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Abstract In this paper, we give various properties including binomial coefficients, degenerate Dachee numbers,
degenerate Stirling numbers of the first kind and some types of generalized degenerate harmonic numbers.
Particularly, we define generalized degenerate harmonic numbers of rank and give some interesting identities
and results.
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1 Introduction

The recent examination of degenerate iterations of various special numbers and polynomials has yielded intriguing
and fruitful outcomes. This inquiry was instigated by Carlitz’s contributions in [1,2], serving as the lead for many
authors’ investigations into this multifaceted mathematical domain. These investigations encompass a diverse
array of methodologies, including the utilization of generating functions, combinatorial techniques, special
functions, p—adic analysis, analytic number theory, differential equations, umbral calculus, and probability
theory. Our goal in this paper is to get some new identities and results using degenerate Dachee numbers
degenerate Stirling numbers of the first kind, families of generalized degenerate harmonic numbers, and binomial
coefficients with the help of some combinatorial techniques. Firstly, we recall some generating functions, the
degenerate exponential, the degenerate logarithms and some special numbers. Secondly, we give some new
identities involving these numbers. Also, we present the generalized degenerate harmonic numbers of rank r,
denoted by H, (m, r, «). Lastly, by using these numbers, we examine some identities and properties of special
matrix in this paper.
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On generalized degenerate harmonic numbers 1887

There are many properties involving binomial coefficients. These are useful for get some new identities.
For example, let s, a, and b be non-negative integers. Then the following identity is known as Vandermonde’s

identity:
*\ (a b ) <a + b>
= _ ey
g (Z) (s —¢ s

Also, for non-negative integer r, there is a generating function as
1 . /m+r m
—_— = Z . 2

The extended binomial coefficients for x € Cand £ = 1, 2, - - -, are defined by

<x>_@
¢) e

and (S) =1,where (x)p =x(x —1)(x—=2)---(x—£€+1)for£ =1,2,---,and (x)g = 1.
Let A be non-zero real number. The degenerate exponential function, denoted by ¢3 (z), are defined by

@) =(1+2r)"" = me o 3)

where (x)¢) = x(x — A)(x —2A)--- (x — (£ — DA) with (x)o» = 1 [3]. When x = 1, we denote ei(z) as
e,(z). Letlog, z denote the compositional inverse of the degenerate exponential function i.e. log; (€, (z)) =z =
e, (log, (2)). This function known as the degenerate logarithm function. Also, the degenerate logarithm function
can be given by

A o m—1 o m
=1 (D, 1704 m A\ (@z—1)
o= = B B 1 ()5 ®

The Stirling numbers of the first kind, denoted by S;(m, r), are defined by
m
m =Y _ Si(m,r)x". (5)
r=0
Recently, the degenerate Stirling numbers of the first kind are given by [4]
m

log, (1 T
it =Y sumn ©)

where r is a non-negative integer.
The Daehee polynomials are given by [5,6],

(1+2)! log(l +2) Z D, (t)—.

m=0

Whent = 0, D;,(0) = D,, are called the Dachee numbers. Recently, there are some works on degenerate Dachee
polynomials that are the generalization of Daehee polynomials. Degenerate Dachee polynomials are given by

[7]

t
S Y s ™
m=0

When t = 0, Dy, 5(0) = D, are called the degenerate Dachee numbers.
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1888 O. Duran et al.

Harmonic numbers and their generalizations are important in combinatorics, number theory, and there are a
some works involving these numbers (see [8—16]). The harmonic numbers, denoted by H,,, are defined by

1
Ho =)
(=1
form =1,2,--- and Hy = 0. Recently, in [17], the degenerate harmonic numbers H,, ; are defined by

m (_1)(_1 A
=35 ())

=1

form =1,2,--- and Hy = 0. These numbers are generated by
—log(1-2) & .
? = Z Hp 327 (®

m=1

Note that H,,  — H,, when A — 0.
In [12], for positive real numbers «, the generalized harmonic numbers H,, («) are defined by

m

Hm<a>=Zﬁ

(=1

form =1,2,--- and Hy(«) = 0. Clearly, when o« = 1, H,,(1) = H,,. These numbers are generated by

= Z Hy(a)z™.
m=0

—log(1—2)
1—z

In [15], Omiir and Bilgin introduced the generalized hyperharmonic numbers of order r, H! («) as

m

Hy ()= H;™'(@)

(=1

for r > 1, with H,?l () = These numbers are generated by

mam

o0

—log(l — £
(a- z)r Z (@2,

n [14], authors presented the degenerate hyperharmonic numbers, denoted by H,, ; , which are defined by

m

ro_ r—1
m’}L_ZHZ)La 722,
=1

with er =0, H A= = Hp» andH 2= =(—-D" l(1)m 1AM l/m‘ Also, the authors gave generating function
of these’ numbers as follows:

—log, (1 —2) —
I POt ©

In [9], Dagl defined the generalized degenerate harmonic numbers, denoted by Hy, ; (o), by

(=D
Hyp(@) =) %@

=1
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On generalized degenerate harmonic numbers 1889

form > 0 and Hp ) (a) = 0, and the generalized degenerate hyperharmonic numbers of order r, denoted by
H,, ; (@), by

m
H] (o) =ZH€’A (@), m,r>1,
=1

with Hgyx(a) =0, H1 o) = Hp () and H o) = (_kl;:;l (:1) for @ € RT. The generating functions of
these numbers are

—log 1 - £

1‘—_2 Z Hyp ()2, (10)
and

—log, (1 - %) -

_ , 11

-2y 2:: ma @2 ()

respectively.

For non-negative integers m and r, the generalized harmonic numbers of rank r, denoted by H (m, r, ), are
given by [10]

1
e = Z ko+ki+-+kr°
|k ke, <m ROKL - hep 20T
form = 1,2,--- and H(0,r, o) = 0. Notice that, when r = 0, H(m, 0, «) = H,,(a). Also, H(m,r,1) =
H (m, r) are called the harmonic numbers of rank r (see [13]).

2 Main results

In this section, firstly, we will provide several identities and outcomes between special numbers given in Section
1 and closed form of degenerate hyperharmonic numbers, degenerate Dachee numbers, and degenerate Stirling
numbers of the first kind by using some combinatorial techniques. Secondly, we will define the generalized
degenerate harmonic numbers of rank r, denoted by H, (m, r, «), and give some identities including these
numbers. Lastly, we will examine special matrices with the terms H,, ; («) and give some new results with the
help of matrix properties.

Theorem 1 Let m and r be integers with m > 0 and r > 1. Then, following identities hold:

_ - _1ym—¢ r r+1
Hm,x(a)—g ) (m_ Z)H (@), (12)
and
, m —t4+r—1 (_1)Z—I)L€—1(1) ’

=1

Proof From (10), (11), and the binomial theorem, we have

o log, (1 — =
3 Hy ()™ —M( —2y
m=0

( _Z)r+1
=Y H )" Z( 1)K<)
m=0
=YY f( ) Z)He’jl(om'". (14)
m=0 £=0
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1890 O. Duran et al.

So, when we compare the coefficients on both sides of (14), we attain (12). Similarly, for (13), using (2), (4),
and (9), we get

iH’ @)7" =—lo (1 Z) !
= o -2y

_N EDTA T W (M =1
_Z mlo™ Z( r—1 >

m=1 m=0
_ii m—LC+r—1\ (=D ‘(WWZ,"
- r—1 Lot

as claimed. O

Theorem 2 Let m and r be integers with m, r > 0. Then, following identities hold:

—Dr'm! < WY
s = S () (2)

D _m! A
mA= 5 \m+1)

Proof For first identity, from (6), and the binomial theorem, we have

ad m  (log, (1 r 1 o\
ZSl,x(mar)Z _ (log; (1 +2)) ﬂ(( +2) )

and

r! A

r

—1)
=(m3 Z(—l)f@(uz)”
(=D’ 1l
S ()2 () 03

=0

and for second identity, (7), (11), and the binomial theorem, we have

2" log,(1+2) A((1+Z)A_1)_l °°< A >m
ZDM _*mX:;) a1 ) (16)

< <

So, when we compare the coefficients on both sides of (15) and (16), the proof of the theorem is completed. O
Theorem 3 Let m and r be integers with m, r > 1. Then, following identity holds:
m-+r o m—l+r—i\[(A—i
( m )H’"”’A(“) —H, 5@ =ZZ< r—i )( ¢ )
=0 i=1

LG DO = 1), t
a€+ll|

Proof Fors € R\ {0}, € Z* and o € R*, by the binomial theorem and (2), we have
(— 1)’" m+r—1
() ("

- —l4+r—1 —1)¢
Z(m rjlr )<;>—(a£) . a7

=0

(-2
(1—-2)

i
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On generalized degenerate harmonic numbers 1891

By taking derivative of (10) with respect to z, we write

i(—logk(l —§)> Cd (1-(-=3)
dz 1—-z Cdz Al —=2)

(R (i

o

+_
AMl—2? o« 1-z

d? (—log,(1-5\ d (1-(1-%)" 1 +1(1_§)H
dz? -z dz A 1-2?% o 1-—z

S (=) 2= 1=

’

o o

A(l=2)3 a (1—z)>? a? 1—z

2 A—1 )
o L W TS (S A B
dz? 1-z dz A —2)3 a (1-2)>% a? -z

AR S (=

o

Ai—2% e (-2

30— (-2
a2 (l_Z)Z
_ _ | _ 23
Lo A>§1 »(1-2) ’
o 1—z

and if we continue similar way, by (9) and (17), we get

& (—log -2\ 1-(1-5" n1(-2)"
O =r. —_—
dz’ 1—z A(l—z ™ T la (1-2)
Po— 1) (1-2)?
20 @ (1o

+r_!(,\—2)(,\—1)(1—§)l‘3

3! o3 (1 —z)—2
LG—r 4= 1) (1= 2)7
+(_1)r—1r_‘( r+ ) ( )( ()()
r! o’ 1—z
A
=3
)u(l—Z)r-i_l

i!oti (1 _ Z)r+l—i

r il _ ) oz A—i
+”Z( Do —1im (1-2)
i=1

ilot

0o m PO\ —i\ (=1
SECTI S e

m=0 ¢£=0

oo r [
— = 1)
Y H @y S G i
m=0 i=1

On the other hand, since H,, ;(«) = 0, it can be clearly seen that

R S
e a0 D T LD Ml U ARy )
m=0 m=0
By equality of (18) and (19), multiply % both sides, we have the proof. O
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1892 O. Duran et al.

Definition 1 Letm and r be integers with m, r > 0. Then the generalized degenerate harmonic numbers of rank
r are defined by

—log; (1 — &))" &
( Og*l(_z‘*)) =Y Hy(m.r.a)z". (20)

m=0

In the case of « = 1, H) (m, r, 1) = H, (m, r) are called degenerate harmonic numbers of rank r.

Theorem 4 For non-negative integer r, we have

(_1)k0+k1+"'kr+r+] A A A
H}L(mv r, a) - Z )\V+lak0+kl+"'kr k() kl T kr .

1<ko+ki+-~+k-<m

Proof From left hand side of (20), by using (4), we can write

(_ IOg)“(l _ é))r-‘rl

oo
D Him,r,a)" =

m=0 1-— Z
1 z z
:_(_ log; (1 - —)) e (— log; (1 - —))
1—z o o
r+1 times
o0 o0 00
DA (="t
:ZZMZ a Zm"‘zm—mmzm
m=0 m=1 m=1
Yy S (o)) ()
== “ e Zm
1 kotki+-kr ,
m=11=<ko++k-<m A gtothT ko) \ki k
as claimed. .

Theorem 5 Let m and r be integers with m, r > 0. following identity holds:

r+1 m 1 A lg_H
H (m, r, o) = /\rHZZ(H“ )( l>( a)l . 1)

i=0 £=0

Proof From (4), (17), (20), and the binomial theorem, we write

(—log, (1 — £y 1 (1 (- gﬂ)r“

[e¢)
> Hym,r, )" = =

= -z -z A
r+l1 Z\A
r+1 (=2
(7 )
r+1 o m ¢
r+1 ; (=D*
()2 (V)%
m=0 {=
0 r+1 m O+i
r+ 1\ [Ai —1) "
> ()0 ) - @
m=0 =0 ¢=0
By (22), we have the proof. O

Corollary 6 Let m and r be integers with m,r > 0. We have

1S A1
= e (),

=0
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On generalized degenerate harmonic numbers 1893

Proof Substituting @ = 1 in (21) and using the identity

k
Z(—l)"(’ - 1) = <—1)k<’>,
= i k

we have (23), immediately. |

Lemma 7 Let n and m be integers with n, m > 1. We have

“ (" om 0, ifl<m=<n
Z(;(_l) <,~>’ —{(—1)%!, ifm = n. (24)

Proof For 1 < m < n, from the binomial theorem, we have

- n d\" [« (n d\"
(=1)! (.)im = (x—) <.)x" = (x—) (1+x)" =0,
g l dx ; l — dx =1
and similarly, for m = n,
n n n n
. d : d
i(n no_ i n i _ - n _(_1\n
Z(—U <i>l - <xdx) (Z<l>x> - (xdx> (1+x) —_1_( D'n!,
i=0 i=0 x=—1 R
as claimed. O

Theorem 8 Let m and r be integers with m,r > 0. We have
m!H(m,r) = (—=D"" ¢+ DISi(m + 1, r +2).

Proof We know that H (m, r) = 0 when r < m. Assume that m > r. By (5), we get

) I /ai—1 ) Siin+1,j+1)
_ iJad 7
}E}}) Al ( n ) )%—>O )J‘H Z * n!

r

Z /A/SI(n+l j+1D
n!

— 1lim
A—)O)&r'H
j=0
Ssn+1,r4+1+1)
r—H r+1
+Alin ! * n!

n

Z J}\']SI(H_’_I‘]"Fl)
n!

+ lim
A—0 A7+
j=r+2

= lim
A—0 )\’r-l-l

r .
n!

S n+1,r+2i""1
n 1( s ) .

By lim; .0 Hy(m,r) = H(m, r) and (23)—(25), we write
1S i (r 1\ (=1
S _ +i
=gt S (1) (45
1=

r+l1
meri r+l . i JSl(m~|—lj+l)
=t ()t

i=0

(25)
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1894 O. Duran et al.

+Sl(m +1,r +2)i’+‘)

m!

1
Sl(m—i-l ]+1)A s r+1
HWHZ D =nmH

i=0

r+1 1
i r+1 Sitim+1,r+2)i
+§0:< D ( ) =

l

—1yms 1r+2)
_&=D 1(n;l'+ r+ )Z( 1),<r+1>
: =0

_(—1)m+r+l(r +DISim+1,r +2)
- m! ’

as claimed. O

Theorem 9 Let n, m and r be integers withn, m,r > 0. We have

n n
> Hytk.r,a)Hy(n —k,m, @) = Hy g () Hy (k. r +m, @),

k=0 k=0
and
n n—k ' m
timr+ 1.0 = 330, L@
k=0 i=0
(=1)"*Dy
_ ];Hk(k —1,r, ot)—n S yp—ny

Proof From (10) and (20), we have

o0 n
> Hik.r.a)Hy(n — k. m, o)z

n=0 k=0

—log; (1 — £) (—log; (1 — £))" ™!
1—1z2 1—z

(0.¢] o0
=Y Hu@7" ) Hi(n,r +m, )"
n=0 n=0

o n
=Y Hyka(@Hy(k,r +m, a)7",

n=0 k=0

and from (11), (20), and the binomial theorem, we have

(“log, (1= )™ (~log,(1 - )" ~log,(1 - D gy
11—z B 1—z (I—2)™"

_ ZHA(nv r Ol)Zn ZH:;?)L(O‘)Zn Z(—l)” (f)zn

n=0 n=0 n=0

S ITNED 9 9 S I I LA

n=0i=0

n n—k

—ZZZ< 1y ( _'Z_i)Hi’?i(wa(k, r )z

n=0 k=0 i=0
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and

(log,(1- )™ (~logy(1— )" z —log, (1 - &)

-z 11—z o s
o0 o
(=1)"Dy 5 2"
— —_— n —’ —
= Hin =1 Y
n=1 n=0
o n
(=" k.
_ZZH)“(k_I Q) e k+1(nik)vzn'
n=1 k=1

Therefore, by comparing the coefficients of the above equalities, we get the desired results.

Theorem 10 Let m and r be integers withm > r > 0. We have

m
(=D LIS @ r + D(r + Dt
Hy(m,r,a)= Y ol
l=r+1

Proof By (6), (10), and (20), we can write

> —log, (1 -2 r
S Hylm,r, )" _Tlog,d-3) (_ log, (1 _ 5))
1—z o

m=0

o0
(=)™ Sy 5 (m, ryr! ™
Hpp(@)2" ) =

p”qg

m=0 m=0 a m!
o m L+r
(=D 81, r)r!
= Z Z ol Hyp—g5.()2",

0¢=0
From equality of two power series, we have the proof.

Now, let define n x n type matrices as A, = [a; ], and B, = [b; ;] with ¢; ; =

H, ,'j_j+L , (@), respectively.

Theorem 11 For positive integer n, we have
A, = B, P,,

where P, = [p; ;] is n X n type matrix with p; j = ({ 11)

Proof It is clearly seen that by 1 p1,1 = Hll,)t(o;) =ay, fori = 1and j = 1. In next step,

n n .
j—=1 j
Zbl,kpk,j = Z Hf—k,x(“) <k _ 1) = Hlj,x(“) =dai,j
k=1 k=1

fori =1land j > 1, and

0
Zb, kPk1 = Z et A(ot)( 1) = H}, () = a;,

fori > 1 and j = 1. Finally, by (13), we can write

i

n J .
k J—1 k j—1
Y bikpk ZZHi—k+1,A(a)<k _ ]) =D H x(“)< B 1)
k=1 k=1

k=1

= k—1 k—1 tlat

k=1 t=1

O

Hi{k(a), and b; ; =

(26)
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1896 O. Duran et al.

i Xk: <i - t)(j — 1) (=D W)y
i—k)\i—k tla!

k=1 t=1

L (=D I D) s (i =\ (= 1
tlo! Z <k — t) (i —k)

t=1 k=t

fori > 1 and j > 1. From here, substitutingx =i —¢,y = j — l,and n =i in (1), we get

n i —1t—1 . .

(=DM Wyap fi+j—t—1 i
Zbi,kpk,j = Z ! / = Hl'],)» (C() k]
k=1

ot P
— tlo j—1

as claimed. O
Now, we can give the following results of Theorem 11:

Corollary 12 Let n and m be integers with n, m > 1. Then, we have

min{n,m} m 1
- k
H)', (a) = Z <k _ 1>Hn—k+1,k ().

k=1
Proof From the equality of the terms (n, m) of (26), the proof is clearly given. O

Corollary 13 For the n x n matrix A,, we have
1
det(A,) = —.
(xl’l
Proof By (26), using determinant properties, we have
2 1
det(A,) = det(B,)det(P,) = [ | Hf () = —
1 k=1

as claimed. O

Now, we define C;, = [¢; ;] be an n x n matrix with

(DTN W)y . (=D

- TG T =l b=
Clﬂj - Ea l = ja
0, i<j.
Theorem 14 For positive integer n, we have
Ay =Cy Ons 27

i+j_—1).

where, the n x n Pascal matrix Q, = q; j1with q; j = ( i

Proof 1t is clearly seen that c1,191,1 = Hllk(a) =ay, fori = 1and j = 1. In next step, since ¢; ; = 0 when
i < j,we have

n
1 .
J
ch,kCIk,j =cLiqrj = = Hi (@) =ayj
k=1

fori =1land j > 1 and

2":0 (DT W EDTRTE Mg (1
LRk = il w1 (i — 1) 1

k=1
. ((—1)f—zxf-2 (Dicpip  (—1)i=3073 <1>i-z,m> (2)

a1 (@i — 1) B a2 —2)! 1
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On generalized degenerate harmonic numbers 1897
(EDTHTE Wiy DT Wi ) (3)
ai=2(i —2)! ai=3 (i —3)! 1

D Moap O\ (i—1\  1(i
+< 22! o ( 1 >+Z<1>

_(—1)"_1)»"_l (D1 n (=Di=2)i=2 (Di—1,1/x

alil @
N (—1)i—3xi—3 (Di—2,1/x cee l
ali=2(i = 2)! ¢
LD W

1
= o = Hj () = H; ; (@) = aj
1 !

~
Il

fori > 1and j = 1. By (13), and (}) + (kil) = (',:ﬂ), we have

~ B (=1)i=tai=! D1/ (—D)i=2pi=2 Wizt \ (J
D cikdn) = ol T ali— ) '
k=1

J
N ((—1)"‘2/\"‘2 Di_pap (D33 (1)i—2,1/x) (J' + 1)

a1 (i — 1) a al=2(i —2)! J
N ((—1)"‘3%"3 (D212 (—1)i‘4ki‘4(1)t—3,1/x) (J' +2>

ai=2(i —2)! B a3 (i — 3)! j

(=Dt WMo D\ (J+i-2
+...+ — .
a?2! o j
1/j+i—-1
o J

DTN

alil
N (=D (WD (7 (D202 (D)1
j—1 ai=l (i —1)!

1) (DT () +i—2)1
(! L =21/ o (I 2

j—1 a2 (1 —2)! j—1 o
1

. i —1 -1 t—l)\'l‘—l 1 .
=Z<l +j )( ) (D10 _ Hi],;\(“) _

. Iy
p— j—1 alt!

alil

fori > 1 and j > 1. So, the proof of the theorem is completed. O

Corollary 15 Let n and m be integers with n,m > 1, we have

"i (k +m— 1) ((—1)”"‘ e G L O I S P A"—k—1>

= m a k(i — k4 1)! (n — k)lon—k
n+m—1\1
— H™ - -
ni (@) ( m ) o
Proof From the equality of the terms (n, m) of (27), the proof is clearly given. O
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1898 O. Duran et al.

Corollary 16 Let n and m be integers with n,m > 1, we have

—1
nzi(_l)k+m <l+k— 1) <m — 1)
k k—1
=1 k=1
D" Wi, DTN,

a Il — 14+ 1)! (n — D!

1 (n
A @ ()

Proof We can see B, = C,,Q,, Pn_l from (26) and (27). Clearly, we calculate matrix Pn_1 = [(—1)i+/ ({:11)]

since
n .
(k—1\[j—1
Dkt =58 1,
2D (i—l)(k—l) b
k=1
where §; ; is Kronecker delta. Thus, using matrix multiplication, we have the proof. O

3 Conclusions

Recently, some authors have been working on degenerate type numbers and some special numbers, such as
degenerate Daehee numbers and degenerate Stirling numbers of the first kind, thanks to the degenerate expo-
nential function. In this paper, we define the generalized degenerate harmonic numbers of rank r , denoted
by H, (m, r, o). Using combinatorial techniques, we examine various identities and sums involving binomial
coefficients, degenerate Daehee numbers, degenerate Stirling numbers of the first kind, generalized degenerate
harmonic numbers, generalized degenerate hyperharmonic numbers of order r, and generalized harmonic num-
bers of rank r. Additionally, we introduce matrices with terms derived from generalized hyperharmonic numbers
and provide matrix equalities along with their results.

In conclusion, this study highlights promising directions for future research in applied mathematics, combi-
natorics, and number theory. We believe that the results presented in this paper lay the groundwork for guiding
researchers toward new discoveries and innovative approaches in these vital fields of study.
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