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Abstract

In this paper, we study the relations between the Bell matrix and the Fibonacci matrix, which provide a unified approach to
some lower triangular matrices, such as the Stirling matrices of both kinds, the Lah matrix, and the generalized Pascal matrix. To
make the results more general, the discussion is also extended to the generalized Fibonacci numbers and the corresponding matrix.
Moreover, based on the matrix representations, various identities are derived.
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1. Introduction

Recently, the lower triangular matrices have catalyzed many investigations. The Pascal matrix and several
generalized Pascal matrices first received wide concern (see, e.g., [2,3,17,18]), and some other lower triangular
matrices were also studied systematically, for example, the Lah matrix [14], the Stirling matrices of the first kind
and of the second kind [5,6].

In this paper, we will study the Fibonacci matrix and the Bell matrix. Let us first consider a special n x n lower
triangular matrix S, which is defined by

1, i=],
Sp)ij=1-1, i-2=<j<i-1, fori,j=12,...,n (1.1)
0, else,
Thus, we have
1 0O -+ oo ... 0
—1 1 O .- ... 0
-1 -1 1 o --- 0
Sh=1o -1 -1 1
0 0O -1 -1 1
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By some computation, it is not difficult to find that the inverse of S, is

1 0 v vev i O
1 1 0 - -0
2 1 1 o --- 0
—1
S 3 2 1 1
3 2 1 1

Now, one can observe that the inverse matrix S, 1 is related to the famous Fibonacci numbers, which are defined by
Fo=0,F =1and F, = F,,_1 + F,— for n > 2. Actually, if we denote SJI by .%,, then

i—j+1>0,

i—ji+1<o. fori,j=1,2,...,n. (1.2)

(Fn)ij = fi.j= {(?H]’
For this reason, .%, is called the n x n Fibonacci matrix.

The Fibonacci matrix and several generalizations have already been studied in many works. In [11], the authors
gave the Cholesky factorization of the Fibonacci matrix .%#, and discussed the eigenvalues of the symmetric Fibonacci
matrix ﬁnﬁnT . In [8,9], the authors studied the generalized Fibonacci matrix as well as the k-Fibonacci matrix.
Moreover, the relations between the Fibonacci matrix and some other lower triangular matrices, such as the Pascal
matrix, the Stirling matrices of the first kind and of the second kind as well as the Bernoulli matrix, were investigated
in [10,19], respectively.

It is well known that many combinatorial sequences, for instance, the Stirling numbers and the Lah numbers, are
special cases of the Bell polynomials (see [1], [4, Chapter 11] and [7, Chapter 3]). Therefore, by means of the study
of the matrix related to the Bell polynomials, we will have a unified approach to various lower triangular matrices. In
[15], we have studied the factorizations of the Bell matrix, and in the present paper, we will do some further researches
on the relations between the Bell matrix and the Fibonacci matrix. Additionally, from the matrix representations, we
will also give some combinatorial identities.

This article is organized as follows. In Section 2, we consider the relations between the matrix related to the
exponential partial Bell polynomials and the Fibonacci matrix. Section 3 is devoted to the identities concerning the
Fibonacci numbers and Section 4 is devoted to the Bell polynomials with respect to {2 as well as the iteration matrix.
Finally, in Section 5, we extend the discussion to the generalized Fibonacci numbers and their corresponding matrix.

2. Relations between Bell matrix and Fibonacci matrix
The exponential partial Bell polynomials are defined as follows [7, pp. 133 and 134]:

Definition 2.1. The exponential partial Bell polynomials are the polynomials

Bn,k = Bn,k(xly X2y oy Xn—k+1)

in an infinite number of variables x{, x2, ..., defined by the series expansion
k
1 tm t}’l
o ZX’"E =ZBH,,{E, k=0,1,2,....
m=1 n>k

Their exact expression is

Buk(X1, %2, .. Xp kg 1) = ) ik xptxgt e

n, sy X25 ooy Xp—k+ Cl!CQ!-“(l!)Cl(Z!)CZ-” 1 *2 ’

where the summation takes place over all integers ci, ¢2,¢3,... > 0, such that ¢; + 2¢2 + 3¢3 + --- = n and

cat+cao+tc+---=k

By the definition, we can readily obtain some special values of the Bell polynomials. Particularly, we have Bp o = 1,
B,o=0,B,1=x,forn>1and B, = 0 forn < k. In addition to these, the following lemma holds [7, p. 135].
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Lemma 2.2. For positive integers n and k, we have

Byi(1,1,1,...) = S(n, k), (Stirling number of the second kind),

k—1) k!
B, (0, 11,2, ..)) =s(n, k), (unsigned Stirling number of the first kind),

By r(1,2,3,...) = (Z) k"%, (idempotent number).

n—1Y\ n!
B, (11,21,31,..) = ( ) — = L(n, k), (Lahnumber),

The readers are referred to [1] and [4, Chapter 11] for some other sequences which can be obtained from the Bell
polynomials.

Now, define the n x n Bell matrix B, by (By);; = B;; and denote (S,);; = (ﬁn_l)i’j = fl’] where
i,j=1,2,...,n.Inthe next lemma, we will consider the matrix multiplications S, B, and B, S),.

Lemma 2.3. We have S, B, = #;, and B, S,, = #,, where the n x n matrices Ny, and ., are defined by
(M)ij =¢qi,j = Bij — Bi—1,; — Bi_2 j,
(An)i.j = pi.j = Bi,j — Bi j+1 — Bi j12.

respectively, fori, j =1,2,...,n.

Proof. From Definition 2.1 and the remark after it, we can determine the elements of the matrix .4;. Especially,
q11 = Br1,q1,j =0for j > 2,921 = By1 — B1,1,922 = B2, and qo ; = 0 for j > 3. The elements of .#, can
also be determined in a similar way.

Let us first verify the equation S, B, = .4;,.

Since f{ ; = Bi,j = 0for j > 2,then 35y f]  Bea = f{ 1 Bin = Bt = qu1, Y gy fiBrj = fiB1j =
0 = q1,; for j > 2. Since f2/1 = -1, f2,2 =1and f2// = 0 for j > 3, then ZZ=1 fz/,kBk;l = fZ/,lBlyl + fisz’l
Boi—Bi1 =q21, ) k=t fr3Be2= [y Bio+ f3,B22 = Bao=quo,and Y iy f5; Brj = f5,B1j+ 13,82
0=gqp,;forj>3.

Next, leti > 3. In view of (1.1), ZZ:I fi/,kBk’/ = fi/,iBi»J + fi/,i—lBi—L/ + fi/,i—zBi—Z,j =B;j—Bi—1,j—Bi—2;
=4di,j-

Therefore, we have S, B, = .4;,.

Similar to the preceding process, we can also verify the equation B, S, = .#,. O

Since the Fibonacci matrix %, is the inverse of S, the following theorem holds.

Theorem 2.4. The Bell matrix B, can be factorized as

By, zg‘n%:%nyn 2.1)
From the factorizations, we have for 1 < k < n that
n
Bux =Y Foir1(Bik — Bioi.x — Biax) (2.2)
1=k
n
= Z(Bn,l — By i1 — Bujiv2) Fi—k+1. (2.3)
=k

Let E, = (1,1,..., D)T. Since B, E, = .#,.%,E, and [10, Corollary 2.2]
Fi+F+-+Fo=F —1, (2.4)
then (2.3) implies that

n n
Z By = Z(Bn,k = Bu+1 — Bpk2) (Frg2 — D). (2.5)
=1 =1
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Making use of the general identities (2.2), (2.3) and (2.5), we can obtain the corresponding ones for some special
combinatorial sequences, which are given by the corollaries below. It should be noticed that, from the generating
functions (see [7, pp. 156, 206 and 213]), S(i, j), s(i, j) and L(i, j) will vanish for 0 <i < j. Additionally, we also
follow the convention that S(—1,1) = s(—1,1) = L(—1,1) = 0.

Corollary 2.5. For 1 <k <n,

St k) = D Faois1(SUK) — SU—1,k) — S —2.k))
1=k

S, —Sn,1+1) =80l +2)F_i41, (2.6)

I=k

wn) =Y (S, k) = S, k+1) = S(n, k +2))(Fra — 1),
k=1

where w(n) = 22:1 S(n, k) is the Bell number [7, p. 210].

Corollary 2.6. For 1 <k <n,

sk =Y Fuoii (s k) — s — 1,k) — s = 2,k))
1=k

n

= @D —sm.l+1) = s, 1+2)F 1.
I=k

n! = Z(s(n, ky —stn,k+1)—smn, k+2)(Frso — 1). 2.7)
k=1

It should be noticed that (2.6) and (2.7) have been proved in [10].

Corollary 2.7. For 1 <k <n,

L k) =Y Fuypa (LA k) = L = 1,k) = L( = 2, k)
1=k
=Y (L, ) =L, 1+ 1) — L(n, 1 +2))Fi_i41.

1=k

For the idempotent numbers, the next corollary can be derived.

Corollary 2.8. For 1 <k <n,

n

N on—k _ 2 1-2—k I\ .2 [=1 [=2
(k>k" =Fygqr1 + Fyp k" +k— 1)+ Z k Fu—i+1 ((k)k —( L k — L ,

I=k+2

=5 ()= () aert (L)oeo) ra

1=k

3. Identities related to the Fibonacci numbers

Some combinatorial identities have been derived from the matrix representations in the last section. In this section,
we will show that, from a general identity, more identities concerning the Fibonacci numbers can be obtained. In fact,
since B,,1 = xp, then by setting k = 1 in (2.2), we have the theorem below.
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Theorem 3.1. For sequence {x,} = {x1,x2, ..., Xp, ...}, the following identity holds:
n
Xp = Fuxi + Fyo1 (o — x1) + Y Fuoig1 (31— xi-1 — x122). (3.1
=3

Therefore, by choosing different sequences, we can obtain plenty of interesting identities. For example, if x,, = 1,
then the summation F| + F» + - -- 4+ F,_» = F,, — 1 will be obtained again. Also, for n > 3, we have

1 < 1
Hy =5 Fnp2 + Z Fr—it1 (7 - Hz—z) ,

=3

n
nl'=Fu+ Y Fapld —2)1 —2)L,
=3

w(n) = Foy1 + ZFn 1@ —ol —-1) —ol - 2)),
1=3

where H, =1+ % 4+ 4 % denotes the harmonic number and w () is the Bell number.
It is apparent that we can do more than these. Let us now define x,, := F,, where F), is the nth Fibonacci number
and r is a positive integer, then the general identity (3.1) will lead us to the following theorem.

Theorem 3.2. For each integer r > 1,

r—1

k —
AN
F' = F + ZZ (;) F F/ ) Feoim, k>3, (3.2)
n n+2r—1 ) .
J r=j
S = F, 1_22( >F,_1F,_2. (3.3)
k=1 1=3 j=I

Proof. (3.2) follows directly from (3.1) by considering the binomial expansion. Thus,

Z;Fkr F1+F2+ZF'<+ZZ<Z< )F F/” )Fk—l+1
_ ,,+2_1+Z(:Z_é() Flr_2j>(Fn—l+3_1)
- B (EG ) B

=3 1=3 j=1

n+2r—1
£

AR SN (Mt
1=3 j=1

where the last step can be obtained by the substitution of identity (3.2). O

In addition to these, by setting x,, := n" in (3.1), where r is a non-negative integer, we can obtain the next result.

Theorem 3.3. For each integer r > 0,

k
K =Foa+2Fo+ ) Fom@ = (=D =(0-2")., k=3, (3:4)
=3
& 1
Y K = ——{(Brp1i(n+1) = By} 3.5)
r+1

k=1
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n
=Fy+2 (Fap1 = D4 Y (Fopa — D@ = (= 1) = =2)), (3.6)

=3

where B, (x) is the Bernoulli polynomial and B, = B, (0) is the Bernoulli number.

Proof. (3.4) is a direct consequence of (3.1). (3.5) is a well-known fact (see, e.g., [7, p. 155]). We now prove (3.6).
Actually, by (2.4) and (3.4),

Xn:k’ = 1’+2’+zn:k’
k=1

k=3
n n n n
142+ R+ Y o +)) (Z ka) = =1 = (=2
k=3 k=3 1=3 \k=l

=F 42 (Fapi = D+ ) (Fapgs = DU = =1 =1 =2)).
1=3

The proof is complete. [

Theorem 3.3 gives the following special cases.

Corollary 3.4. We have

k

k=Fip1+ Y B—DFp, k>4, 3.7
=4

Z(" — 1+ 1DF = Fypa —n =3, (3.8)

Proof. (3.7) follows from (3.4) by letting r = 1. For (3.8), identity (3.6) yields

n ] n
k= "D by 2 D Y s~ DB D
= =3

n n n
= Fuy3=2+43) Fuip3=30=2) =) IFira+) 1.
=3 =3 =3
which leads us to
n
Y IFy 13 = Fay3 +3F2 — 30— 8.

Thus, adding F,, 4> +2F; 41 to both sides of the above equation, and making use of the recurrence F,, = F,,—1 + F,,_2,
we can finally obtain Z?:] lFy_143 = Fyt6 — 3n — 8, an equivalent form of formula (3.8). Note that (3.8) can also
be found in [12, p. 157]. O

Corollary 3.5. We have
k
K = Fi — Z Feps1( = D = 5),

HE2 1
Z w =Fipp—1- Z(Fn—1+3 = DU=DU=5).

k=1 =2
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4. Iteration matrix and Bell polynomials with respect to {2

Let f(¢) be a formal series of the form:
F@) =" D fut",
n>1

where (21, {2, ... is a reference sequence with {2, # 0. In this way we treat at the same time the case of ordinary
coefficients of f(t) (< (2, = 1), and the case of Taylor coefficients (< (2, = 1/n!).
With every series f(f) we associate the infinite lower iteration matrix with respect to {2:

Bi11 0 0
By1 By O :
B =B(f) = B3y B3zp B3z - |

where B, y = Bfk(fl, f2, ...) is the Bell polynomial with respect to {2 [7, pp. 137 and 145], defined as follows:

Q(f @) =D Bugut".

n>k

Thus, the Pascal matrix is the iteration matrix for f(¢) = t(1 — 0H~1, 02, = 1, and the Stirling matrix of the second
kind is the iteration matrix for f(¢t) = e’ — 1, 2, = 1/n!.

It is easy to find that Theorem 2.4 and Eq. (2.5) also hold when Bell matrix and exponential partial Bell polynomials
are replaced by iteration matrix and Bell polynomials with respect to {2, respectively.

For instance, the n x n Pascal matrix P,, which is defined by (P,); ; = (;:11) fori,j =1,2,...,n, can be
factorized as

PnZegn«/ﬁz:%nynv

where the n x n matrix .#, is defined by

~ i—1 i—1 i—1
M) = — — , fori,j=1,2,...,n;
(Andis (,-_1) ( j ) <j+1> 7

because (7{1> and (7{2) do not vanish when k is a non-negative integer, we should define N, more carefully, as

follows:
0, Jj >,
i 1, j=i,
(M)ij =11 —2, j=i—1, fori,j=1,2,...,n.

i—1 i—2 i—3

. il O , else,

j—1 =1 Jj—1
Moreover, the following theorem holds.

Theorem 4.1. For 1 < k < n, we have

n—1\_§_@-=-D! ., e

(k—l)_,gk:(lﬂ)!(n—l)z“ + 2+ DE= 0B, @.1)

”+1—Zn:&[12+(n+1)1—n2]f“ 42)
T+ D=1 1+2: ,

=1

Proof. (4.1) follows from the factorization P, = //an,,, and (4.2) follows from the equation P, E, = %Znﬁn E,,
where E, = (1, 1,...,DT. O
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From another factorization P, = fn%, one can also derive some identities, for which, the readers are referred
to [10, Section 2].

We have just mentioned that, if {2, = 1, then the iteration matrix for f(t) = ¢(1 — t)~! is the Pascal matrix.
Now, let us consider the power of the Pascal matrix. According to the definition given in [7, p. 147], for each complex
number x, we can obtain the xth order fractionary iterate f)(¢) and the corresponding iteration matrix P*. More
explicitly, we have (see [15, Example 3.3])

t

fR@ =Y = :

=1 1 —xt
> Byt =11 —xn)F =) n= ) ek
" k—1 '
n>k n>k

Therefore, the matrix P, is defined by

i—1

(P))i,j = (j _q

which is the generalized Pascal matrix studied in [17], and we denote it by P,[x].
In view of Theorem 2.4, P,[x] has the following factorizations:

)xi_j, fori,j=1,2,...,n,

Pulx] = Py Ny = Mn T, (4.3)

where JI%, //2,1 are n X n matrices defined by

0, J>1i,
A 1’ .]:lv
(M)ij =G —Dx —1, j=i—1,

(i,—l)xij _ (i.—2>x,-,-1 B (i.—3)x,»jz, lse:
2 -1\ ,_; 1\ . 1\
('//n)i,j = (l. )xl—J _ (l ] )xz—]—l _ <l. )xl_]_z’
=1 J j+1

fori, j =1,2,...,n. Thus, we can obtain the next two theorems.

Theorem 4.2. For 1 < k < n, we have

n—1
( )x”" = Fu—is1 + Fop(kx — 1)

k—1
1 [—1 -2 -3
I Z Foi) (( )xl—k _ < )xl—k—l _ ( )xl—k—z) 7 (4.4)
a2, k—1 k—1 k—1

n—1 n—k - n—1 n—l n—1 n—Il—1 n—1 n—I1-2
= — — Frryq. 4.5
<k—1)x ;((1—1)x 1) 1+1)7" [kt (4-5)

Theorem 4.3. We have

n—1
X"=Fup+ Fx—D+02—x—1) Z Fjx" =71, (4.6)
j=1

2x+n—l:2xk<<z:1)x2— (”;1))5— (Z;i)) Frin. 4.7)
k=1

Proof. (4.6) follows from (4.4) by setting k = 1. One can also obtain it from P,[x]E, = ﬁ\m/ﬁ, E,. (4.7) follows
from another matrix representation P,[x]E, = #, F,E,. O
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2t
(1-n?"

Q(f@) = & 2y = o2 i - (= 1)/ ¢kt
(1 — t)z jIO ] 3
then the corresponding Bell polynomials are defined by

0 —2k ) k—1
Bui = — < ) (—1nkok = X (n * )2".

In the following, we will study the series f(¢) = For arbitrary sequence (2,,

2, \n—k 2, n—=k
Thus, Eq. (2.2) will lead us to the theorem below.

Theorem 4.4. For 1 < k < n, we have

Dnak=1\_ 1, . (2% 1
G\ n—k ) o T G T

U 1 (l+k—1 1 [(l+k=2 1 (I4+k=3
Foiir | — - - . (48
1y “*(m(il—k ) @—1Q—%—4> 114<z—k—2>> (“-8)

1=k+2

When (2, = 1, identity (4.8) yields

n+k—1 2 (k% + 4kl — 6k — 1> +2)( + k — 3)!
=F,_ F,_ )
( n—k ) n—k+1 + Z n—I+1 (4 —k)'2k —1)!

I=k+1

If k = 1, the identity above will reduce to

ntFy=Y (3 =DFu iy,

n
=1

which can also be derived by adding Fy_1 + 2 Fj to both sides of Eq. (3.7).
When (2, = (—1)", (4.8) gives

n+k—1 1 (P+4lk—4l — k> =2k +2)1 + k —3)!
-1 = (=DFF,_ —~D'F,_ )
( )( o ) (—1) nk+1+l:k2+jl< ) i1 e r—

Setting k = 1, we have

n
(=)' = Fy =Y (=D + 1) Fpip1.
=1

{tatBlo
22t (14a), °
where —A is not a non-negative integer and (x), := x(x+1) - - - (x +n —1) is the rising factorial. More such sequences
can be found in [13, pp. 68 and 69].

Additionally, we can also derive some identities from Eqgs. (2.3) and (2.5). These are left to the interested readers.

Many identities can be obtained by choosing different (2,. For example, we can let {2, = (_n’\ ) or (2, =

5. Generalized Fibonacci numbers

In this section, we will discuss a generalization of the Fibonacci numbers. Let a, b be integers satisfying
a? + 4b > 0, then one can define the generalized Fibonacci numbers by Go =0, G; = 1 and G, = aG,_1 +bG,_»
for n > 2. It is evident that when a = b = 1, G,, reduce to the classical Fibonacci numbers. Moreover, from [16] we
know that if a = 2, b = 1, then G,, are the Pell numbers, and if a = 1, b = 2, then G,, are the Jacobsthal numbers.

The properties of the generalized Fibonacci numbers G,, are similar to those of the classical Fibonacci numbers
F,,. For instance, from the recurrence relation, we can obtain the generating function of G,,, that is,

B t
T l—at — b2

o
mn:}j@ﬂ
n=0
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o —p"

a—p

Let o, S be the roots of x2—ax —b = 0, then G, =
matrix 7, by

. In addition to these, if we define an n x n lower triangular

1 o .- 0
—a 1 0 0
b —a 1 0 0

1 0 0
Gy, 1 0 0
Gy Go 1 0 0

G, -+ G4 Gy Gy 1
Therefore, we can obtain the following theorem.

Theorem 5.1. The Bell matrix B, can be factorized as
Bn = gn% = %ngn’
where the n x n matrices ¥y, and %, are defined by

(PW)ij=Bij—aBi—1,j —bBi_2j, (%n)ij = Bi,j —aBi j+1 — bBi j12,

respectively, fori, j = 1,2, ..., n. From the factorizations, we have for 1 < k < n that
n
Buk =Y Guir1(Bix —aBi1x —bBiax) (5.1)
1=k
n
=Y (Bui—aBuit1 —bBui12)Giir1. (5.2)
1=k

By setting k = 1 in (5.1), we can establish the next theorem.

Theorem 5.2. For sequence {x,} = {x1, x2, ..., Xn, ...}, the following identity holds:
n
Xn = Gux1 + Gpo1(x2 —axy) + Y Guyp1(x; — axi— — bx;_3). (5.3)
=3

Just as what we have done for Theorem 3.1, by choosing different sequences, many combinatorial identities can be
obtained.
If x,, = 1, identity (5.3) yields

n—2

G 1—a)G,—; —1
ZGk _ Gn +( a)G,_g ) (5.4)
k=1

a+b—1

Ot"—ﬁn

=P into the identity above, we can derive an expression of ZZ;% G, which is only depend

By substituting G, =
ona and b.
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If x, = GJ,, where r is a non-negative integer, then (5.3) gives

n
Gh=Guy+Gpi(@ —a)+ ) _ Gui41(G] —aGj_, —bGj_,), n=3.
=3

If x, = n", where r is a non-negative integer, then

k
K =bGro+2 G+ Y Gropp (" —a(l = 1) —=b(l —2)), k=3
=3

By appealing to (5.4), we have

G+ —-a)Gy—1 —1
a+b—1

n
DK =142G, 1+ 0+2)
k=1

1 & r r r
oo ;(Gn—l+3 + U =-a)Guy2 = DA —al -1) —bU =2)").

Analogous to Section 4, we can also study the iteration matrix and the Bell polynomials with respect to §2,, and
give more identities on the generalized Fibonacci numbers. However, we chose not to present them. The readers may
do it themselves.
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