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Abstract

In this paper, we consider determinants for some families of Toeplitz—Hessenberg matrices having
various translates of the Fibonacci and Lucas numbers for the nonzero entries. These determinant
formulas may also be rewritten as identities involving sums of products of Fibonacci and Lucas
numbers and multinomial coefficients. Combinatorial proofs are provided of several of the deter-
minants which make use of sign-changing involutions and the definition of the determinant as a
signed sum over the symmetric group. This leads to a common generalization of the Fibonacci and
Lucas determinant formulas in terms of the so-called Gibonacci numbers.
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1. Introduction

Let F}, denote the n-th Fibonacci and L,, the n-th Lucas number, both satisfying the recurrence
bn = bn—l + bn—27 n =2,

but with the respective initial conditions Fy = 0, F; = 1 and Ly = 2, L1 = 1 (e.g., see Koshy
(2017)). In this paper, we find some new relations involving the Fibonacci and Lucas sequences
which arise as determinants of certain families of Toeplitz—Hessenberg matrices.

Formulas relating determinants to Fibonacci and/or Lucas numbers have been an object of recent
interest. In some cases, these sequences arise as determinants for certain families of matrices hav-
ing integer entries, while in other cases these sequences are the actual entries of the matrix whose
determinant is being evaluated. For example, Ocal et al. (2005) studied determinantal represen-
tations of k-generalized Fibonacci and Lucas numbers and obtained as a result Binet’s formulas
for these sequences. Janji¢ (2010) considered a particular type of upper Hessenberg matrix and
showed its relationship with a generalization of the Fibonacci numbers (see also related work by
Bicknell-Johnson and Spears (1996)). Cereceda (2014) later provided some determinantal repre-
sentations of the general terms of second and third-order linear recurrent sequences with arbitrary
initial conditions and similar work has been done by Kaygisiz and Sahin (2012) for Fibonacci-type
numbers in conjunction with various Hessenberg matrices. Civciv (2008) studied the determinant
of a five-diagonal matrix with Fibonacci entries, while in Tangboonduangjit and Thanatipanonda
(2016), determinants of matrices whose entries are powers of the Fibonacci numbers were consid-
ered. For further examples of combinatorial determinants, we refer the reader to Ipek (2011), Ipek
and Ar (2014), Jaiswal (1969), and Kili¢c and Arikan (2017).

In this paper, we provide determinant formulas for Toeplitz—Hessenberg matrices whose (i, j)-th
lower triangular entries are of the form F;_;,. or Fy;_j ;. for various c. Comparable formulas
are then ascertained for the Lucas numbers and multinomial analogues are also discussed. Fi-
nally, combinatorial proofs which make use of parity-changing involutions and the definition of
the determinant as a signed sum over the symmetric group are provided for several of the iden-
tities. Adapting the combinatorial arguments yields general determinant formulas involving the
Gibonacci numbers.

2. Toeplitz—Hessenberg matrices and determinants

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

ay Qo 0 -0 0
(05} aq Qo -0 0
My(ag,a1,... an) = | oo oo Ll el , (1
Qp—1 Ap—2 Ap_3 ** - A1 Qo
| Gn Qp—1Qp-2 - Q2 41 |

where ag # 0 and a; # 0O for at least one £ > 0. This class of matrices has been encountered in
various applications (e.g., Merca (2013), Vein and Dale (1999) and references contained therein).
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Expanding its determinant, which we will denote by det(M,,), repeatedly along the first row, we

obtain the recurrence
n

det(M,) = > (—ao)* " aj, det(M,_y), 2)
k=1
where det(M,) = 1, by definition.

To simplify notation, we write det(ay, as, . .., a,) in place of det (Mn(l7 ai, as, ... ,an)).
In the next two sections, we evaluate det(ay, as, . . ., a,) in which the entries a; are various trans-

lates of the Fibonacci or Lucas sequences (or of the respective half sequences).

3. Toeplitz—Hessenberg matrices with Fibonacci entries

The following theorem gives the value of det(aq, as, . . ., a,) for several Fibonacci entries a;. Re-
call that the n-th Pell number P, is defined recursively by

PnZQPn—1+Pn—27 n227
where Iy = 0 and P; = 1 (see Koshy (2014)).

Theorem 3.1.
Let n > 1, except when noted otherwise. Then
det(Fo,Fl,...,anl) = (_1)7171’ n 2 2, (3)
det(Fy, Fy, ..., Fop_s) = (=1)"(1 —2"71); 4)
1—(—1)"
det(Fy, Fy, ..., F,) = (2 ) ; )
det(Fy, Fs, ..., Fop_q) = (=1)"12"2, n>2; (6)
det(Fy, Fs, ..., Fhi1) =0, n > 3; @)
det(Fy, Fy, ..., Fy,) = (—1)"‘177,; (8)
det(F37F4,...,Fn+2) = ]_, TLZ 2, (9)
det(Fg,F5,...,F2n+1) = _1)11—1’ n > 2, (10)
det(F47F57"'7Fn+3):n+2; (11)
det(Fy, Fs, ..., Fonyo) = 0, n > 3; (12)
2 2)nt2 2 2)nt2
det(F5>F67"'7Fn+4): ( +\/_> —g< \/_) ) (13)
det(F5,F7,...,F2n+3) = Pn+2. (14)

Proof:

We will prove formula (13) using induction on n. The other identities may be established in a
similar manner, so we omit their proofs for the sake of brevity. Clearly, formula (13) works when
n = 1 and n = 2. Suppose it is true for all £ < n — 1, where n > 3.
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Let D,, = det(F5, Fg, . .., F,,14). Using recurrence (2), we then have

Dy =Y (=1)Y"'FjuDy

=3 (1) (Fjaa + Fyiz) Ducy

j=1
=D, + Z<_1)jilpj+3anj + F3Dy, 1 — FyDy_o + Z(_1>j71ij+2Dn7j
j=2 j=3

n—1 n—2

=3D,1 — Z(_l)]_le+4Dn—j—1 +2D,_1 —3Dp_2 + Z(—l)HleMDn—j—Q
j=1 j=1

=3D,1— Dy 1 +2D, 1 —3Dy 2+ Dy

=4D, 1 — 2D, »

_, 2V -V 24 V) (2 V)"

B 8 8

(2 + \/§)n+2 + (2 . \/i)nJrQ

8

Consequently, formula (13) is true in the n case and thus, by induction, it holds for all positive
integers. n

Note that formula (5) above is well-known (for example, see Merca (2014) and Goy (2016) as well
as a result of Macfarlane (2010) having (5) as a special case).

4. Toeplitz—Hessenberg matrices with Lucas entries
Next, we investigate the Lucas counterparts of some of the results from Theorem 3.1.

Theorem 4.1.

Letn > 1, except when noted otherwise. Then

5.2 —2(—1)"
6 )

10 — (—2)"

det(Lo, La, ..., Lon—2) = %; (16)

det(L(), Ll, R 7Ln—1) = (15)
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det(Ly, Ly, ..., Ly) = (=1)l51. LA (2_1>n, (17)
Aet(Ly, Ly, ... Loy_y) = Lt 301 =) y (1= 8L+, (18)
det(Lg, Ls, ..., Lyy1) =5-2"2, n>2; (19)

det(Lo, Ly, . .., La,) = #; (20)
det(Ls, Ly, ..., Lyyo) =5-2"71 —1; 21)
det(Ls, Ls, ..., Lons1) =5,  n>2, (22)

where i = v/—1 and |« is the floor of a.

Proof:

We will prove (18) using induction on n; the others may be shown inductively by comparable
arguments. When n = 1 and n = 2, the formula holds. Now assume (18) holds forall k < n — 1,
where n > 3.

k
Let D, = det(Ly, Ls, ..., La,_1). Using (2) and the well-known formula Loy, = > Los 1 + 2
s=1
(see, e.g., Koshy (2017)), we then have

n

D, = Z(_l)k_lLQk—an—k

k=1
= n-1+ Z "(Lak—2 + Lok—3) Dns
n—1 n—1
=Dn Z(_l)kL%Dn—k—l - Z(_l)k_lL%—an—k—l
k=1 k=1
n—1
szl
n—1 k n—1
= Z(—l)’“Lzslenfkfl +23 (=1 Dysy
k=1 s=1 k=1
n—1n—s n
= Z (_1)k+871L2k71Dn7k73 +2 Z(_l)kian,k
s=1 k=1 k=2
n—1 n—1
- Z(_l)Sans + 2 (Z(_1>lenk - anl + (_1>n1D0>
= k=1

S ®
|
—

=Y (-1)*'D, s —2D, 4 +2(-1)""!

@
Il
-
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B ”1(_1)51 (143i)(—=1 — i)™ + (1 — 3i) (=1 +4)"
B s=1 4
N1 _ \n—1 a1 4 syl
. (14 3i)(—1—1) 1—(1 3i)(—1+1) to(—1)rt
1 n—1 n—1 n—1
:( ) ((1—}—3@ (1 +4)" (1—30)(1—19)"
s=1 s=1

— (14 3)(1 =) (1 +i)" — (1= 3i) (1 +4)(1— )" + 8)

(43 (=1 =)+ (1= 3i) (=1 +4)"
; .

Thus, it follows by induction that the formula is true for all positive integers. n

5. Multinomial extensions

Next we focus on multinomial extensions of Theorems 3.1 and 4.1. To this end, we first present
the multinomial version of formula (2) (see Muir (1960)).

Lemma 5.1. (Trudi’s formula)

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

det(M,) = E (—OLO)"_T"pn(zf)a?a';2 coealr (23)
byt >0
t1+2to+--+nt,=n

where T, = t; + --- + t,, and p,,(t) = (tltjrtt) = % is the multinomial coefficient.

In particular, when ag = 1, formula (23) is known as Brioschi’s formula (see Muir (1960)). For
example,

4 3
det(M,) = (~1)° fy (1) 2
et(M) = )(4,0,0,0)a1+< )(2,1,0,())&1“2
2 2 1
—1)2 —1)2 24+ (—1)3
* )(1,0,1,0)a1a3+( )(0,2,0,0)a2+( " 0,0,0,1)"

= a‘ll — Ba%@ + 2a1as + ag — Q4.

Trudi’s formula (23), coupled with Theorem 3.1 above, yields the following result.
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Theorem 5.2.

Letn > 1, except when noted otherwise. Then

S () OF R Fi = -1, n>2

t1 7'-~7tn—120
2t 4+ +nt, _1=n

T, _ t1 1t tno1 n—1,
§ (_1) 1pn—l(t)leFf"'anfz—1_2 )
t1,eestn—120
2t ++nt,_1=n

> (=) p, () F Fy? - Bl = ~———; (24)
t1,e.tn >0
t1+2to+--+nt,=n

S (DR OFFE - Flp = -2 022

t1,estn >0
t1+2to+-+nt,=n

S (O pOE L By =

t1,e.tn >0
t1+2t2++ntn=n

Y (=) p(W)FPFR - Finy =0, n>3; (25)
b1, tn >0

t142t24--+nt,=n
> (D) pu)FPEE - Fly = (-1, n>2;

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

S (DR OFEFE - Flp, = -1, n>2 (26)

tl ----- thO
t1+2to+-+nt,=n

S ()T pl(OFRFE - Fly = (<1) (0 +2);

t1,..tn >0
> (=) WFPFR - Fyn, =0, n>3; 27)
t1yeetn >0

ti+2ta+-+nt,=n
_2_\/§n+2+ _2+\/§n+2
OO R e s R L
tl)-”vtnzo
ty+2to+-+nt,=n

Y. OB OFFP e Frg = (—1)"Puye, n22,
t1,entn >0
t1+2t2++ntn:n

where T, = t; + -+ + t, and p,(t) = (t1+--~+tn).

tyestn

For example, it follows from formulas (25), (26) and (27) that

F} — 3FFy + 2F,Fy + F} — F5 = 0,
F? —AF3F5 + 3F3F; + 3F3F2 — 2FyFy — 2F5Fy + 1y = 1,



706 T. Goy and M. Shattuck
F} — 5F Fs +AF}Fy + 6F2F2 + 2F Fyy — F + 2F5Fyo + F2 — Fiy = 0,

respectively. Note that formula (24) was stated without proof in Goy (2017).
The next theorem gives analogous results for the Lucas numbers.

Theorem 5.3.

Let n > 1, except when noted otherwise. Then

5(=2)" — 2
> ()T plLGLE Ll = L; (28)
t1,eenstn >0 6
t142to+-+nt,=n
10(=1)" — 2™
S R L Ly = 2
t1,eeny t, >0
nl 14+ 3(=1)"
> 0t oz = (-nlel S

L1yt >0
t1+2t++nt,=n

Y. (Y)Ppl(OLYLE oLy, =
t1yeetn >0
Y. CDTplOLYLE Ly =5(-2)" =2

t1,tn >0
t1+2t2+-+nt,=n

(14 34)(1+ )" + (1 — 30)(1 — @)™
4 Y

o(—1)" —1
S Ly o = X ; | (29)
t1+ 2tt127;i:'7't’ :_i?" =n

Y. COPpOLYLE - Ly = (—1)"(5- 277 = 1);
t1yeetn >0
t1+2t2++ntn=n

> (=1 pu(t) Ly Lg -+ Loy = 5(=1)", n>2,
t1yeeestn >0
t1+2t2+--+nt,=n

where T, = t; + -+ + t, and p,(t) = (t1+-~+tn).

t1yeenstn

For example, formulas (28) and (29) yield

Lé — 3L8L1 —|— 2LOL2 + L% - L3 = 13,
L5 —AL3Ly + 3L3Lg + 3Ly L3 — 2LyLg — 2L4Lg + Ly =3,

respectively.
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6. Combinatorial proofs

In the proofs of this section, we will employ the combinatorial interpretation for the determinant
of an n x n matrix A = (a; ;) as a signed sum over the symmetric group S,, given by

det(A) = Y (1) ay 4(1)a2,0(2) -+ Ano(m): (30)

c€S,

where sgn(c) denotes the sign of the permutation o. See, e.g., Benjamin and Cameron (2005),
Benjamin et al. (2007) and Benjamin and Shattuck (2007) for combinatorial proofs of determi-
nants of various types of matrices whose entries are discrete sequences. Note that in the case of a
Toeplitz—Hessenberg matrix A, the only permutations that contribute to the sum in (30) are those
in which each cycle of the disjoint cycle decomposition comprises a set of consecutive integers in
increasing order (where it is understood that the smallest element is the first in each cycle). For if
o is not of this form, then o(j) > j + 1 for some j, which implies that the entry a; ,(;) of A is zero
and thus the corresponding product in (30) is zero.

Note that a permutation « of [n] = {1,2,...,n} whose disjoint cycles consist of consecutive
integers as described is synonymous with a composition of n, upon identifying the cycle lengths
as parts (where cycles are assumed to be arranged in increasing order of smallest elements). So
if A is Toeplitz—Hessenberg, then each part of size 7 in the corresponding composition, which we
will also denote by «, is weighted by a; (assuming each superdiagonal entry of A is 1). Also, the
sign of the composition « is the same as that of the corresponding permutation and is given by
(—1)"=#() where j(c) denotes the number of parts of o.. Thus, the sum in (30) may be regarded
in the case when A is Toeplitz—Hessenberg of size n and having superdiagonal entries 1 as a signed
sum over weighted compositions a, where the sign is defined by (—1)""*() and the weight of o
is the product of the weights of its individual parts where a part of size i is assigned the weight a;
for: > 1.

Recall that £, gives the number of linear square-and-domino tilings of length n, where squares
and dominos are 1 X 1 and 1 x 2 pieces, respectively, and are considered indistinguishable. Denote
by 7., the set of linear tilings of length n if n > 1, with 7 consisting of the empty tiling. Through-
out, we will regard members of 7, as sequences of squares (s’s) and dominos (d’s) such that the
number of s’s plus twice the number of d’s equals n. Note that the tiling interpretation for F;, was
used by Benjamin and Quinn (2003) to explain combinatorially many of the identities from Vajda
(1989).

Proofs of Theorem 3.1, Identities (3), (5), (7) and (9).
Proof of (9):

We first describe a combinatorial interpretation for det(A), where A has (i, j)-th entry Fj5_; if
J <17+ 1 and 0 otherwise. Define
A, ={(a1,t1),...,(a,t,): Zai =n, a; > 0and t; € T, 4 forall i}

=1
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for1 <r <mnandlet A= U"_A,. Let the sign of A\ € A, be (—1)"". By the definition of the
determinant, det(A) gives the sum of the signs of all members of 4. Note that, equivalently, the
sign of A € A, is given by (—1)2i= %!, where |t;| denotes the length of the tiling ;.

Let A" C A consist of those A = (ay,t1),. .., (am, t,,) for any m such that either (i) a,, > 2, with
the tiling ¢,,, ending in s, or (ii) a,, = 1, with ¢,,, = s. If (i) occurs, then replace (a,, t,,) with the
two pairs (a,, — 1,1, — s), (1, s?), whereas if (ii) occurs, then we reverse this operation. Note that
n > 2 implies m > 2 in case (ii) and that this mapping defines a sign-changing involution of A’.

Now let A € A — A, with A # (ay,t1),...,(an,t,) Wwherea; = --- =a, = landt; = --- =
t, = d. Let r denote the largest index such that (a,,t.) # (1,d). Suppose either (I) a, > 2 and
t. ends in d, or (Il) a, > 1 and ¢, ends in s. Note that in case (II), we have (a,,t,) followed
by (ar11,t-+1) = (1,d), for otherwise A would belong to A’. If (I) occurs, then replace (a,, t,)
with (a, — 1,t, — d + s), (1, d), and if (I) occurs, then reverse the operation. This defines a sign-
changing involution of A — A’ except for the excluded element, which has sign 1. Combining with
the previous involution of A’ implies det(A) = 1 if n > 2. n

Identities (3), (5) and (7).

We proceed with similar notation as before. Let B, C' and D be n x n matrices whose respective
entries are b; j, ¢;; and d; ; which are zero if j > ¢+ 1 and 1 if 5 = ¢ + 1. Suppose b;; =
Fi_j, cij = Fiyi—jand d;j; = Fiyo_jif j < i. Let B, C and D denote the collections of pairs
(ay,t1), (ag,ts), ..., where (aj,as,...) is a composition of n and t; are tilings of length a; — 2,
a; — 1 and a; for all 4, respectively, with any number of pairs possible. Note that in the case of B, it
is understood that a; > 2 for all i. Define the sign in each case to be (—1)"~", where r denotes the
number of pairs. Then det(B), det(C') and det(D) are seen to give the respective sum of signs of
all members of B3, C and D, respectively.

To establish the result in each case, we define an involution on the underlying set. We first
consider det(B). Let A* € B be given by \* = (n,s"2). Let A\ € B — {\*} be given by
A= (ay,t1),...,(ar,t.), where a; > 2 and ¢; has length a; — 2 for all 7. If A is such that a,, > 4
and ¢, contains a d and ends in exactly j s’s where j > 0, then replace the pair (a,,t,) with the
two pairs (a, — (j + 2),t, — ds?), (j + 2, s7). We reverse this action if the last part is > 2 with
the last tiling consisting of all squares, whence there is a predecessor pair since we are excluding
A\*. This mapping defines a sign-changing involution of B — {\*}, with \* having sign (—1)""1,
which implies the formula for det(B) in (3) for n > 2.

To establish the formula for det(C), let \* € C be given by \* = (n,d™ /) if n is odd. We
define an involution on C — {\*} if n is odd and on all of C if n is even. Let A € C be given by
A= (ai,ty),...,(a.,t.), where |t;| = a; — 1 for all 7. If a,, > 2 and ¢, contains at least one square
and ends in sd’ for some j > 0, then replace (a,,t,) with (a, — (27 + 1), t, — sd’), (25 + 1, d7).
We reverse this action if the tiling in the last pair consists of a (possibly empty) string of dominos.
Note that there is a predecessor to the last pair in the latter case if n is odd since we are excluding
A*. As the sign of \* is positive, the formula for det(C') given in (5) follows.
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Finally, to show (7), we assume n > 3 and let A = (ay,t1), ..., (a,,t,) € D.If a, > 3 and ¢, ends
in d, then replace (a,, t,) with (a, — 2,t, — d), (2, d), and vice versa, if the tiling in the last pair is
a single domino. If a, > 2 and ¢, ends in s, then replace (a,, t,) with (a, — 1,¢,. — s), (1, s), and
vice versa, if the tiling in the final pair is a single square. Note that n > 3 implies that the reverse
operations can be performed in each case. Combining the two mappings yields a sign-changing
involution of D, which gives (7). n

Proof of Theorem 3.1, Identities (4), (8), (10) and (12).

Proof of (4):

Let & = {(ay,t1), (ag,ta),... a1 +as+---=n, a; > 2and t; € To,, 3 forall i}. Let A € £ have
sign (—1)"~", where r denotes the number of pairs of \. Then det(FE) gives the sum of the signs
of all members of £, where £ = M, (1, Fy, ..., Fy,_5). To show (4), we will define an involution

on £ whose survivors each have sign (—1)"~! and have cardinality 2"~ — 1.

Given m > 2,let 75, 4 C Ta,,—3 comprise those tilings 7 for which the leftmost run of s within
7 is of odd length, with all other runs of s of even length. Let £ C £ comprise those members
consisting of a single pair (n, 7), where 7 € T}, _5. Note that each member of £’ has sign (—1)" 1.
To show |’ = 2"~! — 1, we represent 7 sequentially as 7 = 717 - - 7,,_1, where 7; = d, s or
s? with s occurring exactly once and prior to any occurrences of s2. By concatenating the various
pieces represented by the 7;, one recreates the tiling 7 which one may verify indeed belongs to £’
Note that then there are 2! — 1 such 7 as they correspond to binary sequences of length n — 1
where the possibility that 7 equals d" ! is excluded.

We now define an involution of £ — &’. Let (aq,t1), . .., (a,,t,) € €—E'. First suppose a, > 4 and
tr € Tza,—3 — Tgy, _3- Consider within ¢, the first s of the rightmost run of odd length. Then at least
one s occurs within ¢, to the left of this s, for otherwise ¢, would belong to 7y, 5. Thus, ¢, may be
decomposed as t,, = asd’s[3, where « is arbitrary, j > 1 and all runs of s in 3 are of even length.
Note that « is nonempty since it must contain an s, by parity considerations. Let § have length 2/
where ¢ > 0 and let x = j + ¢ + 1; note that x > 2. If A € £ — &’ with (a,, t,) as described, then
replace the pair (a,,t,) with (a, — x,a), (z,d’~*s/3). Now suppose (a,,t,) within X is such that
t, € Ty _3. Then r > 2, lest A belongs to &’. In this case, we reverse the previous operation by
adding a, to a,_, and appending the tiling sdt, of length 2a, to t,._,. Note that ¢,._; sdt, belongs to
Tom—3 — Ton,_3 Where m = a,_; + a, since the leftmost run of s is either of even length or of odd
length with at least one other run of s having odd length. Combining the two mappings then yields
the desired involution of £ — &', which implies the formula for det(E) given in (4). n

Identities (8) and (10).

To show (8) and (10), let F and G be the same as £ above except that 7Ty, _5 is replaced
by T2a,—1 and Ta,,, respectively, in the definition. Let ' = M, (1, F,,..., F,,) and G =
M,(1,F;, ..., Fy,11). Then det(F) and det(G) give the sum of the signs of all members of F
and of G, respectively.
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To complete the proof of (8), first let 7/ C F consist of those pairs for which » = 1 (i.e., a; = n)
and t; = d's* %=1 for some 0 < i < n — 1. Then |F'| = n, with each member of F’ having
sign (—1)"~!. Suppose that A = (a1,t,), ..., (a,,t,) € F — F' such that ¢, is of the form ads>™
for some o and m > 0. Note that & # & since it must contain an s. In this case, we replace the
final pair (a,, ads®*™) with the two pairs (a, —m —1, ), (m+ 1, s*™*1). We reverse this operation
if 7 > 2 and the tiling in the final pair consists of all squares. Now suppose t, = [sd/s?™*!
for some 3 (necessarily # @) and j > 1,m > 0. In this case, we replace (a,., Bsd’s*™*1) with
(n—m—j—1,8),(m+j+ 1,ds* ), where we reverse this operation if the final tiling is
of the form d’s*™*! with r > 2. Combining the two previous mappings yields a sign-changing
involution of 7 — F” which implies the formula for det(F') given in (8).

To complete the proof of (10), we define an involution on G as follows. First, consider replacing a
final pair (a,, t,) of the form (m, ad) where a # & (which implies m > 2) with (m — 1, @), (1, d),
and reversing this if (a,,t,) = (1,d). Note that in the latter case, n > 2 implies » > 2. On the
other hand, if the final pair has the form (m, 8sd's), where 8 # @ and i > 0, then we replace
itby (m —i—1,8), (i + 1, sd’s), and vice versa, if possible (i.e., if r > 2). Combining the two
mappings yields a sign-changing involution of G — {\*}, where \* = (n, sd"~!'s). This implies
det(G) = (=1)""1if n > 2, as desired. -

Identity (12).

Let H be the same as £ above except that 75,3 is replaced by 7Ta,,+1. We define a sign-changing
involution on H where n > 3 in several steps as follows. Suppose A = (ay,t1), ..., (ar,t.) € H.
If ¢, = ad where || > 3, then replace (a.,t,) by (a, — 1, «), (1, sd), and vice versa, if the last
tiling is sd. If t, = [8s* where |3| > 3, then replace by (a, — 1, 3), (1, s*), and vice versa, if the
last tiling is s®. If (a,, t,.) is such that t,, = ysd's where i > 1 and |y| > 3, then replace (a,, t,) by
(a,—i—1,7), (i +1,s%d's), which we reverse if the final tiling has the appropriate form and there
is a predecessor pair.

Let H' denote the subset of H for which the preceding (composite) involution is not defined. That
is, H' consists of those members of H such that (a,,t,) = (i,d's) for some 1 < i < n, together
with (ay,t1) = (n,s?d"'s). Let H* C H' consist of those members such that all tilings ¢; are of
the form d’s for some 1 < j < n, except for the first tiling ¢;, which can also be sd or s% or have
the form s*d’s where j < n. If p € H' — H?*, identify the largest index i > 1 such that either
t; # d’s for any j, where if no such index exists, then i = 1 and ¢; # sd, s, d’s, s?d’s for any
j > 1. We then treat (a;,t;) as we did the final pair (a,,t,) above and apply one the operations
described, noting that if ¢ = 1, an operation is used where no predecessor is needed.

Finally, members 7 = (ay,t1),..., (a,,t,) € H* are uniquely determined by the lengths of the
t; for 1 > 1 together with the form assumed by ¢;. Thus, members of H* are synonymous with
compositions x; + - -+ + x, = n such that the first part x; may be marked in two or three ways
depending on whether z; > 1 or 1 = 1. Define an involution on H* by replacing z, with z,, — 1,1
if x, > 1 and r > 2, and reversing this action if z, = 1 with » > 3. This pairs all members of H*
except those of the form 1 = n or xy = n — 1, 1. Since n > 3, there are exactly four members
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of H* of either form and they come in two pairs whose members have opposite sign. Combining
all of the above mappings then yields the desired sign-changing involution of H, which implies

(12). n
Remark 6.1.

A combinatorial proof may be given for (11) that is comparable to the one above for (12). We were
unable, however, to find a combinatorial proof of the formula for

det(Fl, Fg, . ,anfl) = (-1)”7121172,

where n > 2.

It is possible to extend the arguments above for (7), (10) and (12) to the Lucas case.
Proof of Theorem 4.1, Identities (17), (20) and (22).
Proof of (17) and (20):

Let J be the same as D in the proof of (7) except that an initial domino may be marked (denoted
by d’) within any of the tilings ¢;. We apply the same involution to J as was applied to D above
upon considering the rightmost pair not of the form (2, d’). Thus, the set of survivors are those
members of 7 of the form (a, @), (2,d'),...,(2,d’), where a = 1 and o = s if nis odd and a = 2
and o = d or d’ if n is even. If n is odd, then the sign of the sole survivor is given by (—1)"1)/2,
whereas both survivors have sign (—1)™?2 when n is even. Combining the odd and even cases
yields formula (17).

Let K be as G above in the proof of (10) except that an initial domino may be marked. Then
the involution defined on G can also be applied to K if one assumes that the pair (1,d) (where
the domino is unmarked) is moved in the first case. We then apply the involution if possible to
members of X whose final pair is (1, d’) by considering the rightmost pair not of this form. The
set of survivors are those A € K having the form (b, 3), (1,d), ..., (1,d'), where (b, ) = (1,d),
(1,d") or (i + 1, sd's) forsome 0 < i <n—1.Let K = M, (1, Lo, ..., Ly,). If n is even, then the
sum of the signs of A having the third stated form is zero, which implies det( /&) = 2 in this case.
If n is odd, then this sum of signs is 1, which implies det(/K) = 3. Combining the even and odd
cases gives (20). -

Identity (22).

Let £ (L', L*, resp.) be the same as H (H', H*, resp.) in the proof of (12) above except that now
initial dominos may be marked. Since the mappings defined above on H — H’' and H' — H* do
not entail moving an initial domino, they may also be applied to £ — £ and £’ — L*, respectively.
Note that in addition to the forms described above for members of H*, pairs within A € L£* can also
equal (j,d'd’~'s) for any j > 1. We thus can represent A by a composition z; +- - -+, = n, where
x1 1s marked in one of three or four ways depending on whether x; > 1 or z; = 1, respectively,
with each x; for ¢ > 1 either marked or unmarked. Define an involution on £* by replacing z, with
z,—1,1ifz, > 1andr > 2, and vice versa, if z,, = 1 and » > 3, where the 1 is unmarked in both
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instances (which corresponds to ¢, = ds). Let 1’ denote a marked non-initial 1. Then the survivors
of the involution are those of the form

i+tz+1+---+1=n, (31)

where = 1 or 1’ and the initial 7 is marked in three possible ways if i > 1 (corresponding to a
pair of the form (i, d's), (i,d'd""'s) or (i, s?d""'s)) and in four possible ways if i = 1 (as (1, sd)
is also possible).

Now suppose n is even. Assume for now that ¢ is marked in one of the first three possible ways
if 2+ = 1. Then compositions in (31) starting with ¢ + = where 7 is odd and x = 1 pair up with
those starting with ¢ + = where ¢ < n is even, together with the case ¢ = n. Also, compositions
starting with ¢ + 1’ where ¢ > 1 is odd pair up with those starting ¢ + 1’ where i < n is even. This
leaves only compositions of the form 1 + 1’ + - - - + 1’ in which the initial 1 is marked in one of
three ways. Note that this corresponds to members of £* of the form (a, «), (1,d's), ..., (1,d's),
where a = 1 and a = ds, d’s or s3. Finally, if i = 1 and is marked in the fourth way, then
there are two additional possible compositions corresponding to the members of L£* given by
(1,sd), (b, 5),(1,d's),...,(1,d's), where b = 1 and 8 = ds or d's. Thus, we get five unpaired
members of L£* altogether, each having positive sign, which implies (22) for n even. If n > 3
is odd, then a similar analysis shows that the same five compositions in (31) are again unpaired,
which implies (22) for n odd and completes the proof. n

7. Gibonacci generalization

In conclusion, we state a generalization of the determinant formulas above. Let GG,, denote the
Gibonacci number (for example, see Benjamin and Quinn (2003) or Vajda (1989)) defined by the
recurrence

Gn - Gn—l + Gn—Q; n > 27

with G; = a and Gy = b where a and b are arbitrary (they may even be regarded as indeterminates).
Note that £}, corresponds to the case of G, when a = 1 and b = 0, while L,, to the case whena = 1
and b = 2. Extending the combinatorial arguments from the prior section yields the following
Gibonacci determinant formulas.

Theorem 7.1.
If n > 1, then
det(G1,Ga, ..., Gy) = xy, (32)
where z,, is defined recursively by
Ty =(a— Dz, 1 — (b—1)x, 9, n > 3,

2

with initial conditions z; = ¢ and £y = a®* — ¢ — b, and

det<G27 G4, Ce ,ng) = Yn, (33)
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where ¥, is defined by
Yo =(a+b=3)yp-1+ (b= 1)yn—2, n >3,
with y; = a + b and yo = (a + b)* — 3a — 2b. Furthermore, we have
det(Gs,Gs, ..., Gopy1) =y, n>1, (34)
where v, 1s defined by
Un=Ra+b0=3)y, 1 +(@—Dy, 5  n=3,
with y} = 2a + b and y3 = (2a + b)?> — 5a — 3b.

Remark 7.2.

Note that (32) is seen to reduce to formulas (5) and (17) when (a,b) = (1,0) and (1, 2), respec-

tively, while (33) reduces to (8) and (20) for these same values of a and b. When a = 1 in (33), one

has the explicit formula

b—1)" L+ (=1)"
b

det<G2, G4, c. ,ng) = (b+ 1)(b — 1)n—1 — ( s n Z 1.

Furthermore, note that (32) yields the Fibonacci identities (3), (7), (9), (11) and (13) when
(a,b) = (0,1), (1,1), (2,1), (3,2) and (5, 3), respectively. Also, the Lucas identities (15), (19)
and (21) correspond to the (a,b) = (2,—1), (3,1) and (4, 3) cases of (32). Formula (33) reduces
to (4), (6), (10), (12) and (14) when (a,b) = (1,—1), (0,1), (1,1), (2,1) and (3, 2), respectively,
while (16), (18) and (22) correspond to the (a,b) = (—1,3), (2, —1) and (3, 1) cases. In general,
taking a = F..; and b = F, in (32) and (33) yields expressions for det(Fy.., Foyie, ..., Frie) and
det(Foie, Five, - -, Fonte), where c is arbitrary, with a similar remark applying to translates of the
Lucas sequence. Finally, observe that (34) may be obtained from (33) by substituting a + b for a
and a for b, or can be shown directly by extending the combinatorial proof above for (22). When
a = 1in (34), one has

det(G3,G5,...,G2n+1) = (b2+b—1)<b— 1)n—27 TLZ 2.

Taking b = —1, 0, 1 and 2 in the last formula yields identities (6), (10), (12) and (22), respectively.

8. Conclusion

In this paper, we have found determinant formulas for several families of Toeplitz—Hessenberg ma-
trices having various translates of the Fibonacci and Lucas numbers for the non-zero entries. This
extends an earlier result when a; = F; for all ¢. In Theorem 3.1, we found determinant formulas
where the entries were translates of the Fibonacci sequence or of just the even or odd subsequence.
Some comparable results are given in Theorem 4.1 for the Lucas sequence. A common Gibonacci
generalization of the results in Theorems 3.1 and 4.1 whereby arbitrary initial conditions are al-
lowed is found in Theorem 7.1 via a combinatorial approach. The determinant formulas in all of
these results may also be expressed (see Theorems 5.2 and 5.3) equivalently as multi-sum identities
involving multinomial coefficients and a product of the terms of the sequence in question.



714 T. Goy and M. Shattuck

Combinatorial proofs were provided for most of the determinant identities which made use of
involutions and the formal definition of the determinant. Such proofs in several instances allow
one to see relationships between the various identities that may not be readily apparent in their
algebraic derivation. Moreover, combinatorial proofs (especially in the Lucas case) point the way
to the Gibonacci generalization of the identities in Theorems 3.1 and 4.1 and also provide a means
by which to prove it. Further work on the enumerative aspects of the determinants of Toeplitz—
Hessenberg matrices whose entries are combinatorial sequences is forthcoming and will focus on
sequences which satisfy various linear recurrences with constant coefficients.
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