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Abstract

In this paper, we present some identities relating the hyperharmonic, the Daehee and
the derangement numbers, and we derive some nonlinear differential equations from
the generating function of a hyperharmonic number. In addition, we use this
differential equation to obtain some identities in which the hyperharmonic numbers
and the Daehee numbers are involved.
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1 Introduction
For any n, we denote by (x), the falling factorial (x)g = 1, (x), =x(x - 1)(x—2) - - - (x —n + 1)
and (x), for rising factorial (x)o = 1, (x),, = x(x + 1)(x + 2) - - - (x + n — 1). Formally, (x), =
*),=0ifn<0.

The Stirling numbers are defined by x” and (x), as

K=Y Sa(m k)
k=0

(x)n = Zsl(n; k)xk’

k=0

where S; (7, k) and S,(n, k) are called the Stirling numbers of the first kind and the second
kind, respectively.

As is well known, the unsigned Stirling numbers of the first kind, denoted by |S;(n, k)|,
are (—1)"*kS;(n, k). The unsigned Stirling numbers of the first kind |S;(n, k)| count the
number of permutations of n elements with k disjoint cycles and the definition is given by

(%)= Y[ Sl k)|
k=0

A derangement is a permutation of the elements of a set, such that no element appears
in its original position. In other words, derangement is a permutation that has no fixed
points. The number of derangements of a set of size n, denoted by d,, is called the nth
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derangement number. The generating function of derangement numbers is given by

—t S n
e t
1-t Zd”ﬁ'

n=0

The Cauchy numbers of order r, denoted by CY), are defined by the generating function
to be

r o] r) tn
(log(l + t)) Z ’

n=0

It is well known that the nth harmonic numbers, denoted by H,, are defined by
1
doot — (1)

with Hy = 0.
The harmonic numbers have many applications in combinatorics and other areas. Sev-
eral interesting properties of harmonic numbers can be found in [10].
n [3], the nth hyperharmonic numbers of order r, denoted by HY, are defined by

0 ifn<0orr<o,
HY = i ifn>0andr=0, 2
S HTY ifrn> 1

From (1) and (2), we note that Hf,l) is the ordinary harmonic number H,. Many authors
have studied the hyperharmonic numbers [1-3, 5, 10, 21].
The Daehee numbers, denoted by D,,, are defined by the generating function to be

log(1+%) < "
o8t TY _§stp L 3)
t n!
n=0
It is clear that
1
Dy =1, D1:_—,‘“,Dn:(—1)n . (4')
2 n+1

The Daehee numbers serve as an intermediate medium connecting between several spe-
cial numbers [6, 7, 11, 13, 31]. The higher-order Daehee numbers led to many combina-
torial identities [8, 9, 13, 19, 22, 24, 29, 30]. In addition, the degenerate Daehee numbers
have been defined and studied [13, 29, 30]. Recently many interesting results have been
published regarding the degenerate Daehee numbers.

The higher-order Daehee numbers, denoted by D), are defined by the generating func-
tion,

log(1+2)\ — t*
2ETT) Y DP@S (see [8, 9,13, 19, 22, 24, 29, 30)). (5)
t n!

n=0
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Recently, a group of mathematicians used a differential equations to study special num-
bers. In [11, 13], the Daehee and degenerate Daehee numbers are considered by using
differential equations arising from the generating function. The identities for ordered Bell
numbers [12] and Bernoulli numbers of the second kind [14] were derived arising from the
differential equations of the generating functions, and the other identities of special poly-
nomials can be found in [15-18, 20, 23, 25-27]. In this paper, we present some identities
between the Daehee and hyperharmonic numbers. In addition, we derive some nonlin-
ear differential equations from the generating function of the hyperharmonic number. In
addition, we use this differential equations to obtain some identities in which the hyper-

harmonic numbers and the Daehee numbers are involved.

2 Harmonic numbers and hyperharmonic numbers

2 3
Since —log(l —¢) =t + % + % + - -+, the generating function of the harmonic numbers H,

is as follows:
l o0
Og ZH . ©)

From the definition of hyperharmonic numbers (2) and the generating function of har-
monic numbers (6), we get the generating function of the hyperharmonic numbers:

_log(l—t) B > )
-0 _HZ;H” e @

The generating functions of harmonic and hyperharmonic numbers can be found in [1,
5] and [4].
A recurrence relation of the hyperharmonic numbers can be obtained by the generating

function as follows:

log(l O
- (1—t) ZH Z )l

log(1—¢) B
T (1—t>r1

Therefore we get
HY =HY, + H'Y  forn> 1. (8)

This recurrence relation (8) is shown in [1], which we obtained in another way.
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We note that, for 1 <s <r,

log(1-¢) log(1-¢) 1

-ty A-ty=s (-t

o0 o0 S

(r—s) ,I - k ck
- H t 1)t
Sy (Ve
=0 k=0
o0 o0

(r—s) ,1 S+k—1 k
= H t t
S (T

k=0

A ) (S =1 =1
Y >< - )t. ©)

n=0 [=0

Equation (9) yields some identities that are presented in [1] as follows:

HO - " (n+r-m—-1\1
" _; r—1 m’

(10)

n
n+r-m-s—1
H;S’):Z( el )H};), 0<s<n-1.

m=1

3 Relations between hyperharmonic numbers and Daehee numbers

From the definition of Daehee numbers, we obtain

log(1 +¢) ~ —log(l+¢)1+¢
¢ T 1+t) -t

C 1
= Z(—l)"“H,J”(l 0 ;>
n=1

o0 o0
=) _(CU"H "+ Y (1) Hyt”

n=1 n=0

o0
= > (1" Hy + (=1)"Hyp1 )" + Hy. (11)
n=1

Since H,,,1 — H, = -1, from (4) and (11), we get

T on+l?

Dy =H,, D,=(-1)"nH,.1 - H,) forn>1.

Let us investigate the relationship between the Daehee and hyperharmonic numbers.

log(1+¢) —log(1+¢) (1+¢)
t A+ -t

[o¢] [o¢]
_ Z(_l)mHi(r)ti-l Z C) 4
i=1 j=0
[o¢] [o¢]
=Y C)HDEY C) v
i=0 j=0




Rim et al. Journal of Inequalities and Applications (2018) 2018:168 Page 5 of 12

ZZ( 1)‘( ) . (12)

n=0 i=0
From (12) and the definition of the Daehee numbers (3), we get the following identity.

Theorem 1 For any non-negative integer n,
r
n—nvZ( D ( _l,) HY).
From (4), we note that Z .—! = H,,. Theorem 1 yields the following identity:

H”_ZZ( l)k”HkH( " ), forn > 1.

i=0 k=0

Let us consider higher-order Daehee numbers:

t 1+ )k t

(i) (550 5) (330)

(i 1Y )(iz )Dﬁ"“(km-f%)

(1og(1+t))’_ 1og(1+t)<1og(1+t)>’-1(1+t)k

i=0 m=0 j=0
oo n on-i (k)i (r— )Hi(f)
SEECB e
n=0 i=0 j= n=1:

The following is found in Eq. (13) along with the definition of higher-order Daehee num-
bers.

Theorem 2 For any non-negative integer n and k > 1,

n (k)i D(’ DH!’(f)
r)_n|ZZ( 1)1( ) - 1.

Y
=0 j=0 (n =)

Now, we want to express H, as a summation of Dy. We have

log ZH p

_log(1-1) ¢

I
o0 o0

D;

_ _1) i j

YLD
i=0 j=1
oo n-1

ZZ( 1y—t" (14)

n=1 j=0
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By comparing coefficients of the first line and fourth line in (14), we get an obvious

identity:
n-1 D:
- _1y2
Hy=Y (-1) i
j=0

Let us observe the definition of hyperharmonic and Daehee numbers. We have

_log(l -t) log(l-t) ¢

Q-0 =~ -t (-2
0 p tk 0 ltl+1
=2 D D D (-1
k=0 1=0
SR A . 1t
= > WD Y (-1
k=0 =1
oo n-1 n t"
= ( . )(—1)“Dk(—r)k1(n —k)=. (15)
k n!
n=1 k=0
Equation (15) yields Theorem 3.
Theorem 3 For any positive integer n,
n-1 "
nH =3 ( k) (=1 (n = K)(=r)i1Dr. (16)
k=0

Theorem 3 shows that hyperharmonic numbers, Hf,r), can be expressed as a kind of sum
of Daehee numbers. Naturally we can think of whether it is possible to express the Daehee
number D, in terms of the hyperharmonic numbers HS,V).

Let us observe Eq. (15) from a different point of view:

log(1-¢) (log(1-1)\" —t =y
(-0 _< ~t ><log(1—t)> 1-ty

Z( Pt o Z( v'e Z( e 1)’”

m+1

00 | 00

£ t "
k (r-1) m-1
Z( DD Z( 1'C Em:1<—r)m_1m(—1) —

n

- K = =L o .
) g(_l)lei)E ; ; <1)(_1) 1 (1) mta (n ~ Z)E
oo n-1 n-1 )
= Z Z (:) (7)(_l)kHqur)kCz(r_l)(_r)"ll(n - 1)%‘ (17)

n=1 k=0 [=0

Theorem 4 For any positive integer n,

n-1 n-1

n n r r—

nH, = (k) ( 1)(—1)“10256} P (n = D). (18)
k=0 [=0
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By multiplying the generating function of the hyperharmonic numbers by e7!, the fol-
lowing can be observed:

log(l - t) | (- 1)
(1 _ t)r ZH Z

ZZH 1)' : (19)

n=0 [=0

From (19), we get the following identity:

log(1-¢) , log(l-¢) e**
- e = -

1=ty 1-ty-11-¢
[o¢] [e¢] dk
(r-1) 1 k
= E H' ™t E —t
: k=0 ke

> d,_
(r-1) n-l .y
= E H, t", 20
= L m=1) (20)

where dj denotes the kth derangement number. From (19) and (20), we get the following
identity.

Theorem 5 For any positive integer n,

n

(r) (_l)n_l _ - (r-1) dn—l
ZHZ (l’l—l)' _;):Hl (n_l)!’ (21)

=0

where dy denotes the kth derangement number.

4 Some identities of hyperharmonic numbers and Daehee numbers arising
from differential equations

From now on, throughout this article, we set

G =G(t) =-log(1-1¢),

F=F(t) =log(1 +1¢),

and

- xF,
N-times
Fo_p -9
dt

In [28], Kwon et al. showed that F = F(t) = log(1 + £) is a solution of the following differ-
ential equation:

N = ()N (N - 1)! Z(—l)”N”%. (22)

n=0
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From Eq. (22), some relationships between the Daehee numbers and other special num-
bers have been found [28].
In [28], the authors presented two identities,

FV = ()N N -1 (Z(—l)’"N’"Sl (n, m)) %

n=0 \m=0
[’} £
= Z(}’l +N)DH+N_1;. (23)
n=0 ’

From the definition of G, we get
1 loa(1—
G = —— = loell=l) _ o6, (24)
1-¢
By differentiation of both sides of Eq. (24), we get

G// _ eGG/ — eGeG — 626,

G = e29(2G) = 2¢°C.
By repeating this process, we can easily get

GM = (N-1)eN% forN>1. (25)
From Eq. (12), we obtain

GN = (N - 1)1
o0 Gm
=Ny N™!'—
; m!

3 g =0

s m!
o0 (o) tn
=NUY N1 (1) Sy (n,m) —
m=0 n=m "
[ee) n tn
=N D NS ) (26)
n=0 m=0

From the definition of G and the hyperharmonic numbers,
d\"N /- log(1—¢)
W=(=) | ——-a-0
(@) (G500
_(4Y)" Sou0e S (7)ot
dt m=0 " k=0 k

_ d M A< r n—k yy(r) ,n
(&) (BRI e )
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- i N r ( l)n—kH(V) £
dt) \n-k k
k=0

2

n=0
S

n=N

>

k=0
n+N ’
- (n N k) (-1)"NKHD (1 + N)yt". (27)
n=0 k=0

Equations (26) and (27) yield the following theorem.

Theorem 6 For any positive integer N and non-negative integer n,

1 ¢ n+ N\ X r
l § NAL (158, (1, k) = E —1NHFHD,
nl U5k ( N )k=0 (n+N—k>( VR

We note that

F(t) = -G(~t). (28)
From (28), we have

FN () = ()N GW) (). (29)

Apply (29) to (27), then

oo n+N
r . Y
DMEN ) = DN YN (n N k) (~DNFHD (n+ Nyt
n=0 k=0
oo n+N
"2 (n AN- k) (S H (n 4+ Nt (30)
n=0 k=0

The definition of the Daehee numbers (3), (29) and (30) yields the following identity.

This is a kind of inversion formula associated with Theorem 3.

Theorem 7 For any positive integer N,

n+N

r
D1 = (14N =Dy ) ( )(—H“Hi” :
= \n+N-k

From the definition of higher-order Daehee numbers (5),

log(1 - t))

"= (-
<log(1 - t)>
tl+m

i )\ . (31)

1=0
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Let us observe Eq. (27) in a different way:
G = (N - 1)1eNe

o0 Gm
=(N-1)!Yy N"—
( )% —

=(N-1) S Aﬁi(_l)kD(m)(kJ,m) tki
'm:O m! 4 k " (k + m)!
—1)'§: ; k(" Nrkpo £ (32)
' i k Kooy
n= =0

From (27) and (32), we have a relation between hyperharmonic and higher-order Daehee

numbers.

Theorem 8 For any positive integer N,
n+N

r r
Z(n N k) (—1)”*N‘kH,(( )(n + N)yn!

k=0

- (N -1 Dk (Z)N”kz)‘k”‘k).

k=0

Substituting 1 — e’ instead of ¢ at (14) and (15), we have

GM(1-e)=(N- 1)!2(—1)"1\["% (33)

n=0

and

(1=

~

3
3
Z

o0
= Z Z (—I)N_kHIEr)(Wl N N)N(et _ l)m
= (m +N - k)
oo m+N o0 r o
= Z Z ( N k) (—I)N_kH,(:)(m + N)nmiSy(n, m) —
m=0 k=0 n=m m+ N - n!
oo n m+N r tn
= Z Z ( N k) (—l)N_kH,((r)(m + N)nm!Sy(n, m)—. (34)
=0 m=0 koo NN = n!

From (33) and (34), we have the following theorem.

Theorem 9 For any positive integer N and non-negative integer n,

n m+N

"N -1IN"=Y N < N k)(—l)N"kH,(:)(m + N)nmiSy(n, m).

m=0 k=0
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5 Results and discussion

In this paper, we have studied the harmonic, the hyperharmonic, the Daehee and the
higher-order Daehee numbers which are different from the previous research articles. In
Sect. 2, we present some elementary identities between the harmonic and the hyperhar-
monic numbers. In Sect. 3, we study some relations and properties for the harmonic and
the hyperharmonic numbers, the Daehee and the higher-order Daehee numbers. Addi-
tionally, the derangement numbers and the Cauchy numbers are also studied in Sect. 3. In
Sect. 4, we study a nonlinear differential equation arising from the generating function of
the harmonic numbers and we give some identities of harmonic and hyperharmonic num-
bers, the Daehee and higher-order Daehee numbers which are derived from this nonlinear
differential equation.

6 Conclusion

For a long time, research on the harmonic numbers was mainly focused on the study of
inequalities. In this paper, we tried to study of the inequalities of the harmonic numbers
by showing the relationship between harmonic numbers with other special numbers.
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