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Abstract: This paper constructs and introduces (p, g)-cosine and (p, 4)-sine Bernoulli polynomials
using (p, q)-analogues of (x + a)". Based on these polynomials, we discover basic properties and
identities. Moreover, we determine special properties using (p, q)-trigonometric functions and verify
various symmetric properties. Finally, we check the symmetric structure of the approximate roots
based on symmetric polynomials.
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1. Introduction

In 1991, (p, q)-calculus including (p, g)-number with two independent variables p and g, was first
independently considered [1,2]. Throughout this paper, the sets of natural numbers, integers,
real numbers and complex numbers are denoted by N, Z, R and C, respectively.

For any n € N, the (p, q)-number is defined by the following:

_an
pq = P‘Z , where |p/q| <1, (1)

which is a natural generalization of the g-number. From Equation (1), we note that [1],, = [1]g,-

Many physical and mathematical problems have led to the necessity of studying (p, g)-calculus. Since
1991, many mathematicians and physicists have developed (p, q)-calculus in several different research
areas. For example, in 1994, [3] introduced (p, q)-hypergeometric functions. Three years later, [3,4]
derived related preliminary results by considering a more general (p, 9)-hypergeometric series and
Burban’s (p, g)-hypergeometric series, respectively. In 2005, based on the (p, )-numbers, [5] studied
about (p, g)-hypergeometric series and discovered results corresponding to the (p, 7)-extensions of
known g-identities. Moreover, [6] established properties similar to the ordinary and g-binomial
coefficients after developing the (p, q)-hypergeometric series in 2008. About seven years later, [7]
introduced (p, q)-gamma and (p, q)-beta functions, which are generalizations of the gamma and
beta functions.

The different variations of Bernoulli polynomials, g-Bernoulli polynomials and (p, 4)-Bernoulli
polynomials are illustrated in the diagram below. Kim, Ryoo and many mathematicians have studied
the first and second rows of the polynomials in the diagram(see [8-12]). These studies began producing
valuable results in areas related to number theory and combinatorics.
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The main idea is to use property of (p, g)-numbers and combine (p, q)-trigonometric functions.
From this idea, we construct (p, q)-cosine and (p, q)-sine Bernoulli polynomials. Investigating the
various explicit identities for (p, g)-cosine and (p, q)-sine Bernoulli polynomials in the diagram'’s third
row is the main goal of this paper.

t 1etx cos(ty) = Yoo B (xy) 5

; ) of —
metx =Y oBi(x)5 ( cosine Bernoulli polynomials)
( Bernoulli polynomials) 7 t_ 7 sin(ty) = Yoo B (x,y)5
( sine Bernoulli polynomials)
t - g
Weq(tx)COSq(ty) = Y=o CBn,q(x/y)ﬁ
t t" ’
———eq(tx) = 137 Bug(x) — (g-cosine Bernoulli polynomials)
eq(t) —1 n — t”

t
( g-Bernoulli polynomials) ﬁeq(tx)SINq(ty) = Ynz05Bug(x,y) P

eq(t
(g-sine Bernoulli polynomials)

t . t

enaf) — {eprq(tx)COSp/q(ty) = Yn—0 CBn/p,q(xf]/)ﬁ

t " pA :
————epq(tx) = 130 Bupq(x)— ((p, q)-cosine Bernoulli polynomials)

epq(t) —1 nl —— ; i

( (p,q)-Bernoulli polynomials) ——————¢p4(tx)SINp 4 (ty) = X570 sBup,g (X, ¥) =

((p, q)-sine Bernoulli polynomials)

Due to their importance, the classical Bernoulli, Euler, and Genocchi polynomials have been
studied extensively and are well-known. Mathematicians have studied these polynomials through
various mathematical applications including finite difference calculus, p-adic analytic number theory,
combinatorial analysis and number theory. Many mathematicians are familiar with the theorems
and definitions of classical Bernoulli, Euler, and Genocchi polynomials. Based on the theorems
and definitions, it is significant to study these properties in various ways by the combining with
Bernoulli, Euler, and Genocchi polynomials. Mathematicians are studying the extended versions of
these polynomials and are researching new polynomials by combining mathematics with other fields,
such as physics or engineering (see [9-14]). The definition of Bernoulli polynomials combined with
(p, q)-numbers follows:

Definition 1. The (p, q)-Bernoulli numbers, By, 4, and polynomials, By, p,q4(z), can be expressed as follows

(see [8])
’ r;) Bn,Pﬂ (Z) [n]p,q' - ep,q (t) 1 EP,q(tZ)‘ (2)

n t
pal epg(t) —1

= t
B
n;) "

In [11], we confirmed the properties of g-cosine and g-sine Bernoulli polynomials. Their definitions
and representative properties are as follows.

Definition 2. The g-cosine Bernoulli polynomials ¢ By, 4(x,y) and q-sine Bernoulli polynomials sBy, 4(x,y)
are defined by the following:

(o) tn t 0 tn t
n;)cBn,q(x/y)a = Weq(tx)cosq(ty), n;)an(x/y)a = Weq(tx)SINq(fy)- 3)
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Theorem 1. For x,y € R, we have the following:

CBn,q((x_@f)q/y) + SBn,q((x © V)qry)
n n—k
L] a2 (B (v, ) + (1) 5By (x,y) )
Y

sBuq((x b ")qy) +cBug((x©7)g,y)
n
k

=Tio || 972 (sBeg(xy) + (-1 FeBiy(x,y)

n

= Lik=0
(i)
(4)

-q
(i) %CBn,q(x/y) = [”]qCBn—l,q(xry)/ a%CBn,q(xry) = —[”]qSBn—l,q(xr qy)
%an,q(x,y) = [n]qun-Lq(x,y), %SBn,q(x/]/) = [”]qCBn—l,q(x/q]/)

The main goal of this paper is to identify the properties of (p, g)-cosine and (p, g)-sine Bernoulli
polynomials. In Section 2, we review some definitions and theorem of (p, q)-calculus. In Section 3,
we introduce (p, g)-cosine and (p, q)-sine Bernoulli polynomials. Using the properties of exponential
functions and trigonometric functions associated with (p,q)-numbers, we determine the various
properties and identities of the polynomials. Section 4 presents the investigation of the symmetric
properties of (p,q)-cosine and (p, g)-sine Bernoulli polynomials in different forms and based on the
symmetric polynomials, we check the symmetric structure of the approximate roots.

2. Preliminaries

In this section, we introduce definitions and preliminary facts that are used throughout this paper
(see [6,12-20]).

Definition 3. For n > k, the Gaussian binomial coefficients are defined by the following:

mi o [yt
[T] P4 [l’l - k] P,@![k] p,q!’ (5)

where m and r are non-negative integers.
We note that [n],q! = [n]pq[n —1]pq- - [2]pq[1]pq where n € N. For r = 0, the value of
the equation is 1, because both the numerator and denominator are empty products. Moreover,

(p, q)-analogues of the binomial formula exist, and this definition has numerous properties.

Definition 4. The (p, q)-analogues of (x — a)" and (x + a)" are defined by the following:

. . 1, ifn=0
R { (r—a)px—ga) - (" x—qha), iz
B _— 1’ if]’l =0
(ii) (x®a)y, = { (x+a)(px+qa) - (p" 2x + " 2a) (p" ' + " a), ifn>1 6)

p@ ("2 gk,

p4a

Definition 5. We express the two forms of (p, q)-exponential functions as follows:

Sy Y B =Y g®
e X s g\ X ’
pa%) n;op [1]p.4" pal) ngoq [1]pq!

@)
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From Equation (7), we determine an important property, e, 4(x)Ep4(—x) = 1. Moreover, Duran,
Acikgos, and Araci defined ¢, 4(x) in [17] as follows:

Cpaq(x Z ®)
n= 0
From Equations (8) and (6), we remark ey, 5 (x)Ep4(y) = €,4(X DY) pyq
Definition 6. For x # 0, the (p, q)-derivative of a function f with respect to x is defined by the following:
f(px) — f(4x)
Dpaf(x) = ————>—, ©)
paf 1) = T g

where (Dp,,f)(0 ) = f ’(0), which prove that f is differentiable at 0. Moreover, it is evident that
Dpgx" = [n]p
) pax

Definition 7. Let i = \/—1 € C. Then the (p, q)-trigonometric functions are defined by the following:

ep,q(ix) — epq(—ix) Epq(ix) — Epq(—ix)

sinp,q(x) = 5 , SINp4(x) =

epq(ix) + epq(—ix) Epq(ix) iiE (—ix) (10)
cospg(x) = 21 > P , COSpq(x) = -4 . pA ,

where, SINp,q(x) = sin,, -1 ,-1(x) and COSpq(x) = cos,,-1 ,-1(x).

rlag p

In the same way as well-known Euler expressions using exponential functions, we define the
(p, q)-analogues of hyperbolic functions and find several formulae (see [3,5,17]).

Theorem 2. The following relationships hold:

(i) sinp,;(x)COSy4(x) = cospq(x)SINp,4(x)
(i) epq(x) = coshy,q(x)sinhyq(x) (11)
(iii) Epy(x) = COSH, o (x)SINH, 4(x).

From Definition 7 and Theorem 2, we note that coshy,;(x)COSHp 4(x) — sinhy 4(x)
SINH, ,(x) = 1.

3. Several Basic Properties of (p, q)-Cosine and (p, q)-Sine Bernoulli Polynomials

We look for Lemma 1 and Theorem 3 in order to introduce (p, q)-cosine and (p, q)-sine Bernoulli
polynomials. From the definitions of the (p, g)-cosine and (p, 4)-sine Bernoulli polynomials, we search
for a variety of properties. We also find relationships with other polynomials using properties of
(p, q)-trigonometric functions or other methods.

Lemma 1. Fory € Rand i = /—1, we have the following:

(i) Epqlity) = COSpq(ty) +iSINp,(ty),

g . , (12)
(ii) Epq(—ity) = COSy4(ty) — iSINy 4(ty).
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Proof.

(i)

(i)

E,4(ity) can be expressed using the (p, q)-cosine and (p, 7)-sine functions as

) Epq(ity) + Epg(—it Epq(ity) — Epq(—it
Ep(ity) = pality) . pa(=ity) | Epq(ity) . pa(—ity)
= COSp4(ty) +iSINp4(ty).
By substituting —ity instead of (i), we obtain the following:
: Epq(=ity) + Epq(—ity)  Epg(—ity) — Epg(—ity)
Epq(—ity) = 3 - 3
= COSp4(ty) —iSINy 4(ty).
Therefore, we complete the proof of Lemma 1. [
We note the following relations between e 4, E; ; and €4
. = (x@y)p
(i) epa(x)Epq(y) = ) ﬁpq pa(X ©Y)pa,
n=0 pAq-
. ® (xOy)
(i) epq(x)Epqg(—y) =) MM epq(XOY)pyg
n=0

Theorem 3. Let x,y € R, i =+/—1,and |q/p| < 1. Then, we have

o> (x @iy)k 4+ (x o iy)k n
o EE| (S ey,
P4

- (x@iy)k, — (xoiy)h "
(i) ). ). [Z} ( oy qui " M) Bn—k%ﬂ#
P4

Proof.

(i)

We note that

We find the following by multiplying €, 4 (£(x ®y),,4) in both sides of Equation (17).

ZB”P’%

n=0k=0
t

aq(t

ﬁepq(tx)COSM(ty)

paq-

ZB"PQ }

t
P‘i

Wep,q(tx)SINp,q (ty).

pq-

t

Pq

epq(t) =1

t

The left-hand side of Equation (18) can be changed into

ZB”P‘i

"

qepq( XDY)pyg)

[1e

EB”}W

n=

=

3

o

O

(

i

k=0

1% (Hx @ Y)pg) = W@,q (Hx @ )pa)

50f21

(13)

(14)

(15)

(16)

(17)

(18)

(19)
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and by using Lemma 1 (i) on the right-hand side of Equation (18), we yield

t t

Wa’"f (tx @ y)pa) = Wé’m(xwm(y)
_ t0a®) cos, () + iSINy (1) 20
epq(t) — 1 pa\ty palty)) -

From Equations (19) and (20), we derive the following:

() n n B tn B tep,q(x) )
nX::O (kg) M p,q(x@y)p,an_k,p,q) Aol ep(D) 1 (COSp4(ty) +iSINp4(ty)) . (21)

We obtain the equation below for (p, g)-Bernoulli numbers using a similar method.

k=0 Ipa!  epq(t) —1

2)(2 m (x@iyyiéﬂBnk,pﬂ) [ntn = paltt) (COSpq(ty) —iSINp4(ty)) - (22)
"= pA

By using Equations (21) and (22), we have

Y (x@iy)k, + (xeiy)k, i ,
Z Z |}Z] g ( PA 7 Pq> Bn_k,p,t] [n} [ = ep,q(t) — 1€p,q(tx)COSp,q(ty) (23)

o 1 (x® Z'y)k, —(xo iy)k, tn ,
)N mpq ( Ze pq> O o o e L ORI GO T

Therefore, we can conclude the required results. [J

Thus, we are ready to introduce (p, g)-cosine and (p, 4)-sine Bernoulli polynomials using Lemma 1
and Theorem 3.

Definition 8. Let |p/q| < 1and x,y € R. Then (p, q)-cosine and (p, q)-sine Bernoulli polynomials are
respectively defined by the following:

ad " t
cBupq(x, = ep,q(tx)COS, 4(ty),
r;) np.q( y) Mgl epq(t) — 1 pq (X) pa(ty)
and
i SBn,p,q(xry) i | ! ep,q(tx)SINp,q(ty)- (25)
=0 [”]p,q- ep,q(t) -1

From Definition 8, we determine g-cosine and g-sine Bernoulli polynomials when || < 1 and
p = 1. In addition, we observe cosine Bernoulli polynomials and sine Bernoulli polynomials for g — 1
and p = 1.
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Corollary 1. From Theorem 3 and Definition 8, the following holds

. n (x@iy)h, + (xeiy)k,
(l) CBn,p,q(xry) = Z [Z‘| < P 2 A Bn—k,p,q/
k=0 L"1pq

n [y (x@iy)k  — (xoiy)k 26)
(ii)an,p,q(x/y) = Z [k‘| ( A 2 Pr‘i) Bn—k,p,q/
k=0 L], !
where By, q denotes the (p, q)-Bernoulli numbers.
Example 1. From Definition 8, a few examples of cBy,p4(x,y) and sBy, p4(x,y) are the follows:
CBO,p,q (x/ ]/) =0
cBipq(xy) = px
Bapq(x,y) = p*x* — 27)
cBapaq(x,y) = P°° = pa(p? + pq + %) xy?
cBapq(x,y) = pt = pa(p? + ) (P + pa + )%y + 0°y,
and
sBo p,q(xr]/) =0
y
B X,
SD1 p,q( ]/) p i q
pxy
sBapq(x,)
O G
2.2
v (e — ) (28)
SB3,p,q(x/]/) =

p+q

p*a? N 7 (p? +qz)y2>

sBapq(x,y) =plp —q)xy <p5 e

Definition 9. Let |p/q| < 1. Then, we define

n n

ad t ad t
Z Cn,p,q(xry)i[n] 7= ep,q(tx)COSy4(ty), Z Sn,p,q(x/y)i[n] = ep,q(tx)SINp4(ty). (29)
n=0 pa’ =0 pa!

Theorem 4. Let k be a nonnegative integer and |p/q| < 1. Then, we have

o

. 2 n
(i) cBupqlx,y) =), lk] Bu—tpqChpaq(Xy),

k=
n

k] ank,p,qsk,p,q(xr ]/)r
pAa

1=

(ii)  sBupq(x,y) =

=

=0

where By, q is the (p, q)-Bernoulli numbers.
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Proof.
(i)  Using the generating function of the (p,q)-cosine Bernoulli polynomials and Definition 9,
we find
0o n 00 t}’l
ZCBn,p,q(xr]/)W: EBn,p [ ] chpq xy)[ ]
n=0 pAa: n=0 P+ ’1 n= P/ q

(31)

I
i 1Y agk:

(i [ ‘| Bn—k,p,an,p,q(x,y)> [n]tn'
k=0 2] b

Through comparison of the coefficients of both sides for Equation (31), we obtain the desired
results immediately.
(i) By applying a method similar to (i) in the generating function of the (p,q)-sine Bernoulli
polynomials, we complete the proof of Theorem 4 (ii).
O

Theorem 5. For a nonnegative integer n, we derive

. n n—k
(i) [”]p,qcnfl,p,q(xfy) = |]J P( >Ckaq(x y) — cBn pq(x y),
rA

(32)

m= lygh

(if) [ ]qun 1,p.q x]/
k=

o

n n—k
[ ] }7( 2 )SBk,p,q(x'y) — SBn,p,q(xfy)'
rAa

Proof.

(i)  Suppose that ey (t) # 1in the generating function of the (p, 7)-cosine Bernoulli polynomials.
Then, we have

tn

n;() CB"/M (x’ y) [T’Z]

o (ep,g(t) —1) = tepq(tx)COSp 4(ty). (33)

We write the left-hand side of Equation (33) as follows:

t'rl
Z cBupq(x,y) [n] ,(ep,q(t) -1)
0 pa
= ¥ Bupaey) o (L (34)
n=0 [lpg! \ /2 (1]p.q!
> " n (H*k) t"
= Z Z k p 2 CBk,p,q(xry)*CBn,p,q(x/y) Wf
n=0 0 g pAa-

and we transform the right-hand side into the following:

tn+1
tep,;(tx)COS,4(ty) = Z Cupg(X,y)
(1]p.4!
. (35)
= Z IpaCn—1,p,9 xy)[ Toal
n=| pAa-

Therefore, we obtain the following;:

n

n n—k
Y M P2 B (%,9) = Bupa(%,) = [1]paCo-1q (1) (36)
k=0

P4
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By calculating the left-hand side of Equation (36), we investigate the required result.

(i)  We do not include the proof of Theorem 5 (ii) because the proving process is similar to that
of Theorem 5 (i).
O

Corollary 2. Setting p = 1 in Theorem 5, the following equations hold

n

(i) [n]an,l,q(x,y) = Z [Z] CBk,q(x/y) _CBn,q(xr]/)
k=0 q

(37)

n

@) lnlySualo) = 12 M $Big(,Y) — sBua (%),
= q

where ¢Byq(x,y) represents the q-cosine Bernoulli polynomials and sByq(x,y) denotes the g-sine
Bernoulli polynomials.

Corollary 3. Assigning p = 1and q — 1 in Theorem 5, the following holds:
@ 1) = T (§)chulxn

@) w5y son) = L (1)sBey)

k=0

where ¢By(x,y) represents the cosine Bernoulli polynomials and sB,(x,y) represents the sine
Bernoulli polynomials.

Theorem 6. Let |p/q| < 1. Then, we have

n

. n ek (nk e
(i) cBn,p,qu,y):ﬂk] (=1)"q"2) ([FpaCh-1,g (%) + B pg () ) ",
k=0 v.q

(39)

.. n _ n—k -

(ii)  sBupq(Ly) = kz(;) [Z] (1) g2 <[k]PrqSk—l,p,q(x/y) +SBk,Prq(x/]/)) Xk,
=0 L% pq

Proof.

(i)  If we put 1 instead of x in the generating function of the (p, g)-cosine Bernoulli polynomials,
we find the following;:

s t" t
Bypa(1, = epq(t) —1+1) COS, (¢
n;OC n,p,q( y) [”]p,q! qu(t) 1 ( Pq( ) ) P‘I( y)

; (40)

= 1COSpq(ty) + ——
)+ =

COSp4(ty).
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Using a property of the (p,q)-exponential function, ey 4(x)Ey4(—x) = 1, in Equation (40),
we obtain the following:

B}'l, , ]-/ T 1
n;oc pa(l¥) [1]pq!
t
pA
[ee] ti’l
i

[”]p,q!

3

(41)

= ZE)([ ]pqcn 1pq(x 3/)+CBnpq X, y
n—=

_ "
([k]p,gCr—1,p,q (%, ¥) + B p,q (%, ¥) ) x" k) Tl

nfk)

n _
k] (—1)"*q"
12

and we immediately derive the results.

(i) By applying a similar process for proving (i) to the (p, q)-sine Bernoulli polynomials, we find
Theorem 6 (ii).

k=0

n)pq!

O

Corollary 4. Setting p = 1 in Theorem 6, the following holds:

(Z) CB”‘? 1 y i [ ] q( )([k] Ci— lq(x y)+Cqu(x y)) ok
! (42)

(i) an,q<1,y>=kf H (—1)"~* "2 ([KlgSe-14 (5, 9) + 5Bg (x,)) ¥,
—0 q

where Byq(x,y) denotes the g-cosine Bernoulli polynomials and gBygq(x,y) denotes the g-sine
Bernoulli polynomials.

Corollary 5. Setting p = 1and q — 1 in Theorem 6, the following holds:

() cBaty) = ¥ () (-1 F (bCoa() + Bl 5
=0 43)

(i) sBal) = 3 () (0" (81 (o) + sBi ) 2",

k=0

where cBy,(x,vy) is the cosine Bernoulli polynomials and sBy,(x,y) is the sine Bernoulli polynomials.

Theorem 7. For a nonnegative integer k and |p/q| < 1, we investigate

Bn,p,q (x)

OM

n
Lk] (=1 VR eBy g (x,y)
[n__l & (44)

n k. (2k+1)k, 2k+1
+ k_;) 2%k +1 (*1) p( +1) y + SB”*(ZkJrl),p,q(x/y)/

N

p4q

where By, p,q(x) is the (p,q)-Bernoulli polynomials and [x] is the greatest integer not exceeding x.
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Proof. In [9], we observe the power series of (p, g)-cosine and (p, g)-sine functions as follows:

2n x2n+l

- 2n n_ X - 2n+1)
coqu ; [Zn]p,q!' Smpq ; [2n+1]p’q!. (45)

Let us consider (p,q)-cosine Bernoulli polynomials. If we multiply (p,q)-cosine Bernoulli
polynomials and the (p, q)-cosine function to determine the relationship between (p, q)-Bernoulli
polynomials and, combined (p, q)-cosine Bernoulli polynomials, and (p, )-sine Bernoulli polynomials,

we have
n

Z cBupq(x, y)[ Aot coqu(ty) #em(tx)COSp,q(ty)cosp,q(ty). (46)

€paq
The left-hand side of Equation (46) is transformed as

00 n

Z CBnpq(x y)[ ] coqu(ty)
n=0 p,q
= = p(2n=1)n, 2 £
*ZcBnpqu ,2 " ”y”—,
n=0 Pq n=0 [ ]p,q-
o) n t‘rl+k (47)
= (—1)fp Dk B, () | s
ng() k; pa e [n+k]p,q!

n

t
(-1)fplt “"kacBn-k,p,q<"'~‘/)) it

+
2k
] ) pa:

From Equations (46) and (47), we derive the following:

Zz

(3]

> n _ "
Z (Z [Zk] (_1)kp(2k l)k]/ZkCank,p,q(x/ ]/))
k=0 P4

n=0 [n]p,q!

(48)
t
= ﬁeprq(tx)COSprq(ty)cosp,q(ty),

epq(t) —
where [x] is the greatest integer that does not exceed x.
From now on, let us consider the (p,q)-sine Bernoulli polynomials in a same manner of
(p, g)-cosine Bernoulli polynomials. If we multiply By, ,4(x,y) and siny 4(ty), we obtain

o) n

Z sBn,pq(x, y)[ }tp,q singq(ty) =

t .
n=0 er (i) =1 XIS INpg(ty)sinp, (£y). (49)

€pyg

The left-hand side of Equation (49) can be changed as the following.

ad n

Y 5Bupq(x,y) r—sing,q(ty)

1’[20 [ ]p,q

= i SBn (x y) t" i (_1)np(2n+1)ny2n+1fzni
i "lpat i [1]p.q" (50)
e )

= (_1)kp(2k+1)ky2k+lsB ki), (x,y) .
g(,g’) 2k +1 pa n—(2k+1),p,q [n]p’q!
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From Equations (49) and (50), we have the following:

= ((Z] K, (2k+1)k, 2k+1 ¢

Z Z 2k +1 (=1 P( ) Yy SBn—(2k+1),p,q(er) W

n=0 \ k=0 P4 pa- (51)

t .
— Wew(tx)SINp,q(ty)smp/q(ty),
where [x] is the greatest integer that does not exceed x.
Here, we recall that

(COSp,q(x)cosp,q(x) + SINp 4(x)sing q(x)) = 1. (52)

Using Equations (48) and (51) and applying the property of (p, q)-trigonometric functions, we find
(p,q)-Bernoulli polynomials as follows:

n

ad n t
Z ok (*1)](77(2]( UkkaCBn*k,p,q(xry) "
n=0 \ k=0 P4 [1]p.q!

pA

iz

o (] ]
+ (_1)kp(2k+1)ky2k+1an7 (x’y)
n;) ( k;o 2k +1 (2k+1),p.q [1]p,q! (53)
t

= Wepq(tx) (COSp,q4(ty)cosp,q(ty) 4+ SIN, 4 (ty)sing 4 (ty))

where By, 4(x) is the (p, g)-Bernoulli polynomials.
By comparing the coefficients of both sides of ", we produce the desired result. O

Corollary 6. Setting p = 1 in Theorem 7, the following holds:

[%}

Bnq [ ‘| k ZkCBn—k,q(xly)

(54)

(=D % By ki), (X Y),

I MNL gM

2k+1

where By, 4(x) is the q-Bernoulli polynomials, By q(x,y) denote the g-cosine Bernoulli polynomials, and
sBn,q(x) denote the g-sine Bernoulli polynomials.

Corollary 7. Setting y = 1 in Theorem 7, one holds:

8T,
Bn,p,q(x) = lzk‘| (_1)kp(2k_1)kCBn—k,p,q(x/1)
r4 (55)

(_1)kp(2k+l)kSBn7(2k+1),p,q(xl 1)/

where By, q(x) is the (p, q)-Bernoulli polynomials and [x| is the greatest integers that does not exceed x.
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Theorem 8. For a nonnegative integer k and |p/q| < 1, we derive

(_1)kp(2k+1)ky2k+1cBn7(2k+1),p,q(x/ y)

(56)

(_1)kp(2k 1)ky2kSBn—k,p,q(x/ y),

p4q

where (x| is the greatest integer not exceeding x.

Proof. If we multiply cBy, p4(x,y) and sin 4(ty), then we find

n

t .
Z cBup.q(x, y)[ i (Sittp g (ty) = Wep,q(tx)COSp,q(ty)smp,q(ty), (57)

and the left-hand side of Equation (57) can be transformed as

n

t
ZCB”quy)[ ] SmPﬂ](ty)
n=0 Prq

tn
CBn,P,q(x/ y) [1’1] |

£

t2n+l

[
Ms

ngk:

_1\n,,(2n+1)n, 2n+1
0( D" T Rt (58)

tTl
(*1)kp(2k+1)ky2k+lCBn7(2k+1),p,q(xf y) [N
[1]pq!

=
o

]

=
)3
k=0

2k+1
pA

Similarly, we multiply the (p,q)-sine Bernoulli polynomials and (p,q)-cosine function as
the follows:

i’l

t
Z sBupq(x, y)[ Aol 1cospq(ty) = mew(tx)SINp,q(ty)cosp,q(ty). (59)

The left-hand side of Equation (59) can be changed as

e} n

ZSB"M(X Y)—— t coqu(ty)
n=0 [ }P/q

" © t2n
= B X, _1)ny@n—1)n, 2n
V;)S pacry) [1]p.q" y;)( v y 2] p,q! (60)
e (& k., (2k—1)k, 2k t"
= Z 2 (_1) p y Sank,p,q(xry) —
im0 \ k=0 (%], [1]pq!

In here, we recall that sinp,;(x)COSp4(x) = cosp,q(x)SINy,4(x). From Equations (58) and (60),
and the above property of (p, g)-trigonometric functions, we investigate

w (21, t

Z%] (k ¢ |2k 41 (—1)"P(Zk*1)ky2k“c3n<2k+1),prq(x'y)) [1]p,q!

n= = 4 /
o (187, o

— 1k, (2k=1)k, 2k R (61)
L (kzo lzk e SB”"M(’“’”) [Tt

WEP q(tx) (COSp 4 (ty)sing,q(ty) — SINp,q(ty)cosyq4(ty))
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From Equation (61), we complete the proof of Theorem 8. [

Corollary 8. Putting y = 1 in Theorem 8, we have the following:

(_1)kp(2k+1)kcBn—(2k+1),p,q(x/ 1)

P (62)

(_1)kp(2k_l)kSBn—k,p,q(x/ 1)/
pAq

where [x] is the greatest integer not exceeding x.

Corollary 9. Setting p = 1 in Theorem 8, the following holds:

oy
(_1)ky2k+1CBn7(2k+1),q(x'y) - 2 |?k] (_1)ky2k5Bn7k,q(xry)r (63)
q k=0 q

[254]
2
k=0

n
2k +1
where ¢ By, 4(x,y) is the q-cosine Bernoulli polynomials and sB,, 4(x,y) is the g-sine Bernoulli polynomials.

Corollary 10. Let p = 1 and q — 1 in Theorem 8. Then one holds

(5] " (1]
k, 2k n k. 2k
X (2k+1)(_1) B (ny) = 1 <2k)<—1> P sBui(xy), (64)

where cBy(x,v) is the cosine Bernoulli polynomials and sBy,(x,y) is the sine Bernoulli polynomials.

4. Several Symmetric Properties of the (p, g)-Cosine and (p, q)-Sine Bernoulli Polynomials

In this section, we point out several symmetric identities of the (p, g)-cosine and (p, q)-Bernoulli
polynomials. Using various forms that are made by 2 and b, we obtain a few desired results regarding
the (p,q)-cosine and (p, q)-sine Bernoulli polynomials. Moreover, we discover other relations of
different Bernoulli polynomials by considering certain conditions in theorems. We also find the
symmetric structure of the approximate roots based on the symmetric polynomials.

Theorem 9. Let a and b be nonzero. Then, we obtain

A
. n —k—T17k—1 Xy XY
@ ) [k At T T CBy kg (El E) cBrpg (b’ b)

S
= |n k-1 k-1 Xy XY
= k;) k‘| b" a Cank,p,q (E/ E) CBk,p,q Er E ’
B P (65)
.. n —k—11.k—1 Xy XY
(”) kz() |]< a’ b Sank,p,q (EI E) SBk,p,q (b’ b)
= - p4q

= |n k1 k1 Xy XY
- L k] 0SB (55 ) sBoa (507 )
P4
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Proof.
(i)  We consider form A as follows:
A t2ep q(tx)ep,q (LX) COSp,q(ty) COSp 4 (1Y) (66)
(epq(at) —1) (epq(bt) —1)
From form A, we find
t t
> " ad XY "
_ unfl B x,y s bnfl B (/ ) s
n;() o <ﬂ ﬂ> [1]p.q! nga AT D) Tn]pg! (67)
N S LA e Xy XY t"
= a b " cBukpg | = =) cBipg | - ,
;g(k;o [k]m " M(a a) PAND b (1] p,q!

and form A of Equation (66) can be transformed into the following;:

t t
A= —————¢,,(tx)COSy ;(ty) —————¢€4 4 (tX)COS, ,(tY
epg(0t) — 1 pa (£X) pa(ty) epglat) —1 pa(tX) pa(tY)

o (68)
-y f Mgkl p (3.%)cB X
=0 \ ko Lk pa Conlra\pp) RPN 0" a []pq!

Using the comparison of coefficients in Equations (67) and (68), we find the desired result.
(i)  If we assume form B as follows:

B t2ep 4 (tx)epq(tX)SINp,q(ty)SIN, 4 (tY) ©9)
o (epq(at) —1) (epq(bt) —1) ’

then, we find Theorem 9 (i) in the same manner.

O

Corollary 11. Setting a = 1 in Theorem 9, the following holds:

V&[] _ XY
(i) Z [k b lCank,p,q (,y) cBkpgq (b'b)
- p4q

" n kel x
= Z k] b" k 1Cank,p,q (E/ %) CBk,p,q (X/ Y) ’
L dpq

. [y _ XYy
(if) Z [k bk 1SBn—k,p,q (x,y) SBk,p,q (b' b)
- P

" n i x
-y k] RSBy (E,%)sBk,p,q (X,Y).
- dpq

(70)

o
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Corollary 12. If p = 1 in Theorem 9, then we have
0 L] e Goten (57)
z] e et (5 etia (313
o 71)

1=

>

| n—k=1pk—1 Xy XY
b SB —kag \ == SBk, (, )
0[ A (a a) T\ b’ b

q
or

k1 k-1 y XY
Z‘ k] b SB"*k’”’(b b)sBk"<a a)
=0l g

where ¢Byq(x,y) denotes the q-cosine Bernoulli polynomials and gByg(x,y) denotes the g-sine
Bernoulli polynomials.

»
i

Corollary 13. Putting p = 1and q — 1, one holds:

N A Xy XY
(i) k;) <k>ﬂ b cB,_k (E’ ;) cBx P
n 1 ke X XY
()t ten (5 ) e (5.7
0
v (M) neke1pket Xy XY
(ii) kg,) <k>ﬂ b* 5Bk (;, E) sBil 5y
L AR X XY
=) <k)b” K1 1gB, (5,%) sBk (a,u> ,
k=0

where cBy,(x,v) is the cosine Bernoulli polynomials and sBy,(x,y) is the sine Bernoulli polynomials.

(72)

Theorem 9 is a basic symmetric property of (p, q)-cosine and (p, q)-sine Bernoulli polynomials.
We aim to find several symmetric properties by mixing (p, g)-cosine and (p, q)-sine Bernoulli polynomials.

Theorem 10. For nonzero integers a and b, we have

= |n Ck—1pk-1 Xy XY
2 |\I;| a" b Cank,p,q (EI E) SBk,p,q ?/ E
k=0 P4
= |n k-1 k-1 y XY
:Zlk] v @ cBu- k”q(b b)sBkM a’a
k=0 P4

Proof. We assume form C by mixing the (p, q)-cosine function with the (p, g)-sine function, such as
the following:

(73)

t2ep,q(tx)epq(EX)COS, 4 (ty) SINy 4 (tY)

O @) — 1) (epgo) —1) (74)
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Form C of the above equation can be changed into

t t
C= W‘eﬁ,q(tx)cosp,q(ty)mep,q(tX)Sle,q(tY)
o) 3 X y tn 00 . (X Y) t”
= a"l 1CB P A bn SB 0, -—, 7
n;o P (a a) [n]p,q!ngo PN B b (1] p,q! (75)
c- = |n n—k—17k—1 Xy XY n
- a b cBukpg \ 7> ) Brpa | 7 7 ,
r;) (’g lk]p,q ' M(a a) PAND b [”]M!
or, equivalently:
t
=5 epalt ty) —————e, 7 (tX)SIN, ,(tY
C O Tepa(tX)COSpq(ty) o () —epq(1X)SINp4(£Y)
(76)
SHRS X Y g
= Z Z Z bnik*lakichn—k,p,q (%, %) SBk,p,q <,> ot
n=0 \ k=0 . a a [”]Pﬂ‘

By comparing transformed Equations (75) and (76), we determine the result of Theorem 10. O
Corollary 14. If a = 1 in Theorem 10, then we find

" n _ XY
Z |]J bk 1CBn—k,p,q (x/y) SBk,p,q (b, b)
k=0
pa (77)

= |n —k—1 Xy
= 2 |];| b" Cank,p,q (Er E) SBk,p,q (X/ Y) .
k=0 P

Corollary 15. Setting p = 1 in Theorem 10, one holds:

ol L R P Xy XY
= u Bk (G) sBa (375
q
S £ P Xy XY
=) [k] b A eBy kg <E’5) sBrg\ 7 )
q

where B4 (x,y) is the g-cosine Bernoulli polynomials and sBy, 4(x,y) is the g-sine Bernoulli polynomials.

(78)

Corollary 16. Assigning p = 1and q — 1 in Theorem 10, the following holds:
=M\ k1ke1 Xy XY
I L

oy (M k1 ket Xy XY
=) (k)b acBu_k (E’ E) sBil — o )

where cBy,(x,v) is the cosine Bernoulli polynomials and sBy,(x,y) is the sine Bernoulli polynomials.

(79)
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Theorem 11. Let a and b be nonzero integers. Then, we derive

= |n —k—1pk—1 y Y
Z lk] a" b eBukpyg (bx, E) sBipq | 24X, >
P

k=0 q
n (80)
_ n —k—1 k-1 y Y
-y k] DB g (4,7 ) sBipg (bX, a) .
k=0 P4
Proof. Let us consider form D containing a and b in the (p, g)-exponential functions as
Do t2ep g (abtx)ep 4 (abtX)COSy 4 (ty) SIN, 4 (1Y) 81)
(epq(at) —1) (epq(bt) —1)
From the above form D, we can obtain
t t
= — bt ty) ———— btX)SINy 4 (tY
epq(at) — (AR COSpq(ty) epq(bt) — 6r(@bEX)SINy 4 (1Y)
= n—1 ¥ ¢ - n—1 Y t"
= CB 0, bx,f b SB 0, ((IlX, )
r;) npq( ”> [1]p,g! n;o i b ) [n]pg! (82)
N S LA y Y t"
= a b CB —k,p, bx,* SBk, , LZX,* ,
'IX::O (kg%) |]<1 p.q o ( a) P b [H]Pﬂ!
and ; .
D= —F1w+— bt ty) ———— btX)SIN, 4 (tY
ep,q(bt) — 1€p,q(a x)COSp,q( y)eplq(ﬂt) _ 1€p,q(a )S p’q( )
(83)
[ee] n n L _ y Y tn
= bRl =B, o (ax, 2) sBy (bX, > T
”gb ("ZE) [k] g o ( b> " a [1]p.q!

By observing Equations (82) and (83) which are made by form D, we prove Theorem 11. [

Corollary 17. Setting a = 1 in Theorem 11, the following holds:

" n _ Y
Z [k‘| bk 1CBn7k,p,q (bx,y) SBk,p,q (X, b>
p4

) (84)
n —k—
-y M "B, g (x%) 5By g (DX, Y).
k=0 "1 p g
Corollary 18. If p = 1 in Theorem 11, then we obtain
ol K R y Y
Z a b CB —k, bx, = SBk, aX, —
il RN CE
(85)

Nl ) P y Y
= Z |]{] b" a Cank,q (ax, E) SBk,q bX, E P
q

where ¢ By, 4(x,y) is the g-cosine Bernoulli polynomials and sB,, 4(x,y) is the q-sine Bernoulli polynomials.
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Corollary 19. Let p = 1 and q — 1 in Theorem 11. Then one holds

n
Z (Z) an_k_lbk_chn_k (bx, %) sBy (aX, i)
n
= Z (Z) bnik*lakichn_k (ax, %) sByx (bX, Z) ,

where cBy(x,vy) is the cosine Bernoulli polynomials and sBy,(x,y) is the sine Bernoulli polynomials.

(86)

Next, we investigate the structure of approximate roots in (p, g)-cosine and (p, q)-sine Bernoulli
polynomials. Based on the theorems above, (p, g)-cosine and (p, g)-sine Bernoulli polynomials have
symmetric properties. Thus, we assume that the approximate roots of (p, g)-cosine and (p, q)-sine
Bernoulli polynomials also have symmetric properties as well. We aim to identify the stacking structure
of the roots from the specific (p, g)-cosine and (p, q)-sine Bernoulli polynomials found in Section 3.

First, the structure of approximate roots in the (p, q)-cosine Bernoulli polynomials is illustrated in
Figure 1 when y =5, g = 0.9, and the value of p changes. Figure 1 reveals the pattern of the roots in
the (p, g)-cosine Bernoulli polynomials when p = 0.5. In addition, the approximate roots appear when
n changes from 1 to 30. The red points become closer together when # is 30 and n becomes smaller
as illustrated by the blue points. Based on the graphs with real and imaginary axes, the (p, q)-cosine
Bernoulli polynomials are symmetric.

* A\ Y 0 F i iRuis:
20 20
10 . “.c‘ :. o’ S *e. .: ‘0.3‘ . 10 {. .°o .: : ‘.. ." .}
. % ; < . ® °g° ®
-10 -5 0 5 10 -10 -5 0 5 10
Re Im

Figure 1. Stacking structure of approximate roots in the (p, q)-cosine Bernoulli polynomials when
p=054=09andy =5.

Here, we aim to confirm that changes in the value of the (p, g)-cosine Bernoulli polynomials
changes the structure of the approximate roots as the value changes. The structure of the approximate
roots in polynomials when p = 1 and q changes, can be found in the g-cosine Bernoulli polynomials
(see [11]).

Figure 2 below illustrates the stacking structure of the approximate roots of the (p, g)-cosine
Bernoulli polynomials fixed at p = 0.1, = 0.5and y = 5 when 1 < n < 30. Compared with Figure 1,
Figure 2 displays a wider distribution of the approximate roots. The range of the left picture in Figure 1
is —15 < Re x < 15 and the range of the left picture in Figure 2 is —50 < Re x < 50. The structure of
the approximate roots of p = 0.1 when n = 30 is wider on the real axis compared to when p = 0.5.
The right-hand graphs in Figures 1 and 2 also reveal the same distribution. In addition, as n increases,
the structure of the approximate roots appears symmetric.

30 30 TSt
SRR JRIIR
20 20
e_o (] L] ) e_o L ] L] L) L]
o o ' ° o o $ . °
10 ...l. .. .. E .. .. ...'. 10 .... . .. ! .. . :.C
.' . ° . .. . ! Ld
Ll
-50 0 50 -50 0 50

Re Im

Figure 2. Stacking structure of approximate roots in the (p, g)-cosine Bernoulli polynomials when
p=01,4=09andy = 5.
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Next, we examine the stacking structure of the approximate roots in the (p, q)-sine Bernoulli
polynomials. The conditions are confirmed by equating them to the conditions of the (p, 7)-cosine
Bernoulli polynomials. The stacking structure of the approximate roots of the (p, g)-sine Bernoulli
polynomials when p = 0.5,4 = 0.9, and y = 5 can be checked in Figure 3. At1 < n < 30,
the distribution range of the approximate roots appears wider in the values on the real axis than
in the imaginary axis, as shown in the left picture in Figure 3. Figure 3 reveals that, as the value of n
becomes larger, the approximate roots become more symmetric, and the approximate form approaches
a circular shape, including the origin.

Figure 3. Stacking structure of approximate roots in the (p,q)-sine Bernoulli polynomials when
p=054=09andy =5in3D.

When we change the value of p, the structure of the approximate roots of the (p, g)-sine Bernoulli
polynomials when p = 0.1 under the same conditions as in Figure 3 is presented in Figure 4.
In comparison with Figure 3, the area of the real and the imaginary axes in Figure 4 is greater, and the
approximate roots have a wider distribution than observed in Figure 3. This property is common
in the approximate roots of the (p, g)-cosine and (p, q)-sine Bernoulli polynomials. This indicates
that, as the value of p decreases, the approximate roots of the (p, 4)-cosine and (p, q)-sine Bernoulli
polynomials spread wider. In addition, as displayed in Figure 4, the structure of the approximate roots
of the (p, q)-sine Bernoulli polynomials is symmetric as the value of # increases.

(A
' “
3 3 S 10
g ot e i case
K ® o
-50 DA
N . o o .'.'

Figure 4. Stacking structure of approximate roots in the (p,q)-sine Bernoulli polynomials when
p=01,g=09,and y = 5in 3D.

5. Conclusions and Future Directions

In this paper, we explained about the (p,q)-cosine and (p,q)-sine Bernoulli polynomials,
their basic properties, and various symmetric properties. Based on the above contents, we identified
the structures of the approximate roots of the (p,q)-cosine and (p, q)-sine Bernoulli polynomials.
As a result, we observed that the above polynomials obtain a structure of approximate roots, which has
certain patterns and has a symmetric property under the given circumstances.

Further study is needed regarding whether the structure of approximate roots for the (p, q)-cosine
and (p,q)-sine Bernoulli polynomials have symmetric properties under different circumstances.
Furthermore, we think researching theories related to this topic is important to mathematicians.
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