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ABSTRACT. The Filbert matrix ¥y has entries Fi:,;l

Hilbert matrix where Fj, is the nth Fibonacci number. Various extensions are nowa-
days known with beautiful explicit results (LU-decomposition, Cholesky decomposi-
tions, etc.). The inverse Filbert matrix does, in these general instances, not have
closed form entries. Nevertheless, it can be decomposed itself in very much the same
way as the matrix. These results are not corollaries of the decomposition of the
Filbert matrix itself.

and is an analogue of the

1. INTRODUCTION

The Filbert matrix Fy = (ﬁw)f\[jzl is defined by ﬁij = F_+1__1 as an analogue of the

Hilbert matrix where F;, is the nth Fibonacci number. It has been defined and studied
by Richardson [9] and extended by Berg [1] and Ismail [2].

Kilic and Prodinger, in a series of papers [3, 7, 4, 5, 6], extended the concept to
matrices with entries

1 1
and

Fxiri)+rExri+1)4r - - - Fxirgth—1)+r Lxisi)+rLagirgryer - - InGirgere—1)+r

Here, \,k > 1 and r > —1 are integer parameters.
These generalizations were driven by the search for “nice” explicit formulee for
LU-decomposition of the matrix M as M = LU,
explicit description of L™, U1,
the Cholesky decomposition M = C - C7,
the inverse matrix M 1.

Now, for £ > 2, the inverse matrix (both, in the Fibonacci and Lucas instances Fy
and L) are no longer nice; the entries can only be given as a (single) sum which
cannot be simplified.

Therefore, in this paper, we took the inverse matrices 3'“;,1 and LJ_VI as the focus of
our attention. It came somewhat as a surprise that LU-decompositions AB of these
matrices led to nice (=closed form) results, with A=, B~1, as well as the Cholesky
decomposition D - DT and its inverse D~! also being nice! Note carefully that from
two LU-decompositions M = LU and M~! = AB, there is no obvious way to link the
matrices A and B to L and U. Furthermore, all these matrices appearing in our new
decompositions depend on the dimension N. This is in sharp contrast to the “old”
cases where one could always think about one infinite matrix, and restricts oneself to
the first N rows and columns.
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In another direction [5], the matrices Gy and Vy with entries

_ L>\(i+j)+r
L)\(i+j)+s

_ Ftg)tr

= and v,
F,\(z‘+j)+s !

Gij
were introduced; here s, r and \ are integer parameters such that s # r, and r, s > —1
and A > 1. For this situation, it seems to be impossible to introduce an extra parameter
k as above, in order to get reasonable results.
We managed the decompose the inverse matrices G5 and V' as well. These inverse
matrices are of closed form entries this time, but it is interesting anyway to study their
decompositions.

Now we discuss our settings. Let {F,} and {L,} be the Fibonacci and Lucas se-
quences, respectively, whose the Binet forms are
a — ﬁn B 1— qn
F,=—~_— =" and L,=a"+8"=a"(1+q¢"
P = B (1+4q")
with ¢ = f/a = —a™?, so that o = i/,/q.

We will exclusively deal with the g-forms; translating the results back to the Fi-
bonacci and Lucas world is easy: We only have to systematically replace 1 — ¢" by
%Fn and 1+ ¢" by oL, and replace what is eventually left by its numerical val-
ues. One might also think about one parameter extensions of Fibonacci resp. Lucas
numbers.

Throughout this paper we will use the notation of the g-Pochhammer symbol (z; q),, =
(1—2)(1 —aq) -+ (1 - 2g" ).

The important contribution of this paper is to find the explicit forms of the various
entries. This was done by experiments with a computer algebra system and spotting
patterns. This becomes increasingly complicated when more and more new parameters
are introduced, as the guessing only works for fixed choices of the parameters, and one
needs to vary them as well.

Once one knows how the entries look like, proofs are by reducing sums to single
terms. For this, the g-Zeilberger algorithm is a handy tool. In some instances, this
does not work, and we have to simulate the g-Zeilberger algorithm manually by doing
more guessing (with an additional parameter).

These proofs are routine and somewhat tedious; we will thus only present a few of
them and leave the others to the imagination of the reader.

Instead of proving that AB = M~! where M~! has ugly coefficients, we prove the
equivalent statement B~1A~! = M. Of course, that requires first to prove that the
forms given for A=! and B~! are indeed correct.

2. THE MATRIX Jy'

We consider the matrix Fy with entries
1

Fxntdyrr Ex(mads1)+r - - - Faxnrdik—1)4r
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for 1 < n,d < N. First, it is easy to check that the entries in rewritten form are

Atr. A Y
q)\kTHJr)\%Jr)\ik(k;l)f§+'"2—kif)\knf)\kdf)\7k(k;1)frkJrk (@5 ¢ nra-1(1 = q)
Atr. oA :
(@75 @) ntdrr—

We denote the LU-decomposition and Cholesky-decomposition by
Fy'=A-B=D-D".

Then we get the following results:

Theorem 1. For1 <d<n<N:

[ ]
A, = qx%—x%ﬂmd—n)ﬂ@iA(n—d)k+2(n—d)
(5 @) N1 (@ ) v—a(@75 024
(@ @) Nyark—1 (5 Onra(@ ) n—a(@; ¢ ) v-n
[ ]
Al — qf)\Nn+)\n2+)\Ndf/\ndf)\k7"+)\k2—di)\k(nfd)
n,d —
% (QHT; qA)N+n+k71(q>\; q>‘>N7d(q>\+T§ q)‘)and
(A @) Ntare—1(0 )N (@756 2n-1 (0 @) n—d
[ ]
By, = qu7>\Nn+>\¥f>\Nd—>\g7>\%“7)\%d,)\@,%,ﬂv+§+rd
5 kA —2n—2d+ N D ke —k
% (CIMT; q/\>N+n+k—1(q)\+r§ Q’\)N+d(qA; CIA)k—1
(@ ) N—ark—1(0 @) N=n (2 @) n—a (75 ¢ a5 62 )21 (1 — )F
[ ]
B-1 — A= AedA D ke
dn
% qANn—And—An2+ANd+A%H%H@—m+Nr+%—g
y (@ ) Nnrb—1 (5 ) N—a( T3 020 (75 ¢ ) praa (1 — @)F
(A7) N (75 ) Nrark—1 (@ @ )n—a(@; @) k-1
o
Dypg= quﬂgﬂ%’“ﬂiﬂkgn+%‘”%+%*%ikkn%zf%*%%i“k[”

(@5 @)1 (75 ¢)n(1 — q)/?
(@75 M) ntark—1(% ¢ n—a

\/ (0% @) arr—2(*"; 4N ark—1 (1 — ACd+k=1)+7)

X

(@ @) =105 ¢Y)a(@; ¢*)a
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d2  yd ydk _k(k=1) rn v rk k, k(k=1) | rk _k

(Q’\M; Q’\)n+d+k—2
(@5 aN)n—a(@*; @) a1 (75 ¢ )a(1 — q)*/?

X \/ (@ @)1 (750N n (05 ¢ -1 (1 — @ACrHk=D+4r)

X

(@ @) ntb—2(T75 @M1

3. THE MATRIX £,/

We consider the matrix £ with entries
1

LxnadyrrLamadin)+r - - Laxtnrdrk—1)+r

for 1 <n,d <N.
We denote again the LU-decomposition and Cholesky-decomposition by

Ly =A-B=D.DT;

there is no danger of confusion to use the same letters again.
Then we get the following results:

Theorem 2. For1<d<n<N:

[ J
A, = qA%—A%—AN(n—d)—A@ixk(n—d)—z(n—d)

)

(=M M Nk 1 (" 0)2a( ) v —a
(=M @) Nyark—1 (=750 ) nra(@ ) Nn (@ ¢ ) n—d

X

Al = q)\n27)\Nn+)\Ndf)\nd7)\k7”+)\%i)\k(nfd)

(=" ) Nk (= ) a1 (5 @) v—a
(=75 ) Npdr k-1 (=75 @) on—1 (0 ) N—n (@ ¢ ) n—d

X

n(n+1) d(3d—1) k kd k(k—1) k
Bd , = qATf)\Nn+)\Tf)\T"Jr/\?f/\Ndf)\kdf)\TH"dirf{

o Akn—2n+Akd+ AL L ON Lk

y (= ) Nkt (T ) Npark-1 (O ) N
(—

A ) Npark—1 (=TT ) v a (=T @) 201
(@ ¢ )k—1
(@ ) N=n (@ ¢ )n—a(; ) N—drr—1

X

Byl = q_An2+ANn—Adn+ANd+A%"+A%+A@—m+N7~+%
n

k(k—1
- Me(nd) A LoN —on—rk
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(=M ) nrari ()2 (@) Nk 1 (@) N—a

(=M )N (T ) Nrdrk—1 (250 )n—a(; @) k-1

X

R

Dn,d =dq
o JAFNAAEED LA by (=™ @) Nnrn
(=7 @) nra(@; ) N-n (05 ¢ ) n—d
" (@5 ) N—a(— 75 ) Na(@; @) =1 (1 + ¢2A4H7)
(@ ) N—drb—1 (=TT @) Nrdrk—1

dk k(k=1) _rn_ rk_ Nr, k(k—1)  rk
D;b:q_)‘dn+>‘dN+’\7+’\ S _7"‘7"'71”4‘/\’“1‘*‘]\7_)\74 -5

(=™ @) nra-1(a* ¢*)n-a

(=" ) Ntark—1(0" ¢ )n—a
" (05 ) Nentho1 (T @) N1 (1 + g2 47)
(@ )N (=TT 0N ) N (5 ) -1

4. THE MATRIX Gy
We consider Gy with entries
F)\(n+d)+r
Fx(ntd)+s
and again
Sy'=A-B=D-D".

Theorem 3. For1 <d<n<N:

[ ]
A () A XA g avn 1 — NN HDF N4 (d DM -
n,d — (_ ) q 1 — q)\N(N+1)+sN+rf(d+l)sf)\d2f)\d
y (@ )N (@ ) v—a(@56)2a
(@ ) N=n (@ ) nta(@5 @) n—a(@*5 ) Nta
[ ]
— n2 TS —n
AL — A2 ANnAANd—And L — quHN(NH) " ArtelV-n)
n,d q 1— q)\n+>\N(N+1)—)\n2+r+s(N—n)
(@ ) a1 (5 ) N (@5 ¢ ) vea
(@ @) 2n-1(¢ On—a(@; )N (T ¢ ) Na
[ ]

AN(N+1)—Ad? —Mn+r+s(N—d—1)

B (_)n-djsr A AN ANn-ANdATF psd-Ns-i5m LT G
an = (1) T 2 = 2
1 — ANWHY)-AE+Adtr+s(N—d)

(@ )N (@ ) N 1

X
(@ @M nra(@; ¢)n-a(a*; @) N-n(@*T2 ¢ )2a-1(¢* ¢*) N-a 1 — ¢"
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[ ]
I SO g
Nl (NHD=Anf A dtrs(N=n) (A ) v (0N @) Nea(@® 5 ) ngao1 (@5 @)an
1— q)\N(N+1)f)\an/\n+r+s(anfl) ( S-‘r)\’ C]) ( s+)\, q )N—&—d(q/\; q)\)n—d

[ ]
s—r +1 d(d—1 r—s N—d
)\7"("2 )—)\72 )—)\Nn+—4 —s(N=d) 0] )

Dn,d =iz q
(q 1 q )N—i—n

% <1 - qAN(N-i—l)—)\d?—An+r+s(N—1—d)>
(@ M) N-n(@* ¢ )nra(@; ¢ )na

1 — q2/\d+s
1 — PANNF)=2(d+D+r+s(N=1=d)) (] — gr—s)

S+A

X \/(1 — PN A (N =d) )

[ ]

D;yld _ ir;sq
% (1 - qAN(N+1)—/\n2+)\d+r+s(N—n)> (

(N—n)

(N—n)— TZS

5 ) N—a( @) a1
() Na(@; ¢ )n—a

" (1 _ q2/\n+s)(1 _ qrfs)
(]_ _ q)\N(N-i-l)—/\n(n—1)+T+S(N—n))(]_ _ q)\N(N-H)—)\n(n+1)+7"+s(N—1—n))

5. THE MATRIX V'

We consider Vy with entries
L/\(n+d)+r

Lxn+d)+s

and again
Vy'=A-B=D-D".

Theorem 4. For1 <d<n<N:

[ ]

N+d , AN(N+1)+sN+r—(d+1)s—Ad2=\n
ned ARCSED @D g ynp L — (—)NHaAN Y (@+)
1 — (_1)N+dq)\N(N+1)+sN+rf(d+1)sf>\d2f)\d

An,d = (_1) q

(=™ ) N (@ ) N—a(— 75 ¢)2a
(@ )N (=" ) nrd (@ ) n—a(— 5 ¢ ) Nt

[ ]
N4n AdH+AN(N+1)=An?+r+s(N—n)

A2 ANnANd-And L+ (=1)" g
1+ (_1)N+nq>\n+>\N(N+1)f/\n2+r+s(an)

A;d q
A ) a1 (= ) N (@5 ) N

(—q
(—¢** ) 2n—1(¢ On—a( ) Nn (= ) N1a
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NeAnss—r A 4232 A\ Np—ANd4A"=d 4 sd— Ns— ="
Ban = (—1)7itrg 5 4% : :
1— (_1)N+dq)\N(N+1)f)\d2f)\n+r+s(Nfd71)
1+ (—1)N AN AR M 3N —d)

(N )N (= ) N 1

(=@ ") n+a(@s 0 )n-a(@; @) N—n (=02 ¢Y)2a-1(0 ) v-a 1 — ¢"*

X

Bc;qlz _ (_1)N+nirfsqf/\n2+)\Nn+)\Ndf)\ndfTgs+s(an)

q
1— (_ 1>N+nq)\N(N+1)f)\n2f)\n+r+s(an71)

1+ (_1)N+n AN (N+1)=An? 4 d+r+s(N—n)

S+,

(0 ) v-n(; ) N—a(—=" P ngra—1 (=" ) an (1)

(=" ONn (= @) Nra(5 )

Ls=r yn(ntl) 4 d(d-1) res s(N—a) |1+ g2Ad+s
D, 4= (_1)N+d17qAT—AT—ANn+T—72 q
" 1 — qr—s

(1 (- 1)N+dq,\N(N+1)—,\d2—,\n+r+s(N—1—d)> (=" ) Nin
(@5 ) N—n (=" ") n4a(*; ¢ )

X

X \/(1 + (= 1) NHPANNF)-Ad=D)+7+5(N=d)) (] — (=1 ) N+dAN N+ -Ad(d+1)r+5(N—1-d))

D_(li _ (_1)N+niT;Sq2/\d(N—n)—TZS+s(N—n)

A oA S+ A
% (1_|_ (_1)N+n )\N(N+1)—>\n2+)\d+r+s(N—n)> (@ ) N=d(=° ¢ ) nga—

q
(—¢** ) N+a(@5 ¢ ) n—a

. \/ (14 g2nts)(1 — g7—)

(1 + (= 1)N+nANNHD=2n(n=1)+r+s(N—n)) (] — (—1)N+nANN+D)—An(nt1)+r+s(N—-1-n))

6. SOME SAMPLE PROOFS

We consider AA~! related to Section 2.

. m(m+1) km kn
E Am dA[;}@ _ lz\mk—i-?m—)\knq)\f—)\Nm—)\T—i-)\Nn—i-)\T
d

(@5 ) Namrb—1(0 @) Non
(@ )N (5 @) Nt k-1

% Z(_l)qu@—xdn
d

X



8 KAMILLA OLIVER AND HELMUT PRODINGER

Ar A1,

(g §q>\)2d (q 7q/\)d—1+n
(@7 D@ ) m-a (@756 20-1(0* ¢ an
With ¢* = Q and ¢" = b, the sum in question is
_1)d WD) _dn (bQ; Q)2q (0Q; Q)a—11n .
2 e e @ D W Do (@ D

Essentially, this sum has appeared already in an earlier paper [4]. The g¢-Zeilberger
algorithm [8] evaluates it to 0 for m > n. For m = n, a direct evaluation produces

> AmaAg, = AnmAL, =1 O
d

Now we present one proof related to Section 4, namely that

f
Z Am,dA;}l: {0 or n < m,

nedom 1 forn=m.

This is easy to check for m = n, so let us assume that n < m. Here, Zeilberger’s
algorithm (as implemented in [8]) does not seem to work. We will present, in order not
to overburden the notation, the representative case A = 1, r = 0, s = 1. By performing
computer experiments (creative guessing) we found that for n < K <m

N(N+2)+n—m—(K+1)2

-1 K(K+1) 7n(K+1)+anNm+w m—K 1 - q
;K Am,dAdyn =q =2 > (-1) 1 — gNN+2)—(K+1)?

(05 O N+m41(G ON-n T Q14K
(6 Dmt1+5 (@ ON+1400(G Qm-1-k (6 Q) k(G5 Q) N=m (1 — g™77)
We denote temporarily the explicit formula by W(K). Once this result has been es-
tablished, we have the desired conclusion for K = m, since there is a (¢;¢q)_; in the

denominator. The formula itself will be proved by induction. For K = n it is easy to
check, and otherwise we must show that

V(K —1) + Ay g At = U(K).

X

After a few cancellations, this amounts to prove that
L= gV (1 e (1 g

1— qN(N+2)—K2 (1 _ qm—n)
n+N(N+1)-K2+N-K 1 —

N(N+1)+N-K—-1-K?—m

l—gq q
2K+1
+(1—¢ ) 1 — NNHD-K+N | _ (N(NTD+N-2K—1-K?

_ qN(N+2)+n—m—(K+1)2 (1 _ qn+1+K)(1 —q

1 — gN(IN+2)—(K+1)? (1—qm7) )

Kfn]' m—K)

which is easy to check (best by a computer). Once again, the difficult part here is to
guess the correct formula. We hope that the future will bring extensions of Zeilberger’s
algorithm that do such a proof automatically.
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