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Abstract

We study the extended Euler sums and the alternating extended Euler sums and
establish their explicit expressions in terms of Riemann zeta functions and Hurwitz
zeta functions. Comparing with the existing results, ours are simpler and thus yield
significantly better accuracy when Matlab is used for numerical calculation.
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1 Introduction

We study the extended Euler sums

Ez(afgq)zzn—z—p anz; — > 1. (1.1)
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and the alternating extended Fuler sums

A 00 p—1 kn k)—, (e kn -1 k)—,— 00 \p—1 k -1
B =L S L m B = L ¥ G BT = L S Y 5
n=1 [7’/2]1 n=1 [rjé] n=1 Ti/lk] p,q > 1.
k s S —1 n—1 n k s S n —1 r—1 k , S 1 n—1 n 1 r—1
T(p?; = Z ( n)q Z TLI”T( ?q - = Z % ( r)p 7T(p?q Z ( n)q Z ( r)p ’
n=1 r=1 n=1 r=1 n=1 r=1
(1.2)

where [z] is the largest integer < z. For k = 1, there have been many results[1-3] about the
evaluations of these sums. For £k > 1, p = 1, Mark W. Coffey [4] has given a detailed study
about these sums. For k£ > 1, Wang and Eie [5] have developed a systematic way for establishing
explicit evaluations of these sums. Our goal is to use a different way to establish expressions of
these sums and improve the results by Wang and Eie. In section 3, we compare our results with
Wang and Eie’s and show the improvement when Matlab is used for their numerical calculations.
For convenience, we write

, w2,
1) = gst) + s - o () T s -2 ()
=0

la/2]
_ 1 14 (—-1)¢ w—2m—1 —om
10 = g+ ) — (1 3 (T ket —2m),
(1.4)
(2k)—+ _ 1 14+(—1)1 . la/2] pya—2m (W= 2m — 1
I'pg = T 202k)P s(w) + fg(Q)n(P) - (=1 20(2 ) p—1 s(2m)n(w — 2m)
- - fa/2] w—20—1 ’
IO = B G)0) + () + (<10 2 (02T ) eyt - 20
(1.5)
9/2] —921—-1
k)—,— - w _
1% = = sep @)+ = e - (-7 2 ( b1 ) (2k)7=2n(20)n(w — 21)
__ _ 9/2) (91— 1 ’
IO = s o) + 2 ) + (e (2 ) ke pr st - 21
(1.6)
p (Db d J ! 1)t d J
JJ(Z = “) @cotﬂ s+ P \SZO,KJ(.’,)C = ( I ECSC?T s—l—% ls=0,1 =0,1,2,--- . (1.7)

where ((#) and n(6) are the standard Riemann zeta and Dirichlet eta functions respectively.
We first summarize the main results by Wang and Eie [5].
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Theorem A(Theorem 1[5]) For an odd weight w =p+q,q,p > 1,

[p/2]
_ w—2r—1
EF) = 1) 4+ (—1)pkrt Y ( e 1 ) s(2r)s(w — 2r) + CCE) + 555, (1.8)
r=0
where
[p/2] —9or—1 \ k=L ‘ ,
k _ w—2r
octy = pwt & (0T ) e (1) Cecar (7)
V2 - 1.9)
[(p—1)/2] 9 k=1 , , (
(k) _(_1y g—1 w 2r 2 J J
SSpq = (=1)Pk 7;0 ( g—1 ]; Sor41 (k> Sw—2r—1 (k)

Theorem B(Theorem 5[5]) For positive integers m, n, nonnegative integer k, and w =
2m + 2n + 1,

n —2—1
s s (W) = 2 ( v 1 > (2k + 1)2H1=2g (2] n(w — 21)

E(Qk‘;l) 2_+1_ _ =0 -
m,2n m —or—1 - -
—(2k+ 1) Y ( v > s(2r)n(w — 2r)+CCHM )T T 4 SSURIT
r=0
(1.10)
where
k) — — I w—2r =1\ k! ; ;
ele} 2)m,2n+1 = k? Zo < m ) Zl Cor (%) Cu-2r (% + %)
r= 7= (1.11)
m—1 k—1
(k) — - 19n w— 2r — 2 J J 1
In (1.8)-(1.11), Cy,(#) and S,,(0) are defined by
>, cos(2I76) > sin(2176)
— A = — 7 1.12
Caft) = 52 =0T 5,0 = (1.12)
=1 =1
which are the cosine and the sine parts of the periodic zeta function defined by
1 L
En(0) =) —e¥mi, (1.13)

with So(0) = —3,Co (0) = —3.
Theorem C(Theorem 3[5]) For positive integer n > 2,

n—1 k—1 . .

(k) _ 2n+1 2n—2r 2n—1 J J

By, = —5—s(2n+1) - ZO K2 e(2r)e(2n — 2r + 1) — k 2151 <E> Son <E> .
r= J]=

(1.14)

The above results are clearly very beautiful, but the calculation of C,,(0) and S,,(0) is quite
difficult. In particular, the involvement of trigonometric functions makes it very hard to ensure

the accuracy of numerical calculation. On the other hand, Theorem B does not include £ (g)m;mn
and the case when k is even. To improve the results, we prove the following theorems.
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Theorem 1 For an odd weight w = p + q with p,q > 1, and k > 1, we have

k) (=1)1 /2] < w—20—1

( )
Iy — s(2)s(w — 21)
o | R () e

i P w—2 -1\ kL g ; ’
_(2?:{ Z( g—1 )le;v,zg(w—l—l,%)
]:

=0

where ((s,a) is the Hurwitz zeta function defined by the formula

— 1
((s.a) =Y ——.
mzjo (m+a)

Theorem 2 For an odd weight w = p + q with p,q > 1, and k > 1, we have

e P2 —om—1
M G (T ) aemnt - 2m)

p.q

Pl —1=92 .
s (v )ZK” pw—1-1,9)
1=0 q—1

where n(0) = % and n(s,a) is defined by the formula

m a
m=0 +

Theorem 3 For an odd weight w = p + q with p,q > 1, and k > 1, we have

[p/2] —om—1
(2k)—+ |, (=1) w— 2m
I 2 —2
E(Zk)*Hr . p,q + (2k)P mZ:O < q— 1 ) §( m)g(w m)
p,q (—1)er p—1 —1—=2 2k—1 j ) ; 5
RECTEINT ( 1 Z (=1 T s (w =1 =1, 57)
1=0 q j=
/ ] _9] _
(2k+1)—+  (=1)1 lp w—2l—1 >
I - 20)¢(w — 21
JCYSE - pa @EFP 2 ( g—1 n(20)s(w — 21)
i a (=1)irw p—] —[—-2 2k ] ) j
T2y -1 Z( 1)’'K; 2k+1§( —-1-1 m)
\ 1=0 q j=1

Theorem 4 For an odd weight w = p + q with p,q > 1, and k > 1, we have

e A w211
- s () et - 20
E(ka)oiq’i = - ll:o 2kq1
’ —1)i7 = w—1—2 - . )
s () S R e - 11 )
=0 q j=1
o2} w — 211
(2k+1)—,— (—1)1 w
I + (2 (w — 21
E(%Jr;)qf’* _ pg 1 (2k+1)P lgo <2k q—1 ) (20)n( )
7 —1)4n R w—1 2 -7 l .
+2E2]€13’q1)p > ( 1 > > (=1) 1J(%k+177( —-1-10,%)
0 q j=1

(1.15)

(1.16)

(1.17)

(1.18)

(1.19)

(1.20)
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Theorem 5 For the integer k > 1 and m > 1, we have

m—1 k—1 .
(k) 2m +1 2m—21 7T
Eyom = cm+1) =) K 20c(2m —204+1) — — ) (2 cot . (1.21)
2k pre 2%k = k
om 41 m—1 T k—1 . -
E(kl);m_ - n@m+1) k2m_2ln(2l)g(2m —204+1)+ % Z n(2m, %) csc ‘%,
1=0 =
(1.22)
( m
— 2L (9 1) — 3 (2k)2n(21 4 1)5(2m — 21)
E(Qk)_ + 1 =1
1,2m — . . i 9
+1% Zl(—l)Jc_(2m, QJ—k) cot ]2—,9
]:
- —orc(2m 4 1)+ g (2m + 1) + 32 (2K + 1)2n(20 + 1)n(2m — 21)
Bt = o o ,
+ (s(2m) +n(2m))In2 + py) 1( 1)7¢_(2m, #ﬂ) cse #L
]:
(1.23)
and
( m
—2mEn(2m + 1) — 3 (2RPn(21 4+ 1)n(2m — 2)
p0- — _ =1
12m — - b1 - k-1 - . jn s
+ (=D 1 n2m, 3) + f Zl(—l)J n4(2m, 3F) csc &y
j:
2m+1 m mn
T Gl omop(2m + 1) + 22k 1)2(2L + 1)s(2m — 21)
12m k
+(c(2m) +n(2m)) In2 + 75 Zl( 1774 (2m, f) cot 57
L =
(1.24)

Remark 6 (1.9) requires k to be odd. Theorems 2-4 have released this requirement. Theorem B

is about E(2k+213n ont1 and E(%J;}g_ﬂ on 18 not included. In fact, Theorem 1 solves this problem.

m —-2l—-1
e+ 1s@0) + gt 3 (20 ) st - 21

q
%+1) — — 1 L w—=20-1 n—21
B S = | e + ( CH ) @k (et - 2
2m 2k
_1 L w—1-2 ; .
]:

(1.25)
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Remark 7 Comparing Theorems A-C and Theorems 1-5, we may obtain a group of identities
some of which may be new. For example, Theorems A and 1 give the following identity.

- B w211
CO+ 558 = (~)P + (1P E (v 2 ) eeencw -2
(DI (w =1 =2 Oc(w—1-1,2
2kP zgf) g—1 E: Tiaow=1=10).

2 Proof of Theorems

We use the classical residue method used by [1, 2]. The following lemma plays an important
role in the proof as it does in the calculation of all other Euler sums.

Lemma 8 (Cauchy, Lindelof [2]) Let £(s) be a kernel function and r(s) be a rational function
which is O(s™?) at infinity. Then

ZRGS ) |s= a:—ZRes ) |s=5 (2.1)
ac0 pes

where S is the set of poles of r(s), O is the set of the poles of r(s) that are not poles of £(s) and
Res(h(s))|,_, denotes the residue of h(s) at A.

The key of using the residue method is the wise selection of kernel functions. Here, we make
an essential use of kernels

= 1
¢i + Z < ) ,cot s, and cscws. (2.2)

m  m—ks

m=1

The poles of w (k,s) are at the integers n and fractions n + 7 | with J=12---k—1and
n=20,1,2,---. The power series expansions of ¢i(l<: s) at these poles are, respectlvely,

1 Hin ¥
(1) RG—n) +{ _H,, }+{ (1—(—1)"’”) In 2 }
2 1 (D' Hppppr —s(+1) s )
+1§1k { (=)' 'Hppyg1 + (1 + 1) }( )
S (l+1)
%—;:lkl{ Cn(l+1) }sl at 0

vE(k,s) = . Hy, 0
N T +{ —Hpp }+ (1— (—1)’“"“) In2

™ 1'H S0+ 1)
kn+j,l+1 + ! iyl
El(s—n—1
+Z{( )i~ Hkn+jl+1+77(l+1)} (s=n=%)
atn+4,7=12,--- ,k—1,n=0,1,2,---

Hip = Hipn I+1 — §(l + 1)
:I:lk"<{ ~ }—i— { ~ El(s+n)) at —n,n=1,2---
u () z; —Hipn—1,41 +n(l+1) ( )
(2.3)

at n,n=1,2,---
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where

1 “ (—
HTL_HTL17 Z_p nl,and :Z

By (2.3), we have

—1
e (k) =

Ka-np T 2 -1 —1V+PHhu+p+nU-+p)
at n = ]_’ 27 .
os? 12‘6( 1 —n(l+p) [7°

. l+p—1 (=D"*P~ Hyjap — <(L+ p) - |
4q)kntd (0P ( ){ _Thntgltp KHP=(s —n — 1)
(+1) <k:( s—n—L)P * Z _,1 (_1)l+kan+j,l+p +n(l+p) Gon=w)

atn+4,7=12,--- ,k—1,n=0,1,2,---
e — Hiy — (!
(1) 3 ( Lp 1)kl+p1{ Lin—104p = (L + ) }(s—l—n)l at —n,n=1,2---

L 1=0 p—- 1 _Hkn—l,l—l—p + 77(l + p)
(2.5)
The kernels 7 cot s and 7 csc s have the following expansions, respectively,
[e.e]
_ _ _ )2l - e
ot s = p— 2 Z s(2m+2) (s —n) at n =0,%1,£2, (2.6)
m=0
and
[e.e]
mesems = (—1)" < +2 Zn(2m+2) (s—n)2m+1> at n=0,£1,£2,--- . (2.7)
s—n
m=0

Consequently, the residues of these functions are

| _|_]€p_1 { (_1)p71~Hkn,p — §(p)
mcot s -1 mn i (_1 kan + 77(29)
Res |:(p—1t)!sq (;lspp—l vE(k, 8),n} = (£1) " ) D |
w—2m—1 1
+k2§(2m)< q—1 )W

m=0

forn=1,2,---

T cot s -1
Res |:(p 1t)'5q c?;’—_l¢i(k’5)ao]

la/2] w—2m — W — 2m
) (2(;”%%/2} ez &t (U e SETE }>

m=0
s . 41)knti p—1 w—1—2 1)t d
Res [(7;3011;)?;8(1 dsppfl?ﬂ (k,s),n—i—%} = ! )k ﬂlg g—1 l'( Jf)lj T=1 gsl COtW( %) ls=0,
forj=1,2,--- Jk—1,n=0,1,2,--

meotms APl ) = et [ Hinerp = <(0) _
Res | s idir (k. ), —n] = (-1)1 20 {—Hm1p+mm =
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and

1 pp—1 { (_1)p_1~Hkn,p - g(p) }
" (=1)" Hynp +1(p)
02 a1

ok m=0 ( q—1

form=1,2,---,
Res |:7rcsc7rs dr—1 wi(k,s),()] _

(p—1)!s9 dsp—1

p—1 [Q/Q] _ _ _
(2(_? O 2fuwy2n(w) —2 3 (w 2m — 1 )kwmln@m){ <(w —2m) })

=0 p—1 —n(w — 2m)

Res [ 4yt (k, 5), ] = (1) (1)

) 77(2m) nwEQm

1 . 41)knti p—1 w—1—2 _1)n 1) g .
Res [ o + 4] = 2 (17 ) O G e (54 ) o
for j=1,2,- k—1,n=0,1,2 ---

_ knp—1 Hyp1p—<(p)
R |:7'('CSC7I’S alp_1 + k,s),— ] =(=1 g+n (EFD™ KT on—Lp n=12--.
€S | (p—1)lsd dsP Ty (K, 8), —n (=1) nd —Hpp—1p +n(p) "

(2.9)

Applying kernel functions £(s) = FEbZe Ly (k, 5), T Ay (k, 5) to base function

r(s) = s~ 7 respectively, we can obtain theorems 1-4 by using Lemma 1 and results (2.8) and
(2.9). Similarly, applying kernel functions £(s) = 7 cot msyp® (k, s), w csc s 1 (k, s) to the base
function r(s) = s~ respectively, one may obtain theorem 5.

3 Simplification of Theorems A-C and Numerical Com-
parisons

As mentioned in section 1, the involvement of trigonometric functions in Theorems A-C causes
larger error in numerical calculation. To compare our results with Theorems A-C, we first sim-
plify Theorems A-C and try to eliminate the trigonometric functions. We will use the following
standard notations for ¢t (q,z) and 7 (q,x).

s+(0.2) = <(0.2) + (0.1~ 2).6~(4.2) = s(4:2) = (g 1 ~ @),
ny(g.x) =n(g.x) + n(g, 1—z),n_(g,2) = n(g,x) — n(q, 1—z), Ky, = ;jsin 277;:]'. (3.1)

It is well-known that the Hurwitz zeta function and the trigonometric functions are related by
the identities:

N n—1
s(n,1—2)+ (=1)"¢(n,z) = %(icotms—l— I)ZI;—;{ n;l }(z’cotmv — 1),
k=1

where { ?6 } is the Stirling subset number, and

e AL sin(27p/q)
lim .
(2n)! y—0dy?™ cos(2y) — cos(2mp/q)

§(2n+1,1—§)—§(2n+1,§):—
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By using Fourier expansion, we know

[e.9]

S1(6) :ZM =7(

l
=1

We can rewrite C), (0) as

Cy (—) = — COS =
k P (kl +m) k k

Similarly we may write S, (#) and C,, (% + %) as

2k
] m m 2mmj
Cn (ijﬂ + %) - (Qkil)n < > (—1)"n(n,5357) cos St — 77(”)) )

%—0),0<0<1.

(

k—1

Z c(n,%) cos

m=1

mil
. -1 .
Su(f) = e 5 sln, ) sim 25,
m=1
1 = m my ... Mj
S (;—k + §> = @ 1(—1) §(n,gp) sin 772,
m=
2k

] 1) 1 s 2 j
S (7 +3) = et X (1 gt sin 3.

m=
Using the properties of the Hurwitz zeta function
k—1

> slap) = (8~ Dsla).

=1
and

= 2mmj = 2mmj
Zcos A = -1, Zsm A
7j=1 7j=1

one may get

2k k
1 1 m—1 m
];1 Cn <2kj+1 + 5) = kD)7 (mzl(_l) - (nge41) — 2"”7(”)) ,
k=1 ; k=1 .
J=1 J=1
By (3.3),(3.4),(3.6) and
k—1 . .
2mmyj 2wy k k
E cos cos —= = —Opmi+ O0mr—1,0<m,l <k,
= k k 2 2
2 2mmj | 2 k k
E sin k‘ J sin Tj = §6m7l — §5m7]§_l,o < m,l < :IC7

—0,1<m<kk>1,

2mm)

1637
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we have
, . Lkl
z Cor () Cumar () = (ar = 1) s(2r)s(w = 20) + 5 X () (w =2 ),
k
. (2k+ VP 6(2r) (<1 (= 2rgthy)
S O (5= ) Coar (5= +3) = 1 k .
= (2k+1> 2 (2k+1 2) (2k+1) +% Zl( )™ g+(2r,2k+1)n (w 2r,2k+1)
+((2k + 12t = 1)s(2r)n(w — 2r)
k=1 : k—
]; S1(£)Sw-1(%) = — 7= mZ:1 Kpps(w —1,7),
2k , ) 2% . l
3 $1(on) S (gt + ) = o ;(—1) R gpn(w — L),
k—1 , 1
Z 527"—1—1 (%) w—2r— (%) ka kw—T Z §(27" + 1a k) ( —2r — 1a%)7
Z Sar+1 <2k+1> Sw-2r-1 (2k+1 ) 2k+1 202k 1)1 Z (=1)™s(2r + Lggig)ny (w — 2r — Ly
j=
(3.7)
Substituting (3.2) and (3.7) into (1.9), (1.11) and (1.14), we get
L2y —2r —1
" (& — k1) (=17 ;0 ( i1 ) s(2r)s(w —2r)
COa =1 w2 a1k
+m 2 22 s(2r ) (w —2r,%)
r=1 q—1 m=1 (3.8)
(=1)Px w— 2 k-1 ’
Lp+1 1 Z Km,kg(w - 1af)
Ss(k) _ q m=1
g 1y [(P=1)/2] / p—2r — 2 \ k=1 . .
2kP Z 1 Z §(2T+17f)§*(w_27ﬁ_17f)
\ r=1 q-— m=1
w—1 k
et (V) (B0 -4 0 k)
o w—2r—1 —
Fatm 3 (T an ) (@ DT - @t - 20
co@) = — =
2m,2n+1 m w—2r —1 or—m—1 k -1
+ 5 (T ) @k D) 3 (<) (- 2ngd)
mo—2r —1 )\ &
+ 2k+1 ; < 2n ) 2( )ng( 7#4_1)77 ( 2T52k+1)
s w—2 — l
2m,2n+1 1 m—1 w—2r —92 2k .
\ FIeI =Sy 721 ( on )121( D's2r + L )ng (w — 2r — 1,5557)

(3.9)

)-



Explicit evaluations of extended Euler sums 1639

and
(k) 2n +1 - 2n—2r
Von = g2 +1) - > ETTG(2r)s (20 — 2r 4 1) +— Z Ko s ( 2n — (3.10)
=0

Now, we compare the efficiency of the expressions given by Theorems A-C, Theorems 1-5 and
those obtained in this section. The following table shows the numerical results and the errors

for the calculation of E%)n by using Matlab.

Error Comparison for (1.14), (3.10) and (1.21)
E%g)n Error by (1.14) Error by (3.10) Error by (1.21)

k, n

2 2 1.682364334 —5.306866058¢ — 13 —5.322481309¢ — 13 —5.299058432¢ — 13
3 2 2.046198632 0.00002538068329 —2.575717417¢ — 12 —2.554401135¢ — 12
3 4 1.843393781 0.002178484268 9.094947018¢ — 13 2.046363079¢ — 12
5 4 2.295348579 —0.1173324145 —5.820766091e — 11  —2.910383046¢e — 11
8 3 2.777300401 —0.09936886826 —0.00000000018917 —0.00000000018917
8 7 2.718064292 —1649334.761 0.00048828125 0.000244140625

It is clear that the errors generated by (1.21) and (3.10) are significantly smaller than those
generated by (1.14)
)

Theorems 1-4 need more precise expressions for J; . and
csc % By (1.7), we have

K](l,)C Let y;, = cot % and zjj =

[l+1

2

l l —2i

IO = (-7 ;)ag)yj-fkl 2, (3.11)
! 2 i

K} = (_W)lzjk;)b 2,

where a{’ =0 fori > 1, a) =1 for 1 >0, o\ = (1 - 2i +2)a' 7" + (1 - 20)al™V for 0 < i <1,

andbg”:uforzzo,bg)_Oforzgz,andb§>_(l 2i+1)b\ . +(1—20)bY for 0 < i < 1.The
)

following table shows the numerical results and the errors for the calculation of Ez(,’q by using
Matlab.

Error Comparison (1.8), (1.9), (1.15) and (3.8)

E p q Eg(fq) Error by (1.8),(1.9) Error by (1.8), (3.8) Error by (1.15)

2 2 3 1.545467399 —9.01501096e — 12  0.0000021036317 3.476152699%¢ — 11

3 2 3 1.667985352 —0.00002538069409 0.000003472649784 4.462918923e — 11

3 3 6 1.182692015  0.005083129969 —0.0004898337411 3.637978807e — 12

5 2 7 1.476568495 0.1642653878 0.003151047946 0.0000000001746229827
5 5 4 1.122023699 —0.006570616384  —0.0005041710865 —2.546585165e — 11

6 6 7 1.025820391 —21.54981886 1.633777052 —0.00000008940696716
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The following table shows the numerical results and the errors for the calculation of E (ﬁl) by
using Matlab.

Error Comparison for (1.10), (1.11), (1.20) and (3.9)

k p ¢ E%."  Error by (1.10),(1.11) Error by (1.10),(3.9)  Error by (1.20)
3 2 3 07818713769  0.0000285532696 —0.000002604454  6.394884622¢ — 14
3 4 5 09234507369  0.002846023297 —0.000401817273  5.456968211¢ — 12
5 2 3 0.7583030262  —0.000110059725 —0.000004471647 0

5 2 7 0.832556 —0.1638429596 —0.003101812792  —5.820766091¢ — 11
5 4 5 09211372323  —0.03276859478 —0.001861095981  —1.455191523¢ — 11
7 4 5 09207811843  0.08452067384 —0.005106926139  0.0000000005820766

These tables clearly show that Theorems 1-5 give significantly better accuracy in numerical
calculations by Matlab.
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