matrix defined in (1). Then

s ¢ [t t SR
per(M,) = Z ay Z“lt’( P2 )a?at;---af{l. 3)

t1,t9,...,1
ti,t2,...,tn >0 1502, s In
t14+2to+-+nt,=n

Published by Digital Commons @PVAMU, 2022
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We use Formula (3) of the permanent of Toeplitz-Hessenberg matrices with generalized Fibonacci
and Lucas entries to derive the following combinatorial identities.

Theorem 3.1.

For integers n,s,a > 1 and 0 < b < a, we have

ty + 1o + - " .
Z ( t1,02,...,1ln >Ua5+bUa(S+1)+b Ua(s+n—1)+b

b2, tn >0
n—1
_ Uas+b(Uas+b - ‘/a + \/Z) + 2Ua(s+l)+b Uaerb + Va + \/Z (4)
2v/A 2
n—1
+Uas+b<_Uas+b + Vo + \/Z) — 2Ua(8+1)+b Uastp + Vo — \/Z
2V A 2 ’
and,
ittt +tn\ 0 t ‘.
Z < tito + )VaerbVa s+1)+b ‘/a(s+nfl)+b
tita, o tn>0 Vrer TR
t1+2to4-Fnt,=n
n—1
_ VasrsWVastr = Va + VB) + Vs [ Vasro + Vo + VB 5)
2vB 2

+

n—1
Vaerb(_V;szrb + Va + \/E) - 2‘/(:L(s+1)+b Vas—i—b + ‘/;L - \/E
2B 2 ’

where A = (Uysyp— Va)2 +4(_Q)Q(Ua(s—1)+b —1)and B = (Vaeqs — Va)2 +4(_Q)a<‘/a(sfl)+b —1).

Proof:

We prove identity (4). From Equation (3), for per,, := per(Ussip, Ua(s+1)+b, - - - » Ua(stn—1)+b)> W€
get

ti+to+ -+t £ ‘.
per, = Z ( tity ot )Uas+bUa s+1)+b " Ua(s+n—1)+b‘

tita,tn>0
t1+2to+-+nt,=n

By Theorem 2.1, we get the identity. n

As an application, we use Identities (4), (5) and the determinant of Toeplitz-Hessenberg matrix
with generalized Fibonacci and Lucas entries to give the following theorem.

Theorem 3.2.

Let M, be a Toeplitz-Hessenberg matrix with generalized Fibonacci numbers entries and let

https://digitalcommons.pvamu.edu/aam/vol17/iss2/15
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(T3)m>—n the recurrent sequence defined by

;=0 for 1 <j3<n—1,
T, =1,
Ty = _Ua3+bTm—1 - Ua(s+1)+bTm—2 - Ua(s+n71)+bTm—n-

Then, T, = (—1)"det(M,,).

Proof:
For the proof we use Theorem 2 of Belbachir and Bencherif (2006).

We set ay = —Ugstp, a2 = —Ug(s41)4bs - -+ » G = —Uq(s4n—1)+5- Then, we have
tittot -+, 1 2
fn = Z ( t1,to, ..., 1t )(_Uas+b)t <_Ua(5+1)+b)t T (_Ua(s—s-n—l)—i-b)tn

t1,b2,..tn >0
t14+2to+-+nt,=m

w o (it t
— § EREATDDINEY e 2 Ut t2 R i
B ( 1) ( tl; t27 ) tn ) Ua5+bUa(8+1)+b Ua(5+n*1)+b

ti1,ta,..tn >0
t14+2to4-+nt,=m

n neyr (bt tettta b
- <_1) Z (_1) Z! ( > Uas+bUa(s+1)+b T Ua(/s—l—n—l)—&—b'

ti,ta, ..., 1
1 tasrtn >0 1,02,- -5 ln
t1+2t++nt,=m

For m = n, we ge,

n nesr g (it t ety t
I = (_1) Z (_1) ! ( )Uas+bUa(s+1)+b o Ua(s+n71)+b'

ty,ta,etn >0 t1,12,...,ty
t1 42t +-Fnt,=n
By (4), T, = (—1)"det(M,,). .
Theorem 3.3.

Let M, be a Toeplitz-Hessenberg matrix with generalized Lucas numbers entries and let (75, ).~ —n
the recurrent sequence defined by

;=0 for 1 <j<n-—1,
T, =1,
T = _V;Ls—&-bTm—l - ‘/a(erl)erTm—2 - V;l(s+n71)+bTm—n-

Then, T,, = (—1)"det(M,,).

Proof:
We set a; = —Vasip, a2 = —Vi(s41)4bs -+ +» Gn = —Va(sgn—1)45 in Theorem 2 of Belbachir and
Bencherif (2006). We get T,, = (—1)"det(M,,). n

For fixed p = ¢ = 1 in Theorem 3.2 and hence classical Fibonacci numbers, let (7,,,),,~_, the

Published by Digital Commons @PVAMU, 2022
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recurrent sequence defined by

T ;= for 1 <j7<n—-1,
T, =1,
T, = _Fas+bTm—1 - Fa(s+1)+bTm—2 - Fa(s+n71)+bTm—n'

Then,

T, = (-1)" e :

n—1
Fas+b<_Fas+b - La + \/Z) + 2Fa(s+1)+b (Fas+b - La - \/Z>

n—1
Fas—l—b(Fas—l—b + Lzz + \/Z) - 2Fa(s+1)+b (Faerb - La + \/Z>

+

2v/A 2
where A = (Fysp — Lo)® + 4(—=1)*(Fas—1)+5 — 1).

Also, for p = ¢ = 1 in Theorem 3.3 and hence classical Lucas numbers, let (75, ).~ the recurrent

sequence defined by
T;=0 for 1 <j<n—1,
Ty =1,
T, = _LaerbTmfl - La(s—&—l)—l—bTme - La(s—&—n—l)—l—bTmfn-

Then,

n—1
T — (_1)n Las+b(Las+b + La + \/Z) - 2La(s+1)+b (Las+b - La + \/Z>

2/ A 2

+ Las+b(_Las+b - La + \/Z) + 2La(s+1)+b (Las+b - La - \/Z)

n—1

2/ A 2

where A = (Lasp — La)? + 4(—1)*(La(s—1)16 — 1).

4. Conclusion

Fibonacci and Lucas sequences, as well as their generalizations, are well-known. A number of ap-
proaches may be used to obtain combinatorial identities for these sequences. We established closed
formulas for the permanent and determinant using Toeplitz-Hessenberg matrices with generalized
Fibonacci and Lucas as entries. For sums of products of generalized Fibonacci and Lucas numbers,
we derive identities. Finally, we show how to find the general term of some sequences using the
determinant of these matrices. The benefit here is in terms of complexity theory, as we can use
fast algorithms for Toeplitz-Hessenberg matrices to establish terms of special sequences without
having to do recurrent computation.

https://digitalcommons.pvamu.edu/aam/vol17/iss2/15
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