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1. Introduction

Special functions possess a lot of importances in many fields of mathematics, physics,
engineering and other related disciplines including the topics such as differential equations,
mathematical analysis, functional analysis, mathematical physics, quantum mechanics and
so on (cf. [1-33,[35H40]], see also the references cited therein). Special polynomials in special
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functions have also intensive study fields (cf. [1}3},5,7-26,28-31,35-40], see also the references
cited therein). One of the significant families of polynomials of special polynomials is the family
of Apostol type polynomials that are primarily introduced by Apostol [3] in 1951 and also
Srivastava [34] in 2000. The aforesaid type polynomials with their multifarious extensions
have been studied and developed by several authors, some of whom are A¢ikgoz, Apostol, Araci,
Bayad, Dere, Duran, Natalini, Fugére, Gaboury, He, Jia, Kurt, Luo, Mahmudov, Ozarslan,
Simsek, Srivastava and Tremblay (see [3,/5,7-9,11-13,/15-19,121-2429, 30, 34,38, 40]). Diverse
q-extensions of Apostol type Bernoulli, Euler and Genocchi polynomials were considered and
investigated by many authors such as Choi, Anderson, Kurt, Mahmudov, Keleshteri, Luo,
Simsek and Srivastava in [5,,8,(20,25,|37]. Moreover, (p,q)-generalizations of Apostol type
polynomials and numbers were worked and examined by Duran et al. in [9] and [11].
Unification of classical and Apostol type polynomials were given and discussed by El-Desouky,
Gomaa, Kurt, Ozarslan, Ozden, Simsek and Srivastava in [8}(11}(17,(18,[29-31]. Recently, unified
g-polynomials and numbers were given and investigated by Kurt in [[15]. Furthermore, (p,q)-
analogues of the unified polynomials and numbers have been provided and analyzed by Duran
et al. in [10] and [11].
Throughout of the paper, we make use of the following notations: N := {1,2,3,---} and
No = NU{0}. Here, as usual, Z denotes the set of integers, R denotes the set of real numbers and
C denotes the set of complex numbers.
Apostol-Bernoulli polynomials, Apostol-Euler polynomials and Apostol-Genocchi polynomials
of degree a are defined as follows:
o () 2" _ z  xz
n;an (x,/l)m - (Aez - 1) ¢
(lz] < 2w when A =1;|z| <|logA| when A € C\ {1};1%:=1)
E(Oc) 2 ¢ xz
,;0 (=, /1) ! (Aez+1) ¢
(lz| <m when A =1;|z| < |log(—A)| when A € C\ {1};1% :=1)

and

> 2" 2z \“
G\ (x, A —:( )
,;0 n @ )n! Aec+1) ¢

(lz| <m when A =1;|z| < |log(—A)| when A € C\ {1};1% :=1)

The (p, q)-Bernoulli polynomials B;“)(x, y:p,q), the (p,q)-Euler polynomials ng‘)(x, y:ip,q)
and the (p, g)-Genocchi polynomials Gﬁla)(x, y:p,q) of degree a are defined by Duran et al. in [9],

as follows:
o plm-1,al 2" 2™ ’
Y B Y%,y p,q) = | epq@DEpq(y2), (1.1)
n=0 [n]p,q! ep,q(2)— Zl Lo [Z]P
a
> plm-1,al 2" 2
ZEn ’ (x y p Q) = zl ep,q(xz)Ep,q(yz) (12)
n=0 (logt \epq(2)+ X725 pi
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and

a

X im-lal Pk 2z
G,y p, )2 — - | erae2E 02 13)
n=0 np,q- ep,q(z)+zl:0 [l]p,q!

where 1 € R (or C), m € N, a € Ny a nonnegative integer, and p,q € C with the condition
0<lql<Ipl=1.

2. Background and Preliminaries

During the last century and also this century, applications of quantum calculus based on
g-numbers have been studied and investigated successfully, densely and considerably (see
[15,|7,/15, 20,2426, |35, 36, 38]). In conjunction with the motivation and inspiration of these
applications, with the introduction of the (p, g)-number, many physicists and mathematicians
have widely investigated the theory of post quantum calculus based on (p,q)-numbers along
the traditional lines of classical and quantum cases. In recent years, Duran et al. [9] introduced
(p,q)-extensions of Apostol-Bernoulli Apostol-Euler and Apostol-Genocchi polynomials and
obtained some of their properties including addition theorems, difference equations, derivative
properties, recurrence relationships, and so on. Also, (p,g)-analogues of some familiar formulae
belonging to usual Apostol-Bernoulli, Euler and Genocchi polynomials including Cheon’s main
result [G. S. Cheon, Appl. Math. Lett. 16 (2003), 365 — 368] and the formula of Srivastava and
Pintér [37] were provided. Duran et al. [10,11] studied on the unification of the (p, g)-polynomials
and numbers covering (p, q)-Bernoulli, (p,q)-Euler and (p, ¢)-Genocchi polynomials and also
they gave many applicaitons for the mentioned unifications. Komatsu et al. [[14] considered a
(p, g)-analogue of the poly-Euler polynomials and numbers by using the (p, g)-polylogarithm
function and then presented multifarious combinatorial identities and properties of the foregoing
polynomials. Sadjang [33] satisfied some properties of the (p,q)-derivatives and the (p,q)-
integrations. As an application, the author presented two (p, g)-Taylor formulas for polynomials
and derived the fundamental theorem of (p, g)-calculus. Furthermore, Sadjang [32] provided
(p, g)-extensions of the famous functions including gamma and beta functions and showed some
applications.

Let us now brief some tools in (p, ¢)-calculus which will be useful in deriving the results of the
paper. The (p, g)-number is defined by [n], 4 = % (p # q) (see [4,6,9-11,14,32,33]). Obviously
that when p =1, we have [n], = % that stands for g-number. One can see that (p,q)-number
is closely related to g-number with this relation [n], , = p" nl g By appropriately using this
obvious relation between the g-notation and its variant, the (p, g)-notation, most (if not all) of
the (p,q)-results can be derived from the corresponding known q-results by merely changing

the parameters and variables involved.

The (p, g)-derivative operator given by

f(px)—f(gx)
Dnasl @0~ Dnal =20, Z .

The (p, q)-power basis is also defined by

(x #0) with (D 4 /)(0) = f'(0). (2.1)
(x®a); ,=(x+a)px+ aq)(p®x+aq?---(p" x+ag™)
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k -k
= i [n] p(Z)q(nZ )xkan_k (22)
= p.q
and
(xea),, :(x—a)(px—aq)(p2x—aq2)---(pn_1x—aqn_l)
p, q
which are extended to
(xo®a),,= [[(»"x+aq™) and (xea),, = [T "x-aq™), (2.4)
n=0 n=0

where the convergence is required.

Here the notations [Z]p q ((p,g)-binomial coefficients) and [n], 4! ((p,g)-factorial numbers)

[nlpq!

are [ ] W(n > k) and [n], 4! = [n]p g[n—11p 4 - [2]p 4[1]p 4 (n €N) with the initial
condltlon [01p,4!
Let

n n

epa0)= 5 p(g)[ Y and E, )= 3 ql2) 2.5)

n=0 nlp,q! n=0 [n]pq!
denote two types of (p, q)-exponential functions satisfying the relations e, ,(x)E, ,(—x) =1 and

e,-14-1(x) = Ep 4(x). Also, the following (p,q)-derivative representations
Dy gepq(x)=epq(px) and Dy (Ep o(x) = Ep 4(gx) (2.6)
holds true.

The definite (p, g)-integral for a function f is defined by

0o k k
q q q
Jy ropaz=w-an 2 St (e (|3

For further information (p, g)-calculus used in this paper, one can look at [4},6,9-11,(14,|32,33]

< 1). (2.7

and cited references therein.
The (p, g)-gamma function is defined by (cf. [[32])

Poq)py _
I'pqg(x)= —x (p- q)l 5, (2.8)
(p D.q
where xe Cand O0<|g|<|p|<1.ForneN, T, ,(n+1)=[nlp !
In the year 1903, the Swedish mathematician Gosta Mittag Leffler introduced the function

o0 zn
E (2)= n;om (a € C;Re(a) > 0).

Motivated by this identity, the various generalizations have been studied. Now, we consider
a new generalization of Mittag Leffler’s function as follows:
Let a,B,y € C, Re(a) > 0, Re() > 0, Re(y) >0 and 0 < |q| < |p| < 1. We define the function
EZ ﬁ(t; p,q) by the following relation:

E' (t;p,q)= pA . (2.9)
wBP D= L e Ty aan
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Substituting p = 1, the function E’; ﬁ(t; p,q) reduces to the function EZ; ﬁ(t;q) given in [5].
Upon setting a =y =1 and f=m +1, we obtain
Elni1t:p,@) = Emia(t;p,q)
tn
Ipe(n+m+1)
tn

_er MO N n [k] !

tm

In conjunction with these motivation, we consider the following (p, q)-Mittag-Leffler type
function

E(ﬁ NONUN V)(t )

m+1

(2.10)

(2Hev)™
l b
Pep.a®—wX o
where m e N, B,w,u,v,p,q e C and 0 < |q| < |p| < 1. When p =1 and w =1, then the function
(Bsw;u;v)
E

m+1

in [5].
Let C[0,1] denote the set of all continuous functions on [0, 1]. For any f € C[0, 1], the notation

B, p,q(f;x) is called (p,q)-Bernstein operator of order n for f and is defined by Mursaleen et
al. [27]

(¢; p,q) reduces to the g-Mittag-Leffler type function function defined by Castilla et al.

POk (1exyi k= kainq(x) (2.11)
b.q

1 n n
Bn,p,q(f;x) = n(n—1) Z fk k
T k=0

where fr =f (ﬁﬁ) and ( ) k(k L For n,r € Np, the (p, g)-Bernstein polynomials of degree

n or (p,q)-Bernstein basis is deﬁned by

FLex)i k. (cf [2]) (2.12)
p.q

The generating function of the (p,q)-Bernstein polynomials of degree n is introduced by

Agyuz and Acikgoz [2] as follows:
) ) xktk e D, q(t) i ( )
[klp.q!epqxt) 5 [n]p q:

When p =1, the mentioned polynomials reduces to the g-Bernstein polynomials given in [5]].

(2.13)

In the next section, we perform to define the family of unified (p,q)-analog of Apostol-
Bernoulli, Apostol-Euler and Apostol-Genocchi polynomials of order a and to investigate some
properties of them. Moreover, we consider (p,q) analog of a new generalization of Stirling
numbers of the second kind of order y by which we derive a relation including unified (p, q)-
analog of Apostol type polynomials of order a.
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3. Generalized (p, g)-extensions of Apostol
Type Polynomials of Order a

Motivated and inspired by the following generating function introduced by Castilla et al. [5]
( @ erym

_ym-1_t_

Aeq() = X720 n

(Jt] < Ilogq(—/l)l when 1€ C/{-1,1};1*=1;meN;a,A,u,v,ge Cand 0 < |g| < 1)

n

a
0 t
egE(yt) = Y TV 1, y: 2 ;)
= [n]g!

in this paper, we consider the following Definition [1|based on (p,q)-numbers.

Definition 1. Let meN, n €Ny, a,B,u,v,0,p,q € C with 0 < |q| <|p| < 1. An extended unified
(p,q)-analog of Apostol type polynomials of order a are defined via the following exponential
generating function (in a suitable neigbourhood of ¢ = 0) including two different types of the
(p,q)-exponential functions as given below:

) n
O (e, 3805V 0 D, @) = Y oy g, 33 B5 1503 0) '
n=0 [n]p,q-
a
244V Y™
- ( : )m—l 1 ) ep,q(xt)Ep q(y1). (3.1)
ﬁepsq(t)_lezo m

When x=y =0, TZ},_,(II’“](O,O;,B;,U;U;(U) = T,[{Z,_,ql’a](ﬁ;u;v;w) which are called an extended unified
(p,q)-Apostol type numbers. We note that T,[lrf;,_,ql ’1](x, y; B; ;05 0) = T,[[Z;ql]

are called an extended unified (p, q)-Apostol type polynomials.

(x,y; B; 1;v;w) which

Remark 1. When p =1 and g — 1 in Definition |1} it reduces to Castilla’s definition given in [5].

Remark 2. When g — p =1 in Definition [1, we get an extended generalized Apostol type
polynomials defined by

a
00 _ t" 2Hvym
Tgm 1,a](x,y;ﬁ;'u;v;w)_' _ ( ( ) — ) T+ (3.2)
n=0 n: ﬁet—wzﬁf) 1

TUm=L9( y: B: y;v;) by the following four

Lemmas without proofs, since they can readily be proved by using Definition

We now give here some basic properties for

Lemma 1 (Addition property). Let m € N, n € Ny, a,B,u,v,w,p,q € C with 0<|q| <|p| < 1. For

a, ¥ € N, T;’Z,_,ql’a](x,y;ﬁ;u;v;w) satisfies the following relations:

n T
[m-La+y] n [m-1,al m—1,u]
Tupg "y Bumvio)=3 | | T/ @0 muso)T," 0,y 6 1v50),  (3.3)
J:OLJ D,q
.
[m-1,a+y] n (m=Lal (. ~. B -1 )TV DM (B -
Tupg" @yBmve)=3 | | T @y fmvo)T,” LB v ), (3.4)
J:OL.] D,q
nor
[m—1,a+y] N n m-Lal p. ... [m—1,u] - T
Ty pg (x,y,ﬁ,p,u,w)_zo i Tipa BT, Gy B psviw) (3.5)
J: L )
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It immediately follows from Definition |1|that

Toy a3 B 11505 0) = (x + )50 (3.6)
T 2, 0; 6; s v;0) = p®ax, (3.7
T 90, 5 B 15 030) = gDy, (3.8)

So, we give the following results.

Lemma 2. Let meN, neNy, a,B,1,v,0,p,q € C with 0< |q| < |p| < 1. We have

n

T,y fmv) =Y |7 | 2T L0,y B v ), (3.9)

= J D JsP>q
n C nei

T e,y fvio =Y ||y IqCO T b 0 5 v ), (3.10)

j=0 ‘] 1D,9 P
- non . B

Ty, 3 B s v;0) = Y il & i Ty Bimsvo) 61D

j:0 1p,q

Lemma 3 (Derivative properties). Let m € N, n € Ny, a,,,v,0,p,q € Cwith 0<|q| <|p|<1.

We have
D i Trp g @,y B3 030) = [n1p g Ty 2% (pic, 33 B v 0), (3.12)
Dy gy T 2, ;B s v;0) = [n]p,qTf[fI;f’g(x,qy;ﬁ;u;v;w). (3.13)

Lemma 4 (Integral representations). Let m € N, n € Ny, a, B, u,v,0,p,q € Cwith 0<|q| < |p|<1.
Then,

m-1,al(b ..p.r ) _mim=Lal(a . ...
f DLl s x:T"”’p"’(p’y’ﬂ’u’U’w) I (5 Pikivio) (3.14)
a n,p,q YIS p,q [n + 1]p’q ’ :
Im-Lal(, d.p. s ) _plm=Lal(. c.p., ...
d [m-1,al n+l,p.q (x’ q ’ﬁal-l’,v7w) Tn+]_,p,q (x’ q,ﬁ,l.l,,'l),(l))
Topq @B umv;0)dp gy = (3.15)
¢ [n+1]p,q

Here is a difference relation as shown below.

Theorem 1. Let meN, neNy, a,f,1,v,0,p,q € C with 0<|q| <|p| <1. We have

T bty -1;6; u;v;0) = w (ﬁT[m_l’a] (x,0; B; 113V )
n,p,q > LN ) ) - n+vm,p,q sV Moy My Y
[n+vm], 4!
min(n+vm,m—1)
’ n+vm [m-1,a] Betren)-
) ] anm_l’p,q(x,—1,,6,,u,v,w) . (3.16)
=0 p.q

Proof. By Definition[l] we see that

S im—1,a-1] t" S m—1,a] t"
z.OTn,p,q (¥, =15 B; s v;0) o Zo Thpq (,0;6510;0)
n= . n=

[n]p,q [n]p,q!

I
ﬁep,q(t)Ep,q(—t) - pr’q(_t)Z;n:O [l]i,,q!
(2MtV)m
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by the property e, ,(£)E, ,(—t) = 1, we have

=g Hm 3 T[m_l’“]( 0: B: - v: t" m Com
N n,p,q X, ,:6>u7v7w) ﬂ_pr,q(—t)Z t
=0

n [2]p,q! =0 l1pq!

0o 1 min(n,m-1) n 1 n—-vm
=27t Y BTy o, 0 v -0 Y T N, =15 5 4505 0) :
n=0 w 1=0 ! . nehpa [n]p,q!
which gives the desired result. O
We give the following difference equation.
Theorem 2. Let meN, neNy, a,f,1,v,0,p,q € Cwith 0<|q| <|p|<1. We have
T[m—l,a—l](o R, )_ 2_ﬂm[n]p,q! ( T[m—l,a] (1 > DU, )
n,p,q ’yuB?u’U,w - [n+'\/m]p,q! ﬁ n+vm,p,q ?yilB?l't’U,w
min(n+vm,m—1)
’ n+ovm [m-1,al
—w > Tn’zvmgl’p’q(O,y;,B;u;v;w) ) (3.17)
=0 !
= 20}
Proof. By Definition[I] we see that
o0 n
[m—-1,a—1]
DI - (Y TR V)
im0 P [n]p.q!
-1_¢
_ i T[m_l’“](o y',B',u'v‘w) " ﬁep,q(t)—wZ;n:o [1p,q!
= n,p,q SIII Y [n]p,q! (2Nt")m
by using Cauchy product on the above, we have
um 00 [m—1.al " m—1 tl Com
=2 Z Topg (O,y;ﬁ;,u;v;w)m Bep,qt)—w TN t
n=0 D,q l:O p,q
00 1 min(n,m-1) n 1 n—-vm
=27 Y | BT V(L y; i)~ Y T 190, y; B s v;0) . O
n=0 w 1=0 ! pq nThpd [n]p,q!

Upon setting @ =1 in (3.17), we give the following corollary.

Corollary 1. We have

P 271" [nlp q! (,BT[’”_H

=— (1,y; B; u;v;0)
¢Dn+vml, 4! R

min(n+vm,m—1)

—w Z

=0

n+ovm

; T 0,y 8;1v;0)|.  (3.18)

n+vm—I,p,q

b.,q

Here is a recurrence relation of extended unified (p, g)-analog of Apostol type polynomials
by the following theorem.
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Theorem 3.Let m e N, n € Ny, a,B,u,v,0,p,q € C with 0 < |q| < |p| < 1. The following

relationship holds true for the family of the polynomials {Tg’f},_,;](x, ¥; B; ;U5 )}

wmin(im—l) " plm-dl (x,y; B; 14;v; 0)
= l n lp q Y; ,U,
= p.q
$ (n], !
=Y || pCITI N,y s s )~ 22l (g @ y)l ™ (3.19)
j=01J Ipgq 1A [n—vm]pq!
Proof. Since
-1 ¢
3% m ~ B 1

(ﬁep D=0 g )ep q(t) (ﬁep O - 0L g~ ) ¢p.a®)
we have
(@14 g (AE p oy L1 iy
(ﬁepq(t) Y% [l]l )epq(t)

MtV )" ep, q(xt)Ep d8) @) ep g (XEp ¢(y2)
(:Bep ORI Mire 1, q) ¢p.a(®

(2FE)" ep, q(xt)Ep 7(yt) wm_l ¢

(ﬁep q(t) — ‘”Zl o T, q) i=0 Ulp.q!
2Ft) " ep g (x)E p o(yt)
(,Bepq(t) 0¥, [l]lq)

which means that

K

ep,g() = (211")" ep g (XDE p ¢ (y1),

oo min(n,m-1) n [ 1 "
(UZ Z l Tn lpq(X,y,ﬁ,lJ,U,w) [n] '
n=0  [=0 . p.q
n tn+vm
—ﬁZT[’,’},;](x,y;ﬁ;u;v;w) y p® —2”mZ(x€By)pq—
[n]pq! =0 [n]p,q! [n]p,q!
Using Cauchy product and then equating the coefficients of m completes the proof. O

We provide now the following explicit formula for unified (p,g)-analog of Apostol type
polynomials of order a.

Theorem 4. Let meN, neNy, a,B,u,v,0,p,q € C with 0<|q| < |p| < 1. The unified polynomial
T['Z, ; “](x,y;ﬁ;u;v;w) holds the following relation:
zum[n] | ntvm

[n+vm]pq 720

n+vm
J

T[m 1,a]

n.p,q (2, 33 B s v; 0) = T[m 1](ﬁ;u;v;w)su—n

n,p,q
p,q

u m a
(ﬁkgo[k] p@shrim pd (0,33 3 1503 0)

b.q

min(u,m—1)

’ Ul kplm=lal( e
) kgo [k]pq Tumkp“q(x,y,ﬁ,p,v,w). (3.20)
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Proof. The proof of this theorem is based on the following equality:

a

(&) _ tn (zytV)m
> T (x,y;ﬁ;u;v;w)[ T | epqtDEpq(yt)
nlpat | Bepqg®) -0 X [l] g
(t/s)!
Pep.q (tls)—w X0t 1 (2K (¢/s)")"
) vym !
(28 (s)') Pep.q(tls) -0 X)Ly éﬁfll

The following theorem involves the recurrence relationships for extended unified (p,q)-

analog of Apostol type polynomials of order a.

Theorem 5.Let m e N, n € Ny, a,B,u,v,0,p,q € C with 0 < |q| < |p| < 1. For x,y € R, the

following formulas are valid:

2K [n]p ¢! "M TR +vm
plm-Lal(y , Y5 B s v; _— . im-1] xs,0; B; u;v;w) s
n,p,q ( ) [n+,vm]pq J : _] b n,p,q ( )
. u () g=kplm=Lal (g . 5. 0.
(ﬁ];)[k]p’qp T, o (0,3 B3 1305 0)
min(u,m—1) u b lm—L.al
- m a . . . .
o ) (k)8 Tukpq(o,y,ﬁ,u,v,w)) (3.21)
and
_ 2MM ], ! "M I n+vm
[m-Lal (. . .@. ... \_ p.q [m-1] B 1oy ) QUT
T X,Y;5P; ’U’w - - 7 . T O’ S5 Ps 7an S
n,p,q ( Y;Biu ) [n+vml,. ! = j o npq( ys; B )
[ Dbt L) 0.1,
(P& 12, o rseom
min(u,m—1) u - La]
- m a . . . .
—w kgo [k]pq Tukpq(x,O,ﬁ,u,v,w)). (3.22)

Proof. The proof of this theorem is based on the following equalities:

a

" QU VYT
> T s,y B i) = (21"
n=0 [n]p,q! Bepq(t)— wzl 0 [l] —~
(t/s)!
E, . (yt )ﬂepq(t/s) X O[Z]Sq
e (24 (¢/35)")™
2H(t/s)")™

t

XS
(t/S)l p q( )
ﬁepq(t/s) W] 0T, 1

and
a
1 tn (2/.ttV)m
S im el (=35 B 5050) ey =
n=0 ot |\ Pepg(t)-wX]%y [l]pq
!

. t :
“rat” @1 (tls)" )™
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(2H(t/s)" )™ B (t ) -
) T Lpg|7YS)-
Pep,q(tls) -0 XL, [(lt]/;)q' °

4. Multifarious Correlation Formulas for the Polynomials

T v (o, 33 B3 3 v30)

This part provides several correlation formulas and identities including (p, q)-analogues of the

some special polynomials for the polynomials TEZ;;; x, y; B; 103 0).

Let us define a novel (p, ¢)-analog of Stirling numbers of the second kind as follows.

Definition 2. Let m € N, 71 € Ny, B,0w,p,q € C with 0 < |q| < |p| < 1. A new (p, g)-extension of
the Stirling numbers S, ,(n,7;a,b,m, ,w) of the second kind of order 7 is defined by means
of the following generating function:

i (ﬁep MOEIO)Nirs [1] ! )T

= 4.1
[n]p.q! [71p.q! @D

(o0
Z Spqn,7;0,6,m,B,0)
n=0

A formula including the family of extended unified polynomials {T,[l”; ; “](x, y; B 4 v; )}

and the generalized (p,q)-Stirling numbers S, ;(n,v;a,b, ) of the second kind of order v is
presented in following Theorem [6]

Theorem 6. Let me N, 17,n,¢,veNy, B,0,u,p,q € C with n>vm¢p and 0<|q| < |p|<1. The
following correlation

[m-1,a]

T, g, p.q % 93 B 150 0)

[n—vmd]
=2 “m""[cp]pq'zﬁ Tl i B s S g T 0, b, BL0) (4.2)
—  [nlpg! Jlpg "R
is true.
Proof. 1t follows directly from Definitions [I] and [2 O

In the case when a = 0 in Theorem [6, we have the following corollary.

Corollary 2. The following correlation holds true:

n
[vmopl, ! _ n J
gum¢ VPG (g nom _ [#T[’” YO y; By v; )8 o, T30, b,m, Byw). (4.3)

XDy =
[P]p.4! p.q ~ [ ] n-j,p,q
p.q Jj=0 Um¢pq

We provide the following results taken from the reference [9].

Lemma 5. The following relations are valid:
[n-mlpq! & [n]
klpgq

n—-m __

n—-k _
= pl2 )Bim B0,y:p,9)
q 2 [n]p,q! k=0
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min(n,m-1)

-y ] By ezm),
k=0 p.q

n—k _
pUEM M 0,y:p,q)

k ]P q
mln(nm 1)

] B0y (20,
b.q

nem 2- m[n—m]p,q.

n n—k -
y 7] pI6 0y

g nlyq! i20' R pg

min(n,m-1)

- X [Z] G 0,y:p,9) (nzm).
=0 P

We give the following theorem including many different polynomials and (p,q)-gamma
function.

Theorem 7. The following expressions hold true:

n
-1, n—j 1
Thpa ™ (0,5 B vs0) = Y g T b (05 B v 0)
J=0 p.q
(n—j-m+1) "Jn- n—j—k _
( nqum Z J p( ] )Bgem 1’1](0,y:p,q)
q( T pg(n—j+1)k=0 p.q

min(n—j,m-1)

n-—j 1,1
. ] B! k](O,y:p,q))
k:() p7

n
T 28 (2, y; B s vs0) = Y

g (1,03 5 ;05 0)
Jj=0

b.q
-m

n-k _
pUDEM 1 0,y:p,q)

(®;

]p,q

vQ

mln(n,m—l)

-y [ En oy pq))
k=0 p.q

n

(n J)T[m 1a](x O ﬁ IJ,U Cl))
J

n
[m—-1,a] _
T,Pq (xyﬁ:“’vw_z J.P>q
p,q

J=0

q(nj{m)rp’q(n—j+ 1) k=0 kEolpg
min(n—j,m—1) n—ij
J 1,1
- k ] GElmJ k](O,yp,Q))
k:() p,q

Proof. The proofs of the relationships given in theorem above are based on the Lemma
Lemma [5]and eq. (2.8). So, we omit them. O

We now state the following results given as Theorems (8] [9]and
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Theorem 8. The following correlation

mln(n m-—1)

1, 1
T[r,r;zq a](l ;B 15 v;0) [ ] TLmk p’);] (0,y; B; 1;v;0)
[n-m pq(n+1) [m-1.a]

(0,33 85 5 030) B - H(p, q)

n-m—j

&

0
holds true for n = m.

J lpglpg(n—m+1) g

Proof. Using Definition [I]and Eq. (1.1), we attain

T[m Lal n oo min(n,m—1) n T[m Lal L
Z n,p,q (1,3’,,3,#,1),0)) [n]p’q!_ng‘,o kg() [k]p, n— kpq(o Y ﬁ H;0; w)[ ]pq

a l
(2HEV Y™ (ep MOED Vs 7, q)
———— | E,(y0) = tm
Pepg ) —wXZoqy,

n

Z T (0, 3; 8; w305 0)

glm1-1 ¢" gm
Z0 . )[n]p,q!

[n]p,q!
=) ( ) A T 10,53 815030) B "N, q)) 2
no\j=o L J lpqlpg (n m+1) J [2]p,q!
which completes the proof of this theorem. O

Theorem 9. The following correlation
T[m 1al 1.v:8:uv: min(en—) n T[m La] 0.v:6:u:v:
npa (LY B v;0) + ;;o [k]p i (S AHTHD)
n

n
_om

holds true for n = m.

2030, B,

’

Proof. Using Definition[I]and eq. (1.2), we acquire

oo min(n,m-1)

n m
L L [, T i)

n

Z T 24 (1, y; B; 1 v;0)

n=0 [n ] [ ]p q-:
(2HV)™ ’ (ep d+X% [l]l )

= -~ 4 Ep’q(yt) om 2m
Pepg ) -0 Yoy, 1
Z T[m 1,a] (0 ﬁ v ) t" i E[m—l,—l]( ) 4

= Y PV ,
b PEE [nlpg!) \izo " pd [n]p,q!

:2m§ i nl  pim- 1“](Oy,6,uvw)E[m1 Up.q) "

n=0\;=0LJ lpq 71 ’ [nlpq!"
which completes the proof of this theorem. O
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Theorem 10. The following correlation

mln(n m-—1)

1, 1
T[r,r;zq a](l ;B 1505 ) [ ] T’[lmkp’);] (0,y; B; 1;v;0)
nmin—m (n+1) 1-1
o i [ R s
ol J pglpgn-—m+1)

holds true for n=m.

Proof. Using Definition [1/and eq. (1.3), we obtain

oo min(n,m-1)

n
+Z Z [k]p T (0,3 3 1503 0)

[n ]
a l
Lypvym e (t)+Z
( @4tY) ) Ep,q(yt)( pa O+ ot q)zmtm

n

Z T oM (1,53 B; 05 0)

n=0 !

[7]p,q!

l
Pepq ) —wiiL 0[l] gm2n

O [m—1,a] t" [m-1,-1] i i
Z Thpg " (0,5; 85 15v;0) ZG (p, |27
= =0 [n]p,q.

[n]p,q!
n—-m Ipg(n+1) | 1a-1a - »

_Z(zmzé J Lpq(n— m+1)TJt';qa(Oy.3ﬂ,Uw)GnmmJ (,q) LT

J p.gq .
which completes the proof of this theorem. .

Recall from (2.13 - 3) that
k ik
oG- T epa® () 2 DE .4 (—xt 4.4
[%1p,q! €p,q(xt) -P [k]pq rep.q(DEp q (=xt) @)
=) B
n:k [ ]pq

We immediately see that %i ’Z(x) =0forn<k.

Remark 3. Setting p = 1 in (4.4), the polynomials ‘Bz ’Z(x) reduces to the g-Bernstein
polynomials SB;IL 5 (x) (cf. [5]).

Remark 4. When g — p =1 in (4.4), the polynomials ‘BZ ’Z(x) reduces to the classical Bernstein
polynomials ‘B, (x) (cf. [1]]).

We now give the following theorem.

Theorem 11. The following correlation

BPY(x) = p<><>kz ok

[n] [m-1,~d] plm=1d]
J

k Tj,p,q (,B;u;v;w) n—j,n,q (1 —x; B; 15 V; (1)) (4.5)

P,q b,q

holds true for n = k = 0.

Proof. Using Deﬁnition and eq. we obtain
Z %P q ( )

n=k [ ]P:CI'
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d
B ke [ Bepg(D)—w X [l] 2KV Y™
[k]p,q! (2HtV)™

=D
Bepq(t) -0 X! [l]pq

x tk o] 1 tn’ oS _ t
NGEO Z T L) (B s ) Y T (- B v o) -

[k]p q° n= [n]P,(I' n=0

Z Z J:P>q

[k]P,q n=0;=0 p,q
which implies the asserted result (4.5).

—p2)()

n—j,p,q

The immediate result of the Theorem [11]is given below.

Corollary 3. We have
B2 (x) = p(z) (3) % Z

j=0

n—~k

J Jop,q

k n=Jj.p.q

P,q p,q

We give the following correlation.

Theorem 12. For n =k =0, we have

k n—k+vmt n—-k+vmt

B> q(x) p(z) G X

2#””: ]:0 ‘] p,q
. 1,d
-Spq U, T30,b,m, B,0) T 24 ipg L% B 03 0)
Ipg(n+DIpe(T+1)

[pon—k+vmt+1)T, (k+1)
Proof. Using Definition[I]and Eq. we obtain
T
(k) ~(3) X kik (ﬁepq(t) wzl =0 [l] )

- in’q
7;e n,k(x)[n]p’q. [k]p /! (2HEVy™

(2Hgv)™
ﬁep MORIT) N [11

x tk VmT[T]pq
2) () [k]p’ '2um_[ ;OSp,q (n,T;a,b,myﬁaw)

" S im-1,1] ¢"
. T s 1 A Re ey
[n]p q' nZO n,p,q ( ’ x,ﬁ,li,v,(l)) [n]p’q!
- e Frlpg! &
e S 3]

n=0;=0

/A ) ep,q(D)Ep q(—xt)

=D

p,q

n+k—vmuv

[m-1,d]
Tl jpg (Lo Bipsv0) [nlpq!

which gives the desired result (4.6).
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Remark 5. When p =1 in (4.6), one gets that

k  n—k+vmrt
B (0= . JZO n k;vm’ qsq (j,7;a,b,m, B,0) Tr[l"j;’fj”_j,q (1, —x; 8; 1303 0)
Fq(n+ DI (r+1)
Ty(n—k+vmt+ 1)l (k+1)
where ‘Bz’k(x) denotes the g-Bernstein polynomials (cf. [5]), [:]q denotes the g-binomial
coefficients (cf. [4,|7,|15,18,,19,|24, 26, 32,34, 36]), S4(j,T;a,b,m,,w) denotes the generalized
q-Stirling numbers of the second kind, plm-Ldl denotes the extended generalized ¢-

n—-k+vmt—j,q
extensions for Apostol type polynomials (cf. [5]) and I';(n + 1) denotes the g-gamma function

(cf. [[7,33]).

Remark 6. Also taking ¢ — p =1 in (4.6), we get

ik n-ktymr (n —k+ vmr)

Bn,k(x): oumt ;)

Fn+1)I'(r+1)
T-k+vmt+ DI (k+1)
where B, ;(x) denotes the classical Bernstein polynomials (cf. [1])), (:::) denotes the usual
binomial coefficients, S ( J,T;a,b,m, ﬁ,w) denotes the generalized Stirling numbers of the second
kind, plm-1dl ; denotes the extended generalized Apostol type polynomials in and

n—k+vmt—
I'(n + 1) denotes the usual gamma function [32].

S(j,T;a,b,m,ﬂ,(U) T[m_l,d] (1>_x,ﬁ>ﬂav,w)

n—-k+vmt—j

5. Conclusion

In the present paper, by defining a novel generating function for (p, q)-analog of Apostol type
polynomials of order a, several useful formulas heve been obtained related to the extensions of
Apostol type polynomials. Also, by means of the (p, q)-generalizations of the Stirling numbers of
second kind of order 7 and the Bernstein polynomials in conjunction with some properties of
them, diverse functional equations have been derived. Then, multifarious interesting and new
correlations including not only aforesaid polynomials but also the (p, g)-gamma function have
been investigated. Via the results derived in this paper, the (p, g)-polynomials studied in the
present paper can be examined in the approximation theory.

Competing Interests

The authors declare that they have no competing interests.
Authors’ Contributions

All the authors contributed significantly in writing this article. The authors read and approved
the final manuscript.

Commaunications in Mathematics and Applications, Vol. 11, No. 1, pp. , 2020



Generalized Apostol Type Polynomials Based on Twin-Basic Numbers: U. Duran et al. 81

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

References

M. Acikgoz and S. Araci, On the generating function for Bernstein polynomials, AIP Conference
Proceedings 1281 (2010), 1141, DOI:10.1063/1.3497855.

E. Agyuz and M. Acikgoz, A note on (p,g)-Bernstein polynomials and their applications based
on (p,q)-calculus, Journal of Inequalities and Applications 2018 (2018), Article number 81,
DOI:110.1186/s13660-018-1673-3.

T. M. Apostol, On the Lerch zeta function, Pacific Journal of Mathematics 1 (1951), 161 — 167,
https://projecteuclid.org/euclid.pjm/1103052188.

S. Araci, U. Duran, M. Acikgoz and H. M. Srivastava, A certain (p,q)-derivative operator and
associated divided differences, Journal of Inequalities and Applications 2016 (2016), Article number
301, DOI:/10.1186/s13660-016-1240-8

L. Castilla and W. Ramirez and A. Urieles, An extended generalized g-extension for the Apostol
type polynomials, Abstract and Applied Analysis 2018 (2018), Article ID 2937950, 13 pages,
DOI:110.1155/2018/2937950.

R. Chakrabarti and R. Jagannathan, A (p, g)-oscillator realization of two-parameter quantum
algebras, Journal of Physics A: Mathematical and General 24 (1991), L711, DOI: |10.1088/0305-
4470/24/13/002.

d. Choi, P. J. Anderson and H. M. Srivastava, Some g-extensions of the Apostol-Bernoulli and the
Apostol-Euler polynomials of order n, and the multiple Hurwitz zeta function, Applied Mathematics
and Computation 199 (2008), 723 — 737, DOI:/10.1016/j.amc.2007.10.033.

R. Dere, Y. Simsek and H. M. Srivastava, A unified presentation of three families of generalized
Apostol type polynomials based upon the theory of the umbral calculus and the umbral algebra,
Journal of Number Theory 133(10) (2013), 3245 — 3263, DOI:|10.1016/j.jnt.2013.03.004.

U. Duran and M. Acikgoz, Apostol type (p,q)-Bernoulli, (p,qg)-Euler and (p,q)-Genocchi
polynomials and numbers, Communications in Mathematics & Applications 8(1) (2017), 7 — 30,
DOI:10.26713/cma.v8i1.512.

U. Duran, M. Acikgoz and S. Araci, On generalized some polynomials based on (p,g)-numbers,
Journal of Mathematics and Statistics 14(2) (2018), 129 — 140, DOI: 10.3844/jmssp.2018.129.140.

U. Duran, M. Acikgoz and S. Araci, Unified (p, q)-analog of Apostol type polynomials of order «a,
Filomat 32(2) (2018), 387 — 394, DOI:|10.2298/FIL1802387D.

B. S. El-Desouky and R. S. Gomaa, A new unified family of generalized Apostol-Euler, Bernoulli
and Genocchi polynomials, Applied Mathematics and Computation 247 (2014), 695 — 702,
DOI:10.1016/j.amc.2014.09.002!

Y. He, S. Araci, H. M. Srivastava and M. Acikgoz, Some new identities for the Apostol-Bernoulli
polynomials and the Apostol-Genocchi polynomials, Applied Mathematics and Computation 262
(2015), 31 — 41, DOI:10.1016/j.amc.2015.03.132.

T. Komatsu, A (p,q)-analogue of poly-Euler polynomials and some related polynomials, 2016,
arXiv:1604.03787v1 [math.NT], https://arxiv.org/abs/1604.03787.

B. Kurt, Notes on unified g-Apostol-type polynomials, Filomat 30(4) (2016), 921 — 927, https:
//www.jstor.org/stable/248986597seq=1.

B. Kurt, Some relationships between the generalized Apostol-Bernoulli and Apostol-Euler
polynomials, Turkish Journal of Analysis and Number Theory 1(1) (2013), 54 — 58,
DOI: 10.12691/tjant-1-1-11.

Commaunications in Mathematics and Applications, Vol. 11, No. 1, pp. , 2020


http://doi.org/10.1063/1.3497855
http://doi.org/10.1186/s13660-018-1673-3
https://projecteuclid.org/euclid.pjm/1103052188
http://doi.org/10.1186/s13660-016-1240-8
http://doi.org/10.1155/2018/2937950
http://doi.org/10.1088/0305-4470/24/13/002
http://doi.org/10.1088/0305-4470/24/13/002
http://doi.org/10.1016/j.amc.2007.10.033
http://doi.org/10.1016/j.jnt.2013.03.004
http://doi.org/10.26713/cma.v8i1.512
http://doi.org/10.3844/jmssp.2018.129.140
http://doi.org/10.2298/FIL1802387D
http://doi.org/10.1016/j.amc.2014.09.002
http://doi.org/10.1016/j.amc.2015.03.132
https://arxiv.org/abs/1604.03787
https://www.jstor.org/stable/24898659?seq=1
https://www.jstor.org/stable/24898659?seq=1
http://doi.org/10.12691/tjant-1-1-11

82

Generalized Apostol Type Polynomials Based on Twin-Basic Numbers: U. Duran et al.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

B. Kurt, Unified laguerre-based poly-Apostol-type polynomials, International Journal of Advanced
and Applied Sciences 4(12) (2017), 145 — 150, DOI: 10.21833/ijaas.2017.012.025.

V. Kurt, Some Symmetry identities for the unified Apostol-type polynomials and multiple power
sums, Filomat 30(3) (2016), 583 — 592, https://www. jstor.org/stable/248986247seq=1.

D.-Q. Lu and H. M. Srivastava, Some series identities involving the generalized Apostol type
and related polynomials, Computers & Mathematics with Applications 62 (2011), 3591 — 3602,
DOI:10.1016/j.camwa.2011.09.010.

Q.-M. Luo and H. M. Srivastava, g-extension of some relationships between the Bernoulli
and Euler polynomials, Taiwanese Journal of Mathematics 15(1) (2011), 241 - 257,
DOI:/10.11650/twjm/1500406173.

Q.-M. Luo and H. M. Srivastava, Some generalizations of the Apostol-Bernoulli and Apostol-
Euler polynomials, Journal of Mathematical Analysis and Applications 308 (2005), 290 — 302,
DOI:10.1016/j.jmaa.2005.01.020.

Q.-M. Luo and H. M. Srivastava, Some generalizations of the Apostol-Genocchi polynomials and
the Stirling numbers of the second kind, Applied Mathematics and Computation 217 (2011), 5702 —
5728, DOI:|10.1016/j.amc.2010.12.048.

Q.-M. Luo and H. M. Srivastava, Some relationships between the Apostol-Bernoulli and
Apostol-Euler polynomials, Computers & Mathematics with Applications 51 (2006), 631 — 642,
DOI:/10.1016/j.camwa.2005.04.018.

N. I. Mahmudov and M. E. Keleshteri, g-extension for the Apostol type polynomials, Journal of
Applied Mathematics 2014 (2014), ID 868167, 8 pages, DOI:10.1155/2014/868167.

N. I. Mahmudov, g-Analogues of the Bernoulli and Genocchi polynomials and the Srivastava-Pintér
addition theorems, Discrete Dynamics in Nature and Society 2012 (2012), Article ID 169348, 8
pages, DOI:|10.1155/2012/169348.

N. I. Mahmudov, On a class of g-Benoulli and g-Euler polynomials, Advances in Difference
Equations 2013 (2013), Article number 108, DOI:|10.1186/1687-1847-2013-108|

M. Mursaleen, K. J. Ansari and A. Khan, On (p, g)-analogue of Bernstein Operators, Applied
Mathematics and Computation 266 (2015), 874 — 882, DOI: 10.1016/j.amc.2015.04.090| [Erratum:
Applied Mathematics and Computation 278 (2016), 70 — 71, DOI: 10.1016/j.amc.2016.02.008].

P. Natalini and A. Bernardini, A generalization of the Bernoulli polynomials, Journal of Applied
Mathematics 2003 (2003), Article ID 794908, 9 pages, DOI:/10.1155/S1110757X03204101.

M. A. Ozarslan, Hermite-based unified Apostol-Bernoulli, Euler and Genocchi polynomials,
Advances in Difference Equations 2013 (2013), Article number 116, DOI: 10.1186/1687-1847-
2013-116.

M. A. Ozarslan, Unified Apostol-Bernoulli, Euler and Genochi polynomials, Computers &
Mathematics with Applications 62 (2011), 2452 — 2462, DOI:10.1016/j.camwa.2011.07.031.

H. Ozden, Y. Simsek and H. M. Srivastava, A unified presentation of the generating function
of the generalized Bernoulli, Euler and Genocchi polynomials, Computers & Mathematics with
Applications 60(10) (2010), 2779 — 2789, DOI:10.1016/j.camwa.2010.09.031.

P. N. Sadjang, On the (p,q)-Gamma and the (p,q)-Beta functions, 8 pages, arXiv:1506.07394
[math.NT], https://arxiv.org/pdf/1506.07394.pdf.

P. N. Sadjang, On the fundamental theorem of (p,q)-calculus and some (p,q)-Taylor formulas,
Results in Mathematics 2018 (2018),73:39, DOI:10.1007/s00025-018-0783-z.

Commaunications in Mathematics and Applications, Vol. 11, No. 1, pp. , 2020


http://doi.org/10.21833/ijaas.2017.012.025
https://www.jstor.org/stable/24898624?seq=1
http://doi.org/10.1016/j.camwa.2011.09.010
http://doi.org/10.11650/twjm/1500406173
http://doi.org/10.1016/j.jmaa.2005.01.020
http://doi.org/10.1016/j.amc.2010.12.048
http://doi.org/10.1016/j.camwa.2005.04.018
http://doi.org/10.1155/2014/868167
http://doi.org/10.1155/2012/169348
http://doi.org/10.1186/1687-1847-2013-108
http://doi.org/10.1016/j.amc.2015.04.090
http://doi.org/10.1016/j.amc.2016.02.008
http://doi.org/10.1155/S1110757X03204101
http://doi.org/10.1186/1687-1847-2013-116
http://doi.org/10.1186/1687-1847-2013-116
http://doi.org/10.1016/j.camwa.2011.07.031
http://doi.org/10.1016/j.camwa.2010.09.031
https://arxiv.org/pdf/1506.07394.pdf
http://doi.org/10.1007/s00025-018-0783-z

Generalized Apostol Type Polynomials Based on Twin-Basic Numbers: U. Duran et al. 83

[34]

[35]

[36]

[37]

[38]

[39]

[40]

H. M. Srivastava, Some formulas for the Bernoulli and Euler polynomials at rational arguments,
Mathematical Proceedings of the Cambridge Philosophical Society 129 (2000), 77 — 84,
DOI:10.1017/S0305004100004412.

H. M. Srivastava, Some generalizations and basic (or ¢-) extensions of the Bernoulli, Euler
and Genocchi polynomials, Applied Mathematics & Information Sciences 5 (2011), 390 — 444,
http://www.naturalspublishing.com/Article.asp?ArtcID=119,

H. M. Srivastava, T. Kim and Y. Simsek, q-Bernoulli numbers and polynomials associated with
multiple g-Zeta functions and basic L-Series, Russian Journal of Mathematical Physics 12 (2005),
241 — 268.

H. M. Srivastava and A. Pintér, Remarks on some relationships between the Bernoulli and Euler
polynomials, Applied Mathematics Letters 17 (2004), 375 — 380, DOI:10.1016/S0893-9659(04)90077-
8l

H. M. Srivastava and J. Choi, Zeta and q-Zeta Functions and Associated Series and Integrals,
Elsevier Science Publishers, The Netherlands, Amsterdam (2012), DOI:|10.1016/C2010-0-67023-4.

H. M. Srivastava, M. Garg and S. Choudhary, A new generalization of the Bernoulli
and related polynomials, Russian Journal of Mathematical Physics 17 (2010), 251 — 261,
DOI:110.1134/S1061920810020093.

R. Tremblay, S. Gaboury and J. Fugere, A new class of generalized Apostol-Bernoulli polynomials
and some analogues of the Srivastava-Pintér addition theorem, Applied Mathematics Letters 24(11)
(2011), 1888 — 1893, DOI:10.1016/j.am1.2011.05.012.

Commaunications in Mathematics and Applications, Vol. 11, No. 1, pp. , 2020


http://doi.org/10.1017/S0305004100004412
http://www.naturalspublishing.com/Article.asp?ArtcID=119
http://doi.org/10.1016/S0893-9659(04)90077-8
http://doi.org/10.1016/S0893-9659(04)90077-8
http://doi.org/10.1016/C2010-0-67023-4
http://doi.org/10.1134/S1061920810020093
http://doi.org/10.1016/j.aml.2011.05.012

	Introduction
	Background and Preliminaries
	Generalized bold0mu mumu (p,q)(p,q)(p,q)(p,q)(p,q)(p,q)-extensions of Apostol Type Polynomials of Order bold0mu mumu 
	Multifarious Correlation Formulas for the Polynomials bold0mu mumu Tn,p,q[ m-1,] (x,y;;;;) Tn,p,q[ m-1,] (x,y;;;;) Tn,p,q[ m-1,] (x,y;;;;) Tn,p,q[ m-1,] (x,y;;;;) Tn,p,q[ m-1,] (x,y;;;;) Tn,p,q[ m-1,] (x,y;;;;) 
	Conclusion
	References

