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Abstract

In this paper, we investigate degenerate versions of the generalized pth order Franel
numbers which are certain finite sums involving powers of binomial coefficients. In
more detail, we introduce degenerate generalized hypergeometric functions and
study degenerate hypergeometric numbers of order p. These numbers involve
powers of A-binomial coefficients and A-falling sequence, and can be represented by
means of the degenerate generalized hypergeometric functions. We derive some
explicit expressions and combinatorial identities for those numbers. We also consider
several related special numbers like A-hypergeometric numbers of order p and
Apostol type A-hypergeometric numbers of order p, of which the latter reduce in a
limiting case to the generalized pth order Franel numbers.
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1 Introduction

First, we study certain finite sums involving powers of binomial coefficients which are
called generalized pth order Franel numbers and can be represented in terms of hyper-
geometric functions. Then, among other things, we find that particular cases of these
numbers are connected with many known special numbers and polynomials which in-
clude Bernoulli numbers, Euler numbers, Changhee numbers, Daehee numbers, Stirling
numbers of the first kind, Catalan numbers, and Legendre polynomials.

In recent years, many mathematicians have devoted their attention to studying various
degenerate versions of some special numbers and polynomials [4, 7, 8, 10, 15, 16]. The
idea of investigating degenerate versions of some special numbers and polynomials orig-
inated from Carlitz’s papers [2, 3]. Indeed, he introduced the degenerate Bernoulli and
Euler polynomials and numbers, and investigated some arithmetic and combinatorial as-
pects of them. Here we mention in passing that the degenerate Bernoulli polynomials
were later rediscovered by Ustinov under the name of Korobov polynomials of the second
kind. Two of the present authors, their colleagues, and some other people have studied
quite a few degenerate versions of special numbers and polynomials with their interest
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not only in combinatorial and arithmetic properties but also in differential equations and
certain symmetric identities (see [9, 16] and the references therein). It is worth noting that
this idea of considering degenerate versions of some special polynomials and numbers is
not only limited to polynomials but can also be extended to transcendental functions like
gamma functions [11, 12]. We believe that studying some degenerate versions of special
polynomials and numbers is a very fruitful and promising area of research in which many
things remain yet to be uncovered.

Recently, Dolgy and Kim gave some explicit formulas of degenerate Stirling numbers as-
sociated with the degenerate special numbers and polynomials. Motivated by Dolgy and
Kim’s paper [4], we would like to investigate degenerate versions of the generalized pth
order Franel numbers. In more detail, we introduce degenerate generalized hypergeomet-
ric functions and study degenerate hypergeometric numbers of order p. These numbers
involve powers of A-binomial coefficients and A-falling sequence, and can be represented
by means of the degenerate generalized hypergeometric functions. We also consider sev-
eral related special numbers like A-hypergeometric numbers of order p and Apostol type
A-hypergeometric numbers of order p, of which the latter reduce in a limiting case to the
generalized pth order Franel numbers.

For the rest of this section, we will fix some notations and recall some known results
that are needed throughout this paper.

For A € R, the degenerate exponential function is defined as

e (t) = (1+r0)7, e)\(t):(1+)»t)%:ei(t) (see [2,3, 11, 12, 14]). 1)

From (1), we note that

oo n

() = Z(x),m% (see [4,9-12]), @

n=0

where (x),,, is the A-falling sequence given by
@®or=L  @u=xx-A)--(x—(m-1r) (m=1). 3)

n [10], the degenerate Stirling numbers of the second kind are defined by
1
FICIGERVA 252/\(1’1 k)— (k> 0). (4)

Let
(*)o =1, @ =x(x-1)x=-2)(x-(n-1)) (m=1). (5)

Then lim; 0 S, (1, k) = Sa(n, k), where Sy(n, k) are the ordinary Stirling numbers of the

second kind given by

&= "Smh) (1=0) (see[1-13,15-22]). 6)
1=0
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The Stirling numbers of the first kind are defined as
k (log(1 +2))" ZSl(n k)— (k > 0) (see [13, 15]). 7)
Thus, by (7), we get
=Y Simhat (n=0). (8)

In view of (4), the degenerate Stirling numbers of the first kind are defined by

A
k! <(1 +t)3 - 1) Zsu(n k) (see [4, 10]). ©

Note that lim, ¢ Sy, (n, k) = S1(n, k) (n,k > 0).
As is well known, the generalized hypergeometric function F®4 is defined by

k

> ap)k X
—, 10
) kgo (bq>k k! ( )

where (a)y =a(a+1)---(a+ (k-1)) (k> 1), (a)o =1 (see [17, 21]).

For example,
~1) = l, F2D 3,0 _
4 b

£ 1,19)_1 1 ren(2b
b 2’ b

The Gauss summation theorem is given by

F(p’q ai,as;.. ;ap
b1’b2¢

@1 a,b B re)r(c-a-»n)
d ( c 1) " T(c-a)l(c-b) ()
where R(c) > R(b) >0, R(c —a — b) >0, R(c) > R(a) > 0.
From (11), we note that
en(@b| \ _ I'(c) L ne-b-l¢1 _ . \-a
F (c Z>_F(b)1"(c—b)/o "7 (1-%) (1-tz)*dt, (12)

where R(c) > R(b) > 0.
The following are well-known identities related to the binomial coefficients:

n

> (Z) =2" (n>0), (13)

k=0

Z(—l)k<z> -0 (n#0,neN), (14)

k=0

" (m\* @2n)! [(2n
; (k) G (n) 19
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- e 3 0, if n is odd,

Z(_l) <k> T G2 otherwise (16)
pan 2 ’

Xn:(_l)k(n+b><n+c)<b+c>: IF'b+c+n+1) ' 1)
= n+k/\c+k)\b+k n'C(b+1)I(c+1)

2 Sums of powers of A-binomial coefficients

The A-binomial coefficients are defined as

(x) _ @ _xx =)= (- 1)) n>1), (x) _1 G.eR). (18
A A

n n! n! 0

From (18), we easily get

x+y _n x y
( n )/\_§<l>x(”_l>x (=0 (19)

By (1), we easily get

n

d
Bi(mk)= - (ex(0)+ 1)

t=0 j

Kk
< ) D (20)
oV
where 7 and k are positive integers.
Note that lim, _,¢ B} (1, k) = B(n, k), where B(n, k) are defined by Golombek and given by
Sy
B(n, k) = Z‘ (}) j* (see[5,6]).

j=1

Now, we define the degenerate hypergeometric function as

a,b — (@) (D)ns 2"
5( . z>:z#;, (21)

1n=0 <c>n,A
where (@), =a@+1)---(a+(n—-1)A) (n>1), (a)gy = 1.

From (21), we note that

—n,—n e (i (=m) ek () s (i ()i €5 (1)
FA( A M(t)) = k! —Zg Kk

00 2 [e Sl ] 2 m
=y <Z) gm=y > (Z) (k)m%, (22)

k=0 A m=0 k=0 A
where 7 is a nonnegative integer.
Let us define
o0
-n,-n t"
F re(t) ] = m,2)—. 23
,\( N 3 ( )) ;Qk( )m! (23)

Therefore, by (22) and (23), we obtain the following theorem.
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Theorem 2.1 For m > 0, we have

o0 2

Qm2)=Y (Z) K

k=0 A

We note that limy_oQ;(m,2) = Y [, (Z)ka = Q(m,2), which was introduced by
Golombek and Marburg (see [5, 6]).

We observe that

—a > (2" N @is ;o (@ .

F,\< N —z) = Z(_“)“T = Z X Z = Z X )\Zk = e (2).

k=0 k=0 k=0
Forn e N, let

—_ " o £

F,\( Xn —ex(t)> (1+ren(0)* = ZHA(H,M)%. (24)

m=0 :

On the one hand, we have

(1+2e0)" =Y <Z> () = Z(Z (”) (k) m> . (25)
k=0 A

On the other hand, we get

>lx

=(1+r+a(e(t) - 1))

:(1+)L)Z(1+ A)\(e,\(t)—l)>x

00 k
~aef () (13g) @01

k=0

i 1 \f1 p
=(1+A)* (n)k,( ) —(e (t)_1)
kg MN1+a) 1\

00 m k m
- Z((l )t Z(ﬂ)m(li k) Som, k))t—, 26)

m=0 k=0

(1 + Aek(t))

From (24), (25), and (26), we obtain the following theorem.

Theorem 2.2 For n € N and m € NU {0}, we have

n " 1 k ad n
H,(n,m)=(1+A)* (m)x, ( ) Sy (m, k) = ( ) (k)
2 ; i\ T 2 Z k) A

k=0

As is well known, the degenerate Bell polynomials are defined by

eA (t) - ZBelm(x)— see [16]). (27)
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By (27), we easily get
Bel,, (%) = Y (®)kS2,(1 k) (n>0). (28)

k=0

Now, we define the degenerate bivariate Bell polynomials by

& (y(en(n)-1)) = ZBeln,A(x,y)%. (29)

n=0
Thus, by (29), we get
n
Bel,x(%,9) = Y ()19 S0, (m,k) (1> 0). (30)
k=0

From Theorem 2.2 and (30), we obtain the following corollary.

Corollary 2.3 Forn € N and m € NU {0}, we have

1
H,(n,m) = (1 +)»)k Belm,\(n, o A)

Note that
: _ Zogpm o _ n k
%%Hx(n, m) = X kK" =e Zn Sy (m, k).
k=0 k=0
We observe that

o0

HA(V[’ 1) = Z
k=0

S

n

(k)fk)“ Z(k 1)!

ad n ad n

- k3.) = —a k

2 (k)f” (k) 2 (k)

nZ(") — AH, (1, 1). (31)
k=0 k/.

Thus, by (31), we get
A

(1+)\)Hk(n,1):nZ(Z> —n(1+ 0} (32)
k=0

From (32), we have

Hy(m, 1) =n(l+1)%1 (.#£-1).

Page 6 of 17
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For m = 2, we have

> /n (71< (n)
Z<k> (k)z,x—z 2 k(k - A)-Z(k kl‘),< =)

k=0 A k=0

- (n),. _ - (n), - (n),.
Z(k 1)'(k 1+1- A)‘Z(k-z)z+(1"A)k2=1:(k-1)z

k=1 k=2
_ Z (n =21 )2, )+ (1—n i (m— M-,
P (k—=2)! — (k—=1)!

:n(n_x)z(”‘k”) fn1-0Y
k=0 A

k=0
=n(n—-2)1+0) 2+ n(l—A)(1+r)it

=n(n+1-1-22)1+1)7i2 (33)
By (33), we get
Hy(m,2) =n(n+1-21)(1+A)%" 2 (34)

Let us take m = 3. Then we have

= (M), - (M)
= kz ok +a- Y TR,

=2 k=1
:i (M) +3(1_)‘)i ()i +(1—k)(1—2k)i ().

£ (k - 3)! — (k-2)! — (k- 1)!
52 Y (" 'k?’)‘) 31 - )0 Y (" ‘k“)

k=0 A k=0 A
H1- A= 20001, Y (” ) A)
k=0 A

= (m)3a (14 )37+ 3(1 = 2) () (1 + 1) 772+ (1= 2)(1 = 20)m(1 +2) 7,

Note that

n

11_)11% H,(n,3) = Z (Z) (k)3 = (n)32"~>

k=0

Page 7 of 17
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and

hmH)\nS)—Z ks—n(n +3n+1)
k=0 k!

For s € C with R(s) > 0, the gamma function is defined by

F(s):/ et
0

Let n be a nonnegative integer. Then

(Byna. _ TG +mI(5)
<C>n,A

rE+nrey

where R(5) >0 and R(%) > 0.
For R(§) > R(%) >0, we have

rG+mri-3)

1 b 1 c_ b 1
FEon —/ A1 =) 2T AT dt
A 0
From (35), we note that
o0
-y Pl 2
1=0 nk
C
I

In particular, for z = % (A #0), from (11) we get
E, (a, b

c
For n € N, by (37), we get

-n,—n
F
("

where A is a positive real number.

On the other hand,
1\ (mial-
)\) =2

—h,—n —2k
FA( A o O K ZA ()

Therefore, by (38) and (39), we obtain the following theorem

1 = ()F(E_x_%, whereR(C b ﬂ>>0.
) T TE-HrE- 9

A

2 I'(%)
n (I(§)?

1\ rara+z ~
AT ra+nra+s -

@ b)/ £ 1 - )i (1= ht2)F dn.
DG

(35)

(36)

37)

(38)

(39)
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Theorem 2.4 Let ) be a positive real number. For n € N, we have

ST
k=0 A P
Note that
.Oofnznnz(Zn)! 2n
(), -2 () - o ()
Now, we define the degenerate generalized hypergeometric function as
oo [ @102 ... ap o (a1)ka - (ap)ia 2
F| ( bob, z) = ;mz where |z] < 1. (40)

Let n be a positive integer. Then we define the degenerate hypergeometric numbers of order

pby

— -n—-n,...,—Hn
F)(LP:P 1)(

o (—l)p)\p_le)\(t)) _ X;)Hy’)(n,m)%. (41)

From (23) and (24), we note that H, (1, m) = Hil)(n, m), and Qy(m,2) = Hf)(n, m).
In (40), we note that

(—UW'IeA(t))

pp-1) [~ —H,...,—H
b, ( Ayers M

_ - (=) i (=M - (M (=1)Pkp -1k .
_kX:o: (A a (A -+ (A 2 e (£)
e (M ) o (1«
_kZO: (k-1 k! _;(k)ke*(t)
%) 00 P o
: %(2 (k)k(k)’“) i )

Therefore, by (41) and (42), we obtain the following theorem.

Theorem 2.5 For n,p € N and m € NU {0}, we have
®) ("
H. , M) = .
A (n,m) Z (k))\( )m,)»
k=0
Note that

, = (m\F : — 1
11_)H}H§p)(n, m) = Z (k) k), and 111)1})H§p)(n, m) = Z Wk’”.
k=0 k=0 v

Page9of 17
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From (42), we note that

£ <_”’A e (—l)pkplex(t)>
> r
-2 (Z) &)
k=0 A
[ i\ ? k K 0o ,
:Z(k) Z(l) eA(t Z( > Z(k)lZSZA m’l)_
=0 *l=0 k=0 X =0

ok p m
(Z » (:)A(k)lsz,x("’l, 1)) — (43)

Therefore, by (41) and (43), we obtain the following theorem.

Theorem 2.6 For n,p € N and m € NU {0}, we have

ook
H(p) ZZ (n) (k)1S2,5.(m,1).
Py

k=0 =0
By (41) and (42), we get

oo

(») (p.p-1) -n,—n,...,—n
H, (n,0) = =F
Z(k)A A ( Aoy A

Note that

_ )Pkp—l)'

n p
n . (P) (p, _1) —I’l, —n,...,—l’l
=1lim H,” (n,0) = F¥?
Z<k> Hm H,70n0) ( 1.1

k=0

(—1)’”)-

From (40), we have
(p.p-1) -"n,—Hn,...,—n 1
F AP et
¢ ( S (Y ))

o0 7 p o0 o0 7 p tm
=Z<k) (—1)%@):2( <k) (—1)k<k)m,k)%. (44)
A A ‘

k=0 m=0 \ k=0

Thus, by (44), we get

(p.p-1) -n,—n,...,—n
B ( Aoeerh

-1 — (1’ k
(=2 ) = E (k) (=D~ (45)
y
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Note that

" (—A)P*)

hmF(M b ’
A—>1 )L,...,)L

" (n\? —n,-n,...,—n
_ —lk:F(p'p_l) ’ ’ ’
> (i) e

k=0

(—1)”'1>.

3 Further remarks
Let n be a positive integer. From (10), we have

o0 K
1) m)i(—n)x . (t)
o (o) - X
k=0
" (n\? iy YA "
- K(¢) —
-3 () do- Z(Z () <k>m,k) -
k=0 m=0 \ k=0
Now, we define the A-hypergeometric numbers of order p by
wp-1) [ MR _ ad ) ﬁ
F ( 1.1 ( l)pek(t)>_§Hm'k(”)m!‘

By (46) and (47), we get

n 2
H200= 3 () 6

k=0

where n € N and m € NU {0}.
The alternating L-hypergeometric numbers of order p are defined by

"lcrpte, t)) ZT(”)

F(P:P—l) —n,—M",...,—
1,...,1
By (10), we get

jcay (_

From (49) and (50), we have

—ex(t)> i(i( ) (-1 k)m)f:

m=0 \ k=0

n

2
1200- 3 () 14

k=0

where m € NU {0} and n € N.
In general, we have
v ~ (M iy o) ~ (n\"
1003 () 00 and #D0 =30 (7) G
k=0

k=0 k

where n,p € Nand m € NU {0}.

Page 11 of 17
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We observe that

—ex(t)) - (Z)eﬂt) (52)
k=0

and

emr)) _ (Z) Dk o) (53)
k=0

Thus, we note that

n

W= (Z) Bmr T =3 (Z)(—l)k(mm,k,

k=0 k=0

where m € NU {0} and n € N.
For example,

H((),IZ(”) =2" Hi,lx)(l’l) =n2"1, Hég(n) =nn+1-21)2"72,

H (1) = (1)32"2 + 3(n)a(1 = 1)2"2 + n(1 = 1)2,2"7,...,

T =0,  TO(m) =1,

T30 (1) = n(n = 185, + (h = D1, ...,

where 6, is Kronecker’s symbol.
From (49), we note that

2_% Tij,&(n)% =F10 ("X” ex(t)> =(1-eu(t)" = (—l)ng(ex(t) -1)"
= )Y So ) (54)
On the other hand,
(1-a) -3 (7)o o- Z( (’?)(—1)"-f(;)m,A) “ (55)
j=0 J m=0 \ j=0 J m:
Thus, by (54) and (55), we get
0= (’;)(—1)"1’(/')%1 (S ) (), (56)
j=0

If m < n, then T,(i)x(n) =0.

Theorem 3.1 For n € N and m € NU {0}, we have

Tfi)k(n) = Z (7)(—1)”‘1 Dmp = (1)"'n!Sy 5 (m,n)  (m > n).

j=0

Page 12 of 17
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In particular, if m < n, then
T =o.

For k > 0, we have
: n ¢ n j 1
;1_1)%(—1) Tfli)k,k(n) = Z (j)(—l)’] = 1Sy (n + k, ).
j=0

Corollary 3.2 For k > 0 and n € N, we have

1 (’,’)(_w'/"*k =Sy(n + k, n).
j=0 J

n!

It is easy to show that

Thus, we have

o m

t 1, a 1 ] n\ . n;oo t"
ZSz(m,ﬂ)%za(e _1) :E Z(}>(/)l(_1) ];SZ(’”’l)%

m=n j=0 [=0
For k> 0, n € N, by (57), we get
n  n+k
So(n+k,n) = ZZ() (Ni(=1)"7Sy(n + k, I).
j=0 [=0
From Corollary 3.2 and (58), we have

n n+k
Z() 1)/]”+k ZZ() ()i(=1)"7Sy(n + k, 1).
j=0

j=0 [=0

For A, A1 € R, let us define Apostol type alternating r-hypergeometric numbers of order

pby

Fop-1) -n,—H,...,—N
1,...,1

(—1)‘”—1)&16/\@)) Z )L(”p\l)_'

(57)

(58)

(59)

Page 13 0of 17
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By (10), we get

o7
X

Ale,\(t)) = <:) (_)‘-le)\(t))k <ﬂ)( I)J)Je/ (t)
=0 j=0

j=

3 (;’) (1Y%, (i)m,x) ;—m (60)

j=0

On the other hand,

pao 7"
X

Mex(t)) =(1- Mex(t))n = (?)(—1)j)~li€f\(t)
0

j=

T () (e

1=0
" (n \ e -1 1)!
= —1yX,
2 ()rriot S
n j
Z(")( 1Y) Zszm l)— (61)
j=0 [=0

For k> 0 and # € N, by (59), (60), and (61), we obtain the following theorem.

Theorem 3.3 For A, A1 € R, n e N, and k € NU {0}, we have

Ty (7 21) = Z( ) ~1Y K (e -ZZ( ) (=1Y 4 (S + k, D).

j=0 j=0 I=0
Note that
n n j
. n iim n
lim 7,00 (n13) = ) (j)(—m’l; REDIDS ( )( 1Y ()iSa(n + &, ).
j=0 j=0 1=0

For A, € R, let us define Apstol-Stirling numbers of the second kind as
1
Ale - ZS(m " xl = (n>0). (62)

Now, we observe that
1 t n 1 - n j n—j jt 1 - n j n—j = m "
E(Me -1) = ; N (-1)"7e =EZ ; SN — (63)
j=0 j=0 m=0

For k e NU {0} and n € N, by (62) and (63), we get

S(m+kn|r)= (_nl,)n > <;’)A’;(—1Yj”*k. (64)

j=0

Page 14 of 17
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From Theorem 3.3 and (64), we have

: n - n j j n
lim (N CIPH BTG WNCES FIPHED Y (j)x’l(—w] ) (65)
j=0

Therefore, by (65), we obtain the following corollary.

Corollary 3.4 For k € NU {0} and n € N, we have
E (7)){(—1)’]’”* =(-1)"nlS(n+k,n|A)= 11m Tni)“(n | A1).
- ]
j=0

Remarks
(a) Corollary 3.4 naturally interprets the sum in Corollary 3.4 in terms of
Apostol-Stirling numbers of the second kind defined by (62).
(b) For A, 11 € R, let us define Apostol type A-hypergeometric numbers of order p by

For-1) M, =My, —H|
1,...,1

By (10), we get

Fop-1) -1, —M,...,—N
1,...,1

) Z v m— (66)

. p
(k ex ()

( (n) }\’{(k)m,,\)%. (67)
0 \ k=0 :

(—1)p)hlex(t)> =

Mg i Nk

3
i

From (66) and (67), we have

n

p
Hy(i),\(n | A1) = Z (Z) M (K) s,  where n,p € Nand m € NU {0}.
k=0

Note that

n

p
: (») _ n P m
%%Hm,x(”“”l)— E (k) AK™.

k=0

4 Conclusion

In this paper, we studied certain finite sums involving powers of binomial coefficients
which are called generalized pth order Franel numbers and can be represented in terms
of hypergeometric functions. Then, among other things, we found that particular cases of
these numbers are connected with many known special numbers and polynomials which
include Bernoulli numbers, Euler numbers, Changhee numbers, Daehee numbers, Stirling
numbers of the first kind, Catalan numbers, and Legendre polynomials. Recently, Dolgy
and Kim gave some explicit formulas of degenerate Stirling numbers associated with the
degenerate special numbers and polynomials. Motivated by Dolgy and Kim’s paper [4], we
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investigated degenerate versions of the generalized pth order Franel numbers. In more de-
tail, we introduced degenerate generalized hypergeometric functions and studied degen-
erate hypergeometric numbers of order p. We showed that the degenerate hypergeometric
numbers of order p involve powers of A-binomial coefficients and A-falling sequence, and
can be represented by means of the degenerate generalized hypergeometric functions. We
also considered several related special numbers like A-hypergeometric numbers of order
p and Apostol type A-hypergeometric numbers of order p, of which the latter reduce in a
limiting case to the generalized pth order Franel numbers.
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