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Abstract: This article is inspired by the reciprocal Catalan sums associated with problem 11765, proposed by David
Beckwith and Sag Harbor. For this reason, partial derivative equations, the first-order linear differentiation equation
and integral representations for series and generating functions for reciprocal Catalan-type sums containing the Catalan-
type numbers are constructed. Some special values of these series and generating functions, which are given solutions
of problem 11765, are found. Partial derivative equations of the generating function for the Catalan-type numbers
are given. By using these equations, recurrence relations and derivative formulas involving these numbers are found.
Finally, applying the p-adic Volkenborn integral to the Catalan-type polynomials, some combinatorial sums and identities

involving the Bernoulli numbers, the Stirling numbers and the Catalan-type numbers are derived.

Key words: Generating functions, reciprocal Catalan-type sums, derivative operator, Bernoulli numbers and polyno-
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1. Introduction

It has been seen in recent years that not only generating functions, but also the numbers and polynomials
produced by them are used in many different disciplines, especially mathematics [1-31]. In this paper, we
investigate some families of generating functions including the Bernoulli numbers and polynomials of higher
order, the Stirling numbers, and the Catalan numbers. Using generating functions with their functional
equations, gamma and beta functions, we give some identities and relations including the Bernoulli numbers
of higher order, the Stirling numbers, and the Catalan numbers. We give integral representations for these
numbers. We also give some inequalities including binomial coefficients, the Bernoulli numbers of negative
higher order, the Stirling numbers, and the Catalan numbers.

In this paper, the following definitions, relations, and notations can be used.

The Stirling numbers of the first kind are given by

Uq) = Z Si(a, s)u’,
s=0

where

_Juw—-1)...(u—a+1), a€N
U(a) = 1, a=0
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[29, p. 76, Eq. (1)].
The Catalan numbers C,, are defined by means of the following ordinary generating function:
1-VI—4t &
Ct)y=——7—= Cpt"
W=t =

where 0 < [¢| < 1 [1, 22, 26, 29, 30].
By using (1.1), for n € Ng = NU {0}, we have

o 1 <2n> 12)

and
(n+2)Chi1 =202n+1)C,, (1.3)

where Cy =1 (see, for details, [22, 26, 29, 30]).

Using the above formula for the Catalan numbers, the first eight values of these numbers are given by
Co=1, Ci=1 Cy=2 C3=5 Cy=14, Cs=42, (Cs=132, C7; =429,
and so on.

Remark 1.1 The Catalan numbers appear in various mathematical areas and and combinatorial problems. The
numbers C,, are also related to the following problems: the binary bracketings of n letters, the solution to the
Ballot problem, the number of trivalent planted planar trees, the number of states possible in an n-flexagon,
the number of different diagonals possible in a frieze pattern with n+1 rows, the number of Dyck paths with n
strokes, the number of ways of forming an n-fold exponential, the number of rooted plane bushes with n graph
edges, and the number of extended binary trees with n internal nodes [3, 4, 8, 9, 15-17, 21-23, 30]. Recently,
Kim et al. gave relations between the Catalan numbers and the degenerate Whitney numbers associated with the

Dowling lattice, which is the geometric lattice of flats associated with a Dowling geometry [8, 9, 15-17, 23].

In [21, egs. (2.1) and (2.4)], Kucukoglu et al. constructed the following generating functions for new

classes of Catalan-type numbers and polynomials, respectively:

T—A+/(A—1)2+8x2t =
F, (t,\) = R =Y Va (M)t (1.4)
n=0
where
A%t 1
0< Sl <=
(A—1) 8
and
Fy(t,a;0) = Fy (6,0 (14 6)F =Y Vy (3 0) " (1.5)
n=0
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By using (1.4), we have

(see [21, eq. (2.2)] and also [20]).
Putting n =0 in (1.6), we have

A relation between the numbers C,, and V,, (\) is given as follows:

D" A =DV (Y

Cn = on+1)2n

[21, eq. (2.2)].

In order to give generating function for the reciprocal of the new classes of Catalan-type number, we also

(N sn+dl A
) n+2 (A—l) (L7)

need the following novel formula

[21, Egs. (2.1) and (2.4)].

2. Generating function for reciprocal of the Catalan-type numbers

In this section, using not only the partial derivative operator %, and the first-order linear differentiation

equation, but also the Euler gamma function and the beta function, we construct generating functions for the
reciprocal of the Catalan-type numbers V,, (\).

We think that there are other methods, which are used to prove other formulas for the generating functions
of the reciprocal of the Catalan-type numbers. Using similar methods associated with Abel [5, problem 11765]
and Amdeberhan et al. [1], some novel formulas and relations are given.

We give special values of the first-order linear differentiation equation arising from the generating function
for reciprocal of the Catalan-type numbers V,, (A).

We define a generating function for the reciprocal of the Catalan-type numbers as follows:

n

G (2 ) = Z:O ij. (2.1)

In order to give a set of converges for the above series, we use the ratio test. Thus, we have

lim
n—00 zn

ZnJrl ’ ‘Vn ()\) ‘
Vn-i-l (/\)

Combining the above equation with (1.7), after some elementary calculations, for A # 1, we get

2

A
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By the following theorem, we give an explicit formula for the function G (z, A). Firstly, we introduce the

following well-known the Gauss’s hypergeometric series:

2 4(n)y(m) on

2B (2, Y38 2) = Z T

n=0

where ¢ ¢ {0,-1,-2,-3,...} and 2™ = 2(x +1)...(z +n —1). When |z| = 1, the hypergeometric series in
the above equation satisfies the following conditions:

1) Absolutely convergent, if Re(t —x —y) >0,

2) Conditionally convergent, if —1 < Re(t —x —y) <0 and z # 1,

3) Divergent, if Re(t —z —y) < —1.

It is clear that for |z] < 1,

1
1—=2

oFy (x,1;m52) = oFy (L,y3y52) =

29, p. 64].
For t ¢ {0,—1,—2,-3,...}, arbitrary constants 8 and 7, the function

u=Poly (2,5 t;2) + 2 e By (x —t+ Ly —t 4+ 152 — 5 2)

is a solution of the following second-order linear ordinary differential equation, which is also called the Gauss
hypergeometric equation:
(0@ +t—1) =29+ 2)(0+y)u=0,

where x, y, and t are real or complex parameters and 1 denotes following the well-known Euler operator:

d
Y i=z—
“dz
[29, p. 63].
Theorem 2.1 Let A # 1,0. Then we have
3203 (A 1) (=222 )5 2
G A = — (A=1) 8(A—1)2 P 3— )\ 3—3)\_34-)\._5 A (22)
Y VZA2 (A = 3) o o oy s \a—1) ) '

Proof By using (1.7), we get
1 2@+l 1

V) A=1)?(n+2) Va1 (A’
Combining the above equation with (2.1), we obtain

n

x©  n A2 & 3 z
G(Z’A):;Vn(x) (/\1)2;<2 (n+2)) Va1 (A)
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After some elementary calculations, we have

2 oo
G(z,)\)(;l>\1)2 (zG(z,/\) zV02 ,g (A)>'

n:l

Substituting

into the above equation, we get

2 (A-1\" 2 !

Applying partial derivative operator % to the above equation, we obtain

5 1N 2 22 _ 2 _

Therefore,
2 (z (AA_1>2 - 2) G20 + (% (AA_I)Q —1—82) % (G} =2(1- ). (2.4)

After some elementary calculations in Equation (2.4), we obtain the following standard form of the first-order

linear differentiation equation:

29
) >G<z, =2 (2.5)
22 (%) + 82 22 %) + 82

u(z,A)

Hence, multiplying both sides of the standard form of Equation (2.5) by w (z,\) yields the following separable

differential equation:

) NS Ao 5(24) 2(1—\) A—1 8\
R (558 ) i e )

The general solution to the above equation is given by

G(z,\) (;;2 (AA—1>2 +8z> (Xlz_fj—l) o =2(1- )\)/ (1 +§ (AA_1>2> dz.  (26)
A
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Integrate the right-hand side of the above equation (by parts) with respect to z, we arrive at the desired result.
O

Remark 2.2 Here we note that integrating both sides of (2.1), we get

n+1

/f“ Z( SOV ()

By applying the “Second Fundamental Theorem of Calculus (Part 2)” to the above equation and using

we also arrive at Equation (2.3).

Remark 2.3 Note that for different values of X, the above first-order linear differentiation may be used in many
important real-world problems and mathematical models involving fluid flow and other problems. This type of
equation can also be used in real-world problems associated with decay and growth involving radioactive decay,
compound interest, population growth, etc. Putting A = 1 in (2.5), we get the following separable differential
equation:

d 1
Z{G (=)} - 5-G (1) =0.

Solution of this equation is given by
G(z,1) =cvz,

where ¢ is a constant. Thus, Equation (2.5) will be potentially used not only to get combinatorial identities but

also to contribute to new mathematical models.

We simplify Equation (2.2) as follows:

Corollary 2.4 Let A # 1,0. Then we have

2
302z (A
8+/\(_16+(8+z)A))323A 2 (1 525 8( —1) )

A) = — 2)\3
G = -2 .

By using (2.4), we get

2<Z(AA_1>2—2>§V’Z&+<Z(H> +8>§:VZZ(T; 21— ).

n=1

After some elementary calculations in the above equation, we have

2(1/\)2(/\)\1>2n§: s ZV (AA1)2i3:2;;+8§:V:Z(A)'
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Therefore,

Z((A=1\" n+1  42n-1)
0= "
2 (( X ) AYeYRRA GV
The above equation gives another proof of Equation (1.7).

Theorem 2.5 Let A\ # 1,0. Then we have

2" A—1 (A=D1 (2(A - 1) +200%)
T;Vn()\) T2 2(2(A — 1)2 + 8)2)2 (2.7)

48\1z(\ — 1) arctan (‘/E()‘_l)>
—2(A—1)2—822

" V7 (—2(A = 1)2 = 8)2)%/2

Proof Substituting (1.6) into Y-, #("/\), using direct calculation, we have

S o (1) (A=) ()"
Z Vi (\) Z (2:)271,-‘,-1)\271

n=0
I B S Ry e ) N A O T A
= 3t ; (2n)! <_2 ()\))

Combining the above equation with the following well-known formula Beta and Euler gamma functions:

n=0

/1u"1(1 —wdu = B(nnt1) ="t
0

I'(2n+1)
_ (n—1)!(n)!
(2n)!
we obtain
2 A1 A-1 -\ [ ., .,
Z,%Vn(A): e DU +n)<—2()\)> /u (1 — u)du.
n= n=1 0

It is easy to see that a series on the right-hand side is uniformly convergent. So, it is possible to interchange of
summation and integration. Thus, we have

1

Srm e iR e (A () )

0 n=1

Using the following series
= w
g nw" = ——
02
—~ (1—w)
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and

where |w| < 1, we get

S e 2 (A1) (1 —w)
Z 1 1— ( A ) . du
—, / (252) w(1 — u))3

6 VzA-1)
z(A—=1)2 [ A2 (2(A = 1)% +20A2) 967" arctan (\/z()\l)28)\2)

A2 (ZA=1)2+8X2)2  Z(A—1)(—z(A—1)2 — 8A2)"/?
Therefore,
4y 12 VEOA-1)
i S A—1_ A= DP R 1P 4200 48AT2(A — 1) arctan ( zunzgv)
= Va(A) 2 2(2(A —1)% 4+ 8A%)? VZ(—2(A = 1)2 — 8)2)%/2

After some elementary calculations, we arrive at the desired result.

We now give some numerical examples.

Example 2.6 Setting z = —1 and A =2 in (2.7), we have

i 1n i nil 52 768 arctan i)
28n+1(27) 961 961v31

n:O

2
Example 2.7 Substituting z = —2 (ﬁ) into (2.7), we get

Therefore,
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Combining the above equation with (1.6), after some elementary calculations, we arrive at the reciprocal Catalan

sum involving
i 1 2+ iw
n=0 Cn 9\/§ 7

and also using the Wolfram Mathematica 12.0, we have the following hypergeometric series representation for

Zfﬁ:o C%l :

1 > 1(n)9(n) (%)(")
— = ~ 2,806
20 CY R

2
Example 2.8 Substituting z = — ()\2—:\1) into (2.7), we obtain

s n 2n
Z 5/;1(;) o (/\)\1> = % (54 6arctan (1)).

Combining the above equation with (1.6), after some elementary calculations, we arrive at the reciprocal Catalan

sum involving
o0
" 3m
— =5+ —. 2.8

By using the Wolfram Mathematica 12.0, we also have the following series representations for > - 2‘1 :

= g = (-
;CTL - 5+6;1+2n

3 — 1\" 1 2 1
5+2§:<_4) <L+%1+1+4n+3+4n>

n=0

R

9,7124.

Remark 2.9 Fquation (2.8) gives solution of problem 11765 (a), which was proposed by David Beckwith, Sag
Harbor [5]. The first solution of this problem was given by Abel; for details, see [5]. Problem 11765 was also
solved by Amdeberhan et al. [1].

2
Example 2.10 Substituting z = —6 (ﬁ) into (2.7), we get

i 5/_(213 (}L)Qn = % (22 + 24+/3 arctan (\/?;)) .
n=0 "

Combining the above equation with (1.6), after some elementary calculations, we arrive at the reciprocal Catalan

sum involving

> g— =22+ 8V/37. (2.9)
n=0 "
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By using the Wolfram Mathematica 12.0, we have the following hypergeometric series representation for

3™ .
Yoo O -

o0

C 1
n=0 " n=0 (5

Remark 2.11 FEquation (2.9) gives solution of problem 11765 (b), which was proposed by David Beckwith, Sag
Harbor; for details, see [5]. The first solution of this problem was given by Abel [5], see also [1].

3. Identity arising from partial derivative equation of the function F, (¢, \)

In this section, we give a recurrence relation for the Catalan-type numbers Vj (A\) and derivative formula for
% {V (N}, using partial derivative equation of the function F, (¢, A). Our recurrence relation is different from
that of the work of Kucukoglu et al. [19, theorem 3.1].

Theorem 3.1 (Recurrence relations for the numbers V,, (A)). Let n € Ng. Then we have

n J

_% 8n—j>\2n—2j+2
(n + 1) Vn-',-l ()\) = L L Vk; (A) ‘/j_k ()\) (n - ]) (]__)\)TQJH (31)
7=0 k=0
Proof Assuming that 1 — X < 0. We modify Equation (1.4) as follows:
F, (t,\) = - = iv (A) " (3.2)
=3 (1+,/1+25t) 5
Taking partial derivative of the function F, (¢, \) with respect to ¢, we get the following equation:
0 8A2 A2
—AF, (N} =F, | —t, -1\ | F, (¢, A .
By using the above equation, we obtain
9] /\2 c© nJ 1 8n7j>\2n72j
ZnVn (A) "t = 7222‘@ (M) Viek (\) < 2 > th-
n=1 1_)‘n:0j:0k:0 n—3/(A-1) !
Comparing the coefficients of t™ on both sides of the above equation, we get the desired result. O

Substituting the following well-known identity

(F)- Lo 3)

n (n!)? 47
into (3.1), we arrive at the following corollary:

Corollary 3.2 Let n € Ng. Then we have

i(72)”*an7ij ()\) V’jfk (}\) (’ﬂ -7+ 1))\21’7,72]‘4,2

Vi1 (A) = Z (n+ 1) — 1)2n—2j+1'

n
=0 k=0
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Theorem 3.3 Let n € Nyg. Then we have

2 v, 0+ S Ik () 2y () gy 2T

= A =D EY A A= )T ()

Proof Assuming that A —1 > 0. Taking partial derivative of the function F, (¢,\) with respect to A\, we get
the following equation:

0 F,(t, A 2 4

I AE (L) + UL L S
(A =1) /148t (52) A= 1) /148t (52

N—
no

By applying binomial series representation in the above equation yields

= d 8FNZFV, 1 (X 2 & " =\ grazemt
> sy 23 (7) e 3 o =i (1) S
n=0

n=0 k=0 n=0

Comparing the coefficients of t™ on both sides of the above equation, we get

8FA2FY, (A 2 g4 (=L A\
— L TV, (N = [ 2 — .
”Z( ) e W =g () ()
Substituting (3.3) into the above equation, we get the desired result. O

4. Identities and combinatorial sums derive from p-adic Volkenborn integral

The p-adic Volkenborn integral (or the p-adic bosonic integral) has many applications in mathematics and
mathematical physics. It is known that this integral has been used p-adic mathematical analysis and quantum
physicists. Therefore, by applying this integral to uniformly differential function on 7Z, , generating functions for
the Bernoulli-type numbers and polynomials and other special numbers and polynomials can be constructed [13],
see also [7, 11, 12, 27, 28, 31]. In 2007, Kim [13] defined the fermionic integral on Z,. By using these integrals, he
gave many new formulas and relations involving the Changhee numbers and polynomials, the Daehee numbers
and polynomials, the Catalan-Daehee polynomials, and other special numbers and polynomials. These integrals

are also used to give generating functions for certain families of the special numbers and polynomials.

4.1. p-adic Volkenborn integral represantations for special polynomials and numbers

Let Z, be the set of p-adic integers. Let v € Z, and ¢(u) be a uniformly differential function on Z,. The

Volkenborn integral (or bosonic integral) of the function ¢(u) is given by
p 11

/l(u)d,ul (u) = N}gnoopM Z (d (4.1)
ZP

where p is a prime number and

1
p (u) = =7
)= o
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11, 27, 28, 31].
By applying (4.1) to the function ¢(u) = (u+a)’ with v € Ng = NU {0} and u,a € Z,, we have
the following p-adic bosonic integral representations for the Bernoulli polynomials, B,(a), and the Bernoulli

numbers, B, , respectively

Bu(@) = [ (a+w)" dur () (42)

and

By = B, (0) = / W (u) (4.3)
(see [27], and also [11, 12, 28]).

By applying (4.1) to the function £(u) = u(,) with v € Ng = NU {0} and u € Z,, Kim et al. [7] gave

the following p-adic bosonic integral representation for the Daehee numbers D,,,

D, = /u(v)dul (u), (4.4)

where

We also have

/ u(ydp (u) =Y Si(v,d)By (4.5)
d=0

and

[ i = S (46)

[4, 7,27, 28].

4.2. Formulas and combinatorial sums derive from p-adic integrals of Catalan-type polynomials

Here, using p-adic integrals representations of Catalan-type polynomials and the polynomials £(u) = u,), we

give some novel formulas and combinatorial sums involving the Bernoulli, and Euler numbers and polynomials,
the Stirling numbers, and the Catalan-type numbers.

Substituting z with u + v (1.5), we obtain

and

u4u+vg)=7l(wm)ulk@y (4.8)
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Combining the well-known Chu-Vandermonde identity with the above equation, we get

o (w03 A) = ZZ()( >nk()\). (4.9)

k=0 j=0
By applying (4.1) with respect to u and v to Equations (4.7), (4.8), and (4.9), we obtain

//V (u+v; \) dpy (w) dpy (v Z/va ke ( v)\dul()/(%:)dul(u),

P

// w+v; \) dpy (w) dpy (v) = - Vi ( //<u+v>d,ul ) dpa (v) (4.10)

k=0

and

a

// (1 05 ) dya (u) s o ICZL{;VM(A)Z/ G)dul(u)z/ (2, )am .

¥ P

where a € Ny. Combining the above p-adic integrals of the polynomials V, (z; \) with

= O (1),

u - - Sl(a,k)Bk
/Zp (5)@) dpn (u) = 2k

k=0

([4], see also [19, theorem 5.4]) and the following formula, which was proven by Kucukoglu et al. [19, theorem
5.4]:

/Vu)\dul ZZ” ,‘gij’) 7

j=0c=0

where a € Ny, we obtain the following interesting formulas:

J k .
BBV n_i (N) S04, ¢) S (K,
[ [purmanmann =355y A Akane

a a—k J .
//V (u+v; A) dpy () dpy (v) = ZZZ( pyr deBeVa- 172;(2%]6)51(370)7

0 j=0 c=0

//V (103 A) dpy (u) dpay (v) = D (~1 )’“ddkﬂl—w,

Zp Zp k=0 j=0
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and

/ / (u+ 05 \) dpy () dpn (0) = S iz’“ () <) 51020511 =g ) BB,

k=0 j=0 s=0 m=0

Combining (4.10) with the following formula

u+v 1 k S S .
(i) =ay 2 2 (o)
=0

and using (4.3), we obtain

// (4 v A) dp () dpan (v ZZZ( )B nBeomVoct N 51(5,9)

k=0 s=0 m=0

By combining the right-hand sides of the above equation, we arrive at the following theorems, respectively:

Theorem 4.1 Let a € Ny. Then we have

ZZZ( )B 'mBs— mV(;bZ!( ) Si(k,s)

k=0 s=0 m=0

o L= ) S1(j, 8)S1(k — j,m)Bs By
zzzz() AL A TP,

Theorem 4.2 Let a € Ng. Then we have

B Bs mVa A Sl k‘,s - djd _jVa_ A
SN 3 () etk S § bt ()

k=0 s=0 m=0

Theorem 4.3 Let a € Ng. Then we have

k

ZZZ( )B ' B mV;SZ!(/\)Slk:s _ - “Z

k=0 s=0 m=0 k=0 7=0 ¢=0

i k dk:BcVa—k:—j ()‘) Sl (ja C)
j!25+2k :

Theorem 4.4 Let a € Nyg. Then we have

a u $\ B Bs—mVa—i () S1(k, s)
< i \m 25k!

& BeByVai—j () S1(j, )51 (k. )
ZZZ ’”W;“ nes

k=0 j=0 c=0 s=
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