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Abstract: This paper addresses the generalized Euler polynomial matrix & (@) (x) and the Euler matrix &. Taking into account some

properties of Euler polynomials and numbers, we deduce product formulae for & (@) (x) and define the inverse matrix of &. We establish
some explicit expressions for the Euler polynomial matrix & (x), which involves the generalized Pascal, Fibonacci and Lucas matrices,
respectively. From these formulae, we get some new interesting identities involving Fibonacci and Lucas numbers. Also, we provide
some factorizations of the Euler polynomial matrix in terms of Stirling matrices, as well as a connection between the shifted Euler

matrices and Vandermonde matrices.
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1 Introduction

The classical Euler polynomials E,(x) and the generalized

Euler polynomials E\ (x) of (real or complex) order a,
are usually defined, as follows (see, for details, [1,2,3,4]):

1%:=1,
()

lz] <,

2 ’ xz_iE(“)( )Z”
ef+1 ¢ _n:O TR

and
E,(x) ::E,(,l)(x), n € Ny, )
where Ng := NU{0} and N={1,2,3,...}.
The numbers E,(,a) = E,(,a)(O) are called generalized

Euler numbers of order «. The classical Euler numbers &,
are defined by the generating function

2 oz
= Ye. 3)
e+et = "n!

From (1)-(3), it is easy to check that the connection
between the classical Euler numbers and the Euler
polynomials is given by the formula

1
8,,:2”E,,(§>, n € No. )

Thus, the numbers E, := E,(0) are also known in pieces
of literature as Euler numbers (cf., e.g., [3,5]). The first six
generalized Euler polynomials are

2
—1
Eéa)(x)—x2—(xx+a(a4 ),
(@) 5 30, 3a(a—1) o*(a-3)
E P ~
y W =r-3 4 g
_ 200 —
Eia)(x) :x472(xx3+3a(oé 1)x27a (O; 3>x
ala—1)(a?-5a—2)
16 ’

@y .5 0 4 Sa(a—1) 3750‘2(0‘*3)
Es (x) =x 5 X + > X ) X
Sa(a—1)(o? —5a—2)

16 *
_ o?(a’ 1002 + 1504 10)
32 ’

For a broad information on old literature and new
research trends on these classes of polynomials, we
strongly encourage the interested reader to [2,3], [S]-[18].
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From the generating relation (1), it is
straightforward to deduce the addition formula:

fairly

" /n
ES Pty =Y (k) EY@WEL0).  ©)
k=0
And, it follows that
EN (x+ 1)+ E\ (x) = 2BV (x). (6)

Since E" (x) = x", making the substitution f = 0 into (5)
and interchanging x and y, we get

n n B
Ex+y) =Y (k)Eé‘”(y)x" o
k=0
As an immediate consequence, we have
n n B
B = ¥ () Eom ®
i=o \k
" n
E,(x) = Epx" K 9
(x) kZ()(,() K ©)

Using (4), (8) and the well known relation
E (1 —x) = (—=1)"E,(x), it is possible to deduce the
following connection formula between E, and the
classical Euler numbers &,:

*% Yi-o (Z) &k, ifnisodd,
En= (10)
0, ifniseven.

Inspired by the article [19] in which the authors
introduce the generalized Bernoulli matrix and show
some of its algebraic properties, we examine some
properties of generalized Euler matrix.

The outline of the paper is, as follows: Section 2 has
an auxiliary character and provides some background as
well as some results which will be used throughout the
paper. In Section 3, we introduce the generalized Euler
matrix and investigate some interesting particular cases of
this matrix, namely the Euler polynomial matrix, the
Euler matrix, and the specialized Euler matrix. The main
results of this section are Theorems 1, 2, 3 and 4, which
contain the information concerning the product formula
for the Euler matrix, an explicit expression for the inverse
matrix of the specialized Euler matrix, the factorization of
the Euler matrix via the generalized Pascal matrix of first
kind, and a useful factorization for the inverse matrix of a
particular “horizontal sliding” of the Euler polynomial
matrix, respectively. Section 4 shows some factorizations
of the generalized Euler matrix in terms the Fibonacci and
Lucas matrices, respectively (cf. Theorems 5 and 6).
Also, some new identities involving Fibonacci and Lucas
numbers are presented in this section. In Section 5, we
provide some factorizations of the Euler polynomial
matrix in terms of Stirling matrices, and the shifted Euler
matrices as well as their connection with Vandermonde
matrices. Section 6 is devoted to conclusion and further
research.

2 Background and previous results

Throughout this paper, all matrices are in M, (R), the
set of all (n+ 1)-square matrices over the real field. Also,
for i, j any nonnegative integers, we adopt the following
convention

<l> =0, whenever j > i.
J

In this section, we recall the definitions of the
generalized Pascal matrix, Fibonacci matrix and, Lucas
matrix.

Definition 1.Let x be any nonzero real number. The
generalized Pascal matrix of first type P|x] € M, 1 (R) is
the matrix whose entries are given by (see [20,21]):

(i, iz
pij(x) =
0, otherwise.

In [20]-[22], some properties of the generalized
Pascal matrix of first type are shown, for example, its
matrix factorization by special summation matrices, its
associated differential equation and its bivariate
extensions. The following proposition summarizes some
algebraic and differential properties of P[x].

Proposition 1.Let P[x] € M, 1(R) be the generalized
Pascal matrix of first type. Then, the following statements
hold.

(a)Special value. If the convention 0° = 1 is adopted, then
it is possible to define

P[0] := I,y = diag(1,1,...,1), (11)

where I, | denotes the identity matrix of order n+ 1.
(b)P[x] is an invertible matrix and its inverse is given by

Py == (Px])" = P[] (12)

(c)[20, Theorem 2 ] Addition theorem of the argument. For
x,y € R, we have

Plx+y] = P[x|P]y].

(d)[20, Theorem 5] Differential relation (Appell type
polynomial entries). Px] satisfies the following
differential equation

D.P[x] = £P[x] = P[x]£,

where DyP[x] is the matrix resulting from taking the
derivative with respect to x of each entry of P[x] and
the entries of the (n+ 1) x (n+ 1) matrix £ are given
by

p;,j(o)a i2 ], j+1, i=j+1,

lij =

0, otherwise, 0, otherwise.
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(e)([21, Theorem 1]) The matrix Plx] can be factorized,
as follows:

P[x] = G, [x]Gp—1[x] - - Gy [«], (13)

where Gy|x] is the (n+ 1) X (n+ 1) summation matrix
given by

Lk 0]
Ck=1,....n—1,
Gilx] = [O Sebd
Sulx], k=n,

being Si[x] the (k+ 1) x (k+ 1) matrix whose entries
Sk(x;1, j) are given by

Sk(x:i, j) = (0<i,j<k).
0, Jj>i

Another necessary structured matrices in what follows,
are the Fibonacci and Lucas matrices. Below, we recall the
definitions of each matrix.

Definition 2.Let {F, },>| be the Fibonacci sequence, i.e.,
Fy = F,_1 + F,_» for n > 2 with initial conditions Fp =0
and Fy = 1. The Fibonacci matrix F € M, 1(R) is the
matrix whose entries are given by [23]:

Fiijr, i—j+120,
fij=
0, i—j+1<0.

Let .# ! be the inverse of .% and denote by f; ; the
entries of % 1. In [23], the authors obtained the following
explicit expression for .7 1.

L i=j,

ﬁ,j: 717 l:.]+1a.]+25

0, otherwise.

Definition 3.Let {L,},>1 be the Lucas sequence, i.e.
Lyi2 = Lyt + Ly, for n > 1 with initial conditions Ly =1
and Ly = 3. The Lucas matrix £ € My41(R) is the matrix
whose entries are given by [24]:
Li*jJrla 1*1207

11,‘1
0, otherwise.

Let 2! be the inverse of . and denote by /; ; the
entries of Z~!. In [24, Theorem 2.2], the authors obtained
the following explicit expression for ..

L, i=j,

- _35 i= ]+ 1)

lij= o
S5(—1)—2i=i72 > j+42,
0, otherwise.

For x any nonzero real number, the following relation
between the matrices P[x] and .Z was stated and proved in
[24, Theorem 3.1].

Plx]| = X9 x| = %)L, (14)

where the entries of the (n+ 1) X (n+ 1) matrices ¢ [x] and
S [x] are given by

win=c () ()

xS0 2 e (5]

2
hi i(x) =x—/71 X (l) —3xi< : )
) { j j+1
L ) Sxi+j+2 2
+x! {(1)]+1W”i+l,/’+3 <;>} ;

respectively, with

Ei (), i,

m; j(x) := and
0, i<y,

Yi (= DE()A,

0, i<j.

i> ],
n; j(x) 1=

3 The generalized Euler matrix

Definition 4.The generalized (n+ 1) x (n+ 1) Euler
matrix &% (x) is defined by

0, otherwise.

While, & (x) := &Y (x) and & := &(0) are called the Euler
polynomial matrix and the Euler matrix, respectively. In

the particular case x = % we call the matrix E := & (l)

specialized Euler matrix. ’
It is clear that (6) yields the following matrix identity:
ED (x+1) 4 & (x) =260V (). (15)
Since &%) (x) = P[x], replacing a by 1 in (15), we have
E(x+1)+&(x) =2P[«]. (16)
Then, putting x = 0 in (16) and taking into account

(11), we get

© 2020 NSP
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Analogously,
E+E(—1)=2P[-1].

From (4), it follows that the entries of the specialized
Euler matrix E are given by

()2 ey, iz,
e j= )
0, otherwise.

From (10), it follows that the entries of the Euler
matrix & are given by

()Ei-j.

Y l:J)

i>jandi— jodd,

0, otherwise.

The next result is an immediate consequence of
Definition 4 and the addition formula (5).

Theorem 1.The generalized Euler matrix &%) (x) satisfies
the following product formula.

Pt y) = 69 (x) P (y) = £0)(x) 6 y)
=& (y) P (x). (18)

Proof:-We proceed as in the proof of [19, Theorem 2.1],
making the corresponding modifications. Let Al((;ﬁ ) (x,y)

be the (i, )-th entry of the matrix product &(®) (x) &B) (y).
Then, by the addition formula (5), we have

AP = 3 (1) e (4) 80

k=0 J

which implies the first equality of (18). The second and
third equalities of (18) can be derived in a similar way.

Corollary 1.Let (xy,...,x;) € R¥. For o real or complex

parameters, the Euler matrix &%) (x) satisfies the
following product formula, j=1,... k.

k
g(a1+a2+---+06k) (xl +xp+ - +xk) = Hé’(af)(xj)
j=1

Proof. The application of induction on k gives the desired
result.

Takingx:x] :x2:~~~:xkanda:a1 =0 =:-=
oy, we obtain the following simple formula for the powers
of the generalized Euler matrix, and consequently, for the
powers of the Euler polynomial and Euler matrices.

Corollary 2.The generalized Euler matrix &®) (x)
satisfies the following identity.

k
(N) (x)) = £k (),
In particular,
(&) =W k),
19)
&k =&®.

Remark.Note that Theorem 1 and Corollaries 1 and 2 are
respectively, the analogous of Theorem 2.1 and Corollaries
2.2 and 2.3 of [19] in the setting of Euler matrices.

Let 2 € M,1(R) be the matrix whose entries are
defined by

dij=
0, otherwise.

Theorem 2.The inverse matrix of the specialized Euler
matrix E is given by

Furthermore,

)]

Proof. Taking into account (4) and (17), it is possible to
deduce

- 0t (D)t (3)

k=0
IR IO N AV
k:ZO ) <k>gnk n,05

where 0,0 is the Kronecker delta (cf., e.g., [12, pp.
107-109]). Hence, we obtain that the (i, j)-th entry of the
matrix product ZE may be written as

()25 (e )
(st n ()
() ()2 e )
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and consequently, ZE = I,.;. Similar arguments allow to
show that EZ = 1,1, s0 E~! = @.
Finally, from the identity E~' = & and (19) we see

that
[@@(k) (gﬂl - () =@")=2

This last chain of equalities finishes the proof.

The calculation of E~! depends on the use of inverse
relations derived from exponential generating functions
(cf. [12, Chap. 3, Sec. 3.4]). This tool can be applied to
define E~!, but it does not work for determining of & .
This fact and (10) suggest that methodology proposed in
[19] does not suffice to find an explicit formula for & -1

The next result establishes the relation between the
generalized Euler matrix and the generalized Pascal
matrix of first type.

Theorem 3.The generalized Euler matrix &'® (x) satisfies
the following relation.

£ (x-+y) = £ (x)Py] = P& ()

= &%) (y)Plx]. (20)
In particular,
&(x+y) = Plx]&(y) = Ply|&(x), (21)
&(x) = P[x]&, (22)
& <x+ %) = P[x]E, (23)
and
£—p H] E.

Proof.The substitution = 0 into (18) yields

EW(x+y) = D)0 () = O (x) 6@ (y)
— £ (5) £ ).

Since &(©)(x) = P[x], we obtain
W (xty) =PRED ().

A similar argument allows to show that
E@ (x+y) =& (x)Ply] and & (x+y) = £ (y)P[x].
Next, the substitution & = 1 into (20) yields (21). From
the substitutions y =0 and y = % into (21), we obtain the
relations (22) and (23), respectively.
Finally, the substitution x = —% into (23) completes the
proof.

Remark.Note that the relation (21) is the analogous of
[19, Eq. (13)] in the context of Euler polynomial matrices
and, the counterpart of (22) is [19, Eq. (14)]. However,
the relation (23) is slightly different from [19, Eq. (14)],
since it involves an Euler polynomial matrix with “shifted
argument” and the specialized Euler matrix. More
precisely, the relation [19, Eq. (14)] reads as

Consequently, this relation expresses the Bernoulli
polynomial matrix %(x) in terms of the matrix product
between the generalized Pascal matrix of first type P[x]
and the Bernoulli matrix 2. While, on the left hand side
of (23), an Euler polynomial matrix with “shifted
argument” appears, and the matrix product on the right
hand side of (23) contains the specialized Euler matrix E.

The following example shows validity of Theorem 3.

Example 1.Let us consider n = 3. It follows from the
definition 4 that

1 000 I 0 00
0 100 I x 1 00
E=1_1010 7@(«»(”5): 2-1 2 10|
-201 = 3x3x% -3 3x 1

On the other hand, from (23) and a simple
computation, we have

(1)

I

W o
[\e]
=

The next theorem is followed by a simple computation.

Theorem 4.The inverse of the Euler polynomial matrix
& (x+ %) can be expressed as

—1
[(5’ <x+ %)] =E'P[—x] = 2P[x]. (24)
In particular,
& '=9p H . (25)

Proof.Using (12), (23) and Theorem 2, the relation (24) is
deduced. The substitution x = —1 into (24) yields (25).

© 2020 NSP
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Example 2.Let us consider n = 3. From the definition 4 and
a standard computation, we obtain

On the other hand, from (24), we have

(10001 0 0 O
el ] 0100/ > 1 00
) Tlioto| |2 —2x 1 0
10201 [—x 3x* —3x1
2 P[—x]
! 0 0 0
B —x 1 00
- xz—i—% —2x 1 0
_—x3 — 31X 3x2+% —3x 1
Hence, whenx:—%,we get
1000l [1000 1000
B 0100|100 1100
el =11o10l|T110/=|T110
43 ?33 %33
0701] [g531 22121
7 P[3]

At this point, we should refer to the recent work [25]
since it states an explicit formula to the inverse matrix of
the g-Pascal matrix plus one in terms of the g-analogue of
the Euler matrix &.

As a consequence of the relations (13), (14), and
Theorems 3 and 4, we obtain the following corollaries.

Corollary 3.The Euler polynomial matrix & (x+ %) and
its inverse can be factorized by summation matrices, as
follows:

p <x+ %) — GG 1[x]-+ G AE,

[@@ <x+ %)]1 = DG -A] G [~ Gr [,

In particular,

Corollary 4.For x any nonzero real number, the Euler
polynomial matrix & (x—l— %) and its inverse can be
factorized, respectively, in terms of the Lucas matrix £
and its inverse, as follows:

& <x+ %) — SYIE = H.LE,

{@@ <x+ %)] @) e = 22 ().
In particular,

6293 |-5| 2E.

o) e e (o)

We end this section showing other identities, which can
be easily deduced from the content of this paper. Thus, we
will omit the details of their proofs.

D& (x+y) =LP[x]E(y),

D,&(x) =LP[x|&,

D& <x+%) =£P}x|E,

D, [@@ <x+ %)} h =98P,

4 Generalized Euler polynomial matrices via
Fibonacci and Lucas matrices

For 0 <i,j <n and o a real or complex number, let
¥ (x) be the (n+ 1) x (n+ 1) matrix whose entries are
given by (cf. [19, Eq. (18)]):

N
f (’ , )Ei(]).z(x). (26)
We denote .7 (x) = .4V (x) and 4 = .#(0).

Similarly, let .4 (%) (x) be the (n+ 1) x (n + 1) matrix
whose entries are given by (cf. [19, Eq. (32)]):

0 = (e (1 )e o
- (j i 2) EC) ().

© 2020 NSP
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We denote .4 (x) = .4 (D(x) and A = .4(0).
From the definitions of .7 (*)(x) and .4 (¥ (x), we see
that

g (x) = %) (x) = gy (x) = A% (x) = ES (x) = 1,

For 0 <i,j < n and o a real or complex number, let

Zl(oc) (x) be the (n+ 1) X (n+ 1) matrix whose entries are
given by

1500 = (e -3(" ) e

i2 A
=5 (1) kit 2<,)E,§°"j(x).
k=j J

We denote £ (x) = .Zl(l) (x) and 4 = Z(0).

Similarly, let fz(a) (x) be the (n+1) x (n+ 1) matrix
whose entries are given by

[ i
lﬁ,z) (x) = (J) El.(f‘j? (x)—3 (j N 1> Ei(fcj)‘—l (x)

+5 Zl: (—1)kiok-i=2 (;)Ei(“,f(x).

k=j+1

We denote % (x) = f;])(x) and % = 2(0).
From the definitions of ,2”1(“) (x) and Zz(a) (x), we see
that
)= =1, i>0,
l"(()f)},l)(_x) = l’;()zz) (.X) = O, ] > 1,
o) =B () -3 (v) =x— § -3,
1%1%2) (1) =E{* (x) - LB (x) =x— ¢ - 4

1%V =% ) =0, j>2,

[0 () = B (x) = 3E() (x) + 3 X3 (—2) B (),

1

192 (x) = B (x) = 3iE ) (x0) + 3 Th_ (—2)F () EL ) ),

fori> 2, and

19D () = iE) (x) = 3(i— DE*)(x)

fori > 3.

The following results show some factorizations of
&@(x) in terms of Fibonacci and Lucas matrices,
respectively.

Theorem 5.The generalized Euler polynomial matrix
& (x) can be factorized in terms of the Fibonacci
matrix F, as follows:

D (x) = F.MY (x), 27
or,
ED(x)= /D (x)Z. (28)
In particular,
FMx)=E(x)=N(x)F, (29)
FM=E =NTF, 30)
and . .
u(Neper (D

Proof.Since the relation (27) is equivalent to
F 1@ (x) = .4 (x), it is possible to follow the proof
given in [19, Theorem 4.1], making the corresponding
modifications, for obtaining (27). The relation (28) can be
obtained using a similar procedure. The relations (29),
(30) and (31) are straightforward consequences of (27)
and (28).

Also, the relations (27) and (28) allow us to deduce the
following identity:
MO (x) = F N (x).Z.

As a consequence of Theorems 4 and 5, we can derive
simple factorizations for the inverses of the polynomial
matrices .4 (x+ %) and A (x+ %)

Corollary 5.The inverses of the polynomial matrices
M (x+ %) and N (x+ %) can be factorized, as follows:

(s )] =oma

(e )] = 7ot

In particular,

M =P B] F, and N '=F9P H
1\ 1\
{/// (5)] =9%, and {L/V (5)] =99.

© 2020 NSP
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An analogous reasoning as used in the proof of
Theorem 5 allows us to prove the results below.

Theorem 6.The generalized Euler polynomial matrix
&@(x) can be factorized in terms of the Lucas matrix

%, as follows:

&N (x) = 2.2 (), (32)
or,
& (x) = A )2 (33)
In particular,
LA GK)=Ex) = L)L,
LAH=E=DHL,
and
1 1
27D —E= 202

Also, the relations (32) and (33) allow us to deduce the
following identity:

LY =2 L ) 2.

Corollary 6.The inverses of the polynomial matrices
A (x+ %) and % (x+ %) can be factorized, as follows:

(e )] = omnz

{,zﬂz <x+%>}l = LPP[—].

In particular,

.zll@PHz, and .ZQI.ZQPH,

()] o [ (3)] s

Remark.If we consider a € C, b € C\ {0} and s = 0,1,
then Theorems 5 and 6, as well as their corollaries have
corresponding analogous forms for generalized Fibonacci
matrices of type s, & (@bss) " and generalized Fibonacci
matrices % (“*0) with second order recurrent sequence

U,Ea’b) subordinated to certain constraints [26].

Another identities involving Fibonacci and Lucas
numbers as well as the generalized Euler polynomials and
numbers are, as follows:

Theorem 7.For 0 < r < n and o any real or complex
number, we have

<”> EY(x) = Fy_pp1 + {(r+ 1)x— M] Foy

r 2
" k k—
+ ¥ (D {Eow-SE a0 @
k=r+2
k—r—1
+ﬁE/£a)r2(x)} } Fo ki1 (34)

Proof.-We proceed as in the proof of [19, Theorem 4.2],
making the corresponding modifications. From (26), it is
clear that

1 2
A =1, %0 = (rt l)x—%,

and, fork > r+2:

a0 = (5) {0 - B

r

k—r—1
+](_71E1£a)rz(x):| } :

Next, it follows from (27) that

n n
(7B = B0 = 3. Bl 1)
k=r

=Fr1+ Frzfr”hii)lﬁr(x)

n
+ ) Fn7k+l”~’l/(<i) (x),
k=r+2
S0,

(”) EyY)(x) = Fupi1 + [(r+ De="—=

£ (e e

k—r—1
Jrk_ilE;Ea),z(x)} }Fnk+1-
This chain of equalities completes the first part of the
proof. The second one is obtained in a similar way, taking
into account the following identities:
o
A =1, A @ =n(x-3)-1,

nn—1

Da+2
w] F
)

and, for0 <k <n-—2:

~ n n—k
50 = (1) { B - [E 0

© 2020 NSP
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Corollary 7.For 0 < r < nand o any real number, we have

1 (1) B = (-1 P

ey [(r+ 1)(2;—a)+2} F

0 (8) et + 2 oo
}Fnk+1

n—2 —k
—1 n—ktr 1 E(a) n
+E <k>{ 4

}Fkr+l-

ProofReplacing x by o —x in (34) and applying the
formula

+ Y-

k=r+2

k—r—1
- kTEI@H (x)

n—k—1_(a)
k+2 Enfkfz(x)

E\ (x) = (—1)'E\ (a0 —x)

to the resulting identity, we obtain the first identity of
Corollary 7. An analogous reasoning yields the second
identity.

Analogous reasonings to those used in the proofs of
Theorem 7 and Corollary 7 allow us to prove the following
results.

Theorem 8.For any real or complex number @, we have
the following identities

EX(x) = Lyt + (x— % -3)1,

+Z(

+5Y Y (-1

k=25=0

3EIE )1( )) erfk+l

ksgkes=2p L LEY (), (35)

whenever n > 2.
nE,(z)l (x)=L,+(2x—0o—3)L,_;
+ Y (KE 0 = 30— DEL (X)) Lo
k=3
n k—2
+5Y Y (— )R, B (v),
k=3s5=1
(36)

whenever n > 3.

Corollary 8.The following identities hold.
o
(—1)"ES® (x) = Lyt — (x— - +3) L,

+ Y (D (B @435 (@) Lo
k=2
n k=2

+5) Y (-1
k=25=0

Y22, 4 B (),

(37)

whenever n > 2.

(*1)”*111E(?)1 (x) =L, + (e —2x—3)L,_

n

(38)

£ 0 (B )+ 3k~ DEL0) Lo

k=3
n k-2

+5Y Y (-1
k=3s=1

whenever n > 3.

By (35), (36), (37) and (38), we obtain the following
interesting identities involving Lucas and Euler numbers.

I, B (),

—Forn > 2:

7 n
E, — <Ln+1 ELn) Z Ep—3E 1)Lyt
2

n k—
45 Z Z (71)kfszkfsszsLnilH»17
k=2s5=0
'E, =L >
(* n — Lp+1 — ELn
n
+) (=D (Ex +3E 1) Lyt
k=2
n k-2
+5Y Y (—0)f 2L, E
k=2 s=0
—Forn > 3:
nE,,,l—( —4Ln 1)
n
Z KE— —3(k—1)Ex—2) Ly—k+1
n k=2
+5) Y (D) 2 TSE Ly g,
k=3s=1
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Other similar combinatorial identities may be obtained
using the results of [27]. We leave their formulation to the
interested reader.

5 Euler matrices and their relation with
Stirling and Vandermonde matrices

Let s(n,k) and S(n,k) be the Stirling numbers of the first

and second types, which are respectively defined by the
generating functions [3, Chapther 1, Section 1.6]:

n

Y s(n k) =z(z=1)--(z=n+1), (39)
k=0
(log(1 +Z))k = k! is(n,k)z—r:, lz] <1,
= n!
= iS(n,k)z(z—1)~~~(z—k+l),
=0

. o
(¢ — 1)k = k! ;S(n,k)a.

The value |s(n,k)| represents the number of
permutations of n elements with k disjoint cycles. While,
the Stirling numbers of the second type S(n,k) give the
number of partitions of n objects into k non-empty
subsets. Another way to compute these numbers is by
means of the formula (see [12, p. 226] or [28, Eq. (5.1)]):

S(n,k) = % Xk:(—l)k” (’l‘)z 1<k<n.

=0

A recent connection between the Stirling numbers of
the second type and the Euler polynomials is given by the
formula (see [29, Theorem 3.1, Eq. (3.3)]):

n n n—k+1 (_1\I-1/7 _ !

k=0 =1

xS(n—k+1,1)|x~. (40)

Proceeding as in the proof of [29, Theorem 3.1], one
can find a similar relation to the previous one, but
connecting Stirling numbers of the first type and a
particular class of generalized Euler polynomials.

Theorem 9.Let us assume that o = m € N. Then, the

connection between the Stirling numbers of the first kind

(m)

and the generalized Euler polynomial E, ' (x) is given by

Proof.By Leibniz’s theorem for differentiation, we have
LATEER
dz" [\ e+1
r m (k) yr—k
50 [(F) ] e
= \k e+1 o7k
k
£ ()] e
= \k e+1

( 2 )me(,ﬁ»l)zi <r> (*m)er*k
e+1 = \k) (e 1)k

where in the last expression, (—m); denotes the falling
factorial with opposite argument —m.

Combining this with the r-th differentiation on both
sides of the generating function in (1) reveals that

2 me(x+])zi r (—m)erfk
e+1 = \k) (e+1)k

Further taking z — 0 and employing (39) give

3 3 (1) 2

k=0
1 7

) () [:Zzsv—k,j)(—m)f] ()

Finally, changing r by n, the proof of the formula (41)
is completed.

Definition 5.For the Stirling numbers s(i, j) and S(i, j) of
the first and the second types, respectively, define & and
< to be the (n+ 1) X (n+ 1) matrices by

Gij= {s(i,j), i>j,0, otherwise, and
S, i,
ij= {O, otherwise.

The matrices G and . are called Stirling matrix of
the first and the second types, respectively (see [30]).

To obtain factorizations for Euler matrices via Stirling
matrices of the first type, we will need the following
matrix: For m € N, let &™) be the (n+1) x (n+ 1)

the formula: matrix whose (i, j)-entries are defined by
—k L
EM™(x) = — Z " "Zs(n—k J)(=m)! | (2x)F (5) Lios(i— k) (=m)*, i> ],
" 2n = \k) | & ’ ’ sim — ) VT -
= j=0 ij
41) 0, otherwise.
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Next theorem shows the corresponding factorizations
of the generalized Euler matrix & m) m e N, in terms of
Stirling matrices of the first type, when the expression (41)
is incorporated.

Theorem 10.For m € N, the generalized Euler matrix
& (x) can be factorized, as follows:
&M (x) = 6™ Pl]. (42)

ProofForm € Nand i > j, let Al(f';) (x) be the (i, j)-th entry
of the matrix product &) P[x], then

ZGZ]( pkj

:,;,(,1) () [z}
£ ()0 [Eesrom

B i—j i\ [k
:2(51)1,;)( kj) [ Y s(i—j—kr)(—m

r=0

)’} (20"

The last equality is an immediate consequence of (41),
and (42) follows from the previous chain of equalities.

Remark.Notice that using (40) and putting m = 1 into (42),
we get

(D) =ao = o () g - ()

i—j—k r
x [ JZ (—%) PIS(i—j—k+1,r+1) |5

r=0

Definition 6.7The (n + 1) x (n + 1) shifted Euler
polynomial matrix & (x) is glven by
Gix)=&G+x), 0<ij<n.

Let us consider the Vandermonde matrix:

1 1 1 1

x 1+x 2+4x n+x
¥ (x) = ¥ (14x)? 2+x)? - (n+x)?
2 (1) (24x)" - ()"

In [31, Theorem 2.1], the following factorization for
the Vandermonde matrix ¥ (x) was stated.

7/()6) = ([1]@§n+l)An+l(x)PT
= ([1]® Sns1)Anr1 (0)(P[1]), (43)

where S, is the factorial Stirling matrix, i.e. the
(n+1) x (n+ 1) matrix whose (i, j)-th entry is given by
Sijn1 == j'j, i > j and otherwise 0, and
Ani1(x)(P[1])T represents the LU-factorization of a lower
triangular matrix whose (i, j)-th entry is (;* j), if i > jand
otherwise 0.

The relation between the shifted Euler polynomial
matrix & (x) and the matrices 7 (x) and S, is contained
in the following result.

Theorem 11.The shifted Euler polynomial matrix & (x)
can be factorized in terms of the Vandermonde matrix
¥ (x), and thereby in terms of the factorial Stirling matrix
Sps1, as follows:

E(x) =&V (x), (44)

E(x)=E(1]@8,41)Ans1(x)PT. (45)

ProofLet & j(x) be the (i, j)-th entry of the shifted Euler
polynomial matrix & (x). Then, using (9), we get

i

g(1+x) Z <IZC>E1 k(]+x ZElk%(] )

k=0

&ij(x)=

Hence, (44) follows from this chain of equalities. The
relation (45) is a straightforward consequence of (43).
O

Remark.Note that the relations (44) and (45) are the
analogous of [19, Egs. (37), (38)], respectively, in the
context of Euler polynomial matrices.

In the present paper, all matrix identities have been
expressed using finite matrices. Since such matrix
identities involve lower triangular matrices, they have a
resemblance for infinite matrices. For instance, let
&w(x+1), Polx] and E. be the infinite cases of the
matrices & (x+ %), P[x] and E, respectively. Then, the
following identity holds

b (k1 2) = e

We leave the formulation of the other analogous
identities to the reader.

Finally, in addition to Theorem 11, we would like to
state that an interesting application in connection with the
subjects treated in the present paper is its use in the
LU-factorization of certain class of matrices, whose
components can be represented by a Wronskian of some
function set (cf., for instance [32] for the case of
generalized Pascal functional matrices).

© 2020 NSP
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6 Perspective

We have showed some new algebraic properties of the
generalized Euler polynomial matrix &(®(x) and the
Euler matrix & . Taking into account some properties of
Euler polynomials and numbers, we have deduced
product formulae for &(®)(x) and defined the inverse
matrix of &. Also, we have established some explicit
expressions for the Euler polynomial matrix & (x), which
involves the generalized Pascal, Fibonacci and Lucas
matrices, respectively.

The paper [25] addressed an explicit formula to the
inverse matrix of the g-Pascal matrix plus one in terms of
the g-analogue of the Euler matrix &. Thus, combining
some results of the present paper helps define the inverse
matrix of the g-analogue of the specialized Euler matrix
E. This inverse matrix allows us to establish the
analogous of Theorem 3 in the framework of the class of
generalized g-Pascal matrices.

A future work has to address the exploration of
similar matrix identities in the setting of the g-umbral
calculus. The notion of commutativity with respect to the
parameter g appears when R is endowed with some
structure of alphabet and its elements are called letters or
umbrae (see e.g. [28, Section 4.1], for the details). If R is
regarded as a set generated by itself together with the
operations of NWA g-addition, NWA g-subtraction, JHC
g-addition and JHC g-subtraction, then the algebraic
structure of R as such an alphabet is different from the
usual algebraic structure of R as real number field.
Moreover, R has structure of commutative semigroup
with each one of these g-operations (see [28, Definition
25)).

For instance, the version of the generalized Pascal
matrix of first type in this context was introduced in [33],
as follows: Let x be any nonzero real number. The
g-Pascal matrix Z[x]isan (n+ 1) x (n+ 1) matrix whose
(i, j)-entries are given by:

] qx"*f, i>j,
Pijg(x) =

0, otherwise,

where [;] denotes the g-binomial coefficient.
q

In [25,33], some properties of the g-Pascal matrix are
shown, for example, its matrix factorization by special
summation matrices, the factorization of its inverse
matrix, and its relation with the g-analogue of the
generalized Bernoulli matrix.

The g-Euler polynomials E, ,(x) and the generalized

(o)

g-Euler polynomials E, ¢ (x) of (real or complex) order o,
are defined, as follows (see [25,34]):

(f(j +1) e2) = Y E () Z] (46)

= [n]g!

where |z| < w, 1% :=1, and

Eng(x):=ES)(x), neN. (47)

As usual, the numbers E,(,Z) = E,(,Z) (0) and
E,, := En,4(0) are called the generalized g-Euler
numbers of order & and the generalized g-Euler numbers,
respectively. We introduce the g-analogue of the classical
Euler numbers by means of the following generating
function

2 v 7"
eq(2) +eq(—2) B ,,Z::ogn’q [n]!

From (47) and (48), it is possible to check that if 1
commutes with —1, the connection between the
g-analogue of the classical Euler numbers and the g-Euler
polynomials is given by the formula

(48)

1
gl’l,q = an”’q (E) s ne N().

Finally:

(a)The g-Euler polynomials E,,(x) are different from
those defined by Srivastava and Choi in [3, Section
6.7].

(b)For oo = m € N, the generalized g-Euler polynomials
E,(,f? (x) coincide with the so-called
Nalli-Ward-Al-Salam g-Euler polynomials (in short,
NWA g-Euler polynomials), FI\(@A’”’ q(x) (see for
instance, [28, Eq. (4.196)]).

(c)From the generating relation (46), it is fairly
straightforward to deduce the addition formula:

" (n
EG Pty =Y M EYWEP, 0),  @9)
k=0 L"1q

provided that x commutes with y (cf., [28, Eq. (4.7)]).
(d)Making the substitution f = 0 into (49) and
interchanging x and y, we get

n oy .
B (x+y) = I;O [ ,J qEIEZ) ()",
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