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Abstract

The purpose of this work is to give modified definitions of Apostol-Euler polynomials and
numbers of higher order. We establish their elementary properties, sums, explicit relations,
integrals and differential relations. A number of new results which introduced are generalization
of known results and their special cases lead to the corresponding formulas of the classical Euler
numbers and polynomials.
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1 Introduction and definitions

The classical Euler polynomials E,(a), Euler polynomials of higher order E{"(a) and Apostol-
Euler polynomials &, (a; ) are defined by the following generating function(see [13, p. 63-66, Eq
(39),(40),(64)]), also (see [14]):

2e4% > on
ri= L By (<, (L.1)

e

(F7) =T @ (d<m, (12)

e+ 1
2e9% S prg
et +1 ;gﬂ(a;x)ﬁ’ (|z +log x| < ), (1.3)

respectively.
In [7] Luo introduced analogous definitions for the classical Euler numbers and polynomials of
higher order by using Apostol’s idea as follows (see [2, p. 165 (3.1)]):

Definition 1.1. (Luo [7]). Apostol-Euler polynomials of higher order slm )(a;m) are defined by
means of the generating function:
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with, of course,

EW(a) = EWM(a;1), En(a) =EWM(a;1) and En(a;z) = EV(a; ), (1.5)

Definition 1.2. Apostol-Euler numbers of higher order gl (z) are defined by means of the gen-
erating function:

(ISQZ I 1) Zg(u) — (12z +log z| < ). (1.6)

with, of course,
EY =&M(1), B, =&MN(1) and &,(x) = &M (@), (1.7)

where E{' ) , By and &,(z) denote the so-called Euler numbers of higher order, classical Euler
numbers and Apostol-Euler numbers respectively.

Certain properties of the Apostol-Euler polynomials such as asymptotic estimates, fourier expan-
sions, multiplication formulas etc. are studied by several researchers, see for example [3, 5, 7, 8,
9, 11]. In this work we similarly give the analogous and modified definitions for the classical Euler
numbers and polynomials of higher order by using Apostol’s idea as follows

Definition 1.3. A Modified Apostol-Euler polynomials of higher order gl (a;x) are defined
by means of the generating function:

2 - . 2"
<> e :ZE,S“’A)(a;m)H, (A #0; |z + log z| < 7), (1.8)

rer 4+ 1
n=0

It easily follows from (1.8) that

x)k

k!

EWN (a; x) —2#2 k(a+ k)" = (1.9)

k=0
In its special cases when A = 1, (1.8) reduces to (1.4).

Whereas, for 4 = A = 1, (1.8) reduces to (1.3). For z = p = A = 1, (1.8) reduces to (1.1). For
x = X=1, (1.8) reduces to (1.2).

Definition 1.4. A Modified Apostol-Euler numbers of higher order £{**)(z) are defined by means
of the generating function:

2e* K > ( .)\) z"
) =D& (@)= (A#0, 22 +loga| < 7). (1.10)

2Xz
rers 41 o
It easily follows from (1.10) that
S » ()t

gé/L;A) (z) = 21tn Z(N)k (% + Ak) o (1.11)

k=0
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which, in the special case when A = 1, (1.10) reduces to (1.6).

The principal object of this paper is to present a natural further step toward the mathematical
properties and presentations concerning the modified Apostol-Euler polynomials and numbers of
higher order defined in (1.8) and (1.10). Some elementary properties, sums, explicit relations and
expansions involving classical functions and hypergeometric series for these functions are estab-
lished. Some particular cases and consequences of our main results are also considered.

2 Some elementary properties

In the present section we can readily proof of the following results in a straightforwad way by using
the formulas (1.8)-(1.11).

Theorem 2.1. For the Modified Apostol-Euler polynomials and numbers defined by (1.8) and
(1.10) the following result holds

EWN (g) = angmN) (%,x) . (2.1)

where p # 0.

Proof. If in formula (1.8), we replace a by 4, and z by 2z, then in view of definition (1.10) we get
(2.1).0

In its special cases when A = 1, (2.1) reduces to the formula (see [7, p. 918 (3)]):

EW (x) = 2" € (% x) : (2.2)

It is easily seen that
EON (g ) = a™. (2.3)

Corollary 2.1.
SA A
£V (Bw) — £ (a5 2)
n+1 '

B
/ 5,(L‘“)‘)(a; x)da =

Proof. Integrating both the sides of equation (1.9) with respect to a, from a to 3, we get (2.4).0
Theorem 2.2. (Addition formula). If n is positive integer, then

(2.4)

) (atbia) = ) ( i ) £ (@ ) (b ). (2:5)
k=0

Proof. The generating relation (1.8) yields

™ (i) 2" 2 B )
ZEW«H ' (a+b’x)ﬁz <.Z‘€)‘Z+1> ¢
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+k
— (/’ka) 1/ )\)
Z ZS (a; )&, (b ) oy
n=0 k=0
- Z [Z ( ) 1N (a; )€Y (b x)] . (2.6)
We now compare the coefficients of 2+ on both side of (2.6), and we obtain the formula (2.5)
immediately.[]
For A =1, (2.5) reduces to the formula (see [7, p. 919 (9)]):
n
EWH) (a4 bya) = Z ( " > E,g“)(a;ac)é’(l:)k(b; x). (2.7)
k n
k=0
Corollary 2.2. If n is a positive integer. Then
. ~(n\ . A
EWN (g + by ) = Z ( A ) b ké‘,g” )(a;x). (2.8)
k=0
For A =1, (2.10) reduces to the formula (see [14, p. 95 (38)]):
L ~( n -
EW(a+byz) = Z ( A ) b" ké',g“)(a;x). (2.9)

k=0
Theorem 2.3. (Dif ference equation). Let a # —A; A # 0. Then
2EWN (a + A x) + EFN (a;2) = 265N (a; ). (2.10)

Proof. The generating relation (1.8) yields

S ) \: N (g z" 2 g (a+X)z 2 "
7;)[%” (a+Xz) + &, (a,x)}ﬁ—x rer + 1 € + rer 41 €
2 . az Az
= (ze” " 1) e (xe + 1)

2 w1 > . "
n=0 ’

We now compare the coefficients of ZH—T on both side of (2.11), and we obtain the formula (2.10)
immediately. O
For A =1, (2.10) reduces to the formula (see [7, p. 918 (5)]):

2EW (a4 1;2) + EW (a; ) = 26V (a; z). (2.12)
Next, by combining (2.8) and (2.10) ( with b = X ), we find that

£ (a; ) [ Z ( ) AREFN) (a5 m) + £ (a5 7) | (2.13)
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which, in the special cases when A = 1, (2.13) reduces to the formula (see [14, p. 96 (42)]):

EWV(az) == FZ( )5“” )+€7(l“)(a;x)] : (2.14)
For pn = A =1, (2.13) reduces to the formula (see [14, p. 96 (43)]):
n 1 u n
" =3 [x;( A >5k(a; x) —&—En(a;x)] . (2.15)

Theorem 2.4. (Two recursion formulas). Let a # —A; X # 0. Then

: , A :
e (s ) = o€ (as ) — “EEER TN (a4 Xiw), (2.16)
, 2w 2(\p — .
0 asz) = Lt (as) + 2L i), (2.17)

Proof. Denote, for the convenience, the right-hand side of formula (2.16) by I. Then in view of
formula (1.9), it is easily seen that:

()t

I'=a2"> () (a+/\k)( +>\2“Z W (@ + Ak +1)" 3

k=0

(2.18)

Now, let k — k — 1 in the second summation of (2.18) we get

oo . k
T=203 (ula+ )\k)"“(T!).
k=0

Then in view of formula (1.9), we are finally led to the left-hand side of formula (2.16). Similarly,
one can prove the formula (2.17). O
For A =1, (2.16) and (2.17) reduce to the formulas (see [7, p. 919 (12), (13)]):

£, () = a=iP (as2) — BT £ 0 4 112, (219)

Wy —
£ aia) = 2e 0 (a0 + XD el i), (220)
I
respectively.

Theorem 2.5. Let a # Au. Then

—1)"
£ On = aiz) = Sl e s, 221)
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Proof. The generating relation (1.8) yields

= n 2 »
S e = (2 ) e

o rer 41
26)\2 K
_ —az
B <xe/\z + 1) ¢

_rto2 Ve
zh \zle=A2 41

n

(=D 1\ 7
=Y ElermwaZ,
n=0

- (2.22)

We now compare the coefficients of %7: on both side of (2.22), and we obtain the formula (2.21)
immediately. O
For A =1, (2.21) reduces to the formula (see [7, p. 919 (10)]):

EW (1 —asz) = ﬂgﬁu)(a; 7). (2.23)

TH

3 Explicit representations

In this section, we geve some explicit formulas for the modified Apostol-Euler polynomials and
numbers of higher order.

Theorem 3.1. If n, is a positive integer and p and x are arbitrary real or complex parameters,

then we have ()
) n n g J2 T M nfk
EWN (g; z) = E ( . ) kT() (a _ 5) ) (3.1)

Proof. Denote, for the convenience, the right-hand side of formula (3.1) by I. Then in view of
Theorem 2.1 and formula (1.9), it is easily seen that:

r= S (1) () ()’

k=0

(o)™

m!

M

2" (p)m(a + Am)"
=0

Hence, the left-hand side of formula (3.1
For A =1, (3.1) reduces to the formula (

(@)=Y ( . ) 5’5;(@ (a=2)"" (3.2)

k=0

3

) follows. O
see 7, p. 918 (3)]):
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Theorem 3.2. For {u,n} € N, we have

oY) 1 R = 1n ) e
&7 (ayx) = 2=Dn g i 2" ESTY (@ + Nk ). (3.3)
k=0

Proof. Denote, for the convenience, the right-hand side of formula (3.3) by I. Then in view of
formula (1.9), it is easily seen that:

oo (p—1)n k
—1n \ ., oy (—x)mt
I= (—1)k ( (1 1 ) )2 (un)m (a + A(k +m)) 1% (3.4)
m=0 k=0 '
Now, letting m — m — k in (3.4) using the formulas
b ) = S e = I and () = G we et
I= i 2" (pn)pm (@ + Am)" 1 (=z)™ (“g:)n (n — pn)k(=m)r 1™
N Hitym m! (1—pn—m)r m!
m= k=0
Now, using the formulas
z”: k klk _ T(el(c—a—1b) I'(a— k) — (@
(o) T T(c—al(c—b) INC R
and (a)_g = (( — )) , gives us the left-hand side of formula (3.3). O
For s = A =1, (3.3) reduces to the formula (see [6, p. 8 (2.9)]):
(n) R R ()
Eh@2) = o Y ( ] ) SFEH (0 + k). (3.5)
k=0

Theorem 3.3. If n is a positive integer and p and z are arbitrary real or complex parameters,

then we have
n n—k .
e (3e) =2 (1) (5) " e )

Proof. The generating relation (1.8) yields

S n I
A (& N2 L Lo
ZS” (Q’x)n! _<ace)‘z—|—1 ¢

n=0
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_ 7:0 Li)( Z > (7g)n—k gliu;/\)(a;x)] % (3.7)

We now compare the coefficients of %,: on both side of (3.7), and we obtain the formula (3.6)

immediately. O
For A =1, (3.6) reduces to the formula (see [7, p. 922 (27)]):

0 (50) =2 (1) () o3

Theorem 3.4. For k € Ny, we have
- (50) w* aw e () Aw
Z€n+k (a;x)ﬁ = e ENN (a; xe™). (3.9)
k=0

Proof. Denote, for the convenience, the right-hand side of formula (3.9) by I. Then, in view of
formula (1.9), it is easily seen that:

= i i 2% (1) m (@ + Am)"HF (_‘T?m “’i. (3.10)

0
Now, with the help of definition (1.9), equation (3.10) gives us the left-hand side of formula
(3.9). O
In its special cases when A = 1, (3.9) reduces to the formula

o0 k
S EW (a; fc>% = " EM (a; we®). (3.11)

Theorem 3.5. If n is a positive integer and p and x are arbitrary real or complex parameters,

then we have .
s =S () (T ) owrer
1=0

Ak

v i(—l)k ( ; ) K (a + M) o Fy {z bl 4 1 mm} 7 (3.12)
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where 3 F} denotes the Gaussian hypergeometric funtion [13, p.44 (4)].
Proof. we differentiate both side of the generating relation (1.8) with respect to the variable z. By
using Leibniz’s rule, we get

EWN (q;2) = D7 2 ' e?* D, = i
" ’ # rer + 1 0 2T dz
= 2K Z < Z ) a"~*D3 {[(w +1) +a(e —1)] 7#} e (3.13)
s=0 -
Applying the series expansion:
IR -1\ -
(@+w) =3 ( " ) e w), (el < Jal), (3.14)
1=0
and the well-known formula (see [13, p.58 (15)])
Az l - (Az)"
-1)'=1 l 1
(¥ —1) ;soﬂ,) = (3.15)
we have
EVN) (azz) =2 ( ’; > a” =y < K +§ -1 ) (x4 1)7F 7 (—z) N 1S (s, 1). (3.16)
s=0 1=0

We now change the order of summation in the above double series, and make use of the following
formula:(see [13, p.58 (20)])

l
1 l—k l s
S(s,1) = EZ(—U ( " )k , (3.17)
k=0
so that
. - +1-1 el e
l
<Y (-1)F ( ]i )klel {l —n,1;1+ 1;_:]“] : (3.18)
k=0

in terms of the Gaussian hypergeometric funtion. Finally, if we apply the known transformation [1,
p.284 (23)]:

z
oFi[a,byc; 2] = (1 — 2)7%F {a,c —b;c; (2_1)}

in (3.18), we are led immediately to the explicit formula (3.12) asserted by Theorem 3.5. O
For A =1, (3.12) reduces to the formula (see [7, p. 920 (16)]):

= (1) (P )

=0
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X i(—n’f ( ]i ) k(a4 k)"l F [z —n, 1+ 1; (aik)} : (3.19)

k=0

Corollary 3.1. If n is a positive integer and p and x are arbitrary real or complex parameters,

then we have N
EWN (z) = 21y ( h ) < ‘“Lf -1 ) (\a)!(z + 1)~
1=0

1
l 2k
—1) K+ 2Xk) By [l =n 1+ 1 ——— | 3.20
szzo( ) (k) (14 20k)" 2 B n, 1+ Gt 2 (3.20)
Proof. For a = % in Theorem 3.5, then in view of Theorem 2.1, we obtain the formula (3.20)

immediately. O
The following extended Hurwitz-Larch Zeta function introduced and studied earlier by Bin-Saad
[4, p.271 (2.7)]

m

@;’A(x,zﬂ) = zz:o ((J,—ELU//)\TIL’II)Z::R!’ ue C\Zy;a e C\{(=An)};|z| < 1. (3.21)

Below we give the following relationships between the modified Apostol-Euler polynomials defined
by (1.8) and Bin-Saad-Hurwitz-Larch Zeta function (3.21).

Theorem 3.6. Let n e N; —1<z<1; peC\Zy; A#0. Then
EFMN(a;z) = 2107 | (—x,—n, a). (3.22)

Proof. By (1.8) and the generalized binomial theorem, we have

0o n 7
TN O 2 az
Z &7 @) n! <xe>‘z + 1> ¢

2“% (@ o (_x)k] o (3.23)

Hence the result (3.22) follows. O
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4 Differential relations
The modified Apostol-Euler polynomials of higher order gl (a; x) satisfies some differential re-

currence relation. Fortunately these properties of gt "\)(a; x) can be developed directly from the
formula (1.8). First, by recalling the familiar derivative formula from calculus in terms of the
gamma function [10]

I'(n+1) d

DMy — n—m _ > Drzi, 4.1
=¥ F(n—m—&—l)I n-mz20, D dx (41)

)

where {m,n} € N, we aim now to derive the following differential relation .

Theorem 4.1. Let A € C\{0}. Then

0 nT LA

8>\5 N(a;z) = —T&(L’L_ﬁ )(a + X\ x). (4.2)
Proof. The generating relation (1.8) yields

=9 Ak 0 _
§ ( §)\) . _ az Az 1
n=0 3>\5”# (a;2) n! e O\ (xe + 1)

+1
_ AT 2\ e
2 rer 4+ 1

n+1

_ T S (p+1;X) o2
=5 Z:En“ (a+ N\ x)

. (4.3)

Now, letting, n — n — 1 in the right-hand side of (4.3) and comparing the coefficients of %7 Z* on both
side (4.3) we get connection formula (4.2) immediately. O

Corollary 4.1. Let k € N. Then

ak
Oak

|
W) (g ). (4.4)

g(HA)(a x) = CEDS k

For A =1, (4.4) reduces to the formula (see [7, p. 918 (6)]):

371@5“(’)7 n!

oF W (a; ). (4.5)

(=Rl

Theorem 4.2. Let £k € N. Then

~1\"* .
DEEYN i) = () (hELH N (ot o) (46)
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Proof. By starting from the left-hand side of (4.6) and in view of (1.9) and by using the relation
(4.1), we get :
m—k

(m—Fk)!

Now, letting m — m + k in (4.7), using the formula (p)m+yr = (@)x(p + k)m and considering the
formula (1.9), we get the right-hand side of formula (4.6). O
For A =1, (4.6) reduces to the formula

DyEY N (asx) = 2" i (=)™ (1)m(a+ Am)" (4.7)
m=0

k
-1
Dhe @a) = () (nefrla+ ko) (1.8
Theorem 4.3. Let R(v) > 0. Then
_ _ . T(v) ., . .
DY—H | v (5 N) (. _ Qu—V =1 (WA (. ) 4.
i [ e (ws)] = g2 e () (4.9)

Proof. By starting from the left-hand side of formula (4.9) and in view of (1.9) and by using the
relation (4.1), we get :

D;*“[” 18(“)‘ aa:}: i m(a+ Am)" n Ll
I'(v) =

_ ,u,fl/xufl v v a mn(
= ) 2" " (V)m(a + Am)

m=0

D(V) Cpmv 1 o(win
= orV g =LeWiN (g; 1), O
m (o)

For A =1, (4.9) reduces to the formula

r
Dy [o 100 (0 0)| = ré:% 2t e (ai). (4.10)

Closely associated with the derivative of the gamma function is the digamma function defined by
[1,p.74(2.51)]:

—

(x
(z)’

Now, we wish to establish the derivative of the function sl )(a; x) with respect to the parameter p.

P(x) = ilnF(:z:) = x#0,—1,-2,..... (4.11)

dzx

—

Theorem 4.4. Let p € C\Z; . Then

()m

[log2 + (e +m) — ()] (4.12)
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Proof. By starting from the left-hand side of formula (4.12), then according to the result:

d d d [T(p+m)
el 2# — 72 H 7| = 2# 1 2 -
2 00] = (g2 20 | ) 200, g2+ () = ],
we obtain the right-hand side of formula (4.12). O
Theorem 4.5. Let n € N. Then
Z ( > E(“’/\) (a;2)y* = ey%&g”;)‘) (a; ). (4.13)
= £V (a+ ya). (4.14)

Proof. Denote, for convenience, the right-hand side of equation (4.13) by I. Then
I= ey%E,S“;A)(a;x)

Zk—a—g”)‘)(a;x).

k=0

Upon using (4.4), we led finally to the left-hand side of the formula (4.13). Moreover, if we apply
the formula (2.8) ( replace b by y and k by n — k), we get (4.14). O

Theorem 4.6. Let n € N. Then

~(n . O\~
> ( k ) ()& (as2)y* = <1 - yaa> £V (a; @), (4.15)
k=0
3 BN (e g U 9 g
D (@r(BRES (a; )% o = 2h (Chﬁ; —n; _y8a> EV N (a; ), (4.16)
k=0
where 2 F} is the Gaussian hypergeometric function (see [12] and [13]).
Proof. We refer to the proof of Theorem 4.5. ]
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