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where P (x1,...,%) = (=1)"Y,(=0!xq, —1lx;, ..., —(r — 1)!x,;) and Y, are the expo-
Kf-’yWOFdS-' nential complete Bell polynomials. By observing that the numbers P(r, n, k) generate two
Riordan arrays Riordan arrays, we establish several general summation formulas, from which series of

Harmonic numbers

_— harmonic number identities are obtained. In particular, some of these harmonic number
Stirling numbers

identities also involve other special combinatorial sequences, such as the Stirling numbers
Lah numbers R . .
Bernoulli numbers and polynomials of both kinds, the Lah numbers, the Bernoulli numbers and polynomials and the Cauchy
Cauchy numbers numbers of both kinds.
© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The generalized harmonic numbers are defined to be partial sums of the Riemann-Zeta series:
n
1
(r) _ () — _ =
Hy’ =0 and H, _kzkr forn,r=1,2,....
=1

When r = 1, they reduce to the classical harmonic numbers, denoted as H, = H,Sl). Harmonic numbers are important in
various branches of combinatorics and number theory, and they also frequently appear in the analysis of algorithms and
expressions for special functions.

Recently, many works have been devoted to the study of harmonic number identities by various methods. In [1-3],
Chu established some harmonic number identities by decomposing rational functions into partial fractions. In [4-6], Chu,
De Donno and Fu derived series of identities by classical hypergeometric summation theorems. Sprugnoli [7] presented
some harmonic number identities by means of the Riordan array method, and Sofo [8-10] obtained many from the integral
representations of some special binomial sums. Moreover, a variety of harmonic number identities are derived by symbolic
computation; readers may consult the papers by Driver et al. [11,12], Lyons et al. [ 13], Osburn and Schneider [ 14] and Paule
and Schneider [15].

The concept of Riordan arrays was introduced by Shapiro et al. [16]. In the present paper, we make use of the method of
Riordan arrays in a constructive way to establish some general summation formulas, from which series of harmonic number
identities can be obtained. In particular, besides the harmonic numbers, some identities also involve the Stirling numbers of
both kinds, the Lah numbers, the Bernoulli numbers and polynomials and the Cauchy numbers of both kinds. It can be found
that no harmonic number identities presented in [1-15] referred to above have other special combinatorial sequences, and
actually, there are not many identities involving both harmonic numbers and other combinatorial numbers in the literature.
From this point of view, our results extend the range of harmonic number identities.
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The study of this paper follows Zave and Spief8’s results [17,18]. Let the polynomials P, (x1, . .., x,) be defined by Py = 1
and

Pr(xq, ..., %) = (=1)"Y (=0, =1lxp, ..., —(r — Dx,),
where Y; are the exponential complete Bell polynomials (see [19, Section 3.3]). Some of the polynomials are

Py(x1) = x1,

Py(x1, %) = X — Xy,

P3(Xq, X2, X3) = X? — 3Xx1xy + 2x3,

P4(X1, X3, X3, X4) = X] — 6X2%; + 8X1X3 + 3X5 — 6X4.
In [18], Zave established the following series expansion:

> /n (—log(1 — )"

M _ g () _ g™\ n—k _
Z(k>P, (> =B, HY = H )¢ = (1.1)

n=k

Obviously, this expansion contains as special cases two well-known generating functions related to the harmonic numbers:

> /n+k . —log(1—1t)

; < K ) (Hpx — Hot" = W» (1.2)
ZHntn — M (1.3)
o 1—t

Based on Zave’s result (1.1), Spief8 [17] introduced the symbol
P(r, n, k) =P, (H;” —H", . HD - H,j”) (1.4)

and derived some general summation formulas by standard combinatorial techniques. He further obtained such nice
harmonic number identities as

T (s+k\ (n—k n+s+1
Z( p )( q >Hs+k:<p+q+1>(Hn+s“_Hp+q+1+H”)’

k=0

n .y _
Z(—])k (i) <n m <) (Hn—k - Hm) = <:1 _I;) (Hn—p - Hm—p),
k=0

which generalize the identities in [20, Eqs. (7.62)-(7.64)], though this fact was not emphasized in [17].
By means of (1.4) and the fact that P(r, n, k) = 0 for n < r + k, Zave’s result can be restated as

i (Z)P(r’ n ek — (Tloed =0 (15)

n=r+k (1 - t)kJr]

which is equivalent to

> /n+ k) (—log(1 —1t))"
P(r,n+k, k)t = ———————. (1.6)
; < k (1 — t)k+1

From these two generating functions, we observe that the numbers P(r, n, k) generate two Riordan arrays. Thus, by the
Riordan array method, we can establish many general summation formulas associated with P(r, n, k), which lead us to
series of identities involving harmonic numbers and some other special combinatorial sequences.

This paper is organized as follows. In Section 2, we briefly introduce the theory of Riordan arrays and present the arrays
generated by P(r, n, k). Section 3 gives two general summation formulas concerning P(r, n, k). From these two formulas, we
obtain many harmonic number identities, some of which involve the Stirling numbers. Next, in Section 4, we further study
the relations between P(r, n, k) and the Stirling numbers of both kinds. Finally, in Section 5, we establish some formulas
relating P(r, n, k) to the Bernoulli numbers (polynomials) and the Cauchy numbers of both kinds.

There are too many special cases for the general summation formulas obtained in this paper and it is impossible to list
them exhaustively, so we present only the simplest ones. From the special cases, readers may see that the Riordan array
method is powerful for dealing with harmonic number identities.



1496 W. Wang / Computers and Mathematics with Applications 60 (2010) 1494-1509

2. Riordan arrays

Let f (t) be a formal power series in the indeterminate t; then f (t) has the form

fO) =) fith.
k=0

As usual, the coefficient of t" in f (t) may be denoted by [t"]f (t).
A Riordan array is a pair (g(t), f(t)) of formal power series with fob = f(0) = 0. It defines an infinite, lower triangular
array (dn k)n ken according to the rule

do i = [t"Ig (O ()" (2.1)
Hence we write 2(d, k) = (g(t), f(t)). The product of two Riordan arrays is still a Riordan array, i.e.,
(g(@), f(©)) * (h(t), I(t)) = (O (), I(f(1))).

Moreover, if go = g(0) # 0 and f; = [t]f(t) # O, then the Riordan array (g(t), f(t)) has inverse (1/g(f(t)),f(t)), where
f(t) is the compositional inverse of f (t). The summation property for a Riordan array 2(d, ) is

D dnihi = [t"lg (O (1)), (2.2)

k=0

where h(t) is the generating function of the sequence (hy)en, i.€., h(t) = Zﬁie het* or h(t) = % (hy). This property has been
extensively used in, for example, [7,21,22], and has been proved a constructive and efficient way to deal with combinatorial
sums.

An important example of a Riordan array is the Pascal triangle, defined by

()= (e ).

which has the inverse

(o ()= (i 1)

Another two interesting Riordan arrays, associated with the Stirling numbers of both kinds, are defined by

9 Kon = (1 | 1 2.3
J(n—![k])—(,—oa — 1), (2.3)
p ek ) ¢

x((—l) E{,{}) =1, 1—e), (2.4)

where [2] are the (unsigned) Stirling numbers of the first kind and { Z } are the Stirling numbers of the second kind. From
(2.3), it can be verified that

> k! 1 —log(1 — t)*
Z<[n+ }tn:( SR (25)
=l k+1 1—t

Thus, comparing with (1.6), we obtain the following connection between the numbers P(r, n, k) and the Stirling numbers
of the first kind:

kKl'[n+1
P(k,n,0) = o |:I<+ 1] . (2.6)

Note that the connection (2.6) coincides with [19, p. 217, Theorem B]. By appealing to this connection and the values of
Pr(x1, ..., x;), we readily see that

1]
=n!,
L 1 -
[n+17
5 = n!H,,
(n+17 n!, , )
3 =5(HH—H,§ ),
[n+17 n!
. =% (H = 3H,HP +2HP).

These can also be found in [19, p. 217] and will be frequently made use of later.
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Finally, based on the generating functions (1.5) and (1.6), we obtain the next two Riordan arrays, to which we pay
particular attention in the present paper:

% ((Z) P(r,n, k)) _ <(_ lof(i t— t))r’ 1 it> 7 o)

a(("T7) P - ! log(1 — t 258
(( . ) ((,n‘l‘r,r))—(m,—og( - )) ()

Note that besides Sprugnoli [7], Cheon and his collaborators also used the theory of Riordan arrays to study some
generalizations of harmonic numbers as well as some polynomials associated with harmonic numbers; readers may consult
[23,24] for their results.

3. General summation formulas

In this section, we establish two general formulas related to the numbers P(r, n, k) (see Theorems 3.1 and 3.5). From
these two general formulas, various identities involving harmonic numbers and Stirling numbers are obtained.

Theorem 3.1. The following identity

n | N —1
Y =D (n) PGtk DPGs, k1,1 = (—1 L [ \ } (n : l> >y
pard k n! r+s i
relates the Stirling numbers of the first kind and the numbers P(r, n, k).
Proof. From (1.5), it can be seen that
> [k t'(—log(1 + b))
Y (= ( ,)P(s, k, i)tk = Lﬁ”. (32)
pars i 1+

Then applying the summation property (2.2) to the Riordan array (2.7) and the generating function (3.2) yields

X": (Z) P(r,n, k) (—Dk (’:) P(s. k. i)

k=0
(—log(1—1t))" [yi(— log(1+ y))*
1—t (1+y)+1

eneing avsg s s(r—i—s)![n—i]
=["1(=1) (= log(1 — 1)) = (=1) P

t nyei r r+s
— t] = [t"]t'(=1)"(log(1 — 1))

which indicates that

n

ke n—i N ST+ n—i] ny\-1
2D (k—i)P(r’"’k)P(s’k")_( Riyr— [r+s:|(i) '

k=i

Replacing k by k + i and n by n + i, we can obtain the desired result. O
Corollary 3.2. The following relations hold:

i(—l)"(Z)P(r,n—H,k—l—i)::[?](n?—i)_l, (33)

k=0
. n . rlrnyn4i\""
;<—1)k(k)P<r,z<+z,z)=(—1)m[r]< ) ) . (34)

Proof. Recall that P(0, n, k) = 1. Thus, setting s = 0 in Theorem 3.1 gives (3.3); setting r = 0 in Theorem 3.1 and then
replacing s by r gives (3.4). O

Example 3.1. The substitution r = 1in (3.3) or (3.4) yields (3.5), which can also be found in [11, p. 142] and [17, p. 847];
the substitution r = 2 in (3.3) and (3.4) yields (3.6) and (3.7), respectively.

u n 1/n+i\""
kz(;(—nk(k)l‘]kﬂ':—n( ; ) , (3.5)
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Z( 1)k( > (Hk+1 H/ﬁ) (H = Hy) (n.i|.,'>1 | o
3o () -z = Fone o (7))

From (3.5), we have

S (-t

Summing n from 1 to m, interchanging the summation order, applying the binomial relation

> (0-())

and then replacing m by n, we obtain (3.8). In a similar way, (3.9) can be derived from (3.6). Moreover, combining (3.6) and
(3.7), we obtain the last two identities (3.10) and (3.11).

Z( Dk <" * }) Hy = —Hy, (3.8)

k=

k (2) )
Z( 1 (1+1) H? + H_ ) —2H®, (3.9)
N —1
}:(1%()HH5:(wmq—HHr4m<”jv , (3.10)
k @ o Nk B
Z(n()%f-mlmm(i) . (3.11)

Corollary 3.3. The following relation holds:

k+1 !
S ([ dmenn - 2] ]

Proof. To obtain the result, set i = 0 in Theorem 3.1 and make use of the relation (2.6). O

Example 3.2. The substitutionss = 1 and s = 2 in (3.12) give us (3.13) and (3.14), respectively.

c r+ 1! n
Z(W()mmnm—— — L+J, (3.13)

L e (N T+2!'T n
’;(—1)’ (k) (H,E—H,E”)P(r,n, =" [r+2]. (3.14)

Setting r = 2 in(3.13) and making use of (3.5) and (3.10) yields (3.15). Setting r = 1in (3.14) and making use of (3.7) yields
(3.16). Next, combining (3.15) with (3.16) yields (3.17) and (3.18).

2 1 1
Z( l)k( )Hk <Hk +H(2)) = (HT(IZ)1 + EHH_] — ﬁ) s (315)

1/2

Z( 1)"( ) ( H,£2)>:E<EH,,_1—H,3_]+3H,(IZJ]>, (3.16)
. n 1 4 2

Z(—l)"(l)H,f = ( 5H®, + —H, ., — H?_, —2>, (3.17)
k=0 K n n n

n

k(M @_ 1 (2 @ 2
’;(—1) (k> HHY = (H,H —H® n—2> . (3.18)
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Finally, we may make the substitutions r = 0, 1, 2 in (3.12) to obtain (3.19)-(3.21).

> () = crali) 319
St it (e[, 1)
S e

=(_1)S% ((H2+H<2>)[ ] 2(s+l)Hn[ i1]+(5+2)(s+1)[512]>. (321)

It should be noticed that more harmonic number identities can be established from those in Examples 3.1 and 3.2 by the
binomial inverse relation; readers may list them.

Corollary 3.4. The numbers P(r, n, k) have the following expressions:

n+i . " /n—k+i 1 n+i\ k] r!
("7 )pearin=32 (" )Hk' 2D (k+i)[r]k!’ 622

k=0

il & n k+1) (r+k)!
<>P(rnl) H’Z[r+k]{i+1} K (3:23)

Proof. Egs. (3.22) and (3.23) are obtained by applying the summation property (2.2) to the next three Riordan array and
generating function pairs:

%((n k l)) = (71 . t) 9 <7r! [k:|> = (—log(1 —1))"
i (1—-piF1" )’ k' [T ’
174 ((n 1)) = <71 L ) 4 ((—1)"”5 I:ki|> = (log(1+t))"
k+i Q-0+’ 1—¢)’ ‘ kl'|r ’

f([ " }Mk“):((—loga—r))ﬂ—log(l—t)>,
r+k n!

7 L' k+1 _ al(at i
g (k! { i1 }) =e'(e — 1. (3.24)

Note that the three identities given by (3.22) and (3.23) are actually the inverses of (3.3), (3.4) and (3.12), respectively. O

and

Example 3.3. The substitutioni = 0in(3.22) gives (3.25). The substitutionsr = 1and r = 2in(3.22) give (3.26) and (3.27),
which have (3.28) and (3.29) as further special cases.

n

'fn+1 k r klr!
P m 0) = .[r+1] X;[ ]k‘ Z( e (k)[ ]k' (3:2%)

k= k=

Sn—k+i\1 g (nti n+i _
Z( l. )k—’;} 1 (Hi)k (l)mnﬁ Hy), (3.26)

k=1
" /n—k+i\ H, L e (M4 1Y He
=Y (-1
;( i ) k Z( ) k+i k
n+i
- 2( l )((Hm )2 — (HZ - H?)). (327)

Z( D 1( )]1— . (3.28)
o v ()

5?

]

L= (- H). (3:29)

=
Il
-
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Note that (3.28) is indicated by [20, Eq. (6.72)]. Moreover, from (3.29), we have

n
Hk 1 2 )
— = - (H? + H?),
e~ k 2( n tHY)
which is just [20, Eq. (6.71)]. Next, setting r = 0, 1in (3.23) gives (3.30) and (3.31).
Torn(k+1 n\ n!
Z[ ] “F =<.).—, (3.30)
k1li+1 i/ il

k=0
. n k+1 n\ n!
;[kﬂLl“iJrl}(kJrl):(i)i!(H”_Hf)' (3.31)

More results will be deduced from these two identities as well as (3.23) by replacing i by special values. However, it may be
found that they are also special cases of (4.12), (4.13) and (4.15), so we choose not to list them here.

Theorem 3.5. The following relations hold:

" /r4+n—k—1 k+s n+r+s
Z( + )( + )P(i,k—}-s,s):( tr )P(i,n+r+s,r+s), (3.32)
pard n—k S r—+s
n+i " (i+n—k—1\[k+171!
P(r,n+i,i) = —. 3.33
( i ) (ron+id ,;( n—k >[r+l]k! (333)

Proof. To obtain (3.32), apply the summation property (2.2) to the Riordan array

t@((r—i—n—k—l)):( 1 ,t)
n—k a1—=1tr

and the generating function (1.6). Setting s = 0 in (3.32) and interchanging r and i gives the expression (3.33), which can
be compared with Corollary 3.4. O

Example 3.4. Settingi = 0, 1, 2 in (3.32) gives (3.34)-(3.36), respectively. It is easy to verify that (3.34) can be obtained by
the Vandermonde convolution formula.

X”;(r+n—k—1)<k+5>:<n+r+s>, (3.34)
n—k s r+s

k=0

o r+n—k—1\ (k+s n+r+s
> ( ) ( ) Hiys = ( ) (Hngrss — Hrgs + Hy), (3.35)
pard n—k S r+s

N (r+n—k—1)\ (k+s @
’Z: ( n—k ) ( s ) (HI?+5 - Hk+s)

k=0

n+r+s
= ( 45 ) ((Hn+r+5 - Hr+5)(Hn+r+s - Hr+s + ZHS) - Hrg—)rﬁ—s + Hr(-zﬁ—)s - Hs(Z) + Hsz) . (336)

More special cases can be obtained from these three identities. For example, when s = 0, (3.35) reduces to (3.37). Setting
further r = 1, 2 in (3.37) gives us (3.38) and (3.39), which are two known identities (see [20, Eqs. (6.67) and (6.68)]).

" /r4+n—k—1 n+r
Z( )Hk=< )(HW—H», (3.37)
n—k r

k=0

n
> Hie= (+1)(Hoa = 1), (3.38)
k=0

1 1 1
Zka — MHn+l _ M (3.39)
k=0 2 4

Corollary 3.6. The following identities relate the Stirling numbers of both kinds and the numbers P(r, n, k):
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. -1
Z( iz { }P(k N, r)_<r+2:;_1><njr> : (3.40)
- _q\n—k r k+r . _E n+1
’;( ) (n_k>( ) )P(l’l<+r’r)_n!|:i+]:|' (3.41)

Proof. From the Riordan array (2.8) and the generating function (3.24), we have
i /n+r k+1
Z( N )P(k (=1 { * }
r i+1

1 ; t! r+n—i—1
— [" -y —_ e Ny = — _ — [N —
= [e”(1—e™)ly = —log(1 r)]—[t](l_t)r—( o )

which gives (3.40). Next, from the Riordan array

%((—U“"‘( ' )) =((1-0"1
n—k

and the generating function (1.6), and taking into account (2.5), we obtain (3.41). Note that identities (3.40) and (3.41) can
be viewed as the inverses of (3.33). O

Example 3.5. The substitutionsi = 0, 1, 2 in (3.40) give us the next three identities, where the first is also a special case of
the Vandermonde convolution formula.

Z(—l)”"( ' ) (Hr) =1, (3.42)
= n—k r
Z(—l)"—k( ' ) (“ r) Hicer = H + H, (3.43)
prs n—k r

Y (=t ( ' ) (k i r) (HZ. = HE) = (Ha+ H)? = (HP + HP). (3.44)
k=0

n—k r

4. Connections with Stirling numbers

In Section 3, many identities involve both harmonic numbers and Stirling numbers. In this section, we will provide more
results of this type, some of which also involve Lah numbers.

Theorem 4.1. Let (x), be the rising factorial polynomials defined by (x)o = 1and (x), = x(x+1)---(x+n—1) forn > 1.
Then the following identities relate the Stirling numbers of both kinds and the numbers P(r, n, k):

Z( )= k{ }(kj_l)kP(r k+1i, i) _rv(':)(i+1)"—f, (4.1)

k=0
orntk\ . —r n—+i . dr
r!k;[k]<r)(z+1) _n!< i >p(r,n+z,z)_dxr<x>nx=m, (4.2)
l—l)kr_r! n/n+i\"
ZP("”*”) o =ald () (43)

Proof. It is easy to verify that

X L1 /] 0
Z L < Xk_rfk — Z X tk — tTeM. (4.4)
oo kAT (k—n)!

Then, by applying (2.2) to the Riordan array (2.4) and the generating function (1.6), we have
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i(—n”"‘{Z]( e, 1<+u)_n'2( o (e (47 ) ek o
k=0

_peny | (S log(1 = )"
= n![t"] [(1 —

=1— et] = nl[t"]¢ eV = r'( )(l + 1

which gives (4.1). In a similar way, from the Riordan array (2.3) and the generating function (4.4), we find

rvg[ZK >(1+1)’”—n'z [ ]k'< >(+1)’”

= n![t"] [yre(i+1)y|y = —log(1 — t)] — n![t"]w =n! (n —l’_ i) P(r,n+1,1),

(‘1 _ t)1+1

which is the first equation of (4.2) and can also be obtained directly by the inverse relation of Stirling numbers of both kinds.

To obtain the second equation of (4.2), we make use of (see [19, p. 213, Eq. (5f)])

k=0
then
n dr n dr
i+ 0= SN = |
i X" K X"
k=0 =K R x=it

Finally, combining the Riordan array (2.8) with the generating function (4.4) gives

3 (” + i) Pk, n+1, i) <k> Mgy
i r/) k!

k=0

1 . r!
= (" o [Ve Wy = —log(1 = )] = [¢"](~ log(1 — 1)) = — [
n!

(1 — )1

from which we can establish (4.3). Then the proof is complete. O

]
).

Example 4.1. Settingr = 0, 1, 2 in Eq. (4.1) gives (4.5)-(4.7), respectively. Setting i = 0 in Eq. (4.1) yields (4.8). Egs. (4.9)-

(4.11) are i = 0 cases of (4.5)-(4.7), respectively; they are also special cases of (4.8).

2(-1)“"{2} ("T’) K= G+ 1), (45)
i;(—l)”k {Z] (k T ’) KlH i = n(i+ 1)+ Hii + 1)", (4.6)
g(—u"" { Z} (k :L i) k! (H,m H,fﬂ) —n(n— 1)+ 1)"2 + 2nH;G + 1" + (H,A2 — H}”) (+1)" (47)
S -0
’2:;(—1)”—" { : } K =1, (4.9)
2(—1)” { Z } KIH, = n, (4.10)
i(—l)”’k { Z Ve (W2 = HZ) =nn— 1) (4.11)

Similarly, setting r = 0, 1,2 in Eq. (4.2) gives (4.12)-(4.14), respectively, and setting i = 0 in Eq. (4.2) yields (4.15).
Eqs. (4.16)-(4.18) are i = 0 cases of (4.12)-(4.14), respectively. It can be found that (4.12), (4.15)-(4.18) can be obtained
from (4.5), (4.8)-(4.11) by the inverse relation associated with the Stirling numbers of both kinds.
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[n](i—l—l)k:n!(n__l_i), (4.12)
= k i
[7] kGi+ DF 1 =t (”TL') (Hnsi — H), (4.13)
=0 K 1
~rn vy k=2 o (M uy? (@ @
> [k] k(k — 1)(i 4+ 1) = n!( ) ) ((H,,H Hy) (HW H! )) (4.14)
“ornt [k n+1
k=o[k] (r)z[r—f—]]’ (4.15)
".rn
=n!, (4.16)
2L
" rn
k = n!H,, (4.17)
= [k]
[ e =1 = nt (12 - H2). (4.18)
prd k

Finally, the substitution i = 0in (4.3) gives (4.19). Setting furtherr = 0, 1, 2 in (4.19) yields (4.20)-(4.22), wheren > 1lisa
positive integer.

- L (k\[n+1] fn
k;(_])k <r)[k+1]_[r]’ (4.19)

> =Dk Zj: =0 (n>1), (4.20)
k=0 L .

1 3 cfn+17 o

k;( D pq == DL (421)
1 B cfn+17 N B

l;( D] g q |KE= D =200= D, (4.22)

Recall that the Lah numbers are defined by (Zj} ) %,' (see[19, p.135]and [25, p. 43]). These numbers occur in the following
theorem.

Theorem 4.2. For n > i > 1, the following identities relate the Stirling numbers of both kinds, the Lah numbers and the numbers
P(r,n, k):

i(—l)””‘ {0} (’:::) %P(r, k=1i-n=r(") {" o } , (4.23)

k=i
“rn1/k\ [k—r n—1\ n! ‘
r!;[k](r){ i }z(i—l)ﬂp(r’n_l’l_l)' (4.24)

Proof. First of all we observe that

3 (k_1>1> k—1,i— Dtk = ¢ (—log(1 — )" 425
k; i q ) Prk= 1= D = s (= log(1 = )", (4.25)
i“{k_r}r":rf(ef—n" (4.26)
S k=nt L i ' '

Then the summation property (2.2) gives (4.23):
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n

I & k! k—1
n—k — i —
i 2D n'{k}<i—1>P(r’k b=

k=i
1 _ -t _i!nr (SN n n—r
y=1—¢e :|_i![t]t(e 1)_r!(r){ i }

Analogously, using (4.25) and (4.26), we have

= —[ t"] [(1 o0 (—log(1—y))"

My H _r {k N r} ~ 'l.'—,![r"][y%ey —1)ily = —log(1 - )]

il 4= n! (k—r1)! i
n! t i n—1\n!
= —[t"I{ —— ) (=log(1 =) = . —P(r,n—1,i—1),
i! 1—t i—1/ 1!

which is (4.24). Obviously, identity (4.24) can be obtained from (4.23) by the inverse relation of Stirling numbers of both
kinds. Note also that, when n < r + i, both sides of (4.23) and (4.24) will vanish. O

Example 4.2. Settingr = 0, 1, 2 in (4.23) gives (4.27)-(4.29); settingr = 0, 1, 2 in (4.24) gives (4.30)-(4.32). In particular,
(4.30) is the inverse of (4.27) and is a well-known relation between Lah numbers and Stirling numbers (for example, see [19,
p. 156, Exercise 2 (4)] and [25, p. 43, Exercise 16 (d)]).

i<—w“—"{’;}(’§i HENIHE 27
L s R

:n(n_l){n:Z}J“Z””i-l{n:]}ﬂL(H?_]—H,‘Zi){?}, (4.29)
H[Z] ,f}:(’::11>r,l.| (4.30)
[Z] 1} (7__11) — (Hny — Hioy), (431)

[Z] 2 } k(k—1) = < _ 11> %' ((Hn—l — Hi1)? - (Hﬁ’] - H,-(E)l)) . (4.32)
k= !

Thei = 1 cases of (4.23), (4.24) and (4.27)—(4.32) are essentially equivalent to (4.8)-(4.11) and (4.15)-(4.18). As an instance,
according to the recurrence relation of the Stirling numbers of the first kind, for n > r + 1 we have

oI BRI (I
Sl

=
i

=

Then (4.8) indicates that

> o ol [ J= (). @33

k=r+1

where n > r + 1. Identity (4.33) coincides with the i = 1 case of (4.23). Setting further r = 2 in it gives

Z( 1y "{ }k' (Hk . —H®, ) —n(n—1), (4.34)

which is equivalent to (4.11).
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The results given below have only slight differences from those presented above.

Theorem 4.3. The following identities relate the Stirling numbers of both kinds and the numbers P(r, n, k):

oy Y LR WA S Ny oy
;( 1) {k+1}< l )l'P(r k+11)_r‘<r)l , (4.35)
n+1 fer n+i .
'Z[lc—l—l]( )1 _n!< ; )P(r,n+1,z), (4.36)
)’”_r! n+17/n+i\""
ZP(k n+i, 1) v n![r+1]< i ) , (4.37)

Z(—l)n_k{’;i:} < )k'P(r k, i) =i'r! (?) {n;r}, (4.38)
n+1 k—r ny n! .
'Z[k“]( ){ i }‘(i)ﬁp(r’"")’ (4.39)
. -1

Z( peil { }P(k n+r, r)—(r+",_')<"+r) , (4.40)
n—i r

Z(—n"—"(rH) <k+r)P(i, k+r.r) = ﬁ['?]. (4.41)

= n—k r ntLi

Eqs. (4.35)-(4.37) may be compared with Egs. (4.1)-(4.3), Egs. (4.38)-(4.39) may be compared with Egs. (4.23)-(4.24),
and Eqs. (4.40)-(4.41) may be compared with Egs. (3.40)-(3.41). All of these seven identities can be established by the
Riordan array method, and we omit the proofs.

Remark 4.4. Actually, Eq. (4.35) can be obtained from (4.1) by the recurrence

n+1 n n
{k+l}={k}+(k+l){k+l}

of the Stirling numbers of the second kind and the recurrence
k+i k+i—1 k+i—1
< T)P(r,k—i—i,i):( + ; )P(r,l<+i—l,i—1)+< +, )P(r,k—i—i—l,i)
i i— i

of the numbers P(r, n, k). Similarly, (4.38) can be derived from (4.23). Note also that (4.41) was first given in [17, Theorem
10]. For the identities of Theorem 4.3, we do not discuss further the relations between them and those presented before, but
consider special harmonic number identities obtained from them.

Example 4.3. Setting r = 0, 1, 2 in (4.35) gives (4.42)—(4.44). Setting further i = 0 in (4.43) and (4.44) yields (4.45) and
(4.46), which are in fact special cases of the orthogonal relation

i(_])nfk n+1)[k+1 _s
— k+1]|r+1] ™"

Readers may compare these five identities with (4.5)-(4.7) and (4.10)-(4.11).

n 1) [k
Z(_l)nfk n+ <<+l)l' =" (4.42)
pard k+1 i
1 n+1 k+i
G i kj:l ( T)k'HkH_ n-i"' 4 H -t (4.43)
1 n+1 k+i
Y =1y ki1 < T >1v (H2. —HE) =nm— 1) 2 4 2ny- " o+ (H2 = HP) -0 (4.44)
i n+1

—1)nk kIH, = 8,1, 445
> (=1 kg1 [ RHE= 601 (4.45)
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il e n+1
3 =1k { e } k! (H,f - H,£2>> = 26,5, (4.46)
k=0

Setting r = 0, 1, 2 in (4.38) gives (4.47)-(4.49), which may be compared with (4.27)-(4.29). Setting further i = 0 in (4.48)
and (4.49) yields (4.45) and (4.46) again; while setting further i = 1 in (4.47)-(4.49) yields (4.50)-(4.52).

1 ak [n+1 k (n

k;(—l) | e <i>k!:1![i}, (4.47)
Xn:(—l)”"‘ :j:: (’lf)szk:u(n{”:]}+Hi{'l.'}), (4.48)
k=0

S {111] (et

k=0

:i!(n(n—l){n:z}+2nH,~{n;1}—i—(HiZ—Hi(Z)){T;}), (4.49)

n
1
o T e 1 s 1), (450)
k=0 k + 1
n
1
IV T kb =nt1 > 2), (451)
k=0 k + 1
n 1
Y= :Il kekt(H—HP) =nm+1) (= 3), (4.52)
k=0

The substitution r = 0 in (4.39) and (4.40) leads us to (4.53) and (4.54), respectively, which may be compared with (3.30),
(4.8), (4.30) and the orthogonal relation between the Stirling numbers of both kinds. Next, the substitutions r = 1,2 in
(4.39) yield (4.55)-(4.56), which may be compared with (4.31)-(4.32).

kXﬂ_;[I’:i:{’:}:C)T (4.53)
ki—:’(_])k_i Ziﬂ ’:} :%' (4.54)
Z[Zi: {k;l kz(?) %!(H"_H")’ (4.55)
g [Zi : {k - 2 k-1 = (':) %' ((Hn —H)?— (H,§2> - H,FZ’)) . (456)

Finally, to compare with (3.42)-(3.44), we list identities (4.57)-(4.59), though they have been given in [17, p. 846]. These
three identities can be obtained from (4.41) by the substitutionsi = 0, 1, 2.

Z(—l)”"‘ <r * 1) <k+ r) = 80, (4.57)
pard n—k r

Z(_])n—k <T + 1) (k + T) Hisr = 1, (4.58)
pard n—k r n

1 wk (T+1 k+r 2
S () (1) ) =S =

k=0

5. Connections with Bernoulli numbers and Cauchy numbers

The higher-order Bernoulli numbers (or Nérlund polynomials) B,(f) and the Bernoulli polynomials B, (x) are defined by
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SN t \* > " t
V4 _ D Xt
ZBn o= (ef — 1) and ;Bn(x)n! = a7 ]e . (5.1)

n=0

They are generalizations of the Bernoulli numbers By, i.e., B, = B,(,U = B,,(0). These numbers and polynomials are among the
most interesting and important sequences in mathematics and they have numerous applications in combinatorics, number
theory, numerical analysis, and other fields. In this section, we first present some results concerning these numbers and
polynomials.

Theorem 5.1. The following identities relate the Bernoulli numbers (polynomials) and the numbers P(r, n, k):

B(I) . -1
Z( DPk,n + 1, r)_<"+'+r> (”H) PGi.n+i+r.7), (5.2)
=0 r r
B(l+1) n+r+i+1 n4+r\""
ZP(k n+r u ]‘ < i ) ( . ) (Hntrtiv1 — Hrg). (5.3)

Proof. Applying the summation property (2.2) to the Riordan array (2.8) and the generating function of B,?) , we have

Lon4r (1)"3(')_ N 1 y '
Z( . )P(k,n—i—r,r) W _[t](l—t)'+1 (1—e—y)

k=0
- "+f(—1°=°v(1—f))i_<n+i+r> o
= [t ] (1 —t)H_] - r P(l,n+l+r, r),

which gives (5.2). Analogously, applying (2.2) to (2.8) and the generating function of B (i + 1), we have
o /n+r Be(i+1 1
E ( + )P(k,n—l—r,r) WD [t"] |: 4 ety
e r k! Q-0+ |er—1

:[tn+1]—log(l—t) _ n+r+i+1
(1 _t)r+i+1 r+i

y=—log(1- t)]

—log(1 — t):|

)P(l,n—i—r—f—i—l—l,r—i—i),
which yields (5.3). O

Example 5.1. The substitutionsi = 1 and r = 0 in (5.2) give us (5.4) and (5.5), respectively, which have (5.6) as common
special case. Setting i = 0 in (5.3) and using B, (1) = (—1)*B, gives (5.4) again; while setting r = 0 in (5.3) yields (5.7).

u By n4+r+1

Z(—l)"P(k, nr )= e (i = Hp), (5.4)
n+17 n+i+1]/n+i\""

> ”[ 1]35):[ i+ K i ) ’ 5)

k=0

I n+1

> D [H 1]Bk = nlHpy1, (5.6)

k=0

" n+1 ) n+i+1

Z[k—l— 1]B;<(1+1) :n!< i )(Hn+i+1 — Hj). (5.7)

k=0

Taking into account the inverse relation associated with the Stirling numbers of both kinds, we can obtain from (5.5)—(5.7)
the next three identities. Note that (5.9) can be found in Cheon and El-Mikkawy’s paper [23, p. 424], and readers may compare
it with (4.45).

n . N |

Y =1k S Y Ut B0} (5.8)
s k+1) [ i+1 i "

& n+1

DD RHer = B, (5.9)
. n+1) (k+i+1 e

PICVE ( l. >/<!(Hk+i+1—H,->=(—1> Bali+ 1). (5.10)
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Other identities concerning the Bernoulli numbers and the numbers P(r, n, k) can be obtained by the Riordan array method.
For example, the following holds:

n BY r+i\ (n+i\""
Y Pkontrtirtito=( , PGi,n+r+i,r).
prs k! i i
However, from it we cannot obtain nice special cases.

By the method of coefficients, particularly, the Riordan array method, many properties of the Cauchy numbers, the Cauchy
polynomials and the sums of products of Cauchy numbers are established in [21,24,26], including some identities which
relate the Cauchy numbers (polynomials) to the Stirling, Bernoulli and harmonic numbers. Following the notation of [21],
we define

3 % t_ ot (5.11)
k7, — 5 .
= k! log(1+4¢t)
otk t
4L — ’ (5.12)
= k! (14 ¢t)log(1+t)

where % and % are the Cauchy nymbers of the first and second kinds. Note that, in general, the Cauchy numbers of the
second kind are defined by (—1)¥% (see [19, p. 293, Exercise 13]). Moreover, from the generating functions given above, it
may be found that 4; /k! are actually the Bernoulli numbers of the second kind and % are actually the Norlund numbers B,((k)

(for example, see [27,28]). Based on the theory of Riordan arrays, the next theorem can be established.

Theorem 5.2. The following identities relate the Cauchy numbers of both kinds and the numbers P(r, n, k):

n

Z(Z)P(r! n, k)(;i;"( :nP(r_l,Tl, 1), (513)
k=0 .
k; (Z) P@r,m, k)% =Pr—1n-1,0= E; — 3: [rrl] ' (5.14)

Proof. From the Riordan array (2.7) and the generating function (5.11), we have

~(n G _ g (log(1— D) y _t
;(k)m’"’ g = [log(l-l-y)‘y_ 1—t]
ey (Slog(l =) B
= [t ]—(1 Y =nP(r—1,n,1),

which is (5.13). Analogously, from (2.7) and (5.12) and taking into account (2.6), we have

o G (—log(1 =) y ot
Z(k)')(r’"’k)ﬁ_[” 1—t [(1+y)log(1+y)'y_l—t]

k=0
(—log(1—1t))"! (r—1!n
[r]'

— [4n—1 — _ _ —
= [t"""] - =P(r—1,n 1’0)_(11—1)!

This gives (5.14). O

Example 5.2. Setting r = 1, 2 in (5.13) yields (5.15) and (5.16). Setting r = 1, 2 in (5.14) and using the identity

" ny % %n
—~ —(="=
Z(k) k! =D n!

k=0
(see [21, Theorem 2.7]) gives (5.17) and (5.18). The last two identities (5.19) and (5.20) are further special cases.
./n Gk
> ( ) (Hy — H)— =n, (5.15)
= \k k!
k=0
S (MY (42 O g2 @) G
Z(k) (Hn—}—H,., — H? — H| >ﬁ=an+n, (5.16)

k=0
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n N ~

n Gk n %n
() Hirr = (D", =1 (= 1), (5.17)
= k k! n!
(N 2, @) % n (12 % 1
Gk _ @y _ gy 2
=0 (k) (Hk +H ) k! =D (H" +Hy ) n! Hx n’ (5.18)
n—1 5
n &
( )Hk—k = —1 (neven), (5.19)
= \k k!
n—1 s
n G 1
() (2 +HP) < = ~Hi =~ (neven), (5.20)
k k! n

6. Conclusion

Series of identities involving the harmonic numbers, the Stirling numbers of both kinds, the Lah numbers, the Bernoulli
numbers and polynomials and the Cauchy numbers of both kinds are presented in this paper. Actually, they are special
cases of several general summation formulas, which are established by applying the Riordan array method to the numbers
P(r, n, k). We believe that more results on harmonic numbers and other special combinatorial sequences will be found by
the theory of Riordan arrays.
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