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Abstract

An elementary proof for a binomial identity of Batir [Integers 20 (2020) #A25] is presented and several combinatorial
identities concerning harmonic numbers and binomial coefficients are derived.
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1. Introduction

It is well-known that the harmonic numbers are defined by

3

Hy=0 and H, = for neN.

el

k=1
For n,¢ € N and for an indeterminate x, they are generalized (cf. [3,6]) by
- 1 1
HO () = - d HO — g9 0) = il
n (x) ];1 (ki—‘r.’l?)g an n n ( ) ]; kL’

which reduce, when ¢ = 1, to H,,(z) (cf. [4,7,8]) and to the ordinary harmonic numbers H,, respectively. Here and forth,
we use N, Z~ and C to denote the sets of positive integers, negative integers and complex numbers, respectively.
Given a differentiable function f(z), denote two derivative operators by

D,f(r) = 2 fx) and Dof(x) =+ f(x)

=0
Then it is not difficult to get the derivative of binomial coefficients (cf. [5, 6])
r+n T4+ n) — 1
D, = _—
( m > < m ) ; 1+z+n—/¢
which can be stated in terms of the generalized harmonic numbers as
r+n r+n
D = H —H,_ <n). 1

The binomial coefficients can be expressed as gamma function

s\ T(s+1) _
(t>_I‘(t+1)I‘(s—t+1) for s,teC\Z". (2)

The beta function B(s,t), defined by

1
B(s.1) = / w1 — ) (R(s) > 0,%() > 0), 3)
0
has a closed relationship with gamma function
_ T(s)I(¢
B(s,t) = I(s+1t)
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There are many nice identities about harmonic numbers and binomial coefficients. For example, by making use of integral,
it is not hard to derive (cf. [1, Lemma 1])

" H, 1.,
> =S =S[H2+HP 4
2% T  + . (4)

Recently, Batir [2] obtained a series of identities based on the binomial transformation formula

(U)o B ()]

k=0

Throughout the paper, we use the rising and falling factorials, defined by
(2)o=1 and (z)p=a(z+1)---(x+n—-1) for neN,

and
(£)o=1 and (x),=2(x—1)---(x—n+1) for neN

The rest of the paper is organized as follows. In the next section, we firstly give a proof of Lemma 2.1, which is equivalent
to Batir’s binomial relation (5), and then derive some consequences by integration and derivation method. The paper ends
with the third section, where several identities are established.

2. Main results

The identity in the following lemma is equivalent to Batir’s identity (5). Here, we present an elementary proof, instead of
induction.

Lemma 2.1. For n € N, the following relation holds

k=0

k=0

Proof. Applying the Vandermonde convolution

zk: x+i\(n—it\ [(r+n+l
—\ i J\k—i) k
to the right side of (6) gives

n n k .
r+n+1 k(1 _ \n—k _ T+ n—1 ki1 _ \n—k
E ( § )z (1-2) = ‘ ( ; )(k—z)z (1-2)
k=0 k=0 i=
AW n=1\ g n—k
§ 1—

3

0
T+

n
k=i

2

1
0
n
r+\
. )z,
‘ 1
0

1=

3

which completes the proof. O
Letting z = 1 in (6), we have the following well-known formula [7, P.159]

Z(az—i—k) (x—k:-i-l). ™

P )

Corollary 2.1.

> (T = () (- 1 ) ®

k=0

Proof. The proof follows from differentiating with respect to x both sides of (7). O
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Corollary 2.2.

n—1 (x+7z+1)

ktl ) _ -
2 R (D DR

k=1

9)

Proof. Separating the term of k& = 0 from the right—-hand sum of (6), and then replacing k by & + 1, we obtain
~ (x+k L 3 r+n+ 1) —k—1

=(1-2) 1—2)" .
> (7m0 S (1)

Putting the first term of the sum on the left side to the right, and then dividing the resulting equation by z, we have

[Tk o (-2 -1 S (THn+1) n—k—1
Z( k )z —f—&—z P 21— 2) . (10)

k=1 k=0
Integrating from z = 0 to z = 1, we get
" (r+k (1-2) z+n+1 ! ke
Z( > —/(1_7 Z(k 1)/2’“(1—2) k=14,
k=1 0 ?) k= + 0
According to

Pa—2)n - Y
/ 7612’ = and / FA1 -2l =Bk+1,n—k) =
0 0

(1—-2)—1 (n—Fk)(})

we complete the proof. O

Corollary 2.3.

n—1 (I:_T_Tl) H2—H7<L2> n (kark)

Z(n—k)(") T2 k2

k=0 k

(kH, — 1). (11)

Proof. Integrating both sides of (10) from z = 0 to z = u, we get

~ x—l—k;) / (1—2) (Jc—i—n—l—l)/“ k k1
dz + 21— 2)" " dz.

> | ()

Integrating again the above equation from u = 0 to u = 1, after dividing by u, we find that

n

Z(IM) 5 / / dzdu+z<xz_7_~f1) /Oli/ouzk(l—z)”kldzdu.

k=1

By means of integration by parts, we obtain

(1-2) n d? /1
dzdu =—— [ vl —w" du
[ s ),

H2 + HY
2 )

1 1 u d 1
/ f/ 21— 2" dedu = ——/ ul (1 —u)" " du
0o UlJo dt Jo

_ H,-H;
(n—k)()

Applying (9), we complete the proof. O

n d* T'(t+1)C(n)

o 2d2T(t+n+1)],_,

and

AT+ 1) (n—k)
w—p  dtDT(n+t—Fk+1)

t=k

Corollary 2.4.

n—1 z+n+1) n (q;;:k)

> G iy e @) = o)) = 30 o) (12)

0 k k=1

Proof. The proof follows from differentiating with respect to x both sides of (9). O
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Corollary 2.5.
n—1 (zzii»l) n
—— oy (Hng1(z) — Hn—i( n— 1) Hy(2). (13)
kZ:O (n—k) (k) z::
Proof. The proof follows from differentiating with respect to 2 both sides of (11). O
Corollary 2.6.
Zk(m+k>:(m+l)<x+n+l). (14)
k n—1
k=0
Proof. The proof follows by differentiating with respect to z both sides of (6), and then letting z = 1. O
Corollary 2.7.
" z+k z+n+1 1
H = 1 H — . 1
S = (750 - 1)
Proof. The result can be obtained by deriving « for the identity in Corollary 2.6. O

3. Identities

Based on the results obtained in Section 2, we can establish several interesting identities by taking special values of the
parameter z, including certain well-known identities.
For example, letting x = —% in (7) and 2 = 0 in (8), we recover the two well-known identities

n 2k 9 1/2 n
=T () et = 0

k=0

Further examples can analogously be derived as follows.

Identity 3.1. For n € Ny, m € No U {—1}, it holds that

n (2m+2k+2) (m+k+1) (2m+2n+4) (m+n+2) (2m+2)

Z m+k+1 k _ m+n+2 m+2 m+1 (16)
4k - 4n (2m+4) .
k=0 m+2

Proof. Letting x = 3 +m (m € Ng U {-1}) in (7), we have

zn:(mﬁ—k—k ): <m+:+§)'

k=0

Then the identity follows by

<m T+ k4 ;) (m+k+ %>k B (2(721:;:11)) (m+}i€+1)
k" 22]9 <2m+2) ?

m—+1
and ‘ ) , ,
(m+n+§) _ <m+’fl+%>n _ ( (»,;nj:jg )) (7721—2"_ )
n n! 22n (27’:'::24)
O
Identity 3.2. For m,n € Ny, it holds that
S OO G ) .
m+2n n (2m++2n+2\ °
k=0 4 2m—:2n ISETQ) 4 ( 7nin++1 )

Proof. Replacing x by x — n — 1 in (7), we have

i<x+k;n—1)<z> (18)
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Taking z = —1 — m (m € Ny) in (18), we get

Noticing that
(—m —n+k— g) _ (-1 (m +n+ %) Ly (22172114;2) (m-‘r]:r‘rl)
-\ -\ 2m+2n—2k+2\
k k 4k( m—:n k+—1i_ )
and 2m+2 +
—m=3 =(-1)" mEn=; - (,an
n n 4n ’
we get the desired identity. O
For m = 0 in (17), we have the following identity
n n+1
Z <_1)k( Z ) _ (_l)n n+1 (19)
2n—2k+2 n :
k=0 k( n—k-‘rJg ) 22 i (271 + 1)
Identity 3.3. For n € Ny, m € No U {—1}, it holds that
n (2m+2k:+2) (m+k+1)
> m+k+14k A {2Hom 2k 41 — Hmyk}
k=0
(2m,+2n+4) (m+n+2) (2m+2) 9
_ m—+n—+2 m—+2 m—+1
B an(meh) {2H2’"+2"+3 ~ i = 5750 } (20)
m—+2
Proof. Setting x = 1 +m (m € Ny U {—1}) in (8), we get (20) with the help of (16). O
If setting m = —1, 0 in (20), we get, respectively, the following two identities
n 2k
2n +1
Z (4%){25’%—1 —Hp 1} = i < ){2H2n+1 H, —2}, (21)
k=0
" (k+1) (32 n+1)n+2) 5 2
Z TW{QH%-H —Hp} = ( )6( ) 422 {2H2n+3 —Hppq — §} (22)
k=0
Identity 3.4. For a nonnegative integer m, we have
— n+m-+1 n k m\ (2k+2m
Z ( —Ii;-i-f ) _ 1 { Z + )( k+m )} (23)
2n+2m—2k 2n+2m—+2 n 2m k .
k+1 (k)( n-:-m—k ) ( n+m-+1 ) k;:l 4 k
Proof. Taking z =m — § in (9), we obtain
n—1 (n+m+3 n  (k+m—3
Z(k+12) CH 4 ")
AN k )
= =0() k=1
In view of
<n +m + ;) (n+mA4 He Cr) ()
= = Intam—2ky
E+1 (k+1)! k1 ( ;L—:-;?k )
and
k+m)\ (2k+2m
k+m7% :<k+m_%>k:<z)(k'i_m)
; i w0
we complete the proof. ]
Two special cases corresponding to m = 1,2 in (23) are recorded below
- 1 1 { = (D) }
Z = H,+Y k2 (24)
n—2k 2n+2 n )
k=0 k+1 k+ k)(2n—i ) (n+ 1)(714:_1) k=1 4k
n—1 2k+42
3 ! _ ! {H +1i<k+1>(k+ﬁ)} @5)
n+2— 2n+4 n :
o ALk 4+ 1)(n — k)2 (Qnﬁ_ik) (n+ 1)2(;T2) 20 4kk
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Identity 3.5. For n € N, it holds that
3 PP S
= H, — —Rs (26)
n—2k— 2n
e B o) LIy
Proof. Taking z = —32 in (9), we obtain
Z zz;b 5 ()
k:O (&) k=1 k
Since ) o
(4o B g (8
k+1 AL (2n 2k 2) k 4k(2k — 1)
this completes the proof. O
Identity 3.6. For a positive integer m, we have
n—1 (2) n
Hy, 1 H? - H, (m)g
= & kH, 27
2 T Dm0 e + 3 g =1 @0
Proof. Let x =m —1in (11), we get
”f (eit) e 2~ HY +Z”: <m+k—1> (H _1)
n 2
Pt (n—k)(}) 2 = k k k
In view of .
mek-1\_ e o () (4w
k k! (n—k)(}) (F+D0n-k)n
this completes the proof. O
Taking m = 1 in (27), we have the following special case
n—1 Hk 3
= H2 — H?}. 28
I;J(kJrl)(nfk) 2(n+1){ " w b (28)
Identity 3.7. For a nonnegative integer m, we have
— (n+m+1) 1 H2 . H<2> 1 n (k-l—m) (2k+2m)
k+1 n n k k+m
Hy, = { + (kH,, — 1)}‘ (29)
n+2m—2k 2n+2m+-2 2m .
Z k+1 (k) (2 71—:—2771—162 ) ( nimJ:i ) 2 (m) 1;1 4kk2
Proof. Letting x = m — 3 in (11), we get
n—1 n+m+2 2 (2) n  (k+m—21
k+1 ) _ Hn 7HTL ( k 2)
z St s U D g, ),
k=1
Since kmy (2k+2 n+2m+2Y (ntm+1
bemo by CTCEEN e by G ()
: # ) b1 ) T pmea(mizmoa
the proof can be completed. O
When m = 0, (29) reduces to the following identity
— 2 n 2k
Z Ahk+1 o 2k . 2n+2 {H2 Ha + (k)z(kH )} (30)
= AR+ 1)(n = k) (5200) ("+1)(n+1) 2 k:14
Identity 3.8. For a nonnegative integer m, holds the identity
— m+n k 1 m + 1)
= H,H, ——(H H, — H . 1
(k+1D)(n—k)mi1  (n+1)mee { metnt1 Z Tkl ( mint1 T Hm k) (31)

k=1
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Proof. Letting x = m (m € Ny) in (12), we get
n—1 m;:nf_l) n (m—i—k)
3 Gy e () = Hun(m)} = 3 5 Him).
k k=1
According to the formula
Hn(m) = Hern - Hp,
and (9), we complete the proof. O
For m = 0,1, (31) yields the following two special cases
n—1 1
= AH,Hy 1y — H? — H? 32
kzzo(k — k) 2(n—|—1){ v~ Hy = HP, (32)
n—1
Z Hn- ’““ - {4HH o+ 2n(Hypo +2) — 2(n+ 1) H, —H2—H<2>}. (33)
—~ (k+1)(n—k); 2m+1, 1 "7 nr mo
Identity 3.9. For a nonnegative integer m, there holds the identity
nil 2H2m+2n—2k—1 - Hm+n—k—1 _ (2H2m+2n+1 - H7n+n)Hn 1 «
Sk D= B (T 0 D () 0 D (050 )
(m + ]-)k 2:11+2k
{ Z 4kk(k' i) (2Hami2n+1 + 2Hom — Hypon — Hyy + Hiaok—1 — 2H2m+2k1)}~ (34)
k=1 ’
Proof. Taking z = —% +m (m € Np) in (12), we have
n—1 m+n+ 3 n (mtk—3
1 1 2
Z T ) o U (m = 5) = Hucslon = )} = T by oy
k=0 k=1
By combining the method of proving (23) and the formula
1
Hn(m - 5) - 2H2m+2n—1 - Hm+n—1 + Hm - 2H2m;
we can confirm the identity (34). O
A special case of (34) with m = 0 reads as
n—1 n 2k
2Hoy op—1 — Hy—p—1 H,(2H3p41 — Hy) (
= + 2Hs, H, —2Hop_1 + Hyg—1}. (35)
2 e ) ) D) ><i?if ) 2 e 2 = ot}
Identity 3.10. For a nonnegative integer m, we have
n—1 (2) n
HyHpn—k Hn+m+1[H§ — Hy"'] 1 (m+ 1)
— ' LH, — 1){H Hy — Hypoko ) 36
2(:) (k+1)(n — k)ma1 2(n + 1)mat (n+ Dt kz:: L2k (kHp — D){Hm+n+1 + Hp vk} (36)
Proof. Letting x = m in (13), we can derive (36) with an aid of (11). O
In particular, when m = 0, we get from (36)
ni HyHyoy _ 3HulHy = HE) = B+ HE) 1 S Hy 37)
poars (k+1)(n—k) 2(n+1) n+1&~ k?
Identity 3.11. For a nonnegative integer m, there holds the identity
i 2H2m+2n 2k—1 — Hernfkfl)Hk _ (2H2m+2n+1 - Hm+n)[H3L - H7<12>]
e D= D (i) 20+ Do G
1 (m + ]-)k(ZM_T_ik)
m m-+2n o (an - 1){2H2m+2n+1+
T BT A PR
2Hom — Hypin — Hyn + Hy ko1 — 2Homop—1 }- (38)
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Proof. The identity follows by taking = —1 + m in (13) and using (29). O

A special case of (38) corresponding to m = 0 is recorded below

= SRR 2 D)

Tf (2Hap ok 1 — Hy g 1)Hy  (2Hsnyy — Hy)[HZ — HY|

n 2k
@R ZL (kH, —1){2Hay 41 — Hy — 2Hoj 1 + Hy 1}

(n+1 n+1 k=1

Besides the identities derived above, by choosing other different special values of parameter z, it is possible to derive
more finite series identities on harmonic numbers and binomial coefficients. The interested reader is encouraged to make
further attempts.
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