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1. Introduction

For a positive integer n and an integer r, the n-th generalized harmonic number of order r is defined by
1
HY =2
k=1 k

For convenience, we set H,Er) =0forn <0.Forr =1, H, = H,ﬁ” is the n-th harmonic number. Identities involving harmonic
numbers and the generalized harmonic numbers have been extensively studied in the literature; see, for example, [1-4].
Spief8 [3] considered the following summation

n
R(m, t) = > K"Hj,
k=0
where m and t are nonnegative integers. He obtained the following structure theorem.

Theorem 1.1 ([3, Theorem 30]). Let p(k) be a polynomial in k of degree m. Then for t = 1, 2, or 3, there exist polynomials
qo(n), ..., q:(n) and C(n) of degree at most m + 1 such that

n t
Y p(oH; =Y qi(mH; + C(MH?, (1.1)
k=0

i=0

for all nonnegative integers n. Moreover, C(n) = Owhent = 1, 2.
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Using the above structure theorem, we can establish identities by interpolation with the method of undetermined
coefficients; see [3, Section 5] for more details of this method. For example, we have

n
> HP = (n+ DH] — (2n+ 1)Hy + 2n,
k=0

n nn+1 n?—n—1 nn—3
> kHE = (n+ )H,f— Hy+ 23
k=0 2 4

For t = 3, we determine the polynomial C(n) in Theorem 1.2 in terms of the Bernoulli numbers.

Theorem 1.2. For nonnegative integers n and m, there exist polynomials q,(n), q»(n), and q3(n) of degree at most m + 1, such
that

n
B
> KTHE = sm(mH; + q1(MHZ + q2(MH + g3(n) + 7'“H,§2), (12)
k=0
where s, (n) = ZZZO k™ and B, is the m-th Bernoulli number.

Spief8 [3] conjectured that Theorem 1.1 holds for any positive integer t > 4. We find a counterexample for R(0, t). More
precisely, by interpolation with the method of undetermined coefficients, we can show that the sum

n
R(0,4) = > H{
k=0

cannot be represented by the form as conjectured by Spiels. However, the following theorem shows that the conjecture
holds for t = 4 when the polynomial p(k) satisfies a certain condition.

Theorem 1.3. Let p(k) = Zio a;k' be a polynomial in k of degree m such that the coefficients a; satisfy sz: 0 @iBi = 0. Then
there exist polynomials S, (n), q1(n), g2(n), g3 (n) and q4(n) of degree at most m + 1, together with a constant C such that

n
> p(OH = Sn(MHy + qi(MH; + g2 (mH + g3 (Hy + qa(n) + CHP. (13)
k=0

In particular, we have S,;,(n) = Zzzo p(k) and

< 2 i1\ A ik i
- BB E(TRE( )

i= k=0 j=0
Moreover, we consider the summation ZZ:O kakHliz) and obtain a similar structure theorem.
Theorem 1.4. Let n and m be nonnegative integers. There exist polynomials q1(n), q>(n) and q3(n) of degree at most m + 1, m

and m, respectively, such that

n
B
> KHH = snmHHP + a1 HP + g2(Hy + a5(n) — 2 H;, (1.4)
k=0
where sy (n) = > p_o k™.

Our proofs of Theorems 1.2-1.4 rely on Abel’s lemma on summation by parts. In Section 2, we give a proof of Theorem 1.2.
The proofs of Theorems 1.3 and 1.4 are similar to that of Theorem 1.2 and hence are omitted. We conclude this paper with
several examples.

2. The proof of Theorem 1.2
In this section, we give a proof of Theorem 1.2 by using Abel’s lemma on summation by parts, which is stated as follows.

Lemma 2.1 (Abel’s Lemma). Let {a;} and {by} be two sequences. Then we have

n—1

n—1
D (@1 — abe =Y a1 (be — biy1) + anby — ambp. (2.1)
k=m k=m
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Abel’s lemma can be used to prove identities on harmonic numbers; see, for example, Graham, Knuth and Patashnik [1].
For example, by taking a, = H,iq) and b, = H,Ep) in (2.1), we are led to the following well-known formula

Hlip) n H (@)

_k_ H(p)H(q) +H(p+q)
ke =~ e

k=1

In particular, we have

He  H?+Hy

L 2.2
— k 2 (2.2)
Proof of Theorem 1.2. Lets;;(n) = 0™ 4 1™ 4 - - - 4+ n™, where 0™ = §¢ p,. It is well-known that
1 & 1 ,
Sm(n) = —— <m+ )Bi(n + mTiL (2.3)
m+1 = i
Note that s,; (k) can be written as
m+1 )
> aitk+1)
i=1
with a; = By, and a; = mBy,;,—1/2.
By Abel’s lemma, we find
n n
D KTHE = (sm(k) — sm(k — D)H}
k=0 k=0
n
= Zsm(k)(H,i+1 —HY) + sm(mH;,
k=0
= Z o (e p M 1\ e (2.4)
N Sm k+1 (k+1)2 (k+1)3 e ’
We proceed to compute the three sums on the right hand side of (2.4). First, we see that
n—1 2
3H
D smll)—*
pre k+1
can be represented in the form as in (1.1) since
n—1 n
> pHL = p(H{ — p(mH;.
k=0 k=0
Second, it is easily checked that
Sm(k 3 ai(k+1)" | H 2.5
me(,H)Z Z(Z(+)) f ,+1 (2.5)

Hence the first sum of the right hand side can also be represented in the form as in Theorem 1.1. According to (2.2), the
second sum on the right hand of (2.5) can be evaluated as follows

n—1
Hy 3Bn .,
B » = " (H2 — H?).
Mk 1 2(” n)

Finally, for the third sum on the right hand side of (2.4), we have

n—1 Sm(k) n—2 [m-2 ) 5
> k+1)3 Yo D@k + 1| + aHy + BuH?.
k=0

k=0 \i=0

Summing up the three summations on the right hand side of (2.4), we find that the coefficient of H,ﬁZ) equals By, /2. This
completes the proof. O
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3. Examples

Applying interpolation with the method of undetermined coefficients, we conclude this paper by giving the following
examples from Theorems 1.2-1.4.

. 3 3 3 2 1 (2)
> HP =+ DH] - S @n+ DH +3@n+ DHy — 6n+ —HP,
k=0

n 2 2

; nm+1) 5, 3n°-n-1) , 3n°—9n-5 3nn—-7) 1 _,
Y kH = S Hi - 2 HZ + 2 Hy— ——2—— ZH; ),
k=0

n nn+1)@2n+1 4> —3n2 —n+3 8n® — 15n% + 25n + 15
Zszl? _ (n+1)2n+ )H3_ + H? 4 + + "
k=0

6 n 12 n 36 ”
3 n(16n%* — 57n + 203) N lHQ)
216 12"

u 3n(n+1)
> @k + DH{ = (n+ 1)°Hy — 2n(n + DH; + 3n” + 3n + DH — (3n” + 3n+ DH, + —
k=0

n 4 1
> Gk +kH; = n(n+1)°H; — =D+ DH> + 3n@n+Dn - 1)H?
k=0

1.3 2 1 2 1
— §(8n — 15n“ +7n+ 6)H, + 5—4n(16n —57n495) — an ,

- @) @  2n @ 1.2
D HH = (n+ DHHP — == —H? + Hy — JH;
k=0

u nn+1 1+n—n? 2n+3 3 1
ZkaH/EZ) = (T)H”Hr?) + fHéZ) Ty fhtgnt ZHr%-
k=0
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