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Abstract

We study the determinants of matrices whose entries are powers of the Fibonacci
numbers. We then extend the results to include entries that are powers of a second-
order linear recurrence relation. These results motivate a fundamental identity of
determinants whose entries are powers of linear polynomials. Finally, we discuss the
determinants of matrices whose entries are products of the general second-order linear

recurrence relations.

1 Introduction

In the first issue of the Fibonacci Quarterly, Alfred posed the following problem [1]:

Prove
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where F,, is the nth Fibonacci number.
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In the second volume of the Fibonacci Quarterly, Parker [7] posed a similar problem with
the exponent of each entry changed to 4 and the dimension of the matrix changed to 5 x 5.
These two results naturally suggest the following question: what would be the determinant
of an analogous form where the dimension of the matrix and the exponent of each entry are
arbitrary? Carlitz [4] answered this question by showing that the determinant of the form

D(r,n) =|F} ;. ;|, where i,j =0,1,...,r, is given by

D(r,n) = () (F B2 () (1)

i
=0
In this paper we generalize the entries even further by considering the determinant of the

form D(r,s,k,n) = ’F;“Jrk(nHH)

, where 7,7 =0,1,...,r. We show that

D(r,s,k,n) = (=)t (E) (Frpr=t.. F 02 H (’”) (2)

; 1
=0

Carlitz based his proof of formula (1) on the Binet form of the Fibonacci numbers; whereas
we employ the matrix methods, such as the factorization method of Krattenthaler, to prove
formula (2). In addition, we require a generalized form of the Catalan identity, proved by
Melham and Shannon [6]. In Section 2, we present an alternative proof of the generalized
Catalan identity using a matrix representation of the sequence and the properties of the
matrix multiplication. In Section 3, we then present the proof of formula (2) as a special
case of the determinant with entries involving the powers of the numbers in a second-order
linear recurrence with constant coefficients. In the last section, we present the determinant
whose entries are the products of the numbers defined as a second-order linear recurrence
with constant coefficients using the Desnanot-Jacobi identity. The methodology used for
this work relies on a computer programming developed by the second author [8].

2 Generalized Catalan identity

The well-known Catalan identity states that for all nonnegative integers s and i,

F2

s+i FSFS+2i = (_1)8Fi2'

A generalization of this identity useful for this work is given by Melham and Shannon [6].
We shall, however, present an alternative proof of this generalization. For integers a, b, ¢y,
and ¢y with ¢y # 0, let W,, = W, (a, b; c¢1, ¢2) denote the second-order linear recurrence with
constant coefficients, defined by

Wo=a, Wi =b and W, =ciW,_1+ cW,_» forn>2.

With this notation, the Fibonacci sequence (F),) and the Lucas sequence (U,,) correspond
to F, = W,(0,1;1,1) and U, = W,(0,1;c1,c2), respectively. Moreover, we can use this
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recurrence to extend the definition of a sequence to the terms with negative indices. Usually,
we can explicitly find the relationship between the negative-indexed terms and the positive-
indexed terms. For example, for the Fibonacci sequence and the Lucas sequence, we have

F,=(-1)""F, and U_,=(-1)""'¢;"U, forn>1.

Proposition 1 (Generalized Catalan Identity). Let W,, = W, (ag,a1;¢1,¢2) and Y, =
W, (bo, by; 1, c2) be second-order linear recurrences. Then

WeriY:eJrj - Wsnﬂﬂ = (—Cz)s(Wﬂ/} - W0Yj+1) Ui, (3)
for all integers s, j, and .

Proof. The proof is by induction on i. For the case when ¢ = 0, the identity is trivial. For
the case when 7 = 1, we have

Wi Ys+j+1 C1 C2 W Ys+j C1 C2 ) Wi Yj+1
pu— pu— >
( W Ys—‘,—j 1 0 W1 Ys+j—1 1 0 Wo Y} for s 2 0,

and

—1 S
Ws+1 Ys+j+1 _ C1 C2 Ws+2 Ys+j+2 _ C1 C Wi Yj+1 for s < 0
W, Yoy 10 Wepr Yoy I 0 Wy Y] ’

where the second equality in both equations follows from repeated application of the matrix
representation in the first equality. Taking the determinant of both sides of any one equation
yields

WenYorj = Wi = (—c2)* (WY — WoYia). (4)

Now, consider two cases.

Case i > 1: Assume that the identity holds for some integers i — 1 and ¢ — 2. Then

Weri Yerinj

WeriY;Jrj - Ws}/s+i+j = W Y+4
s s+j

Wiz + c2Wieiim2) c1Ysp(i—1)+5 + 2Ysr(i—2)4j
Ws Y;+j

‘o Weii-1) Ysr(i-1)+j Weiioo) Yer(i-2)+j
Wi Yerj Wi Y:eJrj

(—c2)* (WY — WoYi)(eUizq + c2U;i—s)
= (=)’ (WY = WoY) U,

+CQ'




Case i < 0: Assume that the identity holds for some integers ¢ + 1 and ¢ + 2. Then

Weri Yerin
WepiYorj —W¥eriv; = W+ Y+:j
s s+j
i + i i + Y,
= | ¢ s+(i+1) s s+(i+2) s s+(i+1)+y ¢ s+(i+2)+j
Ws }/s—l-j
= Wiy Yerarn+g| . 1 [Werr2) Yorar2)+
Co W Yot e | Wi Y,

—C 1
= (—c2)* (MY — WOYJ‘H)(C—;UM + C—zUHz)

(—c2)*(WhYj — WoYj410)Us,

where we apply the induction hypothesis in the penultimate equality in both cases. Hence,
the proof is complete. m

We note some special cases of Proposition 1 useful in later sections:

UsyiUstj — UsUsyiyj = (—c2)* - UsUj, (5)
Us+iWs+j - UsWs—i-i-i-j = (_02)8 ) Uﬂ/Vj, (6)
and
W iWsrj = WlWiyivj = (—c2)” - (WiW; = WoW;1)U; = (—c2) - A - UiUj, (7)
Wy, W:
where A = W(lJ Wi = a} — c1apa; — Caag.

We justify the second equality of (7) by applying Proposition 1 as follows: In (3), let
Y, = W, substitute 7 = 1 and s = 0, respectively, and rename the index i by j.
The identity (7) can be restated as follows:

Corollary 2. Let k,n,r, s, and t be integers. Then

Weikinre) = AO)Werkn + B(O)Usirnir), (8)
Wit—r (=) kAU
where A(t) = % and B(t) = ( CQ)W i
—kr —kr

Proof. Let integers k',n’,1’, s', and t' be given. Applying (7) with s = —k'r’, i = k't’, and
j=584+K(n +1r"), we have

7’{)/7'/
Wfk’r’ s'+K (n/+t') — Wk’(t’—r’)Ws’Jrk/n’ - (_62) A Uk’t’ Us’+k’(n’+r’)~

Dividing by W_,.,» on both sides and renaming the variables yield the identity (8), as re-
quired. O]



3 Determinants involving powers of terms of second-

order recurrence
Our goal in this section is to give the closed form of the determinant of the (r 4+ 1) x (r+1)

matrix whose entries are W’ where 7,7 = 0,1,...,r, and s and k are any integers.
This matrix is

s+k(n+ityj)’

T T T
Wiin Wi, W

s (n+1) e s+k(n+r)
wr wr wr
Af{k(r) _ s+k( n+l) s+l~?(n+2) s+k( n+r+l) ' (9)
W;+k (n+r) Wsr+k (n+r+1) 77 ;+k(n+27~)

We begin with the following proposition on the determinant whose entries are some power
of linear polynomials.

Lemma 3. Let ¢y, ...,c. and xg,...,x, be real numbers. Then

det((cjmi + D)ocijer = [ (@i—=) ] (e—¢) (r> (10)

0<i<j<r 0<i<j<r i=

Proof. We prove Lemma 3 by using the factorization method [5]. The determinant will be 0
if xg is replaced by any z; for 0 < ¢ < r, since some two rows of the matrix would be equal.
This implies that (zg — ;) is a factor of the determinant for each i = 1,2,... r. Similarly,
we have that (z; — z;) is a factor of the determinant for each i = 2,...,r, and so on. In a
similar manner, we see that if ¢y is replaced by any ¢; for 0 < j < r, then two columns of
the matrix will be the same yielding the zero determinant. This implies that (co — ¢;) is a

factor of the determinant for each j = 1,2,...,r. Similarly, we have that (¢; —¢;) is a factor
of the determinant for each j = 2,...,r, and so on. Therefore
I @—z) J[ (—¢) (11)
0<i<j<r 0<i<j<r

is a factor of this determinant. As a function of x; for some fixed ¢ or a function of ¢; for some
fixed j the determinant is a polynomial of degree r. This implies that the factor (11) and
the required determinant have the same degree. Therefore, we can write the determinant as

det((cjz; + 1) )o<ij<r = C H (2 — x5) H (ci — ¢5),

0<i<j<r 0<i<j<r

for some constant C'. To find C', we compare on both sides the coefficients of the monomial

(crxy) (Crq@pey) 1+ (como). (12)



On the right-hand side, the monomial (12) appears as
[T Cep=en= ] =
0<i<j<r 0<i<j<r

Hence, the coefficient of the monomial (12) on the right-hand side is just equal to C. We
see that for each 0 < i < r, the term (c;x;)" appears in (c;z; + 1)". Hence, on the left-hand
side, the monomial (12) appears as

+ H (cixi +1)".

0<i<r

By the definition of the determinant, the sign in front of the expression is determined by
the parity of the identity permutation (0)(1)--- (7). Since (0)(1)---(r) = (01)(01), it follows
that the identity permutation is even. Hence, the sign is determined to be +. Since, for each
0 < < r, the coefficient of (¢;z;)" in (¢;z; +1)" is (7), it follows that

e-11(1)

This completes the proof of Lemma 3. O]

Corollary 4. Let A(j), B(j), X;,Y; be real numbers for 0 <i,j <r. Then
det((A(4)Xi + B(4)Yi) o<ij<r

— T v -xy) I (AGBG) - AG)BG)) () (13)

1
0<i<j<r 0<i<j<r i

Proof. We prove in the case of B(j) # 0 and Y; # 0 for all 0 <4, j <r. Applying Lemma 3
with ¢; = A(j)/B(j) and z; = X;/Y; for all 0 <4,j < r and clearing the denominators, we
obtain (13). The proof of the other case when some of B(j) or Y; are 0 follows from the fact
that the determinant with polynomial entries is a continuous function. O]

Thus, this allows us to prove one of the main results of this paper.

Theorem 5. The determinant of the matriz AS*(r) is given by

det AfL’k(T) _ (_1>(s+kn+1)(rg1) ‘c;s-i-kn)(r;l).ﬂk(ry) . A(rgl) ‘ (7") UQ(r_i).



Proof. By (9), (8), (13), and (6) respectively, we have

det A3 (r) = det(WLpinpivg)o<ig<r = det((AG)Warkmri) + B()Usirtnirsd) o<ij<r

N NN T (T
H (Ws+k(n+z)Us+k n4r+j) — Ws-l—k(n-i—j)Us—I—k:(n-‘rr—i-i)) H (A(Z)B(]) - A(.]>B(Z)) ( )
0<i<j<r 0

0<i<j<r

) _A o —kr
H ((_02)s+k(n+r+z)Uk(j_i)W_kT) H ( ( 02)

i T/
W—z(_02>k Uk(j—i)W—kr> H (Z)
0<i<j<r 0<i<j<r —kr i=0
s+k(n+21) - r
[T (o ooz ) TT ()
0<i<j<r 1=0

Rearranging the last expression allows us to obtain the desired identity

]

Remark 6. By letting W,, = F,, in Theorem 5 and noting that for the Fibonacci sequence
o =1 and A =1, we then derive (2).

4 Determinants involving products of terms of second-
order recurrence

The following lemma was mentioned by Krattenthaler [5] as part of the factorization method
We provide a different proof of this lemma using the Desnanot-Jacobi identity [3]
Lemma 7. Let Xo,..., X,, Dy, ..

D, and Ey, ..., E, be indeterminates. Then

det ﬁ (Xi + Dy) - ﬁX+E
(=j+1 m=1

H (X —Xi) - H (D; — E,).
0<ij<r ~ OSt<IST 1<i<j<r

An alternative way of writing this identity would be

r

det | ] (A(d)Xi + B(e)Y H

=it m=l 0<ij<r
[I xvi-xv) 1] (Ble)Ad;) — Alen) B(dy)). (14)
0<i<y<r 1<i<5<r

The main result of this section is as follows



Theorem 8. Let dy,...,d, and ey, ..., e, be sequences of integers. Then

r J
det H Wetk(ntivdy) * H Wi k(nritem)

=i+t m 0<ij<r

T

r+1 s n r+1 r+1 r _ .
= (—A)( 2 ) . (_02)( +h )( 2 )+k( 3 ) . H M;H ¢ H (_CQ)kd]Uk'(ei—dj)‘

=1 1<i<j<r

Proof. We respectively apply the identities (8),(14), and (7), and the details of the proof are
similar to those of Theorem 5. O

The following slight variation of the result by Alfred [2] called basic power determinant
is a special case of this theorem.

Corollary 9. Let r,s, and k be integers with r > 0. Then

FT Fr=tF Fl
Fr FritFoo, -+ FT , . 1y [T
:-Hf +k. s+ ' ‘.*‘2743 _ (_1)(s+1)( ;rl)—i-k( gl)Fk( 2 >HF12?_1_£'
: : =1
I r—1 r
Fs+rk Fs+rkF3+(7”+1)k e Fs+(r+1)k
Proof. This identity follows immediately from Theorem 8 by letting d; = dy = --- = d, = 0,
e =€y = -+ =¢. = 1, n =0 together with the recurrence and the initial values of the
Fibonacci numbers. O

Another interesting case arises when we let (d;) and (e;) in Theorem 8 be in some specific
forms.

Corollary 10. Let s,k,n, and p be integers. Letd; =p—1+j andej =j—1 for1 <j <.
Then

r J
det H W tk(ntitdy) * H Wi k(ntitem)

=t " 0<i,j<r

r r—1
r+1 s n r+1 r+1 r _ r—
= AU gy e () +2 (3 T Ut [T
/=1 =0
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