ON GENERALIZED MULTI POLY-EULER POLYNOMIALS
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ABSTRACT. In this paper, we establish more identities of generalized multi poly-Euler poly-
nomials with three parameters and obtain a kind of symmetrized generalization of the poly-
nomials.

1. INTRODUCTION

Euler numbers and polynomials have a rich literature in the history of mathematics where
many identities and properties have been established including their mathematical and physical
applications. These numbers and polynomials have close connections with Bernoulli numbers
and polynomials, particularly in the structures of their properties and generalizations. In
fact, in almost every property and generalization of Bernoulli numbers and polynomials there
corresponds property and generalization for Euler numbers and polynomials. For instance,
Kaneko [21] introduced the poly-Bernoulli numbers ng) by means of the following exponential
generating function
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while Ohno and Sasaki [25] defined poly-Euler numbers as
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which have been recently extended by H. Jolany et al. [20] in polynomial form as

ir(l—e™) i o= k), (1"
n=0

Arakawa and Kaneko [2] obtained the following explicit formula

(—k‘): | Tl+1 | k+1
B, Zm.{m+1 mly 1 (1.2)

m>0

where {:1} denote Stirling numbers of the second kind. This implies that Bﬁl_k) are non-

negative integers. In fact, Bﬁl_k) can be interpreted in terms of the number of partitions as

n

{ count the number of partitions of an n-set into m nonempty subsets. Moreover, these
m

numbers can also be interpreted as the number of binary lonesum matrices of size n x k where
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the binary lonesum matrix is a binary matrix which can be reconstructed from its row and
column sums [5].

On the other hand, for any positive integer n, the poly-Euler numbers Eﬁ with £k =0, -1
can be expressed as (see [25])

0 3" —1 7 — 5"
nEy = =5 R

It has been conjectured by Sasaki and Ohno [25] that the sequence nEfgl = (3" -1)/2
coincides with the number of non-parallel segments of pairs of distinct vertices in the n-

, nEr(L__ll) =

dimensional hypercube, while the sequence nEﬁL__ll) = (7" —5")/2 coincides with the number of
combinations such that five points exist on the same line inside of the 5 x - - - x 5-dimensional
—_——

n
lattice. These interpretations have been verified to be true for n < 9. We observe that it is
quite difficult to deal with combinatorial interpretation of poly-FEuler polynomials. However,

an explicit formula in [16] for ES™ which is given by

n m J .
By =303 % -yttt (‘7) (m—j+i+1)" (1.3)
m=0 j=0 i=0 !
can be used to give a combinatorial interpretation for poly-Euler numbers. We know that this

formula can further be written as

n

m .
- K +m-—-j+1
< Z_:( ) Z]J il "
m=0 7=0 m=j
n+m-—j+1
m+1
(see [7, 24]). The numbers

m .
— 1
G(n, k;m) :=Zj’fj!{"+m I }
=0 m+1 m—j+1

can be interpreted as the total number of ways to partition an (n +m — j + 1)-set into m + 1
nonempty subsets such that the first m — j + 1 elements are in distinct subsets and that
the other j subsets are considered as distinct boxes where additional k distinct elements are

)

where the numbers { } are called r-Stirling numbers of the second kind
m—j+1

distributed, for each j ranges from 0 to m. Hence, the poly-Euler numbers E,(fk
the following differences

ECH = 3 26 km)— Y 2G(n,kym).

n+m is even n+m is odd
me{0,1,..., n} me{0,1,..., n}

are equal to

The multiple polylogarithms are usually defined as

T
. _k .
Ly kyhr) (21,225 -+ o5 20) = E | | m; Jz;-”, (1.4)

0<mi<mo<...<m, j=1

where k1, ko, ..., k, and 21, 29, ..., 2, are complex numbers suitably restricted so that the
sum (1.4) converges. These polynomials are certain generalization of the nested harmonic sums
as well as the Riemann zeta function and the ordinary polylogarithm, which preserve many
interesting properties. They occur in various fields like combinatorics, knot theory, quantum
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field theory and mirror symmetry. In fact, there are several sophisticated studies that relate

multiple polylogarithms to arithmetic and algebraic geometry and to algebraic K-theory.
The idea of poly-Bernoulli and poly-Euler numbers and polynomials can be extended to a

multiple parameter case. In particular, some studies consider a special case of (1.4) in which

Z1=2z3=...=2zp_1=1,2, = 2,

that is, the studies that deal with the multiple polylogarithm of the form

. z
Li(ky ko, ) (2) = > — - (1.5)

o<mi<me<...<msp

For instance, Imatomi et al. [14] have defined a certain generalization of Bernoulli numbers
in terms of these multiple logarithms as follows

Li(klkz k 1—6 kk
Bfthebe) . 1.6
1—e Z n! (1.6)

These numbers possess, respectively, the following recurrence relation and explicit formula

1 n—1 n
B(k17k27“'7k'f) — B(k1_17k27---7kr) _ B(kl,kz,...,kr) 1.7
" n+1\"" n; m—1)"" (17)
(=)™ ~Y(my — DIS(n,m; — 1)
ngl’k% )= (_1)n Z ki, ko Ky : (18)
n+1>mi>ma>...>my>0 my myg™ ... My

Parallel to the above generalization is the generalized multi poly-Euler polynomials which are
denoted by E (kl’kQ’ ’kr)(x; a,b,c). These polynomials have been introduced in [19] by means
of the above multiple poly-logarithm, also known as multiple zeta values. More precisely, we
have

2Li(k17k27'“7k7')(1 ( ’r‘{Et k k tn
TEEYIT ZE LR2or) (2, b, C)n! (1.9)

When r = 1, (1.9) boils down to the generalized poly-Euler polynomials with three parameters
a,b,c. Moreover, when ¢ = e, (1.9) reduces to the multi poly-Euler polynomials with two

parameters a,b. These special cases have been discussed intensively in [19, 12].

Some properties of generalized multi poly-Euler polynomials E,Q’“”“Z""”“)(

tablished in [19] which include the following identities

x;a,b,c) are es-

n

E,gkl’kQ""’kr)(x;a, b,c) = Z <n> (rln c)”_iEi(kl’kQ"“’kr)(a, b)x" (1.10)
i—o \!
(1 k2o skir) n (k1 ko) relnc+Ina
E) (z;a,b,¢) = (Ina+1nbd)"E}, <7lna+lnb (1.11)

d

%Efﬁﬁikz’ F(@5a,0,¢) = (n+ 1)(rn o) B+ (210, , )
E,(Lkl’k%‘“’kr)(x +y;a,b,c) = Z <7Z> (rln c)"_iEfkl’kQ"“’kr)(x; a,b, c)y"_i.
i=0
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When r = 1, these identities reduce to

E® (2;a,b,¢) = <”> (Inc)" " E® (a, b)a"
(3
=0

R) (- _ np(k) (*nc+ina
E)/(z;a,b,¢) = (Ina+ Inb)"E, <lna+lnb

d E( : [(z3a,b,¢) = (n+1)(Ine) EX) (50, b, ¢)

dx
EW @+ ysa,b0) =Y <”> ()™ E® (z;0,b, c)y"~
7=0 v

which are properties of generalized poly-Euler polynomials (see [19]).

(k17k27 7k'r)(

Furthermore, an explicit formula for Ej x;a,b,c) is given by

k1,k2,....kr)
Ef(z vk2seokn) (220, b, ) E E J(my,ma,...,my) (1.12)
1=0 0<m<mgo<...<mp
c1teot...=r

where

M 2(rzlne — jInab)" el (=1 (slnab+ rina) (") (7
j(m1,m2,...,mr)zz( ) (=1 )(])()

= (cileg! .. ) (mMmbE2 . mi)
with s = ¢1 + 2¢co + ---. Clearly, for appropriate restriction of the parameters involved,

the polynomials E( k1, kz""’_k")(az; a, b, c) would give nonnegative integer values and may be

given combinatorial interpretation using (1.12) parallel to the interpretation constructed for

the explicit formula in (1.3).

(k1,k2,..,kr )(

In this paper, some identities of Ey, x;a,b,c) related to Stirling numbers of the

second kind are established and a certain symmetrized generalization for Ej, (k1 k2, ’kr)(

is obtained.

x;a,b,c)

2. GENERALIZED MULTI POLY-EULER POLYNOMIALS AND STIRLING NUMBERS

The generalized poly-Euler polynomials with three parameters a, b, and ¢ are defined in
[19] as follows

2Lij (1 — (ab)~
lk(_t+cgt ZE(k x;a,b,c) (2.1)

Some identities on generalized poly-Euler polynomials are expressed in terms of Stirling num-
bers of the second kind. Such identities have appeared in Theorem 2.6 of [19] but with ¢ = e.
More precisely, we have the following theorem.
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Theorem 2.1. [19] The generalized poly-Euler polynomials ET(Lk) (z;a,b) satisfy the following
explicit formulas

Ewan =3 3 { (1) B 22

m=0Il=m
EW (z:0,b) = S EW (050, b)(2)m (2.3)
2 )m
M) (g 0 b) — — () = ("7") [+ s\ ) 0 DVBO (2
APwan =3 (1) 3 g L oensie) (2.4)
T o W ) B ) WV S v
B = 30 s ()G, e
where ()™ =z(z+1)...(x+n—-1), @)=z —-1)...(x —n+1),

t sxt_oo (s) ﬁ 1-A Smt_oo (8) ( ree ﬁ
_1> e —HZ::OBn (x)m and <et—/\ e —nZ:;)Hn (x,)\)n!.

We notice that the generalized poly-Euler polynomials ET(Lk) (z;a,b) are expressed not only
in terms of Stirling numbers but also using certain generalizations of Bernoulli numbers. This

will help us further understand the structure of ET(Lk) (z;a,b). This idea can also be done to

further understand the structure of B2 ’k’)(

E£k1,k27 7k7")(

x;a,b,c). Here, we derive some identities for

x;a,b,c) which are parallel to those in Theorem 2.1. The first such identity is
given in the following theorem:.

Theorem 2.2.
E,(Lkl’kz"" (z;a,b,c) Z Z rlogc) { }<7>EfllilikQ""’kr)(—mlogc; a, b)(:n)(m). (2.6)
m=01l=m
Proof. Note that (1.9) can be written as
" 2Lk, gy k(1 — (ab)™h) i log e\ —x
ZEkhk% ’ xabc)n!_ (1 z(a—t_)i_bt)r (1_(1_6 tlg))

Using Newton s Binomial Theorem, we have

noooLi 1= (ab)~t) & _
ZE (ko) (35 . b, C)t _ 2Ligky ky,. ) (1 — (a0) ™) Z <x+m 1>(1 _ e~rtlogeym

n! (a=t 4+ bt)r m

m=0

y (ertlese — 1)m 2L gy, k) (L= (D)) e,

= (m ?
mzz:o(x) m! (a7t +0h)" ‘
_ o (m) > T’thgC E(klyk% ., l . b ﬁ
S (z {52 mrlog sa, )
= Z Z Z (rlogc) { } <n> Eﬁllgik2""’kr)(—mr log ¢; a, b) ()™ ©
m=0Il=m ! n!
Comparing coefﬁments completes the proof of (2.6). O
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In particular, when ¢ = e and r = 1, (2.6) yields (2.2). For the generalization of (2.3), we
have the following theorem.

Theorem 2.3.
(k1,k2,. o) N\ (k1 k2,0ke) (0.
Elkke (z;a,b,c) mZ:OlZ;n rlog c) { }<Z>E”_l (0;a,b)()m. (2.7)
Proof. The proof also makes use of (1.9) and Newton’s Binomial Theorem. O
Theorem 2.4.
oo n—m TL— l
EFukzeske) (220 b, c) Z < > Z { +S}E7(Lk1;§2’l ” )(0; a,b)BY (zrlogc). (2.8)

m=0

Proof. Note that (1.9) can be written as
oo tn

G(t) = Z Bkukzoske) (g b, C)ﬁ
n=0

B (et _ 1)5 tse zrtlogc 2Li(k1 k.. -,kr-)(l o (ab)—t) S_'
-\ (e — 1) (@t + o) I

. n+s tn+8 S tm s (kl,kz, ., ) n S'
= (Z{ CE] > ( B a:rlogc)m!> (ZE" (0; a, b) =

n=0 n=0
- o l+s ki ko, ke tm
-3 {3 (1) S G i oo | £
=0 = 1=0 ( s! ) ’
Comparing coefficients completes the proof of (2.8). O

Theorem 2.5.

E’](Lk17k2’“.’kr) (x; a7 b7 C) = Z (m) Z <s'> ( A)S JE(k17k2’ N )(j7 a b)H(S) (wr log c )\)
(2.9)

Proof. Using (1.9), we have

1,k2,....k tn _ (1 - /\)8 xrtlogc (et - /\)8 2Li(k17k27---,kr)(1 - (ab)_t)
St sl = () ((535) (Ml )

R Lt /s 8_j2Li(k1,k2,...,kr)(1 — (ab)™") jt
- <Z Hr(l)(g:rlogq /\)m) (Z (]) (=N (@t + bt e )

i=0
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J
Comparing coefficients completes the proof of (2.9). O
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The next theorem contains an identity which is obtained by making use of the following
differential formula for the generalized poly-logarithm (Hamahata and Masubuchi, Integers)

d 11 _ if kp > 1
75 Lk (2) = 7 kb 1z) ik > 1 (2.10)
o Lk, kg (2) ik =1

Theorem 2.6. If k. > 1, then

B (@) — rlog(ac®) B0 (2)

o n o0

S m——

~ log(ab) Z( )Z (jlog(ab))" ™" Efft-kr-1kr =) (z),
v=0 7=0

If k. =1, then

gk )( ) — rlog(ac®) Bk ()

n+1
= TZ < > S~ (—jlog(ab)" ™" Bk () + log(ab) B (z).

7=0

Proof. We differentiate both sides of

2(&CI)T’tLik1,...,kr(1 — (ab)_ ) 1 + ( ab ZE(kl, ., m

with respect to ¢ using (2.10). If k; # 1, then

2r(ac®)" log(ac®)Liy, .k, (1 — (ab)™")
—(ab)~tlog(ab)

+2(ac”)" —— (ab) Lik,,.. oy 11 (1 — (ab) ™)
— r(1+ (ab)?)" " (ab) log(ab) 3 E,(Lkl""’k")(x)%
n=0 ’
(k n—l
1 E 1,-- 7
+ (ab)? Z (n 1

Dividing both sides by (1 + (ab))", we have

%L (1= (ab)™)

log(ab)  2(ac®)"
1 —(ab)" (1 + (ab)?)

r(ab)t > (k‘ k‘r) tm > t
=13 (ab) log(ab) Z By (ﬂf)ﬁ + HZ::OEnH

n=0

rlog(ac®)

=Lk, ke 11 (1 — (ab) ™)

FEBRUARY 2017 47



THE FIBONACCI QUARTERLY

Since
lOg( b) = gt __ = jtlog(ab)
———— = log(ab) Z(ab) = log(ab) Z e
1— (ab)t = j ‘
= log(ab) Z ‘7 og a
7j=0v=0
and
r(ab)t > "
_ p)~J
1+ (ab)t TZ(“ )
7=0
i (—j log(ab)) 5
=y D Ul :
7=0v=0
we obtain
[o¢] tn
rlog(ac®) Z Bkekr) (az)m
n=0 ’
_ tH
+ log(ab) ZZ (jlog(ab)) ZE Feokr =1k =1) (o )M!
j=0v=0
:rzz jlogab ZE——FZESZH N
j=0v=0
Hence,
— rlog(ac®) Y Bl ( Efﬁli ) @)
n=0
> > n > . n—v "
=T (Z (1) > (-dtou(an) E,S’“w-vk”(x)) i
n=0 \ v=0 =0 ’

_log(ab)z (Z <Z> Z(] log(ab))"~ Elkkr—ke=1) (5 )) Z_T:

n=0 \v=0 7=0
Comparing the coefficients on both sides, we have

B @) — rlog(ac) ES-h) (a)

S (B
v=0 j=0
— log(ab) Z <Z> Z(] log(ab))n_VEISkl""’kT*l’k"_l)(x).

v=0 j=0
If k. = 1, then the second term on the left-hand side becomes

—(ab)~tlog(ab) Li
(ab)—t ey, kr—1-

Q(GCI)N
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After dividing of (1 + (ab)t)r, this second term becomes

2(ac®)"t
_log(ab)m 1]617”'7]@7‘71
_ - (k1,skr—1) ﬁ
= log(ab)ZEn ! ! (az)n'

n=0

Finally, we get

Bl () = rlog(act) B ) (x)

-3(0)

(—j log(ab))n—uEl(/kl,...,kr)(x) + log(ab)Ey(Lkl""’kr*l)(z)'
5=0

kr)(

3. SYMMETRIZED GENERALIZATION OF E(F1F2 x;a,b,c)

The idea of constructing symmetrized generalization is originated in the work of Kaneko [21]
in constructing symmetrized poly-Bernoulli numbers that satisfy certain duality relation. This
idea is being used to establish the symmetrized generalization of poly-Bernoulli polynomials
with parameters a and b [18] which is given by

1 = (m Inb m=k
(=m) . - - E (=F) (- -

where the following duality relation holds
C™ (z,ysa,b) = CU™ (y, 25 b, a). (3.2)

Parallel to this, the poly-Euler polynomials E,(fk) (z;a,b,c) with parameters a, b and ¢ have
been given symmetrized generalization [19] of the form

1 ™ m B ylnc+1na m—k
D gabe) - — L BN (o grirTIL)
n (:L',:UJI,b,C) (1na+lnb)"k§:%<k> n (:L'JI,b,C) Ina+Inb

This symmetrized generalization possesses the following double generating function

S el L g
et n z,Yy;a,0,cC nl m! - (et+1)(et _|_eu_et+u) :

and explicit formula

oo n oo (In Cxai+2bi+1)n—l N (ln Cxai-i-lbi)n—l n I
e _ I, il
Dn (x,y, a, b7 C) 2;]('7) < :0( 1) (lna—Hnb)"_l <l>{]}

=0 1

" (g <y1n01:a241rn1i:1nb>m—r <T> {;}) | )

For multi poly-Euler polynomials with parameters a, b, and ¢, let us consider the following
symmetrized generalization.
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Definition 3.1. For m,n > 0, we define the symmetrized generalization of multi poly-Euler
polynomials with parameters a, b, and ¢ as follows

- Z < N > Efl_kh_k%“_k“l)(x; a,b,¢) <(T —Dylnc+ lna>kr (3.5)
k1+kot...+kr=m k17k27"'kr (lna—l-lnb)" lna+lnb

The following theorem contains the double generating function for ng) (z,y;a,b,c).

Theorem 3.2. For n,m > 0, we have

o0 o0

tn m
Zzpﬁl (z,y;a,b,¢) 11;,11
n=0m=0

26(%)“6(“1)(%)fe(;)uﬂr—l)t(l eyt

. . 3.6
(1+et)r—1 lez—ll(et + eiu — et+iu) (3.6)
Proof.
Z Z Dn (ZE,y;(I, b7c)ﬁm
n=0m=0

B i i Z ET(L—kh—kz,...—krfl)(:E; a, b, C) <(,r, o 1)ylnc + 1Ha>kr n
= o =
n=0m=0 kq+kat...+kr=m (ln a+1In b) Ina+1Inb n!

um

* Telkal !
B i Z E,(fkl’_kz"“_k"’l)(x; a,b,c) <(7‘ —1)ylnc+1In a>kr "

(Ina + Inb)™ Ina+Inbd n!

n=0ki+ko+...+kr>0
uk1+k2++k'r

X Tkl K

_ i Z o 1)(3%@, b,c) Z ((T —1lylnc+ lna>kr uFr
- |
n=0 k1 +ka+...4+kr—1>0 (Ina+1Inb) =0 Ina+1Inb k!

1 Rtk tkey

X

n! kilka!. . kp_q!

((r Dy ln c+lna
=€

Ina+Inb E §

n=0k1+ko+...+kr—1>0

ke k) g gkretho b

x;a,b,c) "
(Ina + Inb)» n! kilko! .. k._q!

Using identity (1.11), we obtain
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i i D™ (2, y; 0,b, ¢) L

n! m!
= = n! m!

t— ylnc na >
= e((r llri'iirln:l )u Z Z Eﬁll_klv_k%m—krfl) <(T — Dzlne+ 1na> &

Ina+1Inb n!
ki+ko+...+kr—1>0n=0

uk1+k2+---+k37‘71

X ——
kilka! .o kp—q!
(r—1)ylnc+lna (r—1)zlnc+lna 1 _ et
_ e<7ln?jz+lnb )ue(r—l)<7ln aTnb )t 2L1(_k17—k2,...,—k7_1)(1 e )

t\r—1
Fitha- 120 (1+e)

ykitkat. +kr—1

Tl !

(r—1)ylnc+lna (r—1)zlnc+lna
2€< Ina+Inb )ue(r_1)< Ina+Ilnb )t

= Z (1-— e_t)m"*ls(u, MyyeneyMp_1)

1 et r—1
( T ) O<mi<ma<...<mp_1

where

(umq)F ... (umy_q)kr—1

S(u,my,...,mp_1) = g T
1o KR!
ki+...4+kr—1>0

1 m

Mm>0 " kitkot..tkr_1=m

B Z (umy + ... +umy_1)™
B m!
m>0
— eU(M1+.--+mr71).
Thus,
o o
tn um
S S D ey b o)
n.: m.
n=0m=0
(r—1)ylnc+lna (r—1)zlnc+lna
2€< Y=Y )“e(r_1)< Thatinb )t
_ Z (1— e—t)mr71eu(m1+...+mr71)

(14 et)r—1

(r—1)ylnc+lna (r—1)zlnc+lna
2€< Thatinb )“6(7’_1)< Tnatinb )t

O<mi<mo<...<mp_1

(14 et)r=t
y 6“(1 _ e—t) e2u(1 _ e—t) e(r—l)u(l _ e—t)
l—e'(l—et)1—eX(l—et) " 1—elr—Du(l—et)

(r—1)ylnc+lna (r—=1)zlnc+lna .
2€< Tn a+Inb )“6(7’_1)( Tn aFInb )te(;)u(l_e—t)r—l

(14 et)r=1TiZ (1 — en(1 — et))
2€<(Tlillxi?zrlﬁtlna)“6(7’—1)(_(Tillgzillﬁtlna) e(;)u—i-(r—l)t(l - e—t)r—l

(1+et)r—1 H;‘;ll(et + eiu — ettiu)
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Note that equation (3.3) can easily be deduced from equation (3.6) by taking r = 1. One

may also try to obtain the explicit formula for Dﬁlm) (z,y;a,b, c) using the method in obtaining
(3.4).
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