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APPLICATIONS AND COMPUTATION OF SHEFFER-TYPE
POLYNOMIALS WITH DEGENERATE PROPERTIES

TAEKYUN KIM, DAE SAN KIM*, AND DMITRY V. DOLGY*

ABSTRACT. This paper has two primary contributions. First, we explore degen-
erate Sheffer-type polynomials, a hybrid of higher-order degenerate Bernoulli
and Euler polynomials, and derive their properties. Second, assuming that the
moment generating function of Y exists in a neighborhood of the origin, we intro-
duce the degenerate Sheffer polynomials associated with Y. We then investigate
their properties in general and for the specific cases of uniform and Bernoulli
random variables. We also present new results for the higher-order degenerate
Bernoulli and Euler polynomials.

1. INTRODUCTION

This paper explores two main areas. First, we delve into degenerate Sheffer-type
polynomials, a hybrid of higher-order degenerate Bernoulli and Euler polynomials.
Second, we examine degenerate Sheffer polynomials associated with a random
variable Y, which are a degenerate form of the Appell polynomials associated with
Y, as previously investigated in [2, 20, 22]. It’s worth noting that the study of
various degenerate versions of special polynomials and numbers, originated by
Carlitz’s work in [4, 5], has seen a renewed surge of interest among mathematicians
in recent years (see [3, 7, 10, 13, 15, 16, 23, 24]). We assume that the moment
generating function of Y exists in a neighborhood of the origin (see (24)).

The paper is structured as follows:

e Section 1 reviews degenerate exponentials, degenerate Bernoulli polynomials,
and degenerate Euler polynomials. We also briefly remind the reader about uni-
form and Bernoulli random variables.

e Section 2 investigates higher-order degenerate Bernoulli and Euler polynomi-
als, along with Sheffer-type polynomials. After presenting several properties of
the higher-order degenerate Bernoulli and Euler polynomials (see Proposition 2.1,
Theorems 2.3, 2.4, 2.7), we introduce the degenerate Sheffer-type polynomials
Trfi'w (x) (see (18)). These polynomials represent a hybrid form of the aforemen-
tioned higher-order polynomials (see Theorems 2.5, 2.6, 2.8).

e Section 3 introduces the degenerate Sheffer polynomials associated with Y, de-
noted as Si (%) (see (25)). We derive several properties for these polynomials:

elna géneral context (see Theorems 3.1, 3.2).

o For a uniform random variable on [0, 1] (see Theorems 3.3, 3.5, 3.6).

e For a Bernoulli random variable with the success probability % (see Theorems
3.4,3.7).
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Furthermore, Theorem 3.8 establishes an identity for Y;I(i"h) (x) by utilizing the
Bernoulli random variable with the success probability of % Building on the iden-

tity in Theorem 3.8 and other related identities, we deduce an identity for Trfi’m (x)
in Theorem 3.9, and for the higher-order degenerate Bernoulli and Euler polyno-
mials in Theorems 3.10 and 3.11. For general references pertaining to this paper,
please consult [1, 6, 14, 18, 19].

For any nonzero A € R, the degenerate exponentials are defined by (see [7, 10,
13, 15, 16, 23])

oo tk .

Q) ei(f):k;)(x)k,lﬁv ex(t) =e; (1),

where

(oa =1, (us =x(x—A)(x=22)-(x— (n—DA), (n> 1),
Note from (1) that

1 1) =e".

fimei(t) =e

We also observe that
n n

@ S M ([T
k=0

The degenerate Bernoulli polynomials are defined by (see [13, 15])

}L Zﬁnl

When x =0, B, ; = B,,(0) are called the degenerate Bernoulli numbers.
From (3), we note that

t tl’[

© an-1°

@ B =Y () Baosa. (020
k=0
The degenerate Euler polynomials are given by (see [13, 15])
2 d t”
5 -
) e (t)+1 l Z

Whenx =0, &, =&,,(0), (n>0), are called the degenerate Euler numbers.
By (5), we get

n

©® 6,00 = 3 (}) s ois (020)

k=0
Note from (3) and (5) that
lim B (3) = Bulx),  lim £, (x) = En(x),
where B, (x) and E,(x) are respectively Bernoulli polynomials and Euler polyno-
mials, respectively given by (see [6, 12, 18])

t = t" 2 o t"

o — 1eXt = LBl meﬂ =) En(x) .
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We recall that Y is the uniform random variable on [a,b], denoted by ¥ ~
U(a,b), if the probability density function of Y is given by (see [14, 19])

fy(x):{ % if x € [a,b],

otherwise.

Note that .
E[g(Y)] = /Wg(y)fy(y)dy: La /a g(y)dy,

where g is a real-valued function.
Also, Y is the Bernoulli random variable with probability of success p, denoted by
Y ~ Ber(p), if the probability mass function of Y is given by (see [14, 19])

p0)=p{Yy=0}=1-p, p(l)=p{¥Y=1}=p.
Note that
E[g(Y)] = (1—p)g(0)+ pg(1).

2. DEGENERATE SHEFFER-TYPE POLYNOMIALS
By (2) and (4), we have
" (n
D b= ({)Batesa= B+ 020,
k=0

with the understanding of replacing (), 5 by B, ;. The degenerate Bernoulli num-
bers satisfy the recurrence relation (see (3), (7)) as follows:

1, ifn=1 _
®) B+ Dna=Pus={ ) opermie i =1
From the recurrence relation (8), we derive
B 11 L1, 1 J
Bor=1,Bisy= 2+27M By = 5 61 s Bsa = 47L+47L ;
2., 19,y 1 5,3 9,5
Bis= 30+3), 30171357174,1 2& +4l,....
From (2) and (6), we note that
" n
O 6=} (})aalhia= (60,0 020
k=0

with the understanding of replacing (&), 2 by &, 5. The degenerate Euler numbers
satisfy the recurrence relation (see (5), (9)) as follows:

2, ifn=0

0. ifn£0 » “a=1

(10) (£+1)n,l+(£;,,1:{

By using the recurrence relation (10), we obtain

1 1 1
Gop =1, 610 = —5 &y = 57% Esp = y -2

3 1 35
Eia=—A+31% &, =——+A2—122%....
4 > +3A7, 65 2+ 1 )
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For o € R, the higher-order degenerate Bernoulli polynomials are defined by
t o oo ((x) t
11 — ) &)= —
( ) (e;t(t)—1> el( ) ,;)ﬁmk (x)l’l'

When x =0, ,B,E‘i) = ,B,E(i) (0) are called the higher-order degenerate Bernoulli num-
bers.
The higher-order degenerate Euler polynomials are given by

2 « o p(a), "
(12) <7) et)=) 65 (x)=.
1) A0 R4
When x =0, éan(i) = é"n(j) (0) are called the higher-order degenerate Euler numbers.
Note that

(@) _ pla)
tim 8% (1) = B (), 1im 619 (0) = £ (x),

where BS,‘X) (x) and E,S )(x) are the higher-order Bernoulli and higher-order Euler

polynomial, respectively given by (see [18])

t * v B " 2 ’ M\ El®)
e-1) ¢ _,;) e \axr) ¢ _n);o "

From (11) and (12), we note that

(13) BOW = and Y@=, (20)

The following proposition is immediate from the definitions (11) and (12).

Proposition 2.1. For a,b € R, we have

B (xty) = 2() )98, 0),
and

a NS AN
éan(;b) (x+y) = kZ{) (k) (9@]((73 (x) ég;(f)k’k ().

From Proposition 2.1 and (13), we obtain the following corollary.

Corollary 2.2. For a € R, we have
a (1) pla
Bl = ¥ () B0

and

Now, we observe that

- (pl@) o)y " ro O\
14 « 1)— B\ N x
(14 ;(m,mﬂ ﬁ,,,m))n! f(eml) &)

—Zn—l—l
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and

> a o n 2 (xflx
(s) Z(éif,ﬁ(x“)%iﬁ(x))t*ﬂ(m) &)

= n! t)
_ Z o) é” o—1)
Therefore, by (14) and (15), we obtain the following theorem.

Theorem 2.3. Forn > 0, and o € R, we have
-1
B (et 1) = B (x) = B} (),

and
EQx+1)+65 () =265 ().

From (3) and (5), we note that

16) Y Boa(n)= =
n=0

A7)+
1t 2 1t 2
T2 -1° ea(t) e (t)+1 l(I)Jrie,l(t)—le,l(t)—irlek(t)
1 oo n n
:E;;( ) Bra(1 +/3k/1) alx );
Observe that B 5 (1) = By 5 + &1 (see (8)), where Jy; is the Kronecker’s delta. By
(16), we get
1 n
(17) Bn‘/l(x)_zkz‘bC]:) (zﬁkl‘i‘ékl) k(%)

*’21 1.2 (X +Z< >l31<15n ko (X)-

Therefore, by (17), we obtain the following theorem.

Theorem 2.4. Forn > 0, we have
ﬁnl( ) n 17L + ﬁklgn k/l(x)
2

Now, we consider the degenerate Sheﬁ‘er—type polynomials given by

18 N (Y an- V1w
(18) ep(t)—1 ep(t)+1 il = x)n!’

where a,b € R.
The following proposition follows immediately from the definition (18).

Proposition 2.5. Forn > 0, and a,b € R, we have

a, - n a
T4ty =Y (k) B (06,200,

k=0

I{ZZ}( > 0)(x) k-

and
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From (18) and (3), we have
oo a—1 b
(a,b) ﬁ - t 2 t .
oo = (=) (qos1) (Ga=r)aw
(a— k& i
lb )Elgéﬁz,/l(x)l—,

3 (1) op g
5)

Similarly to (19), by (18) and (5), we get

© (@) ﬁ B ¢ a 2 b—1 2 .
(20) nZOTM (x)n!_<el(t)—l) (em)H) eN)Hel(z)

L
)

I k oo )
. (ab—1) ;o £ t
=) T2 (O)F Y & (x)l_'

k=0 =0 N

o v () plab-1) "
= T, (0)& k2 (x) =

Therefore, by (19) and (20), we obtain the following theorem.
Theorem 2.6. Forn >0, and a,b € R, we have

150 =¥ ()5 08,100

k=0

Z() 4D (0)sa ().

k=0
Now, we observe that

e T (% () pasaw) - ( ) (e )a0

2t N 2t % t"
:ei(t)flel(l)_e%(Zt)—l 4 Zﬁ < )

Therefore, by comparing the coefficients on both sides of (21),we obtain the fol-
lowing theorem.

Theorem 2.7. Forn > 0, we have

26, (g) = k_zo (’;) Beabnia(®)-

From (18), we note that
@ (go=r) (o) 40 (Ga=) (=) 40
_’(ew;—l)al(e (rg—l)bei(”‘,i("H)T,fi DL

= YT W

Therefore, by (18) and (22), we obtain the following theorem.

n
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Theorem 2.8. Forn > 0, we have

@3 157 (e 1) =757 (0) = T 10 )

3. DEGENERATE SHEFFER POLYNOMIALS ASSOCIATED WITH A RANDOM
VARIABLE

Assume that Y is a random variable whose moment generating function exists
in some neighborhood of the origin (see [2, 11, 12, 15, 16, 17, 21, 23]), that is,

(24) E{e“}<oo, (|t <r), forsomer>0.

Let (Y;)j>1 be a sequence of mutually independent copies of the random variable
Y, and let

YW =Y+ +%, (k>1), with Y®=o0.

Now, we define the degenerate Sheffer polynomials associated with Y, S* A (), (n>

0), by
1
(25) 7@ =Y s x)—
IR
Note that

(26) EOE[SY x+Y] — {Z Y x+Y) ]

_ +x 3 (1) .
E[Ew(r)] “)} el )~ 20
=)= Y Wiy

Therefore, by comparing the coefficients on both sides of (26), we obtain the fol-
lowing theorem.

Theorem 3.1. For n > 0, we have
E[S),(x+Y)] = (X)ua-
Let Y; and Y, be independent random variables. Then we have
7 NN LA
=3 nl o E[e ()]
_ 1 Xt yt

TEEl
Zsyl —g jya(y)%

13 (4S5

n=0k=0
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In particular, for y =0 and ¥, = 0, we get
- " 1
(28) Y S5 ()= e (1)

n=0 ! E [eil (t)}
tk i

- LSO Tihag;
—zz() O ia b

n=0k=0
Therefore, by (27) and (28), we obtain the following theorem.

Theorem 3.2. For n > 0, let Y1,Y> be independent random variables. Then we

have
17 = 3 () SISl 100

k=0
In particular, for y =0 and Y, = 0, we have

1,0 = (1) 00 42

For Y ~ U|0, 1], we have

v [ty B At 1
Thus, by (29), we have
o Y "o 1 o log(1+ Ar) t .
(30) ,;)Sn‘l(‘x)a - E[e}k/(l)] l(t) At l(t)_le/l(t)

M &

Z z+1 I'ZB“( k‘
oy (n (=A)" k(n—k)!t"
—g;}(k)ﬁww—-

n!

Therefore, by (30), we obtain the following theorem,
Theorem 3.3. ForY ~ U|0,1], we have

o (n (=) *(n—k)!
Sr}:,l(x) = k;O (k) Bia (X)ﬁ» (n>0).
Let Y ~ Ber(1/2). Then we have

11 1
G31) E[(0)] = & +2eale) = 2O
By (31), we get

A S "
(32) ngosm(x)a A G0 =i —';)éi,‘,l(x) '

Therefore, by (32), we obtain the following theorem.
Theorem 3.4. ForY ~ Ber(1/2), and n > 0, we have

Sna(¥) = 6,2 (x).
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ForY ~ U[0,1], and m € N, by (29), we have

33) E[eﬁ(m) (t)} :E[eiﬁyﬁudrym(t)} _ (e,l(t) B l)m(#))m

N ) log(1+ At
:<ewt)_l) (1og(1m+/u)> ’

By (33), we get

v al) _ (logI+A0)\"( &t \" .
GY ZS TE[M0)] ( At ) (ex(f)*1> L)
m! & J=m &

oo

S] J+mml/t/ >

; j+m Z ﬁ
= i Z S1(n—k+m,m)A"* n(,fzm) B (x)ﬁ,

n=0k=0 ( n!

m

where S (j,m) are the Stirling number of the first kind defined by

1
Hlog (I41)= ZS1nk (k>0).

Therefore, by (34), we obtain the following theorem.

Theorem 3.5. ForY ~ U|[0,1], and m,n > 0, we have

f ,,(Hm)/l” kS1(n—k+m, m)ﬁk ) (x).

k=0

Let m, I be integers with m > [ > 0. Now, by (25) and (26), we observe that

33) ZE{SZ(? (x—i—Y“))] r_ %E {elylm (t)}
=0

n! E[ef"™ (1)
e (1) ey, 1"
= m = Sn A (x) -
E[eﬁ( LY“)(Z)] ,,;) n!
Thus, by (35), we get
(36) St (v =170, (120, m=1>0).

Therefore, by (36) and Theorem 3.5, we obtain the following theorem.

Theorem 3.6. Forn >0, andY ~ U|0, 1], we have

()

=% s kL 080,

k:0( m—I )

where m,l are integers withm > 1 > 0.
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For Y ~ Ber(1/2), we have

o g 60 I
37 RGN L _ .
( ) ,;) n,A (x)n‘ E[ei(nl) (l)] E[eiﬁﬁ.drym ([)} el (Z)

1 o 2\
CE[N ()] Elel(1)] = (e/l(t)"‘ 1) it

o
:Zbé‘;(’l)(x)a, (m>0).

By (37), we get

(m)
(38) SY3 (x) = &5 ().
Therefore, by (36) and (38), we obtain the following theorem.
Theorem 3.7. ForY ~ Ber(1/2), and n > 0, we have

E [Sﬁf,’f) <x+Y“>)} - é@rsz">(x),

where m,l are integers with m > 1 > 0.

For Y ~ Ber(1/2), we have

(39) i E [Tn(“l’b) (x+Y)} ’—n' —E [ i 74" (x+Y)’—n'}
=0 » n! ’ n!

On the other hand, by Theorem 2.5, we get

@)  E[TS"x+y)] = ;& (Z) T (O)E[(x+Y )5 5]

= %ki:‘b (Z) Tk(fi’h) (0) ((x+ Dpia + (x)n—k‘/l)

1 a,b a,b
=3 (1564 1)+ 157 ).
From (39) and (40), we obtain the following theorem.
Theorem 3.8. Forn > 0, we have

_ 1
@1 150 = 3 (157 6+ )+ 157 W),
where a,b € R.

From (23) and (41), we derive the following theorem.
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Theorem 3.9. Forn > 0, we have

b b1 N (a—1pb
42) 157 @) = 1,50 - S50 (),
where a,b € R.
By Theorem 2.5 and (42), we get

43)

a a, a, n a—1,
¥ (1096200 =150 = 15~ 51 )

d ” n'"l =1\ (4
-3 ()aest o -5 8 (M) w0

k=0 k=0
" a _ " n\ ko (a
-3 (3)pids - r (1) 580w, 00

From (43), we obtain the following theorem.

Theorem 3.10. For n > 0, we have
< (-1 = (n k (a1 b
¥ (7)Bwsl0 =3 (7) B+ 5B 2] 60,00
k=0 k=0
where a,b € R.

Let b =1 in Theorem 3.10. Then we have
a - (n
@ Y (1)BE00m = X (1) 890+ 58| 6kt
k=0 k=0
Thus, by (44) and Corollary 2.2, we get

@ B =X (7) B+ 5A 0] 6,

k=0

Now, we observe that

n nnfl
a3 (1A iwa, 0 =28 (" )8 sl 0.

k=0 k=0
Let a =1 in (46). Then, by Corollary 2.2, we have

n

n n"=l /n—
@ ¥ ()00 =2 E () wias 0

k=0 k=0
= gé’,ff)l,,l (x+y).
By Theorem 3.10 with a = 1 and (47), we get
(48)
k'io () Bratos -3 (1) BratosHo- kzo (3)58% 4008500

2( )8 H )= 567 ),

k=0
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From (48), we note that
@ 5,60 = 1 ()Rt (8050 -60,0)
;( )ﬁn ka(x ( (’}71)@)—6‘}5‘,?@)),

where n > 0.
Thus, for n > 1, from (49) we have

n

50 7,040 =2 () Braal (85 0)-450)

k=0

-3 (31 3A (8 0 -a80)
1

_Zk—i-l( )ﬁn 1 k/l(x)( k+1k() k+ll( ))

Therefore, by (45) and (50), we obtain the following theorem.

Theorem 3.11. For a,b € R and n > 0, we have

a L (n a k (o
lif,i e = ¥ (1) [P+ 5850 0] 6a 0,

Q) =¥ () Ao (6500~ 6%,0))

k=0

4. CONCLUSION

In this paper, we studied a hybrid of higher-order degenerate Bernoulli and Euler
polynomials, namely the degenerate Sheffer-type polynomials. Then, we examined
a degenerate form of the Appell polynomials associated with a random variable Y,
namely the degenerate Sheffer polynomials associated with Y.

We notice from (25) and (31) that, for ¥ ~ Ber(1/2), we have

2 Ber(1/2) "
( )+1 JL( ) S ( )m7
so that SBer 1/2)

(x) = &, 4 (x), the degenerate Euler polynomials in (5).
While, for Y ~ U0,

1] we observe from (25) and (29) that

10g(1+ll‘) U[Ol] t"
51 e (1 S —
(51) T a0 =L w5
so that S (x) are the ‘degenerate Bernoulli polynomials arising from Volken-

born 1ntegral’ (see [9]). These polynomials are different from the Carlitz degener-
ate Bernoulli polynomials f3, 5 (x) in (3) and (4). However, as A — 0, both 3, ; (x)
and SU[O ]( ) tend to the Bernoulli polynomial B, (x). For details on this, the inter-
ested reader may refer to [9].



Computation of Sheffer—-type polynomials 497

5. ACKNOWLEDGMENTS

We would like to express our gratitude to the Kwangwoon University Friday
Seminar team for their many comments on this study.

6. FUNDING

The present Research has been conducted by the Research Grant of Kwangwoon
University in 2026

7. DATA AVAILABILITY

No data was used in this review paper.

8. ETHICS APPROVAL

This review paper does not contain any content requiring ethics approval or prior
informed consent.

9. CONFLICT OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

[1] Abramowitz, M.; Stegun, 1. A. Handbook of Mathematical Functions with Formulas, Graphs,
and Mathematical Tables, Dover, New York, 1992.

[2] Adell, J. A.; Lekuona, A. Explicit expressions for a certain subset of Appell polynomials: a
probabilistic perspective, Integers 21 (2021), Paper No. A60, 10 pp.

[3] Aydin, M. S.; Acikgoz, M.; Araci, S. A new construction on the degenerate Hurwitz-zeta function
associated with certain applications, Proc. Jangjeon Math. Soc. 25 (2022), no. 2, 195-203.

[4] Carlitz, L. Degenerate Stirling, Bernoulli and Eulerian numbers, Utilitas Math. 15 (1979), 51-88.

[5] Carlitz, L. A degenerate Staudt-Clausen theorem, Arch. Math. (Basel) 7 (1956), 28-33.

[6] Comtet, L. Advanced Combinatorics, The Art of Finite and Infinite Expansions, Revised and
enlarged edition, D. Reidel Publishing Co., Dordrecht, 1974.

[7] Kim, D.S., Kim, T. Combinatorial Identities Related to Degenerate Stirling Numbers
of the Second Kind, Proc. Steklov Inst. Math. 330 (2025), no. 1, 176-192 (2025).
https://doi.org/10.1134/S0081543825600279.

[8] Kim, T.; Kim, D. S. Heterogeneous Stirling numbers and heterogeneous Bell polynomials, Russ.
J. Math. Phys. 32 (2025), no. 3, 498-509.

[9] Kim, T.; Kim, D. S. Degenerate Euler—Seidel matrix method and their applications, Math. Meth-
ods Appl. Sci. 2026, https://doi.org/10.1002/mma.70468.

[10] Kim, D. S.; Kim, T. A note on a new type of degenerate Bernoulli numbers, Russ. J. Math. Phys.
27 (2020), no. 2, 227-235.

[11] Kim, T.; Kim, D. S. Explicit formulas for probabilistic multi-poly-Bernoulli polynomials and
numbers, Russ. J. Math. Phys. 31 (2024), no. 3, 450-460.

[12] Kim, T.; Kim, D. S. Spivey-type recurrence relations for degenerate Bell and Dowling polyno-
mials, Russ. J. Math. Phys. 32 (2025), no. 2, 288-296.

[13] Kim, T.; Kim, D. S. Degenerate hyperharmonic polynomials and numbers, Filomat 40 (2026),
no. 1, 1411-1422.

[14] Leon-Garcia, A. Probability and Random Processes for Electronic Engineering, 2nd ed.,
Addison-Wesley, New York, 1994.

[15] Liu, W.; Kim, T.; Kim, D. S.; Ma, Y. Probabilisitc degenerate Bernoulli and Euler polynomials
of complex variable, Fractals (2025), 2540167, 11 pp.

[16] Liu, X.; Ma, Y.; Kim, T.; Kim, D. S.; Hei, Y. Probabilistic multi-Stirling numbers of the sec-
ond kind associated with random variables, Appl. Math. Sci. Eng. 33 (2025), no. 1, Paper No.
2561683.



498

Taekyun Kim, Dae San Kim and Dmitry V. Dolgy

[17] Ma, Y.; Kim, T.; Kim, D. S.; Xu, R. Recurrence for probabilistic extension of Dowling polyno-
mials, Open Math. 23 (2025), no. 1, Paper No. 20250150, 7 pp.

[18] Roman, S. The umbral calculus, Pure and Applied Mathematics 111, Academic Press, Inc.
[Harcourt Brace Jovanovich, Publishers], New York, 1984.

[19] Ross, S. M. Introduction to Probability Models, Twelfth edition, Academic Press, London,
2019.

[20] Salminen, P. Optimal stopping, Apell polynomials, and Wiener-Hopf factorization, Stochastics
83 (2011), no. 4-6, 611-622.

[21] Soni, R.; Vellaisamy, P.; Pathak, A. K. A probabilistic generalization of the Bell polynomials,
J. Anal. 32 (2024), no. 2, 711-732.

[22] Ta, B. Q. A note on the generalized Bernoulli and Euler Polynomials, European J. Pure and
Appl. Math. 6 (2013), no. 4, 405-412.

[23] Wang, Q.; Hei, Y.; Dolgy, D. V.; Kim, T.; Kim, D. S. Some identities associated with degenerate
harmonic and hyperharmonic numbers, Math. Comput. Model. Dyn. Syst. 31 (2025), no. 1,
Paper No.1, 2545196.

[24] Xue, P;; Ma, Y.; Kim, T.; Kim, D. S.; Zhang, W. Probabilistic degenerate poly-Bell polynomials
associated with random variables, Math. Comput. Model. Dyn. Syst. 31 (2025), no. 1, Paper No.
2497367, 17 pp.

DEPARTMENT OF MATHEMATICS, KWANGWOON UNIVERSITY, SEOUL 139-701, REPUBLIC
OF KOREA
Email address: tkkim@kw.ac.kr

DEPARTMENT OF MATHEMATICS, SOGANG UNIVERSITY, SEOUL 121-742, REPUBLIC OF
KOREA
Email address: dskim@sogang.ac.kr

KWANGWOON GLOBAL EDUCATION CENTER,, KWANGWOON UNIVERSITY, SEOUL 139-
701, REPUBLIC OF KOREA
Email address: d_dol@mail.ru



